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Foreword

A viral vector vaccine consists of a nonpathogenic virus (the vector) that
expresses protective antigen(s) of one or more heterologous pathogens. The
pathogen gene sequence (typically encoding surface protein) is engineered by
recombinant DNA methods to be inserted into the vector genome and
expressed as part of the vector’s transcriptional program. Following adminis-
tration, a viral vector vaccine infects cells in the vaccine recipient. Some
vectors are capable of limited vector replication in the recipient. Others are
designed to be replication-defective and are restricted to a single cycle of
infection. As described in this concise and very useful book, the viral vector
vaccine approach is innovative and multifaceted, has resulted in a number of
successful commercial veterinary vaccines to date, and has tremendous prom-
ise for further development.

The first demonstration of the efficacy of a viral vector vaccine was in 1983
when a recombinant vaccinia virus expresses the hemagglutinin protein of a
human influenza A virus was shown to be immunogenic and protective in
hamsters [5]. This quickly led to the use of vaccinia virus to express the
surface glycoprotein of rabies virus [4], resulting in a licensed veterinary
rabies vaccine that has had substantial success in rabies control [3]. Presently,
a number of viruses are being developed as vaccine vectors. This book has
excellent chapters describing veterinary vectors and vaccines – both commer-
cial and experimental – based on adenovirus, poxvirus, herpesvirus, para-
myxovirus, classical swine fever virus, rhabdovirus, coronavirus, and
alphavirus. Additional important chapters discuss practical considerations in
developing live vector vaccines, including manufacturing and regulatory
issues.

Viral vector vaccines can be complicated and challenging to develop.
Considerations include the numerous different available viral vectors and
their diverse properties and strategies of construction and use; the biology
and interplay of the vector, protective antigen, target host, and target patho-
gen; and the requirements for protective immunity. However, with this com-
plexity comes the possibility to develop vaccines that are particularly well
suited to their use. For example, the physical stability of vaccinia virus plus its
ability to infect by the oral route led to the rabies vaccine mentioned above
that can be delivered in bait left outdoors [3]. As a second example, herpesvi-
rus of turkey provides a vector that is naturally nonpathogenic in poultry, is
itself a vaccine against Marek’s disease virus, and can be engineered to
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express one or more additional antigens of poultry pathogens to yield a single
virus that is a bivalent or multivalent vaccine (chapter “Paramyxoviruses as
Vaccine Vectors”).

Both RNA and DNA viruses are being developed as vectors, with DNA
vectors presently represented by a greater number of commercial vaccines.
RNA viruses typically have small genomes, small sets of vector proteins and
antigens, and less complex biology compared to DNA viruses. They are more
limited in capacity for added foreign sequence and in some cases can have
problems of point mutations and instability of the foreign sequence that need
to be monitored. DNA viruses typically have substantially larger genomes
with more complex organization and gene expression and a larger constella-
tion of vector proteins and antigens. They typically have greater genetic
stability and have a greater capacity such that several foreign antigens can
be expressed by a single vector virus. In both RNA and DNA virus vectors,
the foreign sequence usually is inserted as a supernumerary gene that does not
function in the vector replication cycle. Alternatively, in a chimeric strategy,
the encoded foreign protein is a functional substitution for a necessary vector
protein, such as replacing the surface glycoprotein of a rhabdovirus vector
with that of the target pathogen (chapter “Rhabdoviruses as Vaccine Vectors
for Veterinary Pathogens”), or the creation of a West Nile virus vaccine for
horses by the functional substitution of coding sequences for surface proteins
of the attenuated yellow fever virus vector with their counterparts from the
pathogen [2].

Because virus vector vaccines are infectious and often are replication-
competent in vivo, they must be designed to be nonpathogenic but also
must have sufficient infectivity and antigen expression to be immunogenic
and protective. This balance can be difficult to achieve and is a major issue in
vector development. Nonpathogenicity may be achieved in various ways.
Some vector viruses are chosen because they have low virulence in their
native hosts. Some vectors are attenuated or are replication-defective in a
non-native host due to vector-host incompatibility. Some vectors have been
attenuated by passage in cell culture under various conditions (e.g., extensive
passage, suboptimal temperatures, cells from a non-native host, etc.), which
can result in deletion of viral genes or genome regions that may not be needed
in vitro but whose deletion is attenuating in vivo. These deletions may affect
vector metabolism, tropism, virulence, and ability to suppress host responses.
Attenuating point mutations also may appear in vector proteins or cis-acting
nucleotide signals during passage or mutagenesis in vitro. Attenuation also
may be achieved by direct manipulation of the vector genome by recombinant
DNA methods, such as to delete or rearrange genes or introduce point
mutations. Deletion of vector genes that are essential for replication results
in replication-defective vectors that can be propagated in cell culture by
complementation with vector proteins supplied by helper virus or engineered
cells but which do not produce infectious virus in vivo (e.g., replication-
defective adenovirus and alphavirus vectors, chapters “Adenovirus Vectors”
and “Alphavirus-Based Vaccines”, respectively).
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Viral vector vaccines offer a number of important advantages, some of
which remain to be fully investigated and developed. The vectors infect cells
in the target host and express antigens intracellularly, inducing innate, cellu-
lar, antibody, mucosal, and systemic immunity. Broad immune stimulation
enhances efficacy and provides immune regulatory crosstalk. Immunization
typically is without need of an adjuvant (but see chapter “The Role of
Adjuvants in the Application of Viral Vector Vaccines”) and often at rela-
tively low dose (in the case of replication-competent vectors) and often
without need for multiple administrations. Expression of antigen in vivo
presents antigenic sites in native form. In these important aspects, viral
vaccine vectors mimic natural infections. Some viral vector vaccines can be
designed to be bivalent or multivalent by expressing multiple antigens, and in
some cases, the vector itself is a needed vaccine (e.g., herpesvirus of turkey
noted above). Some vectors can be administered by multiple routes (e.g.,
topical versus oral versus parenteral) such that an optimal route can be chosen
against mucosal versus systemic pathogens. Some vectors may have advanta-
geous cell tropisms (e.g., efficient infection of antigen-presenting cells, with
the potential for increased immunogenicity). Some vectors can be
administered by convenient methods such as by spray, drinking water, or
bait. The use of a virus vector that is not native to the target host avoids
neutralization by maternal antibodies or immunity from prior infection with
native viruses. Some replication-competent vectors can be produced relatively
efficiently and cheaply. Using a vector to express isolated genes of a virulent
pathogen avoids the need to handle the intact infectious pathogen.

Global human health is threatened by a number of emerging pathogens
(primarily viruses) originating from animals, including HIV/AIDS, Ebola,
avian influenza, Nipah and Hendra, SARS, the recent COVID-19, and others.
A substantial proportion of older human pathogens likely also arose from
animals. Thus, animal pathogens can have substantial impact on human
health. As is abundantly illustrated in this book, veterinary application is a
robust testing ground for new vaccines and new vaccine strategies. Some virus
vector platforms, such as certain poxviruses and replication-defective adeno-
virus, are gaining substantial evaluation in both veterinary and human use.
The increased availability of highly characterized vector platforms with clini-
cal experience will facilitate and expedite their use for additional pathogens
including newly emerging pathogens such as COVID-19. Some viral vector
vaccines likely will be able to be used in both animals and humans. When
feasible, vaccination of animals to control pathogens with zoonotic potential
should reduce transmission (e.g., rabies). Thus, vaccines against pathogens of
animal origin, and the use of the virus vector vaccine strategy, will be of
increasing importance given the increasing threat to humans from animal
pathogens.

Veterinary vaccine development is a complex and fascinating field of study
because of the wide range of vaccine target species, target pathogens, and
potential vaccines. As described in this book, there is a substantial number of
commercial veterinary vaccines based on the viral vector vaccine strategy
(also, see Ref. [1]). These include at least 13 commercial poxvirus-based
vaccines targeting nine different pathogens (including rabies, canine
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distemper, and a poultry mycoplasma; chapter “Poxvirus Vectors”), several
herpesvirus-based vaccines targeting at least five different pathogens (includ-
ing Marek’s disease, avian influenza, and infectious bursal disease; chapter
“The Construction and Evaluation of Herpesvirus Vectors”), adenovirus-
based rabies and foot-and-mouth disease vaccines (chapter “Adenovirus
Vectors”), and others. We are still exploring the potential of the available
vectors. A number of vectors have been improved by years of optimization.
Continuing advances in the tools and understanding of molecular biology,
pathogen-host interactions, and immunobiology will facilitate future increases
in the number and effectiveness of viral vector vaccines. This timely book
gives a valuable overview of the state of the art.

National Institute of Allergy and Infectious Diseases
National Institute of Health
Bethesda, Maryland, USA

Peter L. Collins

e-mail: PCOLLINS@niaid.nih.gov
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Introduction to Veterinary Vaccines

Teshome Mebatsion

Abstract

Vaccination of animals has been carried out
for centuries, and it is the most cost-effective
and sustainable method of controlling infec-
tious diseases. Veterinary vaccines not only
are important to animal health but also play a
vital role in reducing transmission of zoonotic
diseases to humans and in securing food sup-
ply for humans. Conventional inactivated
(killed) or live-attenuated vaccines constitute
the majority of licensed veterinary vaccines
that are currently in use. The widespread use
of these vaccines not only substantially
contributed to animal welfare and public
health but also led to a successful global eradi-
cation of rinderpest, one of the animal diseases
with major economic consequences in many
parts of the world. Despite these successes,
there are some limitations associated with con-
ventional vaccines, and there are still several
diseases that have yet to be successfully
treated, demonstrating the need for better and
safer vaccines. Recombinant vaccines repre-
sent an attractive strategy by which some of
the limitations of conventional vaccines can be
overcome. In the recent past, the veterinary
field has witnessed the most successful
applications of recombinant vaccines where
more than a dozen viral-vectored vaccines,

subunit, DNA, and virus-like particles-based
vaccines were licensed for veterinary use, and
many more are under development. There is a
wave of rationally designed vaccine
innovations ahead of us to benefit animals,
animal owners, and ultimately humans.

Keywords

Antigens · Conventional vaccines · DNA
vaccines · Rational design · Recombinant
vaccines · Subunit vaccines · Vector vaccines ·
Veterinary vaccines · VLP-based vaccines

Learning Objectives
After reading this chapter, you should be able to:

• Describe how veterinary vaccines were devel-
oped starting with conventional vaccines to
genetically engineered ones with the emphasis
on vaccines for viral and bacterial diseases

• Explain the progress made from traditional to
technology-based modern vaccines using
examples of licensed vaccines

• Discuss remaining challenges and future
research directions in developing improved
veterinary vaccines, where appropriate

Note: Veterinary vaccines for parasitic and
noninfectious diseases (allergy, cancer, fertility,
etc.) are not covered here, and the reader is
advised to refer to recent excellent reviews on
these subjects [1–3].

T. Mebatsion (*)
Boehringer Ingelheim Animal Health, Athens, GA, USA
e-mail: teshome.mebatsion@boehringer-ingelheim.com

# Springer Nature Switzerland AG 2021
T. Vanniasinkam et al. (eds.), Viral Vectors in Veterinary Vaccine Development,
https://doi.org/10.1007/978-3-030-51927-8_1
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1 Introduction

Vaccination aims to mimic the development of
naturally acquired immunity. The terms “vac-
cine” and “vaccination” are derived from
Variolae vaccinae, first coined by Edward Jenner
in 1796 to describe the inoculation of materials
collected from a lesion on a milkmaid suffering
from cowpox to confer protection against the
related human smallpox virus [4, 5]. Louis
Pasteur is another pioneer who discovered how
to make vaccines from attenuated microbes in the
mid-nineteenth century. He developed the earliest
vaccines against fowl cholera, anthrax, and rabies
[6, 7]. Subsequent breakthroughs in vaccine
development came out in the 1950s by adaption
of in vitro preparation using chicken embryos and
tissue culture cells for large-scale production
[8, 9].

Vaccination is the most widely used tool in
veterinary medicine to prevent and control animal
diseases, and it represents the most cost-effective
and sustainable intervention. Protection of live-
stock from infectious diseases contributes to bet-
ter welfare, helps to enhance their productivity
and profitability for livestock producers, and
also ensures the provision of healthy and nutri-
tious food such as eggs, milk, and meat products
for consumers. Further benefit of immunization of
livestock animals is the reduction in antibiotic use
and a subsequent reduction in their residue in
animal products contributing to public safety.
On the other hand, the purpose of vaccination in
companion animals is primarily aimed at their
welfare by preventing particular infectious
diseases. The close association between people
and their pets would not be as carefree without
vaccination. Regardless of the animal types, vac-
cination serves as a primary defense to prevent
diseases in animals and also further transmission
from animals to humans. Rabies is an excellent
example of vaccine-preventable viral zoonotic
disease which occurs in more than 150 countries
and territories. Dogs are the main source of
human rabies deaths, contributing up to 99% of
all rabies transmissions to humans [10]. Through
mandatory dog vaccination, dog-mediated rabies

has been eliminated from Western Europe,
Canada, the United States, and Japan,
demonstrating that rabies elimination is feasible
through vaccination of dogs and prevention of
dog bites. In the developed world, the fight
against rabies is brought to another level by
introducing vaccines that can be administered
orally into wildlife to control rabies in wild
animals and also prevent the spillover to domestic
animals. An outstanding example of such a vac-
cine is RABORAL V-RG®, the first licensed
vaccinia virus-based vector vaccine expressing
the glycoprotein of rabies virus. RABORAL
V-RG® allowed oral vaccination on a large
scale using baits containing vaccine [11]. The
introductory chapter is divided into conventional
and genetically engineered veterinary vaccines
sections, where a broader coverage is devoted to
genetically engineered veterinary vaccines in
general, and viral vector vaccines in particular,
as it is the main subject of this textbook.

2 Conventional Live
and Inactivated Veterinary
Vaccines

The majority of the licensed veterinary vaccines
that are currently in use are inactivated (killed) or
live-attenuated/modified live vaccines (MLV).
Vaccine strains for inactivated vaccine prepara-
tion can be pathogenic wild-type isolates that are
subsequently killed to avoid risk of causing dis-
ease. Thus, inactivated or killed vaccines
preparations are generally safe and do not pose a
risk of reversion to virulence. However, they are
unable to infect host cells and activate cytotoxic T
cells, and consequently, they are less protective
and generally require strong adjuvants to induce
the required level of immunity. Because of a
higher production cost and the need for adjuvants,
inactivated vaccine preparations are relatively
more expensive and generally require multiple
administrations by parenteral route to induce opti-
mal immunity [1, 12]. Recent research toward
improving the effectiveness and duration of
immunity of inactivated vaccines has focused on
the development of improved adjuvants [13].
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Strains for MLV preparations, in contrast,
need to be sufficiently attenuated by serial pas-
saging of viruses or bacteria in an unnatural host
or cell with the hope that random mutations result
in a non-virulent, but replicative competent infec-
tious agent [1]. Such vaccine preparations can
replicate in target cells and induce both cellular
and humoral immunity and generally do not
require an adjuvant to be effective. As opposed
to inactivated vaccine preparations, live vaccines
can be administered by mass administration
routes such as spray, drinking water, in ovo, etc.
The major drawback of live vaccine preparations
is the potential risk of reversion to pathogenic
wild type as well as being a potential source of
environmental contamination. Despite such dis-
advantage, MLV products have played a major
role in successful disease control and eradication.
An excellent example is the eradication of rinder-
pest from the globe that was declared on 25 May
2011 [14]. This achievement is critically depen-
dent on the use of the “Plowright” vaccine [15],
which is an attenuated vaccine produced from the
Kabete O strain passaged 90 times in tissue cul-
ture [16]. In summary, conventional live and
inactivated vaccines for a wide range of infectious
diseases have been available for several decades
and are still being developed for some emerging
diseases. They are widely used in veterinary med-
icine and contribute considerably to the improve-
ment of animal and public health [1, 2, 17].

3 Genetically Engineered
Veterinary Vaccines

The availability of rich information on viral and
bacterial genomes along with the advancement of
available genetic tools allowed specific
modifications or deletions to be introduced into
the genome, with the aim of producing well-
defined and stably attenuated live or inactivated
viral or bacterial vaccines. Because of their rela-
tively smaller size, viral genomes were used to be
more amenable to genetic manipulations than
bacterial genomes, and as a result, most of the
genetically engineered licensed vaccines are
based on viral vaccines. However, recent

advances in genome editing opened up new
avenues for multiple applications by allowing
genetic material to be added, removed, or altered
at particular locations in the genome of organisms
much larger than viruses [18, 19].

Despite the method used, the ability to identify
and selectively delete genes from a pathogen has
allowed the development of “DIVA vaccines”
which, combined with suitable diagnostic assays,
allow differentiating infected from vaccinated
animals (DIVA). The DIVA principle not only
extends to vaccines with deleted genes but also
includes subunit and other types of vaccines that
induce an antibody response that is different from
the antibody response produced by the wild-type
organism. An accompanying diagnostic method,
tailored for optimal sensitivity and specificity
toward the epitopes distinguishing the vaccine
from the wild-type, accounts for the DIVA
diagnostics test. The first DIVA vaccine was
used to differentiate between infected and
vaccinated pigs for pseudorabies [20]. Such
DIVA vaccines and their companion diagnostic
tests are now available for several diseases
including infectious bovine rhinotracheitis, clas-
sical swine fever, foot-and-mouth disease,
etc. [17].

4 Subunit and Virus Like
Particles (VLP)-Based Vaccines

Subunit-based vaccines contain only part of the
virus or bacteria that is capable of inducing pro-
tective immune response against that component
only. Thus, subunit vaccines can be compatible
with the DIVA principle as long as the pathogen
consists of another protein capable of consistently
inducing antibodies in wild-type infected
animals. The protective antigen or multiple of
antigens of pathogens can be generated as recom-
binant proteins in various expression systems
such as E. coli, yeast, baculovirus-insect cell,
etc. to be used as subunit vaccines. A large quan-
tity of recombinant proteins can be expressed,
purified, and formulated in most of the cases
with a potent adjuvant to be used as a safe and
nonreplicating subunit or VLP vaccines. A
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typical subunit veterinary vaccine composed of a
single protein is a recombinant OspA vaccine for
the purpose of preventing Lyme disease in dogs
caused by the spirochete, Borrelia burgdorferi.
Interestingly, even a non-adjuvanted recombinant
OspA (Recombitek® Lyme) was demonstrated to
completely prevent Borrelia burgdorferi infec-
tion in vaccinated dogs [21]. Diagnostic assess-
ment of Lyme “positive” or “negative” is made
using a popular test kit (SNAP®), which is a
patient-side, lateral flow ELISA technology that
can detect antibody or antigen to a variety of
vector-borne parasites, including C6 antibody to
Borrelia burgdorferi [22]. An example of a more
complex subunit vaccine was also developed
against porcine contagious pleuropneumonia, a
severe disease of pigs with hemorrhagic necrotiz-
ing pneumonia and high mortality in the acute
form. The disease is caused by Actinobacillus
pleuropneumoniae, and prevention by vaccina-
tion has been severely restricted by the prevalence
of 15 different serotypes. The two available sub-
unit vaccines are composed of either acellular
A. pleuropneumoniae four extracted proteins
(Porcilis® APP) or five recombinant proteins
(Pleurostar APP™), which confer some degree
of cross-protection against all tested serotypes
[1]. There is currently a large amount of scientific
interest in the identification of immunogenic and
protective antigens for animal pathogens and
expressing them in a safe heterologous expression
system; thereby, handling of virulent or partially
virulent microbes can be eliminated by the manu-
facturer as well as the end user.

As shown above, the end product of a subunit
vaccine is recombinant protein(s), whereas in
VLP-based vaccines, the protein(s) further spon-
taneously assemble into supramolecular
structures resembling infectious viruses or, in
some cases, subviral particles. Thus, VLPs are
structurally similar to infectious viruses and thus
are highly immunogenic but, because they lack
viral nucleic acid, are noninfectious and safe
[23]. In addition, VLPs do not induce antibody
responses to internal or nonstructural viral
proteins, thereby allowing distinction between
vaccinated and infected animals [24]. These
advantages have made VLPs attractive vaccine

candidates for many viral diseases [25–29]. In
the veterinary field, two baculovirus-expressed
VLP-based vaccines were approved and widely
used (Ingelvac® CircoFLEX and Porcilis PCV®)
to provide protection against disease caused by
porcine circovirus type 2 (PCV2) [30, 31]. PCV2,
a member of the Circoviridae family, is associated
with postweaning multisystemic wasting syn-
drome, a swine disease characterized by wasting,
weight loss, respiratory distress, and diarrhea, that
has a severe economic impact on production
[32]. The immunogens in both vaccines are
VLPs formed by the assembly of the single capsid
protein encoded by the open reading frame 2 of
PCV2. The assembly of these VLPs from single
proteins allows a cost-effective vaccine produc-
tion at large scale in the baculovirus-insect cells
expression system. Although VLPs have been
produced for a wide range of viruses under exper-
imental condition, clearly not all are equally suit-
able for the development of commercial vaccines,
due to several challenges ranging from scalability
and cost-effectiveness to the need of
co-expressing multiple proteins, including viral
envelope proteins [30, 33, 34].

5 DNA Vaccines

Similar to subunit or VLP-based vaccines, DNA
vaccines are encoding only part(s) of the patho-
gen, but antigen is produced intracellularly mim-
icking antigen expression by replication of live
pathogen, thereby leading to the development of
both humoral and cellular immune response. In
addition, innate immune responses are also
stimulated as plasmids contain molecular
elements such as unmethylated CpG motifs that
are not prevalent in mammal, avian, and fish cells
[35, 36]. DNA vaccines are safe as production of
plasmids does not involve manipulation of infec-
tive antigens. As immune responses are devel-
oped only against those coded antigens in the
plasmid, DNA vaccines are also compatible with
the DIVA principle. The DNA vaccines licensed
so far are veterinary vaccines that include
APEX-IHN® to prevent infectious hematopoietic
necrosis (IHN) in farm-raised salmon and West
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Nile-Innovator® DNA to prevent horses from
West Nile disease. The first USDA-licensed ther-
apeutic vaccine, ONCEPT® Canine Melanoma,
is also a DNA vaccine that is proven to extend the
lives of dogs treated for oral melanoma [37]. One
of the main drawbacks of DNA vaccination in
large animals and poultry has been their relative
low efficacy and relatively high cost of goods
mainly due to the large amounts of DNA needed
to be injected in order to achieve a strong
response. Thus, several strategies are under devel-
opment in order to achieve better responses with
less amounts of DNA.

6 Viral Vector-Based Vaccines

Viruses have evolved sophisticated structures and
mechanisms to infect cells, and hence, they serve
as efficient delivery vectors of various antigens.
The concept of viral vector was introduced in
1972 when Jackson et al. created recombinant
DNA from the SV40 virus by genetic engineering
[38]. A decade later, the use of vaccinia virus as a
transient gene expression vector was described
[39, 40]. Thereafter, nonpathogenic or host-
restricted viruses carrying foreign genes have
been used as delivery vehicles that can be
administered into a host, creating protective
immunity to the inserted proteins. Although
host-restricted vector viruses will not be produc-
tively replicating within the tissues of the
vaccinated animals, they are able to express the
foreign gene [41]. Viral vector-based vaccines are
mostly used without an adjuvant, and like subunit
and DNA vaccines, they allow for differentiating
infected from vaccinated animals (DIVA). The
first licensed viral vector-based vaccine (RABO
RAL V-RG®) is an oral rabies vaccine bait that
contains an attenuated (“modified-live”) recombi-
nant vaccinia virus vector expressing the rabies
virus glycoprotein gene of Evelyn-Rokitnicki-
Abelseth rabies virus [42, 43]. RABORAL
V-RG® has been in continuous use since 1987
when it was first field-tested in foxes in Belgium
[44]. Thereafter, approximately 250 million doses
have been distributed globally [11]. Before its
introduction, rabies control in wildlife relied

mostly on depopulation and the vaccination of
individual animals. RABORAL V-RG® allowed
oral vaccination on a large scale using vaccine-
containing baits, and several countries have used
RABORAL V-RG® safely without any adverse
effects and have achieved complete rabies control
[45, 46].

Subsequent poxvirus-based licensed products
include TROVAC™-AIV H5, which is a bivalent
recombinant fowlpox virus expressing the H5
antigen of avian influenza virus. This product
has had a conditional license for emergency use
in the United States since 1998 and has been
widely used in Central America, with over four
billion doses administered [47]. As the vaccinated
birds will not develop antibodies against matrix
protein/nucleoprotein, this vaccine can also be
used with a DIVA approach. Additional
fowlpox-based bivalent vaccines include
Vectormune® FP-LT and Vectormune®
FP-MG, which are indicated as aids in the pre-
vention of fowlpox and infectious
laryngotracheitis and fowlpox and Mycoplasma
gallisepticum, respectively [48].

The most extensively used poxvirus vector
platform in animal health is the ALVAC platform
based on canarypox virus. Canarypox virus has
the advantage of being more host-restricted than
vaccinia virus. Because of the host restriction,
canarypox virus recombinants produce abortive
infections in mammalian cells, but they still effec-
tively express inserted foreign genes. Currently,
the canarypox virus or ALVAC vector platform
has been used as a vaccine vector for a range of
veterinary diseases of companion animals,
including canine distemper, feline leukemia,
rabies, West Nile, and equine influenza [49–
54]. With the exception of equine influenza vac-
cine (PROTEQFLU®), all ALVAC-based
vaccines are non-adjuvanted. Interestingly, the P
ROTEQFLU® contains a polymer adjuvant, and
through the induction of both cell-mediated and
humoral immunity, it is claimed to produce sterile
immunity 2 weeks after the second of two
doses [55].

Outside of poxviruses, the most successful and
widely used vaccine vector in veterinary medi-
cine is herpesvirus of turkeys (HVT). First and
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foremost, HVT has been widely accepted as a
safe and effective vaccine against Marek’s dis-
ease in chickens for almost 50 years [56, 57],
providing an excellent vector backbone for the
induction of protection against two or more poul-
try diseases. HVT has also unique features includ-
ing the ability to cause persistent infection. As a
result, a single dose of vaccine delivered in ovo to
18-day-old embryo or subcutaneously to
1-day-old chicks at the hatchery [58] induces a
lifelong immunity. Like poxviruses, herpesvirus
genomes can accommodate long fragments of
foreign DNA without compromising their ability
for normal replication [59]. These promising
properties of HVT as a vector have led to the
development and commercialization of
HVT-based recombinant vaccines against impor-
tant poultry diseases, including IBD, ND, and
ILT [VAXXITEK® HVT + IBD, Innovax®-ILT,
VECTORMUNE® ND, etc.]. One of the
limitations of this extremely effective vector plat-
form is the interference when more than one
recombinant HVT vaccines are simultaneously
administered. Hence, most of the recent research
in this area has focused on either expressing more
than one foreign genes or developing compatible
viral vectors that could be combined with HVT in
inducing protection against multiple avian
diseases in multivalent vaccines [60].

7 Future Perspectives
and Research Directions

Combination Vaccines Prevention rather than
treatment is the most effective means of
controlling infectious diseases in animal health.
With the number of vaccines growing, combina-
tion vaccines are becoming more important. Pro-
tection against several diseases with fewer
injections while maintaining the efficacy and
safety of single-component vaccines helps not
only to reduce costs but also to simplify
overloaded immunization schedules [61]. In
using combination vaccines, each component of
the vaccine must be assessed individually and in
combination to avoid an inappropriate immune
response as a result of unwanted interaction of

the various components with each other [62]. In
general, one observes higher interference in live
multivalent vaccines than in killed multivalent
vaccines. Thus, the challenge in this respect is to
be able to combine multiple antigens in one vac-
cine without substantially reducing the efficacy
and safety of the individual components.

The enormous potential of expressing multiple
protective antigens from two or more pathogens
in a single vector also opens the door for a new
generation of multivalent viral vector vaccines.
This is especially true of larger viral vectors,
like herpesviruses and poxviruses, where there
are few restrictions imposed by gene packaging
limits. However, as we attempt to push the
biological boundary by inserting multiple genes,
issues like genetic instability of the vector and/or
insert or less efficient replication of the vector
backbone becomes more of a problem. Genetic
instability is one of the major challenges in
making viral vector-based vaccine candidates as
some vectors are simply incompatible with cer-
tain sequences, length, or configuration of the
insert. Consequently, the virus acting as the vec-
tor may introduce mutations or deletions into the
inserted gene as well as into part of the vector
backbone to abrogate proper expression of the
transgene(s). It is, therefore, necessary to analyze
the stability of these vectors during the early
stages of vaccine research by serial rounds of
replication in cell culture as well as in target
animal species as required by the regulatory
agencies (reversion to virulence or back passage
studies). Obviously, the efficacy of a multiantigen
vector should be satisfactory to meet the regu-
latory requirements as well as customer’s need
under field conditions.

Overcoming Maternal/Preexisting Immunity
Maternal immunity, a form of passive immunity,
plays a vital role in protecting young animals
against severe disease upon infection with viru-
lent field virus. However, maternal immunity is
not without its negative effects. It often interferes
with active immunization and is the most com-
mon cause of vaccine failure in animals. As
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vaccinations to most animals are preferably given
at a young age, overcoming the interference by
maternal immunity after vaccination is one of the
greatest challenges in animal health. Although
maternally derived antibody (MDA) interference
is complex as many factors can influence the
outcome after vaccination, one possibility that
may be pursued to achieve this goal is to imple-
ment a heterologous prime-boost strategy. An
excellent example that demonstrated the useful-
ness of this strategy in circumventing MDA inter-
ference used a vectored fowlpox virus expressing
the hemagglutinin gene of avian influenza H5.
The fowlpox-AI recombinant was administered
at 1 day of age for early priming of chickens
with MDA against fowlpox or avian influenza
followed by a booster vaccination with whole
virus-inactivated vaccine [63].

More and Improved Bacterial Vaccines Apart
from improving animal health and productivity,
veterinary vaccines have a significant impact on
public health through reductions in the nonthera-
peutic use of antibiotics and hormones and their
residues in the human food chain. The emergence
of antibiotic-resistant bacteria in food-producing
animals as well as in humans and the increasing
restriction of the use of nontherapeutic antibiotic
in livestock evidently promote the use of vaccine
rather than antibiotics. Unfortunately, for a num-
ber of bacterial pathogens, vaccines are either still
missing or some of the existing vaccines are not
completely protective. One of the reasons for the
poor protection is the existence of many different
serotypes for a given disease and the poor level of
cross-protection between serotypes. The growing
power of combining sequencing, structural, and
computational approaches may help the design of
novel cross-protective immunogens suitable for
future improved bacterial vaccine development.

Rational Antigen Design Prospects for new
vaccines stem primarily from advances in genetic
engineering and the ability to define the antigens
responsible for inducing protective immunity.
Recent advances in genomics, structural, and
computational biology are opening the door to

new technologies such as reverse vaccinology
that allow designing novel vaccines against
diseases unamenable to traditional vaccine devel-
opment strategies [64, 65]. These approaches
allow identification of a broader spectrum of vac-
cine candidates, including proteins that had not
been identified and/or not abundant. The ability to
rationally design candidate antigens can provide
more cross-protective antigen candidates against
antigenically variable pathogens [66]. In this
regard, the parallel discovery and development
of new and improved adjuvants for recombinant
targets is essential to obtain the desired level and
duration of protective immune response against
different target pathogens. To speed up the imple-
mentation of these new technologies in animal
health, closer interaction between research groups
developing human and veterinary vaccines
should be encouraged as common technologies
can be applied in each areas. Consequently, ani-
mal vaccine research scientists can lean on medi-
cal research for some breakthrough technologies,
but may also contribute to human vaccine devel-
opment, as they are able to bridge the gap in
translating results obtained in small-rodent
models to large animal (human) application.

8 Summary

Much progress has been made in expanding the
range of existing veterinary vaccines and
introducing new technology-based vaccines with
increased efficacy and reduced side effects. Due
to the ability to directly test new vaccine
candidates in target animal species, veterinary
vaccines have a relatively quicker route to the
market and thus are at the forefront of testing
and commercializing innovative technologies, as
exemplified by the successful licensing of vec-
tored, subunit, DNA, and VLP-based veterinary
vaccines. However, there are still many problems
that remain to be addressed, and there is ample
scope to incorporate new knowledge and
technologies such as mRNA, replicon, and
particle-scaffold-based platforms into vaccine
design to fill the gaps. A better understanding of

Introduction to Veterinary Vaccines 9



the molecular and immunological disease pro-
cesses as well as the interaction between
pathogens and the host immune system is likely
to be required to improve the effectiveness of new
and improved veterinary vaccines. Moreover, the
interchange between scientists working on animal
and human disease will remain essential to be
prepared for the ever-present threat of new and
reemerging diseases. The increased recognition of
the “One Health” concept undoubtedly helps to
foster this research collaboration. Based on the
past significant advances in vaccinology and
future opportunities for new innovations, it is
beyond doubt that vaccines will continue to play
a crucial role in maintaining and improving the
health of animals and ultimately humans.
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What Is Required to Develop a Viral
Vector Vaccine: Key Components
of Vaccine-Induced Immune Responses

Philip J. Griebel

Abstract

Major challenges in vectored vaccine design
include identification of protective antigens or
epitopes and induction of protective immune
responses in the appropriate target population.
This chapter provides an overview of the many
methods developed to identify vaccine
antigens for which genes can then be cloned
or synthesized and inserted into vaccine
vectors. The types of protective immune
responses required, whether humoral or cell-
mediated and either systemic or mucosal, are
then be discussed. The vaccine vector selected
must be able to induce a protective immune
response that effectively controls or prevents
infection and prevents clinical disease.
Achieving these objectives may dictate the
route of vaccine delivery and necessitate com-
bining two or more prime-boost strategies.
Immune responses to the vaccine vector itself
may also restrict vector usage and dictate vac-
cination protocols. These considerations may
be of particular importance when considering
different target populations for vaccination,
such as either very young or elderly
individuals. Finally, screening vaccine vector
candidates for efficacy is dependent upon the
availability of an appropriate disease model.
This is not always feasible, especially with

highly virulent emerging diseases. It may be
possible to screen vaccines vectors only for
immunogenicity and safety prior to testing in
a clinical trial. Knowledge of disease patho-
genesis and host-pathogen interactions must
then be used to inform the selection, design,
and delivery of an appropriate vaccine vector.
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Learning Objectives
After reading this chapter, you should be able to:

• Explain the importance of identification of a
protective antigen or epitope as a key step in
selecting the appropriate pathogen gene for
delivery in a vaccine vector.

• Recognize that protective immunity may be
mediated by antibody or T cells or require a
combination of both types of effector
responses

• Explain the role of either mucosal or systemic
immunity in the prevention of infection or
clinical disease and that preventing pathogen
shedding will inform the selection of the type
of vaccine vector to use and the route of vector
delivery
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• Recognize the importance of appropriate ani-
mal models in evaluating vaccine vector
immunogenicity, safety, and efficacy

1 Introduction

Molecular biology has made it possible to engi-
neer vaccine vectors expressing transgenes-
encoding proteins or polypeptides from a wide
variety of pathogens. It is also possible to modify
the biological properties of vaccine vectors to
alter their interaction with the host immune sys-
tem or alter vector tropism. This chapter will
focus on interactions between the vaccine vector
and the host immune system and how knowledge
of this interaction can be used to optimize selec-
tion and delivery of vaccine vectors. Major issues
addressed will include first the need to identify a
protective antigen or epitope. Secondly, it is
important to consider the type of immune
response required to either prevent or control
infection, to significantly reduce clinical disease,
or to prevent shedding and transmission of a
pathogen. Finally, the population being targeted
for vaccination may have a significant impact on
vector selection when considering key aspects of
vaccine immunogenicity, safety, and efficacy.

2 Knowledge of Target Antigens

Vaccines are an effective tool for the prevention
or reduction of pathogen infection, the control of
clinical disease, or reducing the shedding and
transmission of infectious agents. One or more
of these outcomes may be sufficient for a vaccine
to achieve what is termed “protective immunity.”
Protective immunity is achieved by an interaction
between the vaccine and the adaptive immune
system that results in the induction of antigen-
specific effector and memory immune responses.
Therefore, the design of an effective vaccine is
predicated on the identification of protein(s) or
polypeptides that can induce immune responses
and confer some form of protection. Identification

of a protective protein or polypeptide is of partic-
ular importance when designing vaccine vectors.
The vaccine vector will deliver a gene which can
then be expressed and translated into a single-
pathogen protein or polypeptide. Therefore,
appropriate selection of the protein or polypeptide
to be expressed by the vaccine vector is a critical
first step in designing a vector to induce a protec-
tive immune response.

Many different approaches have been used to
select pathogen proteins that may be antigenic
and induce a protective immune response
(Table 1). For many pathogens, antibody
responses may be sufficient to either reduce the
level of infection, control clinical disease, or
reduce pathogen shedding and transmission. In
these situations, vaccine proteins were tradition-
ally identified by determining which pathogen
protein(s) reacted with antibodies present in con-
valescent serum [1]. This approach, when com-
bined with isolation and sequencing of individual
proteins, can identify multiple antigenic proteins
but does not confirm which proteins induced a
protective antibody response. It is possible to
further refine screening of B-cell antigens to iden-
tify specific peptide epitopes. A variety of peptide
formats have been used to screen peptides for
reactivity with relevant antibodies, including ran-
dom peptide arrays [2] and phage display libraries
[3]. Further information regarding which protein
or peptide induced a protective immune response
is essential, however, before selecting the gene to
be delivered in a vaccine vector. An appropriate
animal disease model is usually required to fur-
ther screening vaccine candidates for induction of
protective antibody responses, but in vitro
correlates of immune protection, such as neutrali-
zation of viral or bacterial infectivity and attach-
ment, may also be used.

For many intracellular pathogens, including
viruses and bacteria, identification of protective
T-cell antigens or epitopes is also challenging.
Immunogenic proteins and peptides have been
identified through in vitro reactivation of T cells
isolated from blood or other lymphoid tissues
following recovery of an individual from infec-
tion [4]. The production of MHC tetramers made
it possible to identify peptides recognized by T
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cells when presented within the context of spe-
cific MHC molecules [5], but this methodology is
not readily available for use in species of veteri-
nary interest. More recently, the use of DNA
vaccines has facilitated screening pools of poten-
tial vaccine candidates for either T- or B-cell
responses. When this approach is combined with
a disease challenge model, it is then possible to
identify individual proteins that induce a protec-
tive level of immunity [6].

The prediction of potential vaccine antigens
was further enhanced when whole genome
sequences became available for a wide variety
of pathogens. Genome sequence data could be
used to identify genes-encoding proteins
conserved among members of a heterogeneous
pathogen population or identify proteins unique
to a pathogen and not closely related but non-
pathogenic species. Bioinformatic criteria,
including protein function and location within a
pathogen, can be applied during this selection
process to further focus on the list of potentially
relevant vaccine antigens [7]. Bioinformatic
criteria have also been developed and applied to
predict specific T- or B-cell epitopes within
selected antigens [8]. This approach has been
useful when applied to proteins known to be
involved in the induction of a protective immune
response. Information generated through these
approaches can be used to synthesize
genes encoding polypeptides containing multiple

immunogenic epitopes, including both T- and
B-cell epitopes. Thus, while antigen discovery
has been greatly accelerated, there is still a need
to screen proteins or peptides for their capacity to
induce a protective immune response.

3 Knowledge of Optimal Route
for Vector Delivery

Over 90% of pathogens enter through mucosal
surfaces of the body, which include the eyes,
respiratory, gastrointestinal tract, and
reproductive tract (Fig. 1). Further, distinct
immune effector mechanisms are induced within
mucosa-associated lymphoid tissue (MALT;
Fig. 1) versus systemic lymphoid tissues, which
include blood, spleen, and lymph nodes draining
skin, muscle, and some internal organs (Fig. 1).
The induction of B cells producing IgA antibody
in MALT is a defining difference between the
mucosal and systemic immune systems (Fig. 1).
IgA secretion is a key defense required for
maintaining the integrity of mucosal epithelial
surfaces and preventing both the invasion and
shedding of pathogens. Therefore, an understand-
ing of disease pathogenesis is critical for deter-
mining whether a vaccine vector should induce
primarily a mucosal versus systemic immune
response.

Table 1 Screening approaches used to identify potential vaccine antigens

Methodology Outcome References

1D and 2D Western blots with
convalescent serum

B-cell antigens Vytvytska et al. [1]

B-cell epitopes Epitopes reacting with antibodies Whittemore et al. [2]
Ellis et al. [3]

T-cell epitopes Immunogenic peptides Laing et al. [4]
Sidobre and
Kronenberg [5]

DNA immunization and disease
challenge

Immunogenic and protective antigens Manovich et al. [6]

Genomic sequencing and
bioinformatics

Predicted proteins, with function and localization in
the pathogen

Green and Baker [7]

(Reverse vaccinology) Sanchez-Trincado
et al. [8]
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4 Knowledge of Immune
Responses Induced by Vaccine
Vectors

Vaccine vectors offer numerous advantages and
opportunities to tailor effector responses and opti-
mize immune protection. The selection of a vac-
cine vector that targets epithelial cells at mucosal
surfaces provides an opportunity to induce secre-
tory (S) IgA responses (Fig. 1). The capacity of
SIgA to bind a specific protein provides a key
defense in preventing pathogen or toxin
interactions with mucosal epithelial cells. This is
extremely beneficial when the pathogen or toxin
has direct cytotoxic or metabolic effects that com-
promise mucosal barrier function or integrity.

Intracellular pathogens, such as viruses, may
invade mucosal surfaces and subsequently target
tissues or organs throughout the body. Cellular
immune response may then be required to control
and eliminate these infections. Vaccine vectors
that express recombinant proteins provide an
ideal delivery vehicle for the induction of both
antibody and cellular immune responses. If vac-
cine vectors can be designed to specifically target
dendritic cells (DCs), this provides an opportunity

for recombinant proteins to be processed by the
endogenous antigen-processing pathway. This
route of antigen processing optimizes induction
of both CD4 T-helper cells and CD8 cytotoxic T
cells, through antigen presentation on major
histocompatibility complex II and I, respectively.
Thus, targeting a vaccine vector to the appropriate
antigen-presenting cell can provide a broad spec-
trum of immune effector functions, including
both antibody and cell-mediate immune effector
functions.

Using vaccine vectors to target mucosal
surfaces is also very attractive from the perspec-
tive of vaccine safety. This route of vaccine deliv-
ery eliminates the use of needles and associated
risks of iatrogenic disease transmission. There
are, however, a number of potential risks that
must be considered when delivering vaccine
vectors to a mucosal site. Vaccine delivery may
be less efficient if targeting mucosal sites where
natural barriers, such as mucopolysaccharides
and mucociliary clearance, limit vector
interactions with mucosal epithelial cells. Further,
replication-competent vaccine vectors may
induce vector-specific antibody and cell-mediated
immune responses. Vector-specific immune
responses, especially SIgA, may limit subsequent

Loca�on
Eyes, Nose, Mouth
Gastrointes�nal tract
Reproduc�ve tract

Mucosal Immune System

Organized Lymphoid Tissue
Tonsils
Peyer’s patches
Solitary lymphoid follicles
Lymph nodes draining mucosa

Effector Mechanisms 
An�body - secretory IgA
T cells – Cytotoxic, helper, regulatory
Innate Lymphoid Cells 

Vaccine Delivery Route 
Ocular
Intranasal
Oral 
Vaginal

Loca�on
Skin
Muscle 
CNS and Internal Organs

Systemic Immune System

Organized Lymphoid Tissue
Blood
Spleen
Lymph nodes draining skin, muscle, 
CNS, and internal organs

Effector Mechanisms 
An�body – IgM, IgG, IgE
T cells – Cytotoxic, helper, regulatory
Innate Lymphoid Cells 

Vaccine Delivery Route 
Intradermal
Subcutaneous
Intramuscular 
Intravenous

Fig. 1 Comparison of
mucosal and systemic
immune system structure
and function and vaccine
delivery routes available for
induction of adaptive
immune responses within
each immune system
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use of the same vaccine vector by blocking vector
interactions with mucosal epithelium. Booster
vaccinations are frequently required to ensure
induction of protective immune responses in a
high proportion of the vaccinated population and
adequate duration of immunity. Therefore, alter-
native vaccine boost strategies may be required if
vector-specific antibody or cell-mediated immune
responses are induced during the primary vacci-
nation. The induction of T regulatory cells
(Tregs) is also a possibility when a vaccine vector
targets mucosal surfaces, where tolerogenic DCs
frequently reside. Therefore, when targeting
mucosal surfaces with a vaccine vectors, it is
critical to evaluate whether the vector induces
effector immune responses or Tregs (Fig. 1).
Tregs may subsequently limit immune responses
when the host is infected with a pathogen.

Knowledge of disease pathogenesis may also
be critical for selecting the most effective vaccine
vector to induce protective immunity at specific
sites within the body. A pathogen may have a
specific tropism for epithelial cells present at
one or more of the many mucosal surfaces
(Fig. 1), resulting in localized infection. The con-
cept of the “common mucosal immune system” is
based on numerous observations that immuniza-
tion at one mucosal site can induce an effector
response at other unrelated mucosal surface
[9]. These vaccine studies have clearly
demonstrated, however, that shared effector
responses at mucosal surfaces are not always
reciprocal, with some mucosal induction sites
more effective in generating a common mucosal
immune response than other mucosal sites. There-
fore, vaccine vector selection and delivery may
need to be tailored to induce a protective immune
response at one specific mucosal site. Vector
transgene expression at the appropriate mucosal
site may, however, be influenced by a variety of
factors. These factors include vector tropism for a
specific mucosal epithelial surface, possible
pre-existing viral vector immunity at a mucosal
site, and innate and acquired immune responses
induced by the vaccine vector.

Much of the discussion regarding interactions
between vaccine vectors and the immune system
focused on immune responses following mucosal

delivery of a vaccine vector. Similar concerns
exist, however, when considering vaccine vectors
delivered parenterally to induce systemic immune
responses (Fig. 1). Effector responses induced at
mucosal versus systemic immune induction sites
may be different (Fig. 1), but similar concerns
exist regarding induction of vector-specific
immune responses, targeting antigen-presenting
cells, and interactions with the innate immune
system. Therefore, when selecting a vector for
vaccine delivery, it is important to first determine
whether mucosal or systemic effector responses
are required to protect against clinical disease and
control infection and disease transmission.

There has been an increased focus on the anal-
ysis of innate immune responses induced by spe-
cific vaccine vectors [10]. Characterizing innate
immune responses induced by vaccine vectors is
important for understanding host interactions
with vaccine vectors, immunogenicity of vaccine
vectors, and possible implications for vaccine
safety. Innate immunity plays an important role
in determining the magnitude, duration, and spe-
cific type of adaptive immune response induced
by a vaccine. Therefore, analyzing and comparing
innate immune responses induced by vaccine
vectors at both mucosal and systemic immune
induction sites (Fig. 1) may provide information
critical for optimizing vector selection. It may be
necessary to either alter the type of vaccine vector
used and the route of vector delivery (Fig. 1) or
specifically engineer the vector to ensure induc-
tion of protective immune responses by the pro-
tein encoded by the transgene. Inflammation is a
key component of innate immune responses, and
the level of inflammation induced by a vaccine
vector may be important when considering
adverse local or systemic effects associated with
the use of a vaccine vector.

5 Knowledge of Target
Population for Immunization
with Vaccine Vectors

Newborns of all species are the most susceptible
to infectious disease due to a naïve and immature
immune system. Passive transfer of maternal
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antibody and T cells may provide some protection
from infection, but the level of protection may
vary greatly, depending on the specificity and
amount of maternal antibody transferred. Rapid
decay of maternal antibody in the newborn can
also result in susceptibility to infection. There-
fore, interest has increased in the use of vaccines
during the neonatal period to accelerate onset of
protective immunity as maternal immunity wanes
[11]. The use of vaccine vectors in neonates
provides an opportunity to induce either mucosal
or systemic immunity. The selection of vectors
will, however, be critical to ensure there is no
vaccine interference by maternal antibody and to
ensure vaccine safety when there is an immature
immune system.

An increasing population of elderly people has
created an awareness that immune senescence in
the elderly may compromise immune responses
to vaccines [12]. Situations where immune com-
petence may also be compromised exist for spe-
cies of veterinary interest. Many of these
situations are associated with stress responses as
animals go through transitions periods, such as
transportation, parturition, or the separation of
young animals from their mothers [13]. These
stress responses may compromise responses to
vaccines, but a variety of strategies have been
suggested to augment vaccine efficacy, including
increasing the dose of vaccine antigen, increasing
the frequency of vaccination, and using more
potent adjuvants to enhance activation of the
immune system. Tailored design of vaccine
vectors may be able to address a number of
these issues and augment immune responses
induced by a vaccine. Delivery of an increased
antigen dose may be addressed by engineering
vaccine vectors to either increase transgene
expression or prolong the duration of antigen
expression following vector delivery. The immu-
nogenicity of vaccine vectors may be enhanced
by incorporating specific immune stimulatory
cytokines [14], designing vectors that stimulate
greater innate immune responses [15], or strategic
use of vaccine vectors for prime-boost
vaccination.

6 Knowledge of Vaccine Use
Prophylactically or
Therapeutically

A discussion of immune responses induced by
vaccine vectors must also consider whether the
vaccine is being used for prophylactic or thera-
peutic treatment. Prophylactic vaccines aim to
reduce the risk of infection, prevent clinical dis-
ease, or reduce the risk of disease transmission
through herd immunity. To achieve these
objectives, a prophylactic vaccine should estab-
lish protective immunity prior to the period when
there is a risk of infection. As discussed with
neonates, this is a challenge since immunization
must begin early in life. This highlights the need
to understand the time required for onset of
immunity following vaccination and whether pro-
tective immunity is achieved following a single or
multiple vaccinations. Furthermore, it is impor-
tant to determine the duration of protective immu-
nity and immune memory following vaccination
since this will define the number of vaccinations
required to protect individuals during the period
when they are at risk of infection. These factors
need to be considered when evaluating the effi-
cacy of a vaccine vector and determining how a
vector may be most effectively used in a vaccine
program.

Therapeutic vaccines are used following infec-
tion, usually with the objective of modulating
immune responses to either enhance protective
immune responses or suppress responses that
cause immune pathology. The design of effective
therapeutic vaccines requires detailed knowledge
of the mechanism by which a pathogen is able to
persist and evade the immune system
[16]. Designing therapeutic vaccines will require
knowledge of pathogen antigens able to induce
protective immune responses, but also the exact
nature of protective immune responses, whether
B cell or T cell, must be known. These correlates
of protective immunity can then be used to guide
the design and selection of vaccine vectors that
induce immune responses of the correct specific-
ity required to control or clear a persistent infec-
tion. The ability to engineer vaccine vectors to
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express both antigens and immune-modulating
molecules [14] may be essential to achieve these
objectives.

7 Summary

Many factors must be considered when develop-
ing a vaccine vector that induces a protective
immune response. Immune responses must be
focused on the appropriate antigen to induce a
protective immune response. Further, these
immune responses must be present at the appro-
priate site in the body to prevent either infection
or dissemination of infection throughout the body
and reduce pathogen shedding or disease trans-
mission. Further, the onset and duration of immu-
nity induced by the vaccine vector must be
appropriate to protect the target population
throughout the risk period of infection. A broad
array of vaccine vectors are currently available or
in development, and this provides the opportunity
to match the requirements of an effective vacci-
nation program with the most appropriate vaccine
vector. Molecular biology is also making it possi-
ble to further tailor the attributes of vaccine
vectors to optimize their tropism, level of trans-
gene expression, interactions with the host
immune system, and safety. The full potential of
vaccine vectors to meet the ever-changing vac-
cine challenges has yet to be determined.
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Viruses and the Evolution of Viral
Vectors

Carla Giles and Thiru Vanniasinkam

Abstract

Since the first documented, widespread use of
vaccines in the eighteenth century, vaccines
have become a common health preventative
for humans and animals against a range of
pathogens. This chapter covers the key
developments in the use of viruses in vaccine
development that have occurred since viruses
were first identified as potential vaccine and
gene therapy vectors.

Keywords

Adenovirus · DNA viruses · Poxvirus · RNA
viruses · Veterinary vaccines · Viral vector

Learning Objectives
After reading this chapter, you should be able to:

• Explain how viruses were first used as vaccine
vectors

• State key events in the timeline of viral vector
development

• List examples of viruses used as vaccine vectors

• Compare various viral vector platforms using
examples of vaccines developed using that
technology

1 Introduction

The concept of a non-bacteriological agent caus-
ing disease had been present for many years.
However, in 1892, Dmitri Ivanovsky described
the first strong evidence that tobacco mosaic virus
was not bacteriological after sap filtrate remained
infectious after being passed through
Chamberland filters which can filter bacteria.
This work was replicated in 1898 by Martinus
Beijerinck, who coined the term virus to indicate
the pathogen causing the infection was
non-bacteriological.

In 1796, 100 years prior to the identification of
viruses, Edward Jenner developed the first vac-
cine for the human disease smallpox caused by
the variola virus. He used the distinct but antigen-
ically similar cowpox virus as an antigen and, in
doing so, created the world’s first vaccine. Over
the centuries since his discovery, vaccines have
become a common health preventative for
humans and animals with a plethora of viral,
bacterial and parasitic vaccines developed and
routinely administered.

The limited availability of broad-spectrum
antivirals available to veterinarians has made the
need for vaccines against viruses imperative.
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With the increasing antimicrobial and
antiparasitic resistance seen worldwide, the need
for effective vaccines to prevent infections has
increased, particularly in intensive agricultural
industries including poultry, pigs and
aquaculture.

Over the years, many types of vaccine
technologies ranging from attenuated to subunit
have been utilised in the development of various
veterinary vaccines. Some have been more suc-
cessful than others. In the 1990s, technologies
such as DNA vaccines were a key focus for
vaccinologists; however, due to the lack of effi-
cacy of DNA vaccine candidates, this approach
soon dropped out of favour. However, one DNA
vaccine was licensed in Canada for use in Atlantic
salmon for infectious haematopoietic necrosis
virus [21].

More recently, since the dawn of the ‘molecu-
lar biology and genomics’ era, researchers have
been manipulating genomes of various
microorganisms. This has allowed for the study
of various organisms as potential vectors, whether
this is bacterial, viral or parasitic, in the design of
vaccines. Vectors have been evaluated for their
potential use to deliver a gene or peptide. Since
the early 1980s, the use of viral vector vaccines
has been explored as an alternative mechanism of
gene/peptide delivery [45, 51, 62], particularly in
circumstances where empirical vaccines have not
been effective [25, 86].

Even where vaccines are available to prevent
disease caused by a particular pathogen, there
may be a need for more efficacious vaccines
against some pathogens, and generally, viral
vector-based vaccines are one vaccine modality
that researchers consider when looking at
approaches to make a more immunogenic vac-
cine. Figure 1 describes the evolution timeline
of viruses and vaccines.

One particular area where the viral vector plat-
form is thought to be particularly relevant is in
vaccinating neonates. Neonates have often been
challenging to immunise using traditional empiri-
cal vaccines due to their naïve immune system
and the possible interference by maternal

antibodies. However, viral vectors have had suc-
cess in stimulating the naïve immune system of
neonates to produce a protective immune
response [31, 95].

The early success of some viral vector-based
vaccines has led to a plethora of viral vector-
based vaccines being developed and evaluated
in studies across the globe. One key factor in
creating a successful viral vector-based vaccine
is a virus with a genome that is relatively easy to
manipulate. Several viruses have now been inten-
sively studied for their ability to be developed as
vaccine vectors. These include adenovirus;
poxviruses, particularly vaccinia virus;
flaviviruses; and lentiviruses; all have been used
as vaccine candidates in both humans and
animals. Apart from the ease of their genome
manipulation, these viruses are chosen for their
stability, relatively safe profile, large transgene
capacity, high expression of the transgene, low
pathogenicity and suitability for engineering to
provide prophylactic and therapeutic protection
[25, 86].

In the veterinary field, viral vectors have been
successfully licensed, and vaccines based upon
this technology are commercially available.
Vectors include the attenuated canarypox virus
(ALVAC) [69], engineered to express antigens
from a range of pathogens including equine influ-
enza, West Nile virus and canine distemper virus
[53]. Fowlpox virus ( TROVAC ) has been
engineered as a vaccine against avian influenza
virus and Newcastle disease virus in poultry
[13, 84].

Vaccines against rabies have also been suc-
cessfully engineered using different viral vectors
for wildlife and domestic animal vaccination
[11, 45, 83, 85, 87]. Many more viral vector-
based vaccines are in clinical trials for veterinary
applications [5]. Viral vectors are also being
explored for immunisation of salmon [7, 98] and
other aquaculture species [15]. It must be noted
that similar to vaccines directed at wildlife,
vaccines for fish grown in ocean net cages need
to be based on a safe viral vector that cannot
revert to its wild type or replicate as the viral
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vector will be used in the presence of other
aquatic species, and there is potential to contami-
nate the environment [76].

A replication-deficient virus can have similar
or increased immunogenicity when compared to
its replicating counterpart, as is the case with the
modified vaccinia virus Ankara (MVA) and the
New York vaccinia (NYVAC) virus [52]. Large
DNA viruses often have a considerable collection
of immune evasion mechanisms that can be
directed against both the innate and adaptive
immune pathways, which can be advantageous
in a vaccine vector.

Different viral vectors are often suited to dif-
ferent vaccine regimens. For example,
adenoviruses are proficient at both priming and
boosting the immune system, producing a strong
T- and B-cell response. However, fowlpox virus,
influenza and DNA (plasmid) vectors are princi-
pally suited as priming vectors. Vaccinia viruses
are highly effective as boosting vectors and pro-
duce a strong T-cell response. It seems as though
the adenoviruses have an extended high level of
antigen expression that is ideal for B-cell priming,
whereas vaccinia virus has short bursts of trans-
gene expression suiting B-cell boosting rather
than priming. However, it is essential to consider
the route of delivery when determining a vaccine
regimen as this can affect the expression of the
transgene [25, 32].

Early modified viral vaccines using selective
deletion generated the ability to produce ‘marker
vaccines’ coupled with appropriate diagnostic
assays which allowed for the use of the DIVA
(differentiating infected from vaccinated animals)
principles to be followed and the identification of
vaccinated and unvaccinated animals, allowing
for subsequent appropriate measures to be taken.
These DIVA vaccines have been influential in
eliminating viruses from national herds, with
many nations willing to utilise this system to
eliminate disease outbreaks and gain OIE
disease-free status. The most notable DIVA-
based vaccines are foot-and-mouth disease [35]
and classical swine fever, where subunit marker
vaccines are coupled with appropriate diagnostic
assays [9, 56].

Diagnostic tests can effectively differentiate
between vaccinates and wild-type immunity
providing for effective control strategies to be
implemented as described in Fig. 2 (Image from
[61]). This is an example of the 2007 equine
influenza outbreak in Australia, where a naïve
horse population was exposed to imported equine
influenza. By stopping horse movement
completely and using a ring vaccination program
with a canarypox viral vector (ALVAC)
expressing equine influenza genes coupled with
DIVA technology, equine influenza was able to
be eradicated from Australia, and EI free status
was again reinstated [61].

Viral vector vaccines will continue to be pur-
sued as a viable option for the difficult-to-vacci-
nate pathogens as their safety margin and efficacy
are well documented. DIVA viral vector vaccines
are easy to engineer, offer a viable way to deter-
mine between vaccinates and naturally infected
animals and will continue to be useful in veteri-
nary fields. This chapter will outline the genera-
tion and evolution of some of the major viral
vectors with further details on specific viral
vectors in other chapters.

2 Poxviruses

Poxviruses are large, enveloped, double-stranded
DNA viruses from 200 to 300 nm in size, with the
most notable virus being smallpox. Pox virions
are complex, contain enzymes associated with
mRNA synthesis and have a cytoplasmic
replication [66].

Edward Jenner first used a poxvirus to vacci-
nate against variola virus, the causative agent of
small pox in 1798, and, in doing so, founded the
immunology sciences. This discovery led to the
eradication of smallpox from existence in 1980
[42, 66]. In modern times, in order to eradicate
smallpox, scientists used a live vaccinia virus.
This virus was attenuated through cell passage;
unfortunately, the origin of this virus is a myth.
Phylogenetic studies suggest this virus was origi-
nally a horse poxvirus; however, the true history
of vaccinia has been lost to time. The eradication
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Fig. 2 The importance of differentiating infected from
vaccinated animals (DIVA). The use of an EI vaccine
with DIVA capability is an asset to maintain an effective
surveillance during an outbreak while emergency vaccina-
tion is implemented [3]. (a) The canarypox-based EI

vaccine is a live-attenuated canarypox virus with the EIV
HA gene (green) inserted in its genome (one EIV HA per
canarypox vector). The canarypox-based EI vaccine
induces a seroconversion limited to the EIV HA antigen
after immunisation (green horse). Infection with EIV or
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of smallpox was aided by the restriction of small-
pox to the human host as poxviruses vary dramat-
ically with their host infectivity [66, 69].

In the 1980s, there was a flood of interest in
poxviruses as viral vectors primarily due to the
rise of successful cloning techniques and molecu-
lar genetics. One early example is the use of
vaccinia virus to express hepatitis B antigens
[75]. This finding provided the initial platform
for expressing foreign genes in viral vectors
[51, 62]. Primarily two approaches have been
successfully used to increase the safety of
poxviruses. One approach has been the deletion
of known genes involved in viral metabolism,
extracellular virus formation and host interaction.
The other involves successive viral passage in cell
culture or a non-host species and the subsequent
isolation of less virulent variants [66].

The Copenhagen vaccinia virus strain was
used to develop the NYVAC strain of vaccinia.
This virus contains multiple gene deletions and
18 open reading frames, each with targeted
deletions that prevent the synthesis of unwanted
novel gene products, are highly attenuated, are
confirmed safety and maintained proficiency to
induce a robust immune response to foreign
inserted antigens [82]. The NYVAC platform
has been used to vaccinate pigs against
pseudorabies [12]; however, it has not been
commercialised. Instead, an attenuated (gene-
deleted) pseudorabies virus has been
commercialised [30]. Considered a
4th-generation vaccinia vaccine, the NYVAC

vector has been genetically engineered to have
lost targeted genes [42].

Another commonly used vaccinia strain is the
MVA, which was isolated from over 500 passages
in chicken embryo cells [52]. MVA is a third-
generation vaccinia vaccine as the virus was
attenuated by cell passage [42]. This virus has
lost the ability to replicate in human cells, is not
pathogenic in immunocompromised animals and
was used as a smallpox vaccine in the late 1970s
[39]. This vaccinia strain has been tested as a
vaccine vector or for delivering cancer therapeu-
tics in both humans and animals [26, 58].

Avipox viruses (avian origin poxviruses) are
restricted to replicate in avian species. In
non-avian species, avipox viruses are proven to
be safe and efficacious vectors, where they are
suicidal vectors and are unable to replicate in
non-avian species. Some avipox viruses are
attenuated in other avian species; for example,
pigeon pox is innately attenuated in chickens
and thus is an ideal vector in this species
[66]. The attenuation of the avipox viruses in
other species opens up many benefits in terms of
using these vectors in vaccine development.
Other examples of attenuated viral vectors
include fowlpox and canarypox virus (TROVAC
is the attenuated fowlpox, and ALVAC the
attenuated canarypox virus) [63].

Live-attenuated fowlpox has been used in
poultry to control disease since the 1940s. In the
1980s, it was considered as a potential viral vec-
tor due to its extreme stability (no cold-chain

Fig. 2 (continued) immunisation with whole inactivated
or subunit EI vaccines induces a seroconversion to several
EIV antigens, including the EIV HA (green) and the
nucleoprotein (NP, red) [12]. (b) An equid population
naïve for EI (Period 1). Due to horse movement and/or
importation of an infected animal (Period 2), an EI out-
break is detected (green + red horse, Period 3). Prevention
and control measures are implemented (Period 4). In the
absence of emergency EI vaccination, disease control
relies primarily on movement restriction, active surveil-
lance and biosecurity measures and is heavily dependent
on the horse population density. A virus such as EIV is
likely to spread quickly, especially in a naïve population
such as those in Australia in 2007. Emergency vaccination

is implemented to support these measures. If an EI vaccine
without DIVA capability is used (green + red vaccine),
any seroconversion (green + red horse) detected outside
the vaccination buffer zone should be considered as a
potential EI case (i.e., it is not possible to discriminate
between a vaccinated horse that moved from the vaccina-
tion buffer zone and a new infected horse). The use of an
EI vaccine with DIVA capability (green vaccine) allows
scientists to follow the spread of EIV infection inside the
vaccination buffer zone, to identify real EI outbreak and
infected horses (green + red horses) outside the vaccina-
tion buffer zone and to control the implementation of
specific measures such as movement restriction. Image
available via licence: CC BY 4.0 [61]
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storage required), the low cost of production and
the ability to insert multiple genes for expression
[84]. The TROVAC-based viral vector has most
notably been used and licensed in Central and
South America as an avian influenza vaccine
[13], and the DIVA approach can also be used
with this vaccine.

Canarypox was first isolated from a single-pox
lesion on a canary. The virus was passaged
200 times through chicken embryo fibroblasts
and purified using a plaque purification tech-
nique. The attenuated version of this virus,
ALVAC, has been proven to be safe, cannot
replicate and is safe to use in a wide variety of
species including canaries, mice, horses, cats and
dogs. The inserted transgene does not appear to
affect the stability or host tropism of the
vector [69].

Due to ALVAC’s rigorous evaluation prior to
registration, its approval for use as a veterinary
vaccine vector in Europe has been a relatively
straightforward process [69]. Currently, ALVAC
is used as a vector platform for the development
of vaccines against a range of veterinary diseases
including equine influenza and West Nile virus in
horses, canine distemper virus in dogs and feline
leukaemia virus in cats [53, 69].

A vaccinia-vectored rabies vaccine,
expressing the rabies G protein [45], was devel-
oped with the purpose of wildlife vaccination in
rabies-endemic areas due to the re-emergence of
rabies in wildlife reservoirs, particularly the red
fox. Vaccinia was chosen due to its stability at a
wide range of temperatures, efficacy and safety.
The introduction of this vaccine saw the dramatic
reduction in rabies cases in both wildlife and
domestic carnivores in both Europe and North
America [10, 11, 65].

3 Adenoviruses

Adenoviruses are medium-sized, 90–100 nm,
non-enveloped double-stranded DNA viruses,
with a linear genome of 26–48 Kbp, encoding
22–40 genes. This virus infects a broad range of
host species, including mammal, bird, amphibian,
reptile and fish [19]. Adenoviruses are capable of

multiplicity reactivation whereby at least two
lethally damaged viral genomes interact within a
host cell and recombine to form a viable cell [99].

Adenoviruses are a popular vector candidate
due to their enhanced ability to produce:

• Antigen-specific immune responses to
transgenes

• Strong CD8+ T-cell and B-cell responses
• Low pathogenicity
• Readily infect mucosal surfaces
• Induce systemic infections
• Stability once engineered

One limitation of the adenovirus vector is the
presence of pre-existing immunity to this virus in
many hosts. This is due to adenoviruses being a
common pathogen of humans and animals. In
humans, rare adenovirus serotypes or
non-human serotype adenoviruses have been
evaluated in order to circumvent this issue. Cur-
rently, work in re-engineering the virus capsid
proteins has also been initiated [22, 25, 86].

Furthermore, the use of mastadenoviruses
(mammalian adenoviruses) in the human context
has been examined with both bovine and canine
adenoviruses (BAdV-3 and CAdV-2, respec-
tively) engineered to be E1 and E3 deleted and
capable of replicating and growing in human cells
[47, 54]. One of the first non-human adenoviruses
to be utilised as a vector in human clinical trials
was an ovine adenovirus used for the treatment of
prostate cancer [94].

To use adenovirus as a vaccine vector, it is
important to control the replication of the virus, in
order to address the problem of virus shedding
and ensure safety so the virus does not cause
disease. Adenovirus has undergone various stages
or ‘generations’ of gene deletions in the process
of making better more efficacious vectors, which
have been developed for gene therapy and vac-
cine vector purposes.

First-generation adenovirus vectors have been
made by substituting an expression cassette for
the E1 region and/or the E3 region. The E1 early
promoter region encodes for proteins required for
cellular replication and is located on the left end
of the genome [2]. The E3 region encodes for
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proteins that reduce host defence mechanisms and
is located on the right end of the genome. With
the E1 region accepting inserts up to 5.1 kb, and
when 3.1 kb of the E3 region was deleted, 8.2 kb
of space was generated in these first-generation
adenoviral vectors.

To assist with in vitro replication of the first
generation E1-deleted viruses, specialised cell
lines were developed to support adenovirus
growth, especially when they are deficient in
essential genes. These cell lines include HEK
293 (Human Embryonic Kidney) [34], 911 [29]
and others. These cells were established by
exposing them to sheared fragments of HAdV-5
DNA, which allowed for the expression of
characteristics to support virus growth in the
cells [34].

First-generation E1-deleted vectors are known
for inducing a potent innate and adaptive immune
response in vivo, particularly a Th1-type response
[48]. In order to generate more genome space for
larger inserts, second-generation vectors were
constructed. This occurred by removing the E2b
(terminal protein and DNA polymerase) [2], E2a

(DNA-binding protein) [101] and E4 regions of
the genome [49], allowing for the insertion of
14 kb expression cassettes when combined with
the first-generation deletions [17].

Third-generation or gutted or helper-
dependent adenoviral vectors have been created
whereby all of the viral genes are deleted except
for the cis-acting sequences associated with viral
DNA replication and packaging [78]. Theoreti-
cally, these gutted vectors can contain up to 37 kb
of insertions. However, these vectors lack stabil-
ity and can be difficult to produce. Figure 3
demonstrates the genome structures of each gen-
eration of adenovirus vector [17].

First-generation vectors are now easy to pro-
duce with numerous methods established
[17]. Some first-generation adenovirus vectors,
particularly HAdV-5, are documented for the
induction of cytokine storms. That is releasing
an overabundance of pro-inflammatory
cytokines, including TNF-α and IL-10, and can
cause toxicity. This is due to the ongoing expres-
sion of adenovirus genes 5–7 days post-
administration, which can also aid in the

Fig. 3 Genome organisation of first-generation, second-
generation and gutted adenovirus vectors. The locations of
the early and late transcription units (arrows) in the adeno-
virus genome (black bar) are shown on top of the figure.
The ITRs are symbolised by triangles. The packaging

signal Ψ is highlighted by an open box. Non-adenoviral
sequences in gutless vectors are represented by a thin line.
The sizes of the largest deletions are indicated for each
region, and the maximal insert sizes are indicated for each
type of vector [17]
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development of a potent adaptive immune
response [59]. Second-generation adenovirus
vectors with the E2a region deleted have a longer
gene expression time (20–40 days) [28], with
E4-deleted adenovirus having transgene expres-
sion for 84 days [14, 93].

Studies have shown that neutralising antibody
present before vaccination with an adenoviral
vector or post prime vaccination can limit the
effectiveness of the immune response of
subsequent doses as was found in human clinical
trials which utilised a homologous HAdV-5 vac-
cine regime [1]. Thus, a heterologous-based vac-
cine regimen that utilises multiple vectors may be
more effective. In the past, some apprehension
regarding the use of human adenoviral constructs
in commercial, domestic animals has previously
been discussed [33, 88]. Species tropism has also
been problematic when utilising a non-host ade-
novirus [87, 100]; this highlights the importance
of keeping the species specificity of the virus in
mind when deciding on the most appropriate
virus to use when developing a vector.

In order to avoid problems associated with
pre-existing neutralising antibodies or to increase
targeted sequestration of the vector, some
researchers have employed capsid manipulation
techniques or used chimeric adenoviruses
[4, 16]. This mechanism changes the antigenic
profile of the capsid or fibre proteins, preventing
the naturally occurring antibodies from binding
and the subsequent neutralisation of the vector.

An increase in the target receptor of a vector
virus has also been achieved by utilising ovine
adenovirus fibre on a human adenovirus capsid,
altering receptor interaction and bio-distribution
[60]. In prime/boost vaccine regimens, multiple
different antigenic versions of a vector could be
created to ensure optimal immunogenicity of the
viral vector. These techniques may also poten-
tially be used to create vectors that have specific
host cell tropism.

In humans, the adenovirus hexon protein,
which has a highly conserved C terminus, is an
immunodominant antigen. Both CD4+ and CD8+

T cells develop adenovirus-specific memory that
cross-react with different serotypes of the virus
[81]. However, in various mammals, this immune

cross-reactivity has not led to any problems
concerning immunisation [31, 37]. It has been
found that the adenovirus hexon capsid proteins
can independently act as an adjuvant, and this has
prompted further research into the role that these
antigens may play when adenoviruses are used as
vaccine vectors [25, 55].

The enhanced priming ability of adenoviruses
is important when there is a requirement to elicit a
robust immune response, for example, when
priming a neonate with a relatively immature
and naïve immune system. Adenoviral vectors
have been successful in vaccinating canine pups
against canine distemper virus (CDV), a highly
contagious pathogen. A CDV transgene inserted
into canine adenovirus 2 (CAdV-2) was
replication-competent as it was only E3 deleted.
Remarkably, this vaccine was able to elicit a
strong immune response in puppies that were
born to a CAdV-2- and CDV-positive dam and
circumvent the maternal antibodies that were
present in the puppies and provide protection
against both pathogens. As this viral vector was
replication-competent, it was shed in nasal
secretions, and so the vaccine was not deemed
suitable for commercial use [31].

As researchers work towards improving viral
vector vaccines, heterologous prime boost
protocols involving two different viral vectors
have been frequently studied. One of the more
widely used heterologous prime boost protocols
involves the use of MVA and adenovirus vectors.
Studies show that when these two vectors are
used in heterologous prime boost regimens, each
vector stimulates different branches of the
immune system, making the vaccination regime
more effective [25, 27].

Other mixed modality vaccination regimens
have used adenoviral vectors with DNA or sub-
unit vaccines include vaccines against Mycobac-
terium tuberculosis [40, 80] and malaria
[24]. Generally, vaccinologists avoid using the
same vector in prime boost protocols due to lack
of efficacy when neutralising antibodies are
generated during the prime. However, there are
reports in the literature of approaches such as
capsid manipulation, which may overcome issues
associated with generating neutralising antibodies
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to the vaccine vector following the prime dose.
This would make it possible to use the same
vector in prime boost regimens [22].

Non-host adenoviruses are an important
source of future vaccine vector development.
For example, recently, vaccines based upon a
chimpanzee adenovirus vector platform were
shown to be efficacious in multiple mammalian
species (cattle, sheep and goats) against Rift Val-
ley fever virus. However, further studies are
required [96], whereas avian herpesvirus vectors
are also commonly used as vaccine vectors in
poultry production, particularly herpesvirus of
turkey [5]. These examples demonstrate a variety
of applications for adenoviral vectors.

4 RNA Viruses

RNA viruses are known to cause numerous
infections in humans, plants and animals, includ-
ing diseases associated with epidemics and
pandemics such as influenza and SARS. They
contain an RNA genome that can be double- or
single-stranded, positive or negative sense. Com-
pared with DNA viruses, the development of
RNA viruses as vaccine vectors is more recent
and driven by the development of reverse genet-
ics techniques for manipulating RNA virus
genomes [79].

A range of viral vectors (based upon both
double- and single-stranded RNA viruses) have
been constructed, and several of these were
licensed for use in vaccine development. These
include a chimeric flavivirus targeting West Nile
virus for use in horses and the alphavirus
Venezuelan equine encephalitis virus (VEEV)
vector targeting classical swine fever (CSFV).

The first veterinary alphavirus infectious clone
for VEEV was described in 1989 [18]. Since then,
alphavirus genome modification has been via
cDNA manipulation of the clones to produce
heterologous genes, with two types of clones
developed. Replication-competent vectors
(replicons) [70] and propagation-defective
vectors both require helper gene assistance in
trans for packaging [90].

VEEV vectors have been targeted for both
veterinary and human settings. A VEEV vector
vaccine was licensed, in the USA in 2012, for
swine influenza expressing the HA gene against
H3N2 [91]. In humans, this vector has been tested
for infectious diseases and cancer therapy in clin-
ical trials including HIV [97] and the seasonal flu
[68, 72].

Salmonid alphavirus vectors have been devel-
oped [44, 57]. However, an inactivated vaccine
was viable [43] and commercially licensed by
Pharmaq (Zoetis). The only commercial DNA
vaccine is targeted at the salmon and trout patho-
gen infectious haematopoietic necrosis virus
[73]. To date, live-attenuated vector-based vac-
cine has not been approved for commercial use.

Other examples of RNA viral vectors include
Flaviviridae, with the yellow fever vector vaccine
targeting West Nile virus (WNV) and
ChimeriVax-WN02® having participated in
human clinical trials [8]. Various WNV vaccines
are licensed in horses, including a single-dose
live-attenuated yellow fever vector targeting
WNV, PreveNile® by Intervet, which was
reviewed [20].

Several pestiviral vectors have also been
developed. Bovine viral diarrhoea virus vectors
were developed to target classical swine fever
virus (CSFV) in pigs and have been trialled exten-
sively. These chimeric vaccines allow for DIVA
differentiation [6, 41]; however, it requires multi-
ple doses to be effective. Bovine parainfluenza
3 (bPIV-3) is antigenically similar and cross-
reactive to human parainfluenza virus 3 and
produces a protective immune response
[89]. Due to this cross-protection, several vectors
or chimeras have been developed for human use
[36, 74].

The negative sense RNA viral genome of
influenza virus was manipulated by reverse genet-
ics [50]. In humans, the influenza vaccine
FluMist® was licensed for seasonal influenza
and is approved for people 2–49 years of age.
This virus is cold-adapted and has the HA, and
NA segments changed to be relevant to each
season [38].

Another example of an RNA virus vector
which has been widely researched is based upon
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the Newcastle disease virus (NDV). Several
reverse genetic approaches to modify this virus
have occurred [67, 71], and subsequent vectors
developed [23, 46, 64, 92]. Many of these vectors
target both Newcastle disease and avian influ-
enza. In addition, more recently, the use of NDV
as a potential cancer vaccine and gene therapy
vector has been reported in the literature [3, 77].

5 Summary

While vaccines have been used for many decades,
viral vector-based vaccines have only relatively
recently been licensed for use in animals. It is
likely that in the future, more viruses will be
developed for use as vaccine vectors as
researchers continue to improve on existing vac-
cine technologies. Advances may also influence
viral vector-based veterinary vaccine develop-
ment in viral vector-based human vaccines.
While the focus of this chapter has been viral
vectors used in vaccine development for infec-
tious diseases, there will likely be viral vectors
used in the development of vaccines for
non-infectious conditions such as cancer and
allergies in animals. If there is a demand for
such vaccines, one potential market is companion
animals such as dogs and cats.

References

1. Abel B, Tameris M, Mansoor N, Gelderbloem S,
Hughes J, Abrahams D, Makhethe L, Erasmus M,
Md K, van der Merwe L. The novel tuberculosis
vaccine, AERAS-402, induces robust and
polyfunctional CD4+ and CD8+ T cells in adults.
Am J Respir Crit Care Med. 2010;181(12):1407–17.

2. Amalfitano A, Hauser MA, Hu H, Serra D, Begy CR,
Chamberlain JS. Production and characterization of
improved adenovirus vectors with the E1, E2b, and
E3 genes deleted. J Virol. 1998;72(2):926–33.

3. Amin ZM, Ani MAC, Tan SW, Yeap SK, Alitheen
NB, Najmuddin SUFS, Kalyanasundram J, Chan SC,
Veerakumarasivam A, Chia SL. Evaluation of a
recombinant Newcastle disease virus expressing
human IL12 against human breast cancer. Sci Rep.
2019;9(1):1–10.

4. Appaiahgari MB, Vrati S. Adenoviruses as gene/vac-
cine delivery vectors: promises and pitfalls. Expert
Opin Biol Ther. 2015;15(3):337–51.

5. Baron MD, Iqbal M, Nair V. Recent advances in viral
vectors in veterinary vaccinology. Curr Opin Virol.
2018;29:1–7. https://doi.org/10.1016/j.coviro.2018.
02.002.

6. Beer M, Reimann I, Hoffmann B, Depner K. Novel
marker vaccines against classical swine fever. Vac-
cine. 2007;25(30):5665–70.

7. Biacchesi S, Yu Y-X, Béarzotti M, Tafalla C,
Fernandez-Alonso M, Brémont M. Rescue of syn-
thetic salmonid rhabdovirus minigenomes. J Gen
Virol. 2000;81(8):1941–5.

8. Biedenbender R, Bevilacqua J, Gregg AM,
Watson M, Dayan G. Phase II, randomized, double-
blind, placebo-controlled, multicenter study to inves-
tigate the immunogenicity and safety of a West Nile
virus vaccine in healthy adults. J Infect Dis. 2011;203
(1):75–84.

9. Blome S, Staubach C, Henke J, Carlson J, Beer
M. Classical swine fever—an updated review.
Viruses. 2017;9(4):86.

10. Brochier B, Aubert M, Pastoret P, Masson E,
Schon J, Lombard M, Chappuis G, Languet B,
Desmettre P. Field use of a vaccinia-rabies recombi-
nant vaccine for the control of sylvatic rabies in
Europe and North America. Revue Scientifique et
Technique-Office International des Epizooties.
1996;15(3):947–80.

11. Brochier B, Kieny M, Costy F, Coppens P,
Bauduin B, Lecocq J, Languet B, Chappuis G,
Desmettre P, Afiademanyo K. Large-scale eradica-
tion of rabies using recombinant vaccinia-rabies vac-
cine. Nature. 1991;354(6354):520.

12. Brockmeier SL, Lager KM, Tartaglia J, Riviere M,
Paoletti E, Mengeling WL. Vaccination of pigs
against pseudorabies with highly attenuated vaccinia
(NYVAC) recombinant viruses. Vet Microbiol.
1993;38(1–2):41–58.

13. Bublot M, Pritchard N, Swayne DE, Selleck P,
Karaca K, Suarez DL, AUDONNET JC, Mickle
TR. Development and use of fowlpox vectored
vaccines for avian influenza. Ann N Y Acad Sci.
2006;1081(1):193–201.

14. Chen H-H, Mack LM, Kelly R, Ontell M,
Kochanek S, Clemens PR. Persistence in muscle of
an adenoviral vector that lacks all viral genes. Proc
Natl Acad Sci. 1997;94(5):1645–50.

15. Chen Y, Guo M, Wang Y, Hua X, Gao S, Wang Y,
Li D, Shi W, Tang L, Li Y. Immunity induced by
recombinant attenuated IHNV (infectious
hematopoietic necrosis virus)-GN438A expresses
VP2 gene-encoded IPNV (infectious pancreatic
necrosis virus) against both pathogens in rainbow
trout. J Fish Dis. 2019;42:631–42.

16. Coughlan L, Alba R, Parker AL, Bradshaw AC,
McNeish IA, Nicklin SA, Baker AH. Tropism-
modification strategies for targeted gene delivery

Viruses and the Evolution of Viral Vectors 31



using adenoviral vectors. Viruses. 2010;2
(10):2290–355.

17. Danthinne X, Imperiale M. Production of first gener-
ation adenovirus vectors: a review. Gene Ther.
2000;7(20):1707.

18. Davis NL, Willis LV, Smitht JF, Johnston RE. In
vitro synthesis of infectious Venezuelan equine
encephalitis virus RNA from a cDNA clone: analysis
of a viable deletion mutant. Virology. 1989;171
(1):189–204.

19. Davison AJ, Benkő M, Harrach B. Genetic content
and evolution of adenoviruses. J Gen Virol. 2003;84
(11):2895–908.

20. Dayan GH, Pugachev K, Bevilacqua J, Lang J,
Monath TP. Preclinical and clinical development of
a YFV 17 D-based chimeric vaccine against West
Nile virus. Viruses. 2013;5(12):3048–70.

21. Dhar AK, Manna SK, Allnutt FT. Viral vaccines for
farmed finfish. Virus. 2014;25(1):1–17.

22. Dharmapuri S, Peruzzi D, Aurisicchio L. Engineered
adenovirus serotypes for overcoming anti-vector immu-
nity. Expert Opin Biol Ther. 2009;9(10):1279–87.

23. DiNapoli JM, Kotelkin A, Yang L, Elankumaran S,
Murphy BR, Samal SK, Collins PL, Bukreyev
A. Newcastle disease virus, a host range-restricted
virus, as a vaccine vector for intranasal immunization
against emerging pathogens. Proc Natl Acad Sci.
2007;104(23):9788–93.

24. Douglas AD, de Cassan SC, Dicks MDJ, Gilbert SC,
Hill AVS, Draper SJ. Tailoring subunit vaccine
immunogenicity: maximizing antibody and T cell
responses by using combinations of adenovirus, pox-
virus and protein-adjuvant vaccines against Plasmo-
dium falciparum MSP1. Vaccine. 2010;28
(44):7167–78.

25. Draper SJ, Heeney JL. Viruses as vaccine vectors for
infectious diseases and cancer. Nat Rev Microbiol.
2010a;8(1):62–73.

26. Draper SJ, Heeney JL. Viruses as vaccine vectors for
infectious diseases and cancer. Nat Rev Microbiol.
2010b;8(1):62.

27. Draper SJ, Moore AC, Goodman AL, Long CA,
Holder AA, Gilbert SC, Hill F, Hill AVS. Effective
induction of high-titer antibodies by viral vector
vaccines. Nat Med. 2008;14(8):819–21.

28. Engelhardt JF, Litzky L, Wilson JM. Prolonged
transgene expression in cotton rat lung with recombi-
nant adenoviruses defective in E2a. Hum Gene Ther.
1994;5(10):1217–29.

29. Fallaux FJ, Kranenburg O, Cramer SJ, Houweling A,
van Ormondt H, Hoeben RC, van der Eb
AJ. Characterization of 911: a new helper cell line
for the titration and propagation of early region
1-deleted adenoviral vectors. Hum Gene Ther.
1996;7(2):215–22.

30. Ferrari M, Brack A, Romanelli M, Mettenleiter TC,
Corradi A, Mas ND, Losio M, Silini R, Pinoni C,
Pratelli A. A study of the ability of a TK-negative and
gI/gE-negative pseudorabies virus (PRV) mutant

inoculated by different routes to protect pigs against
PRV infection. J Veterinary Med Ser B. 2000;47
(10):753–62.

31. Fischer L, Tronel JP, Pardo-David C, Tanner P,
Colombet G, Minke J, Audonnet J-C. Vaccination
of puppies born to immune dams with a canine
adenovirus-based vaccine protects against a canine
distemper virus challenge. Vaccine. 2002;20
(29–30):3485–97.

32. Geiben-Lynn R, Greenland JR, Frimpong-Boateng K,
Letvin NL. Kinetics of recombinant adenovirus type
5, vaccinia virus, modified vaccinia ankara virus, and
DNA antigen expression in vivo and the induction of
memory T-lymphocyte responses. Clin Vaccine
Immunol. 2008;15(4):691–6.

33. Gogev S, Vanderheijden N, Lemaire M, Schynts F,
D’Offay J, Deprez I, Adam M, Eloit M, Thiry
E. Induction of protective immunity to bovine her-
pesvirus type 1 in cattle by intranasal administration
of replication-defective human adenovirus type
5 expressing glycoprotein gC or gD. Vaccine.
2002;20(9–10):1451–65.

34. Graham F, Smiley J, Russell W, Nairn
R. Characteristics of a human cell line transformed
by DNA from human adenovirus type 5. J Gen Virol.
1977;36(1):59–77.

35. Grubman MJ. Development of novel strategies to
control foot-and-mouth disease: marker vaccines
and antivirals. Biologicals. 2005;33(4):227–34.

36. Haller AA, Miller T, Mitiku M, Coelingh
K. Expression of the surface glycoproteins of
human parainfluenza virus type 3 by bovine
parainfluenza virus type 3, a novel attenuated virus
vaccine vector. J Virol. 2000;74(24):11626–35.

37. Hammond JM, Johnson MA. Porcine adenovirus as a
delivery system for swine vaccines and immunother-
apeutics. Vet J. 2005;169(1):17–27.

38. Harper SA, Fukuda K, Cox NJ, Bridges CB. Using
live, attenuated influenza vaccine for prevention and
control of influenza. MMWR. 2003;52:1–8.

39. Hochstein-Mintzel V, Hänichen T, Huber H, Stickl
H. An attenuated strain of vaccinia virus (MVA).
Successful intramuscular immunization against vac-
cinia and variola (author’s transl). Zentralblatt fur
Bakteriologie, Parasitenkunde, Infektionskrankheiten
und Hygiene Erste Abteilung Originale Reihe A:
Medizinische Mikrobiologie und Parasitologie.
1975;230(3):283–97.

40. Hokey D, Tameris M, Henson D, Dheenadhayalan V,
Blatner G, McClain B, Walker R, Hatherill M,
Nduba V, Sacarlal J. Safety and immunogenicity of
the Ad35/AERAS-402 tuberculosis vaccine in a
phase 2 dose-finding clinical trial in
BCG-vaccinated healthy infants (VAC5P. 1119). J
Immunol. 2015;194(1 Suppl):73.74.

41. Hulst M, Westra D, Wensvoort G, Moormann
R. Glycoprotein E1 of hog cholera virus expressed
in insect cells protects swine from hog cholera. J
Virol. 1993;67(9):5435–42.

32 C. Giles and T. Vanniasinkam



42. Jacobs BL, Langland JO, Kibler KV, Denzler KL,
White SD, Holechek SA, Wong S, Huynh T, Baskin
CR. Vaccinia virus vaccines: past, present and future.
Antivir Res. 2009;84(1):1–13.

43. Karlsen M, Tingbø T, Solbakk I-T, Evensen Ø,
Furevik A, Aas-Eng A. Efficacy and safety of an
inactivated vaccine against salmonid alphavirus (fam-
ily Togaviridae). Vaccine. 2012;30(38):5688–94.

44. Karlsen M, Villoing S, Rimstad E, Nylund
A. Characterization of untranslated regions of the
salmonid alphavirus 3 (SAV3) genome and construc-
tion of a SAV3 based replicon. Virol J. 2009;6
(1):173.

45. Kieny M, Lathe R, Drillien R, Spehner D, Skory S,
Schmitt D, Wiktor T, Koprowski H, Lecocq
J. Expression of rabies virus glycoprotein from a
recombinant vaccinia virus. Nature. 1984;312
(5990):163.

46. Kim S-H, Samal S. Newcastle disease virus as a
vaccine vector for development of human and veteri-
nary vaccines. Viruses. 2016;8(7):183.

47. Klonjkowski B, Gilardi-Hebenstreit P, Hadchouel J,
Randrianarison V, Boutin S, Yeh P, Perricaudet M,
Kremer EJ. A recombinant E1-deleted canine adeno-
viral vector capable of transduction and expression of
a transgene in human-derived cells and in vivo. Hum
Gene Ther. 1997;8(17):2103–15.

48. Liu Q, Muruve D. Molecular basis of the inflamma-
tory response to adenovirus vectors. Gene Ther.
2003;10(11):935–40.

49. Lusky M, Christ M, Rittner K, Dieterle A, Dreyer D,
Mourot B, Schultz H, Stoeckel F, Pavirani A, Mehtali
M. In vitro and in vivo biology of recombinant ade-
novirus vectors with E1, E1/E2A, or E1/E4 deleted. J
Virol. 1998;72(3):2022–32.

50. Luytjes W, Krystal M, Enami M, Parvin JD, Palese
P. Amplification, expression, and packaging of a
foreign gene by influenza virus. Cell. 1989;59
(6):1107–13.

51. Mackett M, Smith GL, Moss B. Vaccinia virus: a
selectable eukaryotic cloning and expression vector.
Proc Natl Acad Sci. 1982;79(23):7415–9.

52. Mayr A, Stickl H, Müller H, Danner K, Singer H. The
smallpox vaccination strain MVA: marker, genetic
structure, experience gained with the parenteral vac-
cination and behavior in organisms with a debilitated
defence mechanism (author’s transl). Zentralblatt fur
Bakteriologie, Parasitenkunde, Infektionskrankheiten
und Hygiene Erste Abteilung Originale Reihe B:
Hygiene, Betriebshygiene, praventive Medizin.
1978;167(5–6):375–90.

53. Meeusen EN, Walker J, Peters A, Pastoret P-P,
Jungersen G. Current status of veterinary vaccines.
Clin Microbiol Rev. 2007;20(3):489–510.

54. Mittal SK, Prevec L, Graham FL, Babiuk
LA. Development of a bovine adenovirus type
3-based expression vector. J Gen Virol. 1995;76
(1):93–102.

55. Molinier-Frenkel V, Lengagne R, Gaden F, Hong SS,
Choppin J, Gahery-Segard H, Boulanger P, Guillet
JG. Adenovirus hexon protein is a potent adjuvant for
activation of a cellular immune response. J Virol.
2002;76(1):127–35.

56. Moormann RJ, Bouma A, Kramps JA, Terpstra C, De
Smit HJ. Development of a classical swine fever
subunit marker vaccine and companion diagnostic
test. Vet Microbiol. 2000;73(2–3):209–19.

57. Moriette C, LeBerre M, Lamoureux A, Lai T-L,
Brémont M. Recovery of a recombinant salmonid
alphavirus fully attenuated and protective for rainbow
trout. J Virol. 2006;80(8):4088–98.

58. Moss B, Carroll MW, Wyatt LS, Bennink JR, Hirsch
VM, Goldstein S, Elkins WR, Fuerst TR, Lifson JD,
Piatak M. Host range restricted, non-replicating vac-
cinia virus vectors as vaccine candidates. In: Novel
strategies in the design and production of vaccines.
Springer, New York; 1996. pp. 7–13.

59. Muruve DA, Cotter MJ, Zaiss AK, White LR, Liu Q,
Chan T, Clark SA, Ross PJ, Meulenbroek RA,
Maelandsmo GM. Helper-dependent adenovirus
vectors elicit intact innate but attenuated adaptive
host immune responses in vivo. J Virol. 2004;78
(11):5966–72.

60. Nakayama M, Both GW, Banizs B, Tsuruta Y,
Yamamoto S, Kawakami Y, Douglas JT, Tani K,
Curiel DT, Glasgow JN. An adenovirus serotype
5 vector with fibers derived from ovine atadenovirus
demonstrates CAR-independent tropism and unique
biodistribution in mice. Virology. 2006;350
(1):103–15. https://doi.org/10.1016/j.virol.2006.01.
037.

61. Paillot R, Marcillaud Pitel C, D’Ablon X, Pronost
S. Equine vaccines: how, when and why? Report of
the vaccinology session, French Equine Veterinarians
Association, 2016. Reims: Multidisciplinary Digital
Publishing Institute; 2017.

62. Panicali D, Paoletti E. Construction of poxviruses as
cloning vectors: insertion of the thymidine kinase
gene from herpes simplex virus into the DNA of
infectious vaccinia virus. Proc Natl Acad Sci.
1982;79(16):4927–31.

63. Paoletti E, Taylor J, Meignier B, Meric C, Tartaglia
J. Highly attenuated poxvirus vectors: NYVAC,
ALVAC and TROVAC . Dev Biol Stand.
1995;84:159–63.

64. Park M-S, Steel J, García-Sastre A, Swayne D, Palese
P. Engineered viral vaccine constructs with dual
specificity: avian influenza and Newcastle disease.
Proc Natl Acad Sci. 2006;103(21):8203–8.

65. Pastoret P-P, Brochier B. The development and use
of a vaccinia-rabies recombinant oral vaccine for the
control of wildlife rabies; a link between Jenner and
Pasteur. Epidemiol Infect. 1996;116(3):235–40.

66. Pastoret P-P, Vanderplasschen A. Poxviruses as vac-
cine vectors. Comp Immunol Microbiol Infect Dis.
2003;26(5–6):343–55.

Viruses and the Evolution of Viral Vectors 33



67. Peeters BP, de Leeuw OS, Koch G, Gielkens
AL. Rescue of Newcastle disease virus from cloned
cDNA: evidence that cleavability of the fusion pro-
tein is a major determinant for virulence. J Virol.
1999;73(6):5001–9.

68. Phase 1/2 clinical trial of an alphavirus replicon vac-
cine for Influenza. 2007. http://clinicaltrials.gov/
show/NCT00440362

69. Poulet H, Minke J, Pardo MC, Juillard V,
Nordgren B, Audonnet J-C. Development and regis-
tration of recombinant veterinary vaccines: the exam-
ple of the canarypox vector platform. Vaccine.
2007;25(30):5606–12.

70. Rayner JO, Dryga SA, Kamrud KI. Alphavirus
vectors and vaccination. Rev Med Virol. 2002;12
(5):279–96.

71. Römer-Oberdörfer A, Mundt E, Mebatsion T,
Buchholz UJ, Mettenleiter TC. Generation of recom-
binant lentogenic Newcastle disease virus from
cDNA. J Gen Virol. 1999;80(11):2987–95.

72. A Safety and immunogenicity trial in adults 65 years
of age or over to prevent influenza (AVX502-003).
2008. http://clinicaltrials.gov/show/NCT00706732

73. Salonius K, Simard N, Harland R, Ulmer JB. The
road to licensure of a DNA vaccine. Curr Opin
Investig Drugs. 2007;8(8):635.

74. Schmidt AC, McAuliffe JM, Huang A, Surman SR,
Bailly JE, Elkins WR, Collins PL, Murphy BR,
Skiadopoulos MH. Bovine parainfluenza virus type
3 (BPIV3) fusion and hemagglutinin-neuraminidase
glycoproteins make an important contribution to the
restricted replication of BPIV3 in primates. J Virol.
2000;74(19):8922–9.

75. Smith GL, Mackett M, Moss B. Infectious vaccinia
virus recombinants that express hepatitis B virus sur-
face antigen. Nature. 1983;302(5908):490–5.

76. Sommerset I, Krossøy B, Biering E, Frost
P. Vaccines for fish in aquaculture. Expert Rev
Vaccines. 2005;4(1):89–101.

77. Song H, Zhong L-P, He J, Huang Y, Zhao Y-X.
Application of Newcastle disease virus in the treat-
ment of colorectal cancer. World J Clin Cases.
2019;7(16):2143.

78. Steinwaerder DS, Carlson CA, Lieber A. Generation
of adenovirus vectors devoid of all viral genes by
recombination between inverted repeats. J Virol.
1999;73(11):9303–13.

79. Stobart CC, Moore ML. RNA virus reverse genetics
and vaccine design. Viruses. 2014;6(7):2531–50.

80. Tameris M, Hokey D, Nduba V, Sacarlal J, Laher F,
Kiringa G, Gondo K, Lazarus E, Gray G, Nachman
S. A double-blind, randomised, placebo-controlled,
dose-finding trial of the novel tuberculosis vaccine
AERAS-402, an adenovirus-vectored fusion protein,
in healthy, BCG-vaccinated infants. Vaccine.
2015;33(25):2944–54.

81. Tang J, Olive M, Pulmanausahakul R, Schnell M,
Flomenberg N, Eisenlohr L, Flomenberg P. Human
CD8+ cytotoxic T cell responses to adenovirus cap-
sid proteins. Virology. 2006;350(2):312–22. https://
doi.org/10.1016/j.virol.2006.01.024.

82. Tartaglia J, Perkus ME, Taylor J, Norton EK,
Audonnet J-C, Cox WI, Davis SW, Van Der
Hoeven J, Meignier B, Riviere M. NYVAC: a highly
attenuated strain of vaccinia virus. Virology.
1992;188(1):217–32.

83. Taylor J, Meignier B, Tartaglia J, Languet B,
VanderHoeven J, Franchini G, Trimarchi C, Paoletti
E. Biological and immunogenic properties of a
canarypox-rabies recombinant, ALVAC-RG
(vCP65) in non-avian species. Vaccine. 1995;13
(6):539–49.

84. Taylor J, Paoletti E. Fowlpox virus as a vector in
non-avian species. Vaccine. 1988;6(6):466–8.

85. Taylor J, Trimarchi C, Weinberg R, Languet B,
Guillermin F, Desmettre P, Paoletti E. Efficacy stud-
ies on a canarypox-rabies recombinant virus. Vac-
cine. 1991;9(3):190–3.

86. Thacker EE, Timares L, Matthews QL. Strategies to
overcome host immunity to adenovirus vectors in
vaccine development. Expert Rev Vaccines. 2009;8
(6):761–77.

87. Tordo N, Foumier A, Jallet C, Szelechowski M,
Klonjkowski B, Eloit M. Canine adenovirus based
rabies vaccines. Dev Biol. 2007;131:467–76.

88. Torres JM, Alonso C, Ortega A, Mittal S, Graham F,
Enjuanes L. Tropism of human adenovirus type
5-based vectors in swine and their ability to protect
against transmissible gastroenteritis coronavirus. J
Virol. 1996;70(6):3770–80.

89. van Wyke Coelingh KL, Winter CC, Tierney EL,
London WT, Murphy BR. Attenuation of bovine
parainfluenza virus type 3 in nonhuman primates
and its ability to confer immunity to human
parainfluenza virus type 3 challenge. J Infect Dis.
1988;157(4):655–62.

90. Vander Veen RL, Harris DH, Kamrud KI. Alphavirus
replicon vaccines. Anim Health Res Rev. 2012a;13
(1):1–9.

91. Vander Veen RL, Loynachan AT, Mogler MA,
Russell BJ, Harris DH, Kamrud KI. Safety, immuno-
genicity, and efficacy of an alphavirus replicon-based
swine influenza virus hemagglutinin vaccine. Vac-
cine. 2012b;30(11):1944–50.

92. Veits J, Wiesner D, Fuchs W, Hoffmann B,
Granzow H, Starick E, Mundt E, Schirrmeier H,
Mebatsion T, Mettenleiter TC. Newcastle disease
virus expressing H5 hemagglutinin gene protects
chickens against Newcastle disease and avian influ-
enza. Proc Natl Acad Sci. 2006;103(21):8197–202.

93. Verma IM, Somia N. Gene therapy-promises,
problems and prospects. Nature. 1997;389
(6648):239–42.

94. Voeks D, Martiniello-Wilks R, Madden V, Smith K,
Bennetts E, Both G, Russell P. Gene therapy for
prostate cancer delivered by ovine adenovirus and
mediated by purine nucleoside phosphorylase and
fludarabine in mouse models. Gene Ther. 2002;9
(12):759–68.

95. Wang Y, Xiang Z, Pasquini S, Ertl H. The use of an
E1-deleted, replication-defective adenovirus recom-
binant expressing the rabies virus glycoprotein for

34 C. Giles and T. Vanniasinkam



early vaccination of mice against rabies virus. J Virol.
1997;71(5):3677–83.

96. Warimwe GM, Gesharisha J, Carr BV, Otieno S,
Otingah K, Wright D, Charleston B, Okoth E, Elena
L-G, Lorenzo G. Chimpanzee adenovirus vaccine
provides multispecies protection against Rift Valley
fever. Sci Rep. 2016;6:20617.

97. Wecker M, Gilbert P, Russell N, Hural J, Allen M,
Pensiero M, Chulay J, Chiu Y-L, Karim SA, Burke
D. Phase I safety and immunogenicity evaluations of
an alphavirus replicon HIV-1 subtype C gag vaccine
in healthy HIV-1-uninfected adults. Clin Vaccine
Immunol. 2012;19(10):1651–60.

98. Wolf A, Hodneland K, Frost P, Braaen S, Rimstad
E. A hemagglutinin-esterase-expressing salmonid

alphavirus replicon protects Atlantic salmon (Salmo
salar) against infectious salmon anemia (ISA). Vac-
cine. 2013;31(4):661–9.

99. Yamamoto H, Shimojo H. Multiplicity reactivation
of human adenovirus type 12 and simian virus
40 irradiated by ultraviolet light. Virology. 1971;45
(2):529–31.

100. Zakhartchouk A, Connors W, Van Kessel A, Tikoo
SK. Bovine adenovirus type 3 containing heterolo-
gous protein in the C-terminus of minor capsid pro-
tein IX. Virology. 2004;320(2):291–300.

101. Zhou H, O’Neal W, Morral N, Beaudet
AL. Development of a complementing cell line and
a system for construction of adenovirus vectors with
E1 and E2a deleted. J Virol. 1996;70(10):7030–8.

Viruses and the Evolution of Viral Vectors 35



The Role of Adjuvants in the Application
of Viral Vector Vaccines

Timothy J. Mahony

Abstract

Adjuvants are formulated in conventional
vaccines to ensure immune recognition and
the subsequent development of innate and/or
adaptive immune responses. A principal
advantage of using a viral vector is that no
adjuvant is required as the vector alone can
achieve the desired goals of eliciting the
required immune responses. However, in
some cases, the viral vector may be attenuated
to achieve the desired level of in vivo safety, or
it may not stimulate the most appropriate
responses for the pathogen of interest. Conse-
quently, the incorporation of an adjuvant may
be required to augment the immune responses
to the viral vector of interest including any
heterologous antigen(s) it may encode. This
chapter will describe with examples the two
broad classes, convention and molecular, of
adjuvants that have been utilized to improve
the performance of live viral vectors. Potential
unintended consequences of the use of
adjuvants and the strategies used to minimize
these effects while maintaining activities will
also be discussed.

Keywords

Adjuvant · Antigen expression · Cytokine
expression · Immune response · Molecular
adjuvant · Vaccine · Viral vector

Learning Objectives
After reading this chapter, you should be able to:

• Describe the function of an adjuvant
• Explain why an adjuvant might be

incorporated into a viral vectored vaccine
• Describe the different types of adjuvants that

might be used with a viral vaccine
• Describe the advantages of adjuvants with

viral vectored vaccines
• Explain some of the potential unintended

consequences of molecular adjuvants

1 Introduction

A conventional vaccine typically consists of two
main components, the immunogen and the adju-
vant. The role of the immunogen is to act as a
template for the host’s immune system to use the
development of strong and specific responses to
the pathogen of interest and to protect the host
from infection and/or disease. Generally, the
administration of an immunogen alone will fail
to elicit an immune response. While the immuno-
gen may be recognized and cleared by the
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immune system, the lack of an immune response
is most likely due to there being insufficient stim-
ulation of the immune sensing systems to trigger
the development of an immune response. Of
course, the lack of response of the immune sys-
tem to potential antigens in isolation is a fail-safe
control system to prevent the reaction to foreign
materials, potential antigens, that are encountered
during the lifetime of the organism.

Therefore, adjuvants are formulated with
immunogens to prevent immediate clearance
and stimulate immune recognition, ideally lead-
ing to the development of specific immune
response. At the same time, the adjuvant should
not overstimulate the immune system; while this
might generate strong and potential protective
responses, it can be deleterious to the host.

The classical model of the immune response to
infection can be broadly placed into one of two
categories. The first is where the response results
in a dominant cell-mediated response referred to
as Th1, while the second category is a dominant
antibody response referred to as Th2. It is rare that
a response to infection will be skewed into either
of these categories; consequently, the outcome of
infection will be referred to as predominantly Th1
(cell mediated, characterized by expression of
IL-12, IFN-γ) or predominantly Th2 (antibody
mediated, characterized by expression of IL-4,
IL-10). The ideal vaccine will mimic the required
balance between Th1 and Th2 responses, as
might be observed following infection with the
pathogen of interest.

How the immune response to vaccination ends
up as either a Th1 or a Th2 response is a result of a
complex interplay of the various components of
the immune system which are described in detail
elsewhere in this volume. This chapter will
describe the application of different types of
adjuvants used in conjunction with viral vectors
in attempts to improve the immune responses to
the antigen/pathogen of interest. Broadly
speaking, these adjuvants will be grouped into
two broad categories. While it is difficult to abso-
lutely classify adjuvants strictly into each of these
classes, for the purposes of this chapter, the fol-
lowing definitions will be applied. A formulation-
based adjuvant is one which is added to the viral

vector postproduction to act as a broad immune
system stimulant, while a molecular adjuvant will
be defined as an adjuvant which is designed/
selected to interact with specific pathway
(s) within the immune system and is encoded
within the vector of interest.

2 Adjuvants and Viral Vectored
Vaccines

A fundamental advantage of using a live viral
vector for vaccination is that during the course
of the infection cycle, sufficient immunosti-
mulatory or “danger” signals are created to facili-
tate the eliciting of strong and durable immune
responses to the vector. As a consequence, if the
host is exposed to the pathogen of interest, the
immune system is able to respond to this expo-
sure with rapid and specific responses based on
the memory immune responses. Of course, most
viruses cannot be used directly in the host of
interest if it retains the capacity to cause disease.
To reduce this risk, the first step in the develop-
ment of a live viral vector is to reduce its capacity
to cause disease, a process commonly referred to
as attenuation.

However, the attenuated potential viral vector
needs to strike a balance between infecting the
host, undergoing replicating, and inducing the
required immune responses to give the desired
level of protection. At the same time, it is essen-
tial to ensure the vector does not retain the capac-
ity to cause disease. A viral vector which is
considered sufficiently attenuated may still retain
the capacity to cause disease in a proportion of the
population of interest, particularly those with
compromised immune system. Moreover, an
inadequately attenuated viral vector may have an
increased likelihood of reversion to virulence
whereby the wild-type genotype is restored
through one of several mechanisms, leading to
possible dissemination and disease in a suscepti-
ble population.

In contrast, if the viral vector is too attenuated,
it may have insufficient in vivo replication capac-
ity to stimulate the immune system of host and
therefore fail to elicit protective immune
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responses against the pathogen of interest. The
attenuation of viral vectors can be an inexact and
poorly understood process. A common approach
has been the sequential passage of the virus of
interest in susceptible cultivated cells in the labo-
ratory. After an empirically determined number
of passages, the putative viral vector is then tested
in the host of interest to assess the degree of
attenuation. If the outcome of such testing is
disease, then the virus of interest may be further
passaged before further in vivo testing. While this
can be a time-consuming process, many highly
successful vaccines have been generated in this
manner. Viral attenuation has also been success-
fully achieved using serial passage in model or
alternate hosts with the resulting progeny viruses
regularly tested in the host of interest (where
possible) to determine the remaining capacity to
cause disease.

Another strategy which has proven highly
effect for attenuation is the deletion/inactivation
of genes known to increase the virulence of the
virus of interest. An example of this is the thymi-
dine kinase (TK) homologue from the
herpesviruses. The TK protein is involved in the
nucleotide salvage pathways during the herpesvi-
rus replication process and is known to be
associated with virulence in several
herpesviruses. Importantly, herpesviruses which
lack the TK gene or encode a gene which
expressed a nonfunctional TK protein are known
to have a reduce capacity to cause disease in their
natural host. Moreover, these TK-negative strains
are typically able to replicate with similar effi-
ciency in vitro to the parental wild-type and thus
are highly amenable to exploitation as live viral
vaccines and recombinant viral vectors.

Thymidine kinase-negative mutants for use as
vaccine vectors have been developed in several
ways. The first method is passaging the parent
virus in the presence of nucleotide analogues.
These drugs are a class of antivirals which are
highly effective against the herpesviruses. The
nucleotide analogues typically have higher
affinities for viral TK enzymes compared to cel-
lular TK enzymes and, when phosphorylated, are

incorporated in the nascent viral genomes by the
viral DNA polymerase, thus interrupting the virus
replication cycle.

Consequently, from a safety point of view,
viral vectors which are robustly attenuated and
therefore less likely to revert to virulent forms of
the parent virus are more desirable. However, an
unintended consequence of robust attenuation can
be a reduced capacity to stimulate effective
immune responses.

While sequential passage or virulence gene
inactivation/deletion can be effectively used as
an attenuation strategy, the use of replication-
limited viral vectors has also been utilized. One
strategy which is utilized for this purpose is the
deletion of one or more genes which are required
for viral vector replication and/or dissemination.
The deleted elements are subsequently provided
in trans to facilitated growth and production of
the viral vector in the laboratory. However, when
the modified viral vector is used in vivo, it
undergoes a limited replication cycle, producing
the antigen of interest and ideally eliciting the
desired immune responses. Due to the limited
replication and potentially reduced amounts of
antigen compared to a replication-competent
viral vector, these types of systems may benefit
from the use of an adjuvant to augment immune
responses.

In applications where the viral vector is deliv-
ering a heterologous antigen (i.e., an antigen from
another pathogen), the eliciting of specific
responses to vector antigens may be of secondary
concern, where the primary objective is to ensure
optimal immune responses to the heterologous
antigen. If the delivered antigen is poorly immu-
nogenic, then additional measures may be
required to maximize the immune response to
it. The solution to this problem is the inclusion
of an adjuvant in the viral vector formulation.
This can be achieved in one of two ways. The
first would be to use a conventional adjuvant
which is formulated with the viral vector as part
of the vaccine manufacturing process, while the
second is a molecular adjuvant encoded by the
viral vector.
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3 Conventional Adjuvants

As is often the case, the addition and evaluation of
conventional adjuvants to viral vectored vaccines
has received far more attention in human medi-
cine compared to veterinary medicine. The
difficulties in identifying a suitable viral vector/
adjuvant combination are well illustrated by the
following example. Milicic et al. [1] evaluated
13 adjuvants in various formulations to improve
the immune response to an adenovirus vector
expressing a malaria antigen in a murine chal-
lenge model. The vector utilized in the study
was a live, nonreplicating chimpanzee adenovirus
(ChAd63), expressing the ME-TRAP antigen
which can induce protective immune responses
in mice from the malaria parasite in a lethal chal-
lenge model. When delivered either intradermally
(i.d.) or intramuscularly (i.m.), this vaccine
requires three doses to protect the mice from
malaria challenge [1]. A previous study reported
that immunization with ChAd63 and modified
vaccinia virus Ankara (MVA), both expressing
the ME-TRAP antigen, was able to protect mice
following a single dose, suggesting that if appro-
priate immune responses can be generated, then
the antigen is protective [2]. Milicic et al. [1]
formulated the ChAd63 vaccine with various
combinations of conventional adjuvants, and
after vaccination, the mice were challenged with
lethal doses of malaria parasites. The results of
this study clearly demonstrate the difficulties
faced when trying to identify an appropriate adju-
vant to augment the immune responses to viral
vector-based immunization. The key results of the
challenge experiment are summarized in Table 1.
Surprisingly, the most consistent finding of the
study was the addition of the conventional
adjuvants resulting in either decreased or com-
plete loss of protective efficacy of the viral vec-
tored antigen. However, two of the adjuvants did
improve the survival rates in the vaccinated mice.

This study also confirmed that identifying a
suitable adjuvant for the application of interest
can be a time-consuming and difficult process.
This may be further exacerbated if a small animal

model is not available to test multiple adjuvants in
parallel in an efficient manner.

Examples of veterinary viral vaccine vector
combined with conventional adjuvants have also
been reported. One such study investigated the
potential of formulating a double gene-deleted
live BoHV-1 vaccine with the conventional
adjuvants, Polygen and QuilA, to protect young
cattle (4–9 months) from heterologous BoHV-1
challenge [3]. Overall, the study reported more
robust protection when the Polygen adjuvant was
included in the vaccine formulation after two
administered doses. Interestingly, the study
initially planned to evaluate a second adjuvant,
the saponin QuilA; however, a formulation
including this adjuvant was not tested in cattle
due to unanticipated loss of vaccine titer after
formulation. In contrast, Charerntantanakul and
Pongjaroenkit [4] demonstrated the QuilA was a
highly effective adjuvant for a modified live por-
cine reproductive and respiratory syndrome virus
(PRRSV) in porcine vaccination studies. In this
study, the authors evaluated the responses of pigs
immunized with either the viral vaccine alone or
the viral vaccine with QuilA, with the adjuvant
injected separately, but proximal, to the vaccine
infection site. Pigs which received the viral vector
and adjuvant exhibit increased expression of
inflammatory cytokines including IFN-α, IFN-β,
IFN-γ, IL-2, IL-13, and TNF-α. The viral vaccine
was also more efficacious in these animals in
challenge experiments, with fewer adjuvanted
pigs being viremic, and those that did come vire-
mic excreted less virus. The adjuvant had no
effect on the antibody levels in either treatment
group.

Generally speaking, the effectiveness of a live
viral vaccine is dependent on infection and either
replication or the level of abortive replication of
the vector in the host of interest; consequently,
use of these vaccines in younger animals can be
problematic due to interference by maternal anti-
body. It has been suggested that an important
advantage of using adjuvanted live vaccine
vectors is the capacity to elicit protective immune
responses in the presence of maternal antibody.
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Zimmerman et al. [5] investigated the capacity
of a commercial live multivalent vaccine
(containing five modified live viruses) adjuvanted
with Metastim® to elicit protective responses in
calves. To mimic the effects of maternal antibody,
the study supplemented colostrum taken from
cows negative for bovine viral diarrhea virus
2 (BVDV-2) with milk containing antibodies to
this virus. The groups of calves were fed either
supplemented colostrum or unsupplemented
colostrum, twice within 12 h of birth, and subse-
quently vaccinated at 4–5 weeks of age. The
calves were challenged at 3.5 months (i.e., after
the decay of material antibody) with virulent
BVDV-2. The results demonstrated that the vac-
cine afforded similar levels of protection from
severe disease in both groups, despite the pres-
ence of “maternal” antibody in supplemented
colostrum group at the time of vaccination.
While this study did not investigate the molecular
mechanism(s) associated with the use of
Metastim® adjuvant, it did suggest that the use
of the adjuvant was able to overcome any nega-
tive effects of maternal antibody, allowing the

successful vaccination of the calves. This is a
promising result as potential inference of mater-
nal antibody with vaccination could lead to vac-
cination failure, leaving calves susceptible to
disease once the maternal antibodies have
decayed. Similarly, if vaccination must be
delayed until the levels of maternal antibody
have waned sufficiently for successful immuniza-
tion, there is potential for calves to become sus-
ceptible to infection before protective responses
in response to vaccination can develop.

A later study compared the immune responses
of horses vaccinated with inactivated equine
influenza A virus adjuvanted with either
Metastim® or aluminium phosphate [6]. While
both formulations stimulated expression of
proinflammatory cytokines, higher expression of
interferon-γ and IL-12 in horses receiving the
Metastim® formulation suggests significantly
stronger Th-1 immune response in these animals.
As a Th1-type immune response is predominantly
a cell-mediated response which considered desir-
able for protecting against viral infections, this
adjuvant could be highly effective for augmenting

Table 1 Summary of the protective capacity of a replication-limited chimpanzee adenovirus 63 (AdV) viral vector
expressing the malaria protective epitope ME-TRAP (AdV-MT) when formulated with selected conventional adjuvants

Percentage survival (%)

Vaccine-adjuvant Intradermala Intramusculara

AdV63-MT 35 35
Unvaccinated 0 0
AdV-MT/MVA-ME-TRAP 100 NTb

AdV-MT/Abisco™ (12 μg) 18 35
AdV-MT/Abisco™-100 (24 μg) NTb 50
AdV-MT/Alhydrogel (Al(OH)3) 0 NTb

AdV-MT/Glycolipid-A (GLA) 0 NTb

AdV-MT/TiterMax® Gold 15 NTb

AdV-MT/CoVaccineHT™ 18–40 80
AdV-MT/Al(OH)3 + GLA 0 NTb

AdV-MT/Al(OH)3-Poly-Pam3Cys 0 NTb

AdV-MT/Liposomes-GLA 0 NTb

AdV-MT/SE-GLAc 15 NTb

AdV-MT/SE-GLA-CpGc 15 NTb

CoVaccineHT™ (Control) NTb 0
Abisco™ (24 μg) (Control) NTb 0

After immunization, the effect of each adjuvant combination was evaluated in a lethal murine challenge model [adapted
from [1]]
aRoute of immunization
bNot tested (NT) or not reported
cSE-Stable emulsions of squalene-like oil in water
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the responses elicited by live viral vectors. How-
ever, specific testing of the Metastim® adjuvant
within the viral vector of interest, including deter-
mining the type of immune response, is likely to
be required on case-by-case basis to confirm this.

One of the most effective adjuvants known is
complete/incomplete Freund’s adjuvant system.
Typically, the antigen of interest is formulated
with complete Freund’s adjuvant as a water-in-
oil emulsion containing inactivated mycobacteria
prior to delivery. Subsequently, booster
immunizations are delivered with the antigen in
incomplete Freund’s adjuvant which lack the
mycobacterial component. The use of the
Freund’s adjuvant system can be controversial
as it can elicit very strong immune responses.
This is evident through the use of the system in
an autoimmune rodent model as it has the capac-
ity to overcome tolerance [7]. While this is clearly
a potent adjuvant, its use must be carefully
evaluated prior to use to minimize the potential
untended consequences.

A practical application of mycobacterial
adjuvants was illustrated in an effort to increase
the protective efficacy of modified live viral vac-
cine against PRRSV [8]. It was reported that the
extracts of Mycobacterium tuberculosis were the
most effective of the nine bacterial species tested
in not only enhancing the immune response but
also overcoming the potentially immunosuppres-
sive effects of the vaccine. Intranasal immuniza-
tion of pigs demonstrated the PRRSV vaccine
adjuvanted with the M. tuberculosis extracts
elicited primarily a Th1 immune response
(increased expression of INF-γ and IL-12) and
decreased immunosuppression (decreased
expression of IL-10 and TGF-β) and was able to
protect pigs from challenge [8, 9].

In summary, viral vectors have been evaluated
in combination with conventional adjuvants with
variable results. One common theme in these
studies has been the need to empirically deter-
mine what is the most appropriate adjuvant for
the application. While this may seem inefficient,
there are potential benefits to identify a suitable
adjuvant, such as successful use of a live viral
vaccine in the presence of maternal antibody
and/or reducing the number of doses needed to

stimulate the required level of immune responses
to protect the host from disease.

4 Molecular Adjuvants

For the purposes of this chapter, molecular
adjuvants are defined as molecules that are
encoded by the viral vector of interest and
expressed with the specific aim of augmenting
the immune response to either the vector or a
heterologous antigen(s) from a pathogen which
is also encoded by the vector. Clearly, molecular
adjuvants differ from the adjuvants discussed in
the previous section as they do not require spe-
cific formulation post-vaccine production. In gen-
eral, a molecular adjuvant will be a specific
effector molecule taken from a cellular pathway
of the host with the aim of modifying the host’s
response to vaccination.

Broadly speaking, studies have explored the
use of molecular adjuvants using two basic
strategies. The first strategy is a process that
could be referred to as molecular fusion. In this
approach, the gene for the antigen of interest is
fused to the gene encoding the adjuvant molecule.
Typically, the goal of this type of adjuvant is to
ensure the expressed antigen and adjuvant remain
closely associated as this association will affect
how the antigen interacts with the targeted molec-
ular pathways of the immune system, thus
influencing the type of immune response.

The second strategy involves the
co-expression of the molecular adjuvant of choice
in conjunction with the antigen of interest. In this
approach, the antigen and adjuvant are likely to
be heterologous to the viral vector, with the
genetic elements of each inserted into the vector
backbone as individual gene expression cassettes.
In some cases, the adjuvant expression cassette
may be added into an existing viral vector to
augment the response to the vector. In this case,
the viral vector could have been attenuated to act
as a vaccine for the pathogen of interest; however,
after preliminary efficacy testing, it may not have
elicited the desirable levels of protection from
disease. Consequently, an adjuvant(s) was
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evaluated to improve the immune responses and,
ideally, levels of protection.

5 Antigen-Adjuvant Fusions

While molecular fusion can be highly effective in
enhancing immune responses to the antigen of
interest, there is a risk of inducing autoimmunity
to the molecular adjuvant due to its close associa-
tion with the antigen. Clearly, this is an undesir-
able outcome for the host as this could result in
the development of autoimmune-associated
diseases. Consequently, studies have evaluated
strategies to address this issue while still
maintaining adjuvant activity.

Using the live viral vector ChAd63-ME-TRAP
described previously, Halbroth et al. [10] sort to
improve vaccine efficacy by enhancing the CD8+

T-cell responses to the ME-TRAP antigen
through the use of a molecular adjuvant. At the
same time, the study addressed the risk of induc-
ing autoimmunity. In a previous study, the
authors had demonstrated that fusion of the
ME-TRAP antigen to the potential molecular
adjuvant human MHC class II invariant chain
(Ii chain or CD74) could enhance the required
CD8+ T-cell responses [11]. The Ii chain is a
multifunctional protein involved in the MHC
class II antigen presentation pathway and MHC
class II assembly and prevents self-peptide from
being presented [12]. The Ii chain is involved in
the cellular trafficking of both MHC I and II
molecules in immune cells [13].

While the Ii chain was a highly effective
molecular adjuvant for the ME-TRAP, it was
not progressed into human clinical trials due to
concerns over autoimmunity. To address this
issue, Halbroth et al. [10] sort to identify the
critical component of the Ii chain that is required
to improve vaccine efficacy and affect the
stimulated immune responses by sequentially
reducing the amount of the Ii chain fused to the
ME-TRAP antigen. The study identified that the
truncation which included only the transmem-
brane domain (TD-Ii, amino acids 1 to 73) of
the Li chain was required to elicit protective
immune responses in immunized mice.

Interestingly, the CD8+ T-cell responses were
significantly higher in mice immunized with
TD-Ii-ME-TRAP fusion protein expressed by
the ChAd63 than those of mice immunized with
ChAd63 expressing the complete li chain fused to
the ME-TRAP antigen [10]. While investigations
determined the properties of the Ii chain as a
molecular adjuvant could be attributed to the
transmembrane domain, even the use of this
minimized human molecule as an adjuvant was
considered to still retain the risk of inducing auto-
immunity. To address this issue, the authors sub-
sequently identified Ii chain molecules from other
vertebrate species based on sequence similarities
to the human molecule. The Ii chain of the shark
was identified as striking the right balance
between functional conservation and sequence
divergence from the human molecule. Fusion of
the transmembrane domain from shark Ii chain to
the ME-TRAP antigen was shown to increase
CD4+ and CD8+ T-cell responses compared to
the ME-TRAP alone when delivered using the
ChAd63 viral vector.

While this example is centered on an example
of human disease, the framework used to identify
effective molecular adjuvants could be readily
applied to veterinary species. Indeed, given that
the shark molecule was an effective adjuvant in
murine studies, it would be of interest to deter-
mine if it could be utilized in veterinary species of
economic importance.

6 Co-expressed Molecular
Adjuvants

While live viral vectors were initially developed
as a strategy to prevent homologous disease
issues, the advent of recombinant DNA technol-
ogy raised the prospect adding antigens from
other pathogens into the viral vector of interest,
potentially resulting the capacity to protect
against multiple pathogens with one vaccination.
More detail on the delivery of heterologous
antigens using various veterinary viral vectors is
described in other chapters of this volume. Fol-
lowing on from this innovation was the prospect
of incorporating immunostimulatory molecules to
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augment the immune responses to the viral vector
and/or the antigen(s) of interest. The possibility
delivering molecules such as cytokines and other
immune effector molecules to modulate the innate
and/or adaptive immune responses to the viral
vector and/or a heterologous antigen of interest
has received much attention in subsequent years.
In some cases, the use of a molecular adjuvant
will be to skew the immune response toward what
is known to be a protective immune response
against the pathogen of interest. In this context,
interferons, particularly interferon gamma
(INF-γ), have been widely used to strengthen
Th1-type immune responses where cell-mediated
immunity is considered to be the desirable
immune response against intracellular pathogens
such as viruses, while the cytokine, IL-4, has been
utilized to increase Th2-type responses where
enhanced humoral immune responses are
required to facilitate improved protection. In
other instances, the molecular adjuvant can be
used in an attempt to balance the immune
response to the viral vector of interest. Moreover,
molecular adjuvants have also been used to make
the antigen of interest more likely to promote
immune responses. Typically, this has involved
the use of molecules with chaperoning properties
which increase the likelihood of the antigen enter-
ing the relevant processing pathways. This sec-
tion will describe examples of how molecular
adjuvants have been used to augment the immune
responses to viral vectors and where relevant the
heterologous antigens encoded by them.

Early research to identify potential treatments
for bovine respiratory disease explored the use of
bovine INF-α, and recombinant bovine INF-α
increases the resistance of cattle to secondary
bacterial infections following bovine herpesvirus
1 challenge in a dual infection model [14–
16]. The administration of INF-α prior to the
primary viral challenge increases the survival of
the animals more effectively than
coadministration with the challenge virus. How-
ever, given that the mode of action of INF-α,
along with INF-β, is to promote an antiviral
state through mRNA degradation and inhibition
of protein synthesis, this class of molecules may
not be suitable for viral vector applications as

they may interfere with vector replication and
prevent the development of effective immune
responses. Molecular adjuvants that function to
stimulate specific immune pathways without
directly interfering with the replication of the
vector are clearly more desirable.

Despite the potential negative drawbacks of
interferons as molecular adjuvants, Raggo et al.
[17] utilize a BoHV-1 vector (BoHV-1 ΔgC:
rBgal) for the expression and delivery of func-
tional bovine IFN-γ. Surprisingly, the expression
IFN-γ did not affect the in vitro or in vivo repli-
cation of the BoHV-1 vector. Overall, there was
limited evidence for the expression of IFN-γ hav-
ing an effect on the immune responses of
immunized cattle in respect to humoral and cell-
mediated immunity. The responses in group
immunized with the vector IFN-γ were not
detectably different to those of the parent virus
(BoHV-1ΔgC:rBgal). The study also
demonstrated that the reactivated BoHV-1 ΔgC:
rIFN-γ retained the capacity to express rIFN-γ
interest in a biologically active form,
demonstrating that the herpesviruses are poten-
tially very good vectors for the delivery of func-
tional biological molecules. Interestingly, it was
reported that following reactivation, less IgA was
detected in the nasal secretions of cattle
immunized with the BoHV-1ΔgC:rIFN-γ com-
pared to the parental BoHV-1ΔgC:rBgal viral
vector. While this suggests immunomodulation
by the viral vector, the mechanisms underlying
this were not further investigated [17].

A similar study was later reported which sort
to improve the immune responses to use a com-
mercially registered BoHV-1 marker vaccine
strain [18]. Marker vaccines are an excellent tech-
nology to improve the control of veterinary infec-
tious diseases. Marker vaccines enable
differentiation of infected and vaccinated animals
(DIVA). Where the marker vaccine is a live viral
vector, it will typically be derived from a virus
strain which is considered safe for use as a vac-
cine. For use in DIVA applications, the vaccine
strain will lack an immunological determinant,
and consequently vaccinated animals will lack
immune responses to the antigen. In contrast,
animals infected by wild-type virus will have
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immune responses to the antigen. Using a specific
test for the antigen of interest therefore can facili-
tate the differentiation of vaccinated-only
animals. The capacity to apply DIVA concepts
in eradication campaigns or to enable the use of
vaccinating to control exotic disease incursions
can prevent the slaughter of animals which are
vaccinated only to achieve freedom from disease.
As discussed previously, the deletion of one or
more genes for attenuation or use as a marker
vaccine can affect the capacity of the vector to
elicit strong enough immune responses to protect
from infection and/or development of disease. In
some instances, viral strains with naturally occur-
ring deletions of a major immunogenic gene have
been exploited for use as marker vaccines. These
viruses are excellent candidate viruses for exploi-
tation as viral vectors as they are likely to have
already adapted to the loss of the “marker gene”,
and therefore have excellent replication
capacities.

Konig et al. [18] reported the construction of a
series of recombinant BoHV-1 vectors expressing
IL-2, IL-4, IL-6, IL-12, or IFN-γ as potential
molecular adjuvants. The parental virus, BoHV-
1 strain GK/D, was a BoHV-1 commercially
registered live vaccine which lacked the glyco-
protein E (gE) antigen and thus suitable for
marker vaccine applications. When used to inoc-
ulate naïve calves, the recombinant vaccine
viruses were shed in lower quantities and for
less time compared to the unmodified parent
virus. The reduction in the amount of vaccine
virus shed was particularly noteworthy in the
groups immunized with the BoHV-1:rIL-12 and
BoHV-1:rIFN-γ. The results suggest that the
expression of either IL-12 or IFN-γ was able to
limit the replication of the vaccine vector. Despite
the reduced amount of vaccine virus shedding,
there was no effect on the antibody responses to
the recombinant vaccines compared to the parent
virus with the animals seroconverting within
14 days of immunization. The calves were subse-
quently challenged with virulent BoHV-1 to
determine if the insertion of the incorporated
cytokine gene was able to augment protection.
The BoHV-1:rIL-2- and BoHV-1:rIL-4-
vaccinated animals shed similar amounts of

challenge virus to the animals vaccinated with
the parental vaccine virus [18]. In contrast, the
calves vaccinated with the BoHV-1:rIL-6,
BoHV-1:rIL-12, and BoHV-1:rIFN-γ vectors
shed similar quantities of the challenge virus to
the unvaccinated control group, albeit for less
time. While the specific mechanism underpinning
these results were not elucidated, the authors
suggested that the vectored expression of IL-6,
IL-12, and IFN-γ which resulted in significant
reductions in the replication of the corresponding
vectors could have interfered with the cell-
mediated immune responses of the animals in
these groups [18]. The results of this study clearly
contrast with those described by Raggo et al. [17]
who reported no effects of IFN-γ expression on
BoHV-1 vector replication. When considered
together, these studies suggest the selection of
virus strain for exploitation as a vector can also
affect the functionality of molecular adjuvants.

PRRSV is an important pathogen of swine
with a worldwide distribution. While vaccines,
including live viral vectors, have been developed,
effective control of the virus has remained elu-
sive. Key reasons for this lack of control include
potential immunosuppression and strain-to-strain
variation [19, 20]. Consequently, several studies
have explored the use of molecular adjuvants to
enhance the efficacy of PRRSV live vaccine
vectors. Yu et al. [21] constructed a modified
live PRRSV viral vaccine which expressed the
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF). The GM-CSF molecule has been
widely utilized as a vaccine adjuvant as it is
implicated in the differentiation of monocytes to
dendritic cells and the maturation/activation of
dendritic cells which are important antigen-
presenting cells [22]. The study did not test the
capacity of the modified live PRRSV expressing
GM-CSF to enhance immune responses in pigs or
its efficacy in challenge studies. However, it was
demonstrated that when the viral vector was used
to infected immature dendritic cells, the cells had
increased expression of MHC I and MHC II
molecules on their surfaces. The viral vector-
infected cells were also shown to be expressing
higher levels of key inflammatory cytokines such
as IL-1β, IL-4, and IFN-γ [21]. Despite these
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promising in vitro results, the viral vaccine was
not evaluated in vivo in challenge studies. How-
ever, if the in vitro results could be replicated
in vivo, the use of GM-CSF as a molecular adju-
vant to improve the efficacy of PRRSV live viral
vaccines is feasible.

A separate study sort to improve the efficacy
of PRRSV-modified live vaccines by addressing
the issue of vaccine-associated immunosuppres-
sion, by exploiting IL-15 and IL-18 as molecular
adjuvants [23]. These interleukins were chosen as
IL-15 is crucial for cytotoxic T-cell and natural
killer cell functioning while IL-18 can be effec-
tive in improving Th1 responses, in addition to
also contributing to natural killer cell activity.
Interestingly, the authors were concerned about
the potential negative effects of constitutive
expression of the virally expressed IL-15 and/or
IL-18 causing unintended effects in immunized
pigs. This issue was addressed by expressing the
cytokines in a modified form by fusing them to
the glycosylphosphatidylinositol (GPI)-anchored
protein, porcine CD59. Along with other surface
displayed molecules, CD59 is clustered within
membrane structures known as lipid rafts, and
the CD59 molecule is a regulator of complement
and is involved in T-cell activation [24]. In heter-
ologous challenge studies with pigs vaccinated
with one of the viral vector strain Suvaxyn
(parental strain) or the IL-15 expressing vaccine
(Suvaxyn:rIL-15) or the IL-18 expressing vaccine
(Suvaxyn:rIL-18), all exhibited reduced lung
lesions and reduced loads of the challenge virus.
The loss of natural killer cell function in the
Suvaxyn-vaccinated animals was prevented in
animals vaccinated with Suvaxyn:rIL-15 or
Suvaxyn:rIL-18, while vaccination with the
Suvaxyn:rIL-15 results in a significantly
increased numbers of IFN-γ-producing cells
after 7 weeks, specifically CD4- CD8+ T cells
and γδT cells, compared to the other vaccinated
groups. The Suvaxyn:rIL-15-vaccinated group
also had enhanced T-cell responses at 1 and
7 weeks after vaccination and 1 week after chal-
lenge. Importantly, the data were highly support-
ive of the Suvaxyn:rIL-15 as providing enhanced
protection against heterologous challenge,

warranting further development to improve the
control of PRRSV [23].

In an earlier study, Li et al. [25] employed an
adenovirus vector to deliver a fused PRRSV anti-
gen consisting of glycoproteins GP3 and GP5.
To improve the anti-PRRSV immune responses
to the GP3/GP5 poly-antigen, the authors sort to
exploit the capacity of heat shock protein
70 (HSP70) as a molecular adjuvant. Eukaryotic
and prokaryotic HSP70 are known to have the
capacity to act as stimulators of the innate and
adaptive immune responses [26]. The study
utilized HSP70 from the porcine pathogenic bac-
terium Haemophilus parasuis as the molecular
adjuvant. Three recombinant AdV were
constructed, the first expressing the GP3-GP5
poly-antigen (AdVrecGP3-GP5), the second
GP3-GP5 poly-antigen fused to the HSP70 via a
polyglycine linker (AdVrecHSP70-GP3-GP5),
and the third consisting of GP3-GP5 poly-antigen
fused to the HSP70 via the 2A peptide from foot-
and-mouth disease virus (AdVrecHSP70-2A-
GP3-GP5). The foot-and-mouth disease virus
2A peptide is commonly used as a peptide linker
as it can facilitate the expression of the two adja-
cent polypeptides as separate entities due to a
poorly understood process referred to as bond
skipping during the translation of this sequence
in eukaryotic cells [27]. As a result of this pro-
cess, the viral vectors encoding this protein would
be expected to express the HSP70 adjuvant and
GP3/GP5 antigen primarily as separate
polypeptides, though some will also be expressed
as a fusion polypeptide. The parental AdV
(wtAdV) and the recombinant viral vectors were
subsequently evaluated in piglet immunization
studies. The AdV-GP3/GP5 adjuvanted with
HSP70 elicited significantly higher levels of spe-
cific IgG to the GP3-GP5 antigen and PRRSV
neutralizing antibody at 3 and 6 weeks post-
immunization compared to AdVrecGP3-GP5
[25]. The levels of serum INF-γ and IL-4 deter-
mined with the AdVrecHSP70-GP3-GP5- and
AdVrecHSP70-2A-GP3-GP5-immunized piglets
have significantly higher levels of INF-γ at
6 weeks post-immunization compared to the
AdVrecHSP70. While the levels of IL-4 were
elevated in the groups with adjuvanted groups,
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only the AdVrecHSP70-2A-GP3-GP5 and
AdVrecGP3-GP5 differed significantly
[25]. Evaluation of the recombinant viral vectors
in a challenge study with virulent PRRSV con-
firmed that animals immunized with HSP70-
adjuvanted viral vectors had significantly reduced
clinical scores (Day 14), reduced lung lesion
scores (Day 14), and shed less virus (Day 7)
after challenge [25]. Improved efficacy in the
vectoring of norovirus antigens was also
demonstrated with HSP70 as the molecular adju-
vant using a vesicular stomatitis virus vector
[28]. While the exact mechanisms of how
HSP70 acts as molecular adjuvants remain to be
determine, HSP are molecular chaperones, and
similar to the Ii chain discussed previously, they
may act to ensure the correct processing and
continued association of the antigen of interest
with other molecules involved in the immune
response pathways.

One additional strategy which has been used to
improve the efficacy of live viral vectors in the
delivery of molecular adjuvants is the use of
multiple vectors, where one expresses the anti-
gen(s) of interest and the second vector expresses
the adjuvant of interest. This approach has been
utilized in the search for a universal human influ-
enza vaccine [29]. The study evaluated the
co-delivery of an adenoviral vector expressing
the hemagglutinin and nucleoprotein from the
influenza virus in combination with the same
vector expressing either IL-1β or IL-18. These
cytokines were chosen as previous studies had
suggest they were essential for optimal antibody
and T-cell responses to influenza A viruses
[30, 31]. When testing in mouse intranasal immu-
nization/challenge studies, co-immunization with
the IL-1β expressing AdV was shown to increase
the antibody responses to the hemagglutinin anti-
gen. The study also demonstrated that the IL-1β
adjuvant was able to increase the number of resi-
dent memory T cells in the lungs of vaccinated
mice. An important outcome of this study was the
IL-1β adjuvant facilitating the generation of
immune responses against challenge with heter-
ologous virus strains [29]. This suggests that the
vector/adjuvant combination was able to elicit a
robust immune response.

In summary, the examples discussed above
suggest that identification of molecular adjuvants
to increase the efficacy of viral vector vaccines
requires careful consideration before selecting
candidates for testing. In many cases, knowledge
of the type of immune response required to pro-
tect from the pathogen of interest can help the
selection process. One factor which complicates
this selection process is the complex interplay
between the host’s immune system and the live
viral vector.

7 Future Directions

The role of a vaccine adjuvant can be multiface-
ted. In some cases, an adjuvant is to ensure that
the signaling threshold is reached so that the
immune system reacts and produces an immune
response, while more refine uses of adjuvants can
include attempting to modulate the immune sys-
tem to stimulate the desired type of responses to
improve vaccine efficacy. The selection of the
most appropriate adjuvants can be informed by
understanding protective immune responses in
the host/pathogen system of interest. However,
as the examples provided in this chapter demon-
strate, it can be difficult to accurately predict what
the outcome of using the selected adjuvant
might be.

One critical drawback of using molecular
adjuvants which seek to utilize a specific compo-
nent of the host immune system to augment the
immune response to the antigen of interest is the
risk of autoimmunity. It has been suggested that
a percentage of the human population are geneti-
cally susceptible to vaccine-associated autoim-
munity. While the mechanisms which underpin
the development of autoimmunity are unclear,
one pathway is through molecular mimicry.
Molecular mimicry can occur if a component of
the vaccine resembles a component from the
vaccinated host. The developing immune
response subsequently may then react to both
the vaccine and host factors. That autoimmunity
can result from antigenic similarity, it is clearly a
concern where host factors are used as adjuvants.
The example discussed previously, where Ii chain
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homologues from distantly related species were
evaluated, offers a potential solution to this issue
[10]. Though the successful identification of
interspecies homologues will be dependent on
conservation of functional pathways between spe-
cies for this approach to have widespread
application.

Another potential solution to the issue of auto-
immunity would be to create synthetic
homologues of the molecular adjuvant of interest.
Bioinformatics combined with advances in DNA
synthesis technology could facilitate the design
and construction of novel molecular adjuvants
which retain the adjuvant activity while at the
same time are antigenically distinct from the
host homologue. The development of such
molecules could result in a new generation of
adjuvants with considerably reduced risks of
autoimmunity.

The mammalian immune system is a complex
web of positive and negative feedback pathways
which interact through multiple cell types. It is the
balancing of all these signals that ultimately
determines the type and intensity of immune
responses that are generated following vaccina-
tion or infection. When a molecular adjuvant is
expressed by the live viral vector in a constitutive
manner, there is a risk that the constant stimula-
tion (or inhibition) of the pathway(s) targeted for
adjuvant modulation could lead to unintended
consequences as demonstrated by the example
of Jackson et al. [32] who aimed to development
of a viral vectored immunocontraceptive vaccine
for mice. The study utilized the poxvirus,
ectromelia virus (ECTV), to deliver IL-4 as a
molecular adjuvant. Some strains of laboratory
mice are genetically resistant the development of
mousepox which can develop following infection
with ECTV. This resistance is mediated by a
dominant Th1-type immune response
characterized by expression of IL-2, IL-12,
IFN-γ, and TNF-α. The study elected to use
IL-4 as a molecular adjuvant to increase the anti-
body responses (Th2) in vaccinated mice. Unex-
pectedly, the recombinant ECTV expressing IL-4
was highly virulent in the resistance mice,
resulting in severe disease and high mortality
rates [32]. The study concluded that the

co-expression of IL-4 suppressed both the innate
and adaptive immune responses to ETCV. This
example reiterates the potential difficulty in
utilizing adjuvants to manipulate immune
responses to a live viral vector where there is no
control over adjuvant expression.

One approach which may help to resolve
issues around the use of molecular adjuvants is
use modulated expression rather than constitutive
expression. Modulation of adjuvant expression
may allow more subtle manipulation of the
immune system that may improve the subsequent
responses while reducing undesirable effects.
Inducible expression could be achieved in one
of several ways. As an example, if a herpesvirus
vector was being used, the gene encoding the
molecular adjuvant could be placed under the
control of a viral promoter. During the infection
process, the expression of herpesvirus genes
occurs in a highly regulated gene cascade
[33]. The molecular adjuvant of interest could
be cloned under the control of the viral promoter
to facilitate expression when it is likely to be most
effective. An alternative strategy would be to
place the molecular adjuvant gene under the con-
trol of a promoter, where gene expression is
dependent on the presence of a drug or some
other small molecule. As a theoretical example,
the viral vector of interest may have been
engineered to express one or more
pro-inflammatory cytokines to drive the recruit-
ment of immune cells to the site of vaccination.
However, long-term expression of
pro-inflammatory cytokines may be undesirable
due to potential inflammation-associated
pathologies. If the pro-inflammatory cytokine
genes were under the control of an inducible
promoter, the promoter agonist could be included
in the vaccination formulation. Immediately fol-
lowing vaccination, the presence of the agonist
would facilitate the production of the
pro-inflammatory cytokines. However, if the ago-
nist is metabolized or diffuses from the site of
vaccination, the expression of the
pro-inflammatory cytokines could be
downregulated, thus reducing any associated
risks. Inducible transgene expression systems
have been described for adenovirus and
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herpesvirus vector systems for use in gene ther-
apy applications [34–37]. The adaption of these
more controlled gene delivery strategies to viral
vaccine vector applications may provide the
improvements required to give more predictable
outcomes when used in the host of interest.

8 Summary

There is a clear role for the use of adjuvants to
augment the immune responses elicited in the
host following the immunization with a live
viral vector. A key driver of the need for
adjuvants is ensuring the viral vector of interest
is sufficiently attenuated to reduce its capacity to
cause disease. Improved knowledge of host/path-
ogen interactions at the molecular level could
help in the evaluation of the effectiveness of
viral vector attenuation. Similarly, the level of
understanding of the functional role of adjuvants
and their interactions with the host immune sys-
tem may aid in selecting the correct adjuvant and
vector combinations.
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Adenovirus Vectors
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Abstract

Infectious diseases are the prime cause of mor-
bidity and mortality in animals leading to heavy
economic losses to the livestock/poultry indus-
try. One of the most effective ways to control
these losses is by use of recombinant vaccines.
However, one of the requirements for the devel-
opment of efficient recombinant veterinary
vaccines is the availability of an efficient vac-
cine delivery system. The basic characteristic of
the viruses to successfully deliver their genetic
material into the host cells makes them a power-
ful tool for introducing foreign DNA into a
variety of eukaryotic cells. While recombinant
vectors from a number of viruses are available,
vectors based on adenoviruses are being
evaluated in the highest number of vaccination
and gene therapy clinical trials globally. Inter-
estingly, the last decade has witnessed a

significant increase in the development and
evaluation of species- or non-species-specific
adenoviruses as vectors for veterinary vaccines.
In fact, an adenovirus-vectored foot and mouth
disease vaccine has been conditionally licensed
for use in cattle in theUSA. This chapter focuses
on the current state of the research related to the
development of adenovirus-vectored veterinary
vaccines.

Keywords

Adenovirus · DNA viruses · Veterinary
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Learning Objectives
1. Adenoviruses are excellent vectors for deliv-

ery of veterinary vaccines.
2. Available knowledge of detailed molecular

biology and easy methods of construction of
recombinant adenoviruses.

3. A single immunization with recombinant
adenovirus-expressing vaccine antigen can
protect animals against disease.

4. The problem of pre-existing vector-specific
immunity with use of species-specific adeno-
virus can be overcome.

5. More work is needed to prove safety and effi-
cacy of replication-competent adenovirus
vectors for veterinary vaccines.
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1 Introduction

Adenovirus was first isolated in the early 1950s
from human adenoid by Wallace Rowe and
colleagues [74]. Subsequently, numerous
adenoviruses (more than 120 serotypes) have
been isolated from a wide variety of species
including mammals, reptiles, fishes, and birds
[79]. Most of these adenoviruses are species spe-
cific and generally cause mild infection in their
respective hosts. However, canine and avian
adenoviruses are known to cause clinically
important diseases. Over the last six decades,
molecular biology of adenoviruses has been
extensively studied, which has contributed signif-
icantly in understanding various biological pro-
cesses like replication of DNA, gene expression,
splicing mechanism, cell cycle, and cellular
growth regulation [7]. The in-depth knowledge
of biology of adenoviruses along with other
characteristics like easy manipulation of the
viral genome, ability to grow to high titers, effi-
cient replication in both dividing and
non-dividing cells, and large transgene carrying
capacity has made adenoviruses as viral vectors
of choice for gene and vaccine antigen
delivery [1].

1.1 Adenovirus Classification

Adenovirus belongs to the family Adenoviridae,
which is further divided into five genera, namely,
Mastadenovirus, Aviadenovirus, Atadenovirus,
Siadenovirus, and Ichtadenovirus [21]. A sixth
genus, Testadenovirus, has been proposed
recently to include adenoviruses from turtle
[23]. Members of all genera have conserved
16 genes including DNA polymerase (Pol),
DNA-binding protein (DBP), pre-terminal pro-
tein (pTP), IVa2, 52K, III, pIIIa, pX, pVII, pVI,
100K, pVIII, 33K, protease, hexon, and fiber.

Members of genus Mastadenovirus include
(a) unique genes that encode genus-specific
proteins (protein IX, core protein V, and some
proteins encoded by E1, E3, and E4 regions) and

(b) longer and more complex inverted terminal
repeats (ITRs) [21]. Members of genus
Aviadenovirus include (a) larger genomes
43–45 kb [46] with short ITRs; (b) the presence
of two fiber proteins per vertex; (c) absence of
genes encoding protein V, protein IX, and E3
region proteins [34]; and (d) longer E4 region as
compared to other genera [21]. Members of genus
Atadenovirus (a) include genome shorter than
Mastadenovirus but having high A + T content,
(b) encode genus-specific unique structural
proteins p32 and LH3, and (c) include absence
of genes encoding protein IX and V [25, 33].
Members of genus Siadenovirus include
(a) short genome and short ITRs, (b) presence of
gene that encode sialidase enzyme, and
(c) absence of E1, E3, and E4 region and genes
encoding for proteins V and IX [21]. Members of
Ichtadenovirus genus consist of only one species
named white sturgeon adenovirus 1 (WSAdV-1).
WSAdV-1 has the longest genome (48,395 bp)
among all the known adenoviruses [12]. A sixth
genus named Testadenovirus has been proposed
based on characterization of a turtle
adenovirus [23].

1.2 Adenovirus Structure

Adenovirus is a non-enveloped DNA virus with a
typical icosahedral capsid (Fig. 1) that surrounds
the double-stranded linear genome of 26 kb to
48 kb. The icosahedral capsid of adenovirus has
a diameter of 65 nm to 90 nm and is composed of
13 proteins [7, 49]. Along with these major struc-
tural proteins (hexon, penton, and fiber), minor
capsid proteins (proteins IIIa, VI, VIII, and IX)
are also present in the virion. These minor
proteins stabilize the virion structure by
interacting among themselves and with the
major capsid proteins [7]. The core of adenovirus
is composed of viral DNA and core proteins V,
VII, mu, TP, and IVa2 and cysteine protease. The
terminal protein is covalently attached to 50 end of
adenovirus DNA and is required for viral DNA
replication [22].

54 L. E. Ayalew et al.



1.3 Adenovirus Life Cycle

Adenovirus establishes the initial contact with
host cell by interaction of the knob portion of
the fiber protein with a cellular receptor. This
initial attachment is followed by interaction of
penton protein with receptors present on the cell
surface, which activates rearrangement of host
cell cytoskeleton leading to receptor-mediated
endocytosis of the virion [57]. The increased
acidification of endosome results in dismantling
of capsid, exposing the lytic domain of protein VI
leading to the disruption of endosomal mem-
brane. The partially uncoated capsid released in
the cytoplasm then makes use of microtubule
motor protein dynein to reach to nuclear pore
complex (NPC) [11]. The interaction of viral
hexon protein with cytoplasmic nucleoporin
Nup 214 [15] and protein IX with molecular
motor kinesin results in further disassembly of
virus capsid [83]. Finally, viral DNA in complex
with protein VII is transported to the nucleus
using cellular transport factors such as histone
H1, transportin, and importins.

In the nucleus, host RNA polymerase II carries
out transcription of adenovirus genome (reviewed
in [75]), which is divided into early region (E),
delayed early or intermediate region (I), and late
region (L). The transcription of early region (E1,
E3, and E4) genes produces non-structural
proteins that are generally involved in cell cycle
regulation and initiating viral transcription (E1),

evading host defense (E3), and regulating viral
transcription and nuclear export (E4). The E2
early region encodes proteins that are essential
for DNA replication. Next, the delayed early/
intermediate region encodes the structural
proteins pIX and IVa2 involved in the activation
of major late promoter (MLP), DNA packaging,
and providing stability to virus capsid. This is
followed by DNA replication utilizing protein
priming model (reviewed in [22]). Finally, all
late genes are produced from a single transcrip-
tion unit known as major late transcription unit
which is processed into different transcripts by
splicing and usage of different polyA sites. The
products of the late mRNAs are structural protein
and scaffolding proteins, which regulate the late
phase translation and assembly of virus
particle [7].

The assembly of adenovirus particle occurs in
the nucleus, where the hexon trimers and the
penton capsomeres associate with each other as
well as with other minor capsid proteins to form
empty capsids. Adenovirus DNA is then pack-
aged in these preformed capsids starting with the
left end of the genome. This packaging requires
(a) cis-acting AT-rich repeat sequences present at
the left end of genome, (b) viral proteins, and
(c) cellular proteins. However, some studies
have reported that DNA packaging and capsid
formation occur simultaneously [18]. Finally,
activated adenovirus protease cleaves the struc-
tural proteins pIIIa, pVI, pTP, pVII, pVIII, and

Fiber

Hexon

Penton base

(A) (B)

Fig. 1 Adenovirus structure. (a) Electron micrograph of bovine adenovirus-3, a member ofMastadenovirus genus. (b)
Schematic diagram of adenovirus virion depicting major structural proteins
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pμ making the progeny virion infectious
(reviewed in Russell [75]), which is then released
from the host cell by cell lysis.

2 Adenovirus as a Vaccine
Delivery Vector

Though adenovirus has been used to identify the
basic processes of a eukaryotic cell including
RNA splicing [8], over the last three decades,
adenovirus has been evaluated as a gene/vaccine
delivery vehicle [81]. In fact, about 18.5% of the
gene delivery trials in the world utilize adenovirus
vectors [31]. A number of properties of adenovi-
rus make them a vector of choice for vaccine
delivery. These include:

(a) Medium-sized stable genomes
(b) Low pathogenicity
(c) Ability to infect a broad spectrum of divid-

ing and post-mitotic quiescent mammalian
cells and not integrate into the host genome

(d) Easy to manipulate, making cloning of
transgenes very easy [63, 88]

Moreover, they can be delivered by different
routes of administration and can be used in prime-
boost protocols, and depending on the dose and
route of administration, they can elicit mucosal,
humoral, and cell-mediated immunity [63]. Multi-
ple antigens from the same or different pathogens
can be cloned and expressed in an adenovirus
vector [13]. Paramount to clinical use of adenovi-
rus vectors is the cost-effective, scalable, and
reproducible production of the vectors in vitro
using suspension- or anchorage-dependent cell
lines [78].

2.1 Construction of Recombinant
Adenovirus Vectors

A number of approaches have been used over the
years for construction of recombinant adenovirus
vectors. These approaches can be broadly
categorized into three groups, namely, in vitro
ligation, homologous recombination in

mammalian cells, and homologous recombina-
tion in bacteria. These methods allow insertion
of foreign genes in any region of the adenovirus
genome.

1. In vitro ligation method. This method takes
advantage of the presence of unique restriction
enzyme site (such as ClaI in human
adenovirus-5) in the adenovirus genome
[9]. Two major components of this system
are (1) linear adenovirus DNA genome and
(2) a plasmid that contains the left end of
adenovirus genome, including the left ITR,
the E1A enhancer sequence, and the packag-
ing signal. The foreign gene is first cloned in
the plasmid downstream of the viral
sequences. The plasmid is then digested with
the unique restriction enzyme, and the foreign
gene-containing fragment is directly ligated to
unique restriction enzyme-digested adenovirus
genome. The resulting ligation product is then
transfected in E1-complementing cells for the
production of recombinant adenovirus
(Fig. 2a).

Although the in vitro ligation method is sim-
ple, it has several disadvantages including low
efficiency, generation of recombinant virus with-
out gene of interest, generation of large number of
wild-type virus, and limited insertion capacity.
However, the in vitro ligation method has been
improved further by introduction of more restric-
tion sites in the E1 deletion region [59]. The
improved system consists of two plasmids:
(1) the vector plasmid that has an ampicillin-
resistant gene and adenovirus genome with three
unique restriction sites I-CeuI, PI-SceI, and SwaI
and (2) the shuttle plasmid that has kanamycin-
resistant gene and a multiple cloning site located
between unique I-CeuI and PI-SceI sites. The
gene of interest is first cloned in the shuttle vector.
The vector and shuttle plasmids are then digested
with I-CeuI and PI-SceI enzymes. The digested
vector and shuttle plasmids are ligated together
and further digested with SwaI to prevent the
production of adenovirus genome without gene
of interest. After SwaI digestion, the ligated plas-
mid is used to transform E. coli, and ampicillin is

56 L. E. Ayalew et al.



used as selection marker to select positive clone.
The vector DNA is isolated from positive clones,
linearized with PacI restriction enzyme, and
transfected in E1-complementing cells to gener-
ate the recombinant virus (Fig. 2b).

2. Homologous recombination in mammalian
cells. This method was first developed by
Graham et al. in the mid-1990s using
E1-complementing 293 cells [10]. This
method uses two plasmids that contain
overlapping fragments. One of the plasmid

contains packaging signal, left end of adenovi-
rus genome including left ITR, and gene of
interest. The second plasmid has some
overlapping adenovirus sequences compared
to the first plasmid and the rest of the right
end of viral genome but lacks DNA packaging
signals. Both the plasmids are transfected in
E1-complementing cells (such as 293) where
recombination takes place and recombinant
virus is generated. This system has a number
of limitations including low recombination
frequency and chance of generation of wild-
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Fig. 2 Construction of recombinant adenovirus. Sche-
matic diagram of adenovirus genome. (a and b) In vitro
ligation: (a) one plasmid system; (b) two plasmid system;
(c) homologous recombination in E1-complementing
cells; (d) homologous recombination in Cre- and E1-
complementing cell lines using Lox sequence; (e)

construction of gutless adenovirus vectors using Cre-
and E1-complementing cell lines and Lox sequence; (f)
homologous recombination in E. coli BJ5183. BAdV-3
genome ( ); plasmid DNA ( ); transgene ( ): unique
restriction enzyme site (uRE). (Adapted from Refs.
[59, 81])
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type virus, which require labor-intensive
plaque purification step for isolation of a
recombinant adenovirus (Fig. 2c).

However, this system has been significantly
improved by development of Cre-lox site-specific
system [40]. The major components of this sys-
tem include (1) a Cre recombinase protein-
expressing E1-complementing cell line
(e.g. CRE8), a recombinant adenovirus with
packaging signal flanked by two loxP sites
(13 bp palindromic sequences recognized by Cre
recombinase), and (2) a shuttle vector which has
packaging signal, left ITR, the gene of interest,
and loxP site. The viral DNA and shuttle vector
are co-transfected in Cre-expressing
E1-complementing cells. In Cre-expressing
cells, the intramolecular recombination events
lead to the generation of desired recombinant
adenovirus (Fig. 2d, e). Later the flippase (FLP)
recombinase/FLP recombinase target (FRT) sys-
tem was developed for generation of recombinant
adenovirus [64]. This system is similar to
Cre-loxP system, but instead of Cre recombinase,
it uses FLP recombinase which recognizes
the FRT sequences.

3. Homologous recombination in bacteria. This
method also uses a two-plasmid system, which
makes use of a specialized recA-positive
E. coli strain BJ5183 that has a highly efficient
recombination capacity [17]. The vector plas-
mid contains full-length adenovirus genome
flanked by two unique restriction sites (usually
PacI). The shuttle plasmid contains the homol-
ogous sequences to the viral genome on both
sides of the region to be modified or to be used
for insertion of foreign gene. The gene of
interest is cloned in the shuttle vector. The
shuttle plasmid is digested with restriction
enzymes to isolate a DNA fragment containing
gene of interest flanked by adenovirus genome
sequence (homologous to sequence flanking
the site/region of gene insertion in adenovirus
genome in vector plasmid). Similarly, the vec-
tor plasmid containing full-length adenovirus
genome is linearized by digestion with a suit-
able unique restriction enzyme located at or

near the site of insertion/deletion. The
linearized vector plasmid along with the
isolated DNA fragment containing gene of
interest are co-transformed in BJ5183 where
homologous recombination events occur lead-
ing to the generation of the desired recombi-
nant adenovirus genome cloned in a plasmid.
The recombinant adenovirus plasmid DNA is
isolated from BJ5183 cells and is used to
transform DH5α E. coli. The plasmid DNA
isolated from DH5α cells is analyzed for posi-
tive clones by restriction enzyme digestion
analysis. The desired plasmid DNA is then
linearized by digestion with an appropriate
restriction enzyme (e.g., PacI) and is
transfected in E1-complementing cells for the
generation of recombinant adenovirus
(Fig. 2f). One of the major advantages of this
system is that the generation of wild-type ade-
novirus is extremely low, so no purification
step is required. A further improvement in
this system is the development of AdEasy
system [42]. In AdEasy system, the vector
plasmid containing full-length adenovirus
genome is used as supercoiled DNA to trans-
form E. coli, and the shuttle vector contains a
kanamycin-resistant gene that is used to select
the recombinant clones [55].

2.2 Type of Adenovirus Vectors

In order to use adenovirus as a vector for gene
therapy and vaccination, adenovirus genomes are
manipulated by deleting adenovirus-specific
genes, both essential and non-essential for virus
replication [20]. Moreover, adenovirus vectors
are constructed by deleting the gene(s) required
for capsid formation and virion assembly [5]. In
addition to improving the foreign gene insertion
capacity, these manipulations also make adenovi-
rus vectors safe and efficient for the development
of vaccines for use in human and animals (Fig. 3).

1. First-generation adenovirus vectors. The first-
generation adenovirus vectors have deletions
in the E1 and/or E3 regions. These vectors can
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be replication-competent or replication-
defective. While the replication-competent
vectors retain intact E1 region with E3 region
deleted, the replication-defective vectors lack
partial- or full-length E1 region and E3 region.
The replication-defective viruses are grown
using E1-complementing cell lines (e.g.,
PERC 6). The E1- and E3-deleted regions
serve for cloning transgene expression
cassettes [20]. Both E3-deleted and E1–E3-
deleted (leaky expression) adenovirus vectors
produce some adenovirus proteins when
introduced in animals, which results in cyto-
toxic T-cell responses leading to rapid clear-
ance of the vector and elimination of transgene
expression.

2. Second-generation adenovirus vectors. To
reduce the toxicity and vector immunity
associated with first-generation adenovirus
vectors, second-generation adenovirus vectors
have been developed. Second-generation ade-
novirus vectors are replication-defective,

which lack E1, E3, and E2/E4 regions.
Second-generation vectors exhibit long-term
transgene expression than the first-generation
adenovirus vectors in immunized animals with
reduced ability to induce cell death [63, 81].

3. Third-generation adenovirus vectors. Third-
generation adenovirus vectors were created to
increase the safety by lowering vector immu-
nogenicity, increase vector cloning capacity,
and prolong duration of transgene expression.
These vectors are also called helper-dependent
or gutless vectors as nearly all viral genes are
replaced by foreign sequences while leaving
the packaging signal and the inverted terminal
repeats (ITRs) intact. Production of gutless
vectors involves intensive labor, which
requires multiple passages in cell lines in the
presence of a helper virus [63, 81].

4. DISC (disabled infectious single cycle) adeno-
virus vector. Replication-defective vectors are
considered much safer and easy to get regu-
latory approval as progeny virus is not
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Fig. 3 Type of adenovirus vectors. Schematic diagram
of BAdV-3 genome. BAdV-3 genome. ( ); Transgene
( ); encapsidation signal (Ψ); early (E) region; L (late)

region; major late promoter (MLP); deleted region
( ); stuffer DNA ( ). (Adapted from Refs. [1, 3,
98])
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produced and eventually shed in the environ-
ment. However, a high dose of replication-
defective adenovirus is required to induce a
protective immune response in the host,
which does not make them cost-effective for
use in the development of economical veteri-
nary vaccines. In contrast, a low dose of
replication-competent adenovirus vector is
required to induce a protective immune
response as it replicates in the host, thus
making it cost-effective to develop economical
veterinary vaccines. However, multiplication
of replication-competent virus may lead to
the shedding of progeny virions in the envi-
ronment and thus may create regulatory
problems, which may hinder the approval for
use of replication-competent vectored
vaccines in the field.

Recently, disabled infectious single cycle
(DISC) adenovirus vectors have been isolated
containing deletion of a protein involved in the
formation of viral capsid [5]. DISC adenovirus is
capable of abortive replication (viral DNA repli-
cation leading to the amplification of transgene
expression) without producing infectious progeny
virus (no capsid formation). Thus, use of DISC
virus avoids shedding of progeny virus in the
environment and reduces (economical) the
amount of recombinant virus required to achieve
efficient production of effective protective
immune response. DISC adenoviruses are being
developed and evaluated for the development of
human [5] and veterinary vaccines [98].

2.3 Problems with Use of Adenovirus
Vectors

1. Induction of immune response. Adenoviruses
induce strong innate and adaptive immune
responses (reviewed in [81]), which is
attributed to their ability to infect immature
dendritic cells, activating them to become
mature antigen-presenting cells, thus promot-
ing T-cell responses [63]. Immune cells
including plasmacytoid dendritic cells

(pDCs), conventional DCs (cDCs), and
macrophages produce interferon-α upon rec-
ognition of adenovirus infection. The detec-
tion of the interaction of the arginine-glycine-
aspartic acid (RGD) motif of the penton base
with macrophage β3 integrins results in the
caspase-dependent IL-1β maturation. The
viruses can be recognized by different molec-
ular sensors inside the host such as nucleotide-
binding oligomerization domain (NOD)-like
receptors (NLRs), cytosolic DNA sensors,
Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), and effector molecules.
Adenoviruses can be detected by macrophages
in the cytosol by cDCs in a Toll-like receptor
(TLR)-9-independent system and in the
endosomes by pDCs via a TLR-9-dependent
pathway. Moreover, adenovirus-ligand
interactions with target cells can be inhibited
by the classical and alternate complement
pathways with factor B and C3 of the alternate
complement pathway contributing to
adenovirus-induced thrombocytopenia [53].

Adenoviruses also activate NFκ-β upon binding
to factor C3 of the alternate complement pathway
[53]. The interaction of the fiber protein of
adenoviruses with their cellular receptors can
also induce the expression of various proteins
including PI3K kinase and junctional adhesion
molecule-like protein that induce the production
of various chemokines [89].

Adenovirus vectors, especially first-generation
vectors, induce powerful anti-vector B- and T-cell
immune response, which can lead to vector-
mediated cytotoxicity and undesirable clinical
side effects. In addition, the vectors induce strong
innate immune responses by interacting with
extracellular, intracellular, and membrane-bound
innate immune sensing systems [41]. The innate
immune response is characterized by high expres-
sion of neutrophils and macrophages. This results
in tissue damage and rapid clearance of the vector
from the body interfering with long-term trans-
gene expression. To reduce immunogenicity of
the vector backbone and prolong the period of
transgene expression, third-generation vectors
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have been developed in which most or all of the
adenovirus genomes are deleted (gutless/helper-
dependent vectors) except the packaging signal
and the ITRs [64].

2. Pre-existing vector immunity. The adaptive
immunity against adenoviruses is elicited
against both structural and non-structural
proteins. The presence of pre-existing adaptive
immunity and re-stimulation of long-lived
memory CD4+ T cells inhibit the efficacy of
adenovirus vectors due to rapid clearance of
the vectors from the body. Anti-adenovirus
antibodies recognize capsid proteins including
hexon, penton base, and fiber proteins. Like
pre-existing neutralizing antibodies,
pre-existing adenovirus-specific T cells can
also reduce adenovirus vector transgene
expression and immunity with greater
consequences than humoral immunity due to
their cross-reactive and multifunctional
nature [81].

The neutralizing antibody-mediated effect is
usually serotype specific; however, some cross-
reactivity is also observed [14]. Hexon-specific
antibodies appear to significantly contribute to
the neutralization of adenovirus vectors in vivo.
To counter pre-existing immunity, several
strategies have been devised including replacing
the exposed hypervariable loop region (HVR) of
hexon with HVR of a different serotype to which
antibodies are directed or using less prevalent
adenovirus serotype as vector [56]. In addition,
route of immunization can help in evading the
effect of pre-existing adenovirus vector-specific
neutralization antibodies. Mucosal immunization
with recombinant adenovirus induces protective
immune responses in animals containing adeno-
virus vector-specific pre-existing neutralizing
antibodies, thus bypassing the effect of adenovi-
rus vector-specific immune response [96]. Inter-
estingly, subcutaneous immunization with
recombinant adenovirus also induced protective
immune responses in animals containing
pre-existing adenovirus vector-specific
neutralizing antibodies [27, 35].

2.4 Adenovirus as a Veterinary
Vaccine Delivery Vector

Despite the problems indicated above, adenovirus
vectors are still one of the best and widely
evaluated viral vector platforms used for vaccine
development. Although human adenovirus
vectors have been used for vaccine development
in animals/poultry, lately a number of non-human
adenovirus-based vectors, both species-specific
and non-species-specific animal adenoviruses,
are being evaluated as vaccine delivery vehicles
in animals/poultry [63]. Absence of pre-existing
neutralizing antibodies and broad tropism of
human and chimpanzee adenovirus make them
attractive for use as vaccine delivery vector in
animals/poultry (Table 1). However, the diverse
tropism of human and chimpanzee adenovirus
vectors may be a concern as use of these adeno-
virus vectors may increase the spread of the virus
to other humans and mammals. In contrast, use of
animal/poultry adenoviruses, including bovine
adenovirus-3 (BAdV-3), porcine adenovirus-3
(PAdV-3), canine adenovirus-2 (CAdV-2),
ovine adenovirus 287 (OAV287), fowl
adenovirus-1 (FAdV-1), FAdV-8, or FAdV-10
(Table 1), appears advantageous as they are
non-pathogenic and are species specific, thus
reducing the threat of spread of the virus to
humans and other animal species. Although the
presence of pre-existing species-specific adenovi-
rus vector-specific immunity in their natural hosts
is a problem, this may be eliminated by choosing
the appropriate route of immunization [27, 35,
96].

Usually, both replication-competent (e.g.,
E3-deleted) and replication-defective (E1–E3-
deleted) vectors have been used as a vaccine
delivery vehicle in animals/birds (Table 1). So
far only high doses of replication-defective
human adenovirus-5 [77] and chimpanzee adeno-
virus [90] vectors have been successfully used for
developing and evaluating veterinary vaccines for
the induction of efficacious protective immune
responses in animals/birds (Table 1). In contrast,
though species-specific replication-defective
adenoviruses have been evaluated as veterinary
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Table 1 Adenovirus-vectored vaccines tested against diseases in natural hosts

Vectora
Pathogenb

(antigen) Host Route (dose) Protection References

HAdV-5 PPR (H, F) Sheep I/M (2 doses) Clinical protection Rojas et al.
[72]

PPR (HA) Goat I/M (1 dose) Complete protection Herbert et al.
[43]

PRV (gD, gB
gC)

Pigs I/M (1 dose) Complete protection Monteil et al.
[61]

FMDV (poly
P1)

Pigs Complete protection Moraes et al.
[62]

SIV H3N2
(HA+ NP)

Pigs I/M (1 dose) Complete protection (HA
+ NP). Partial protection
(HA)

Wesley et al.
[92]

FMDV
(P1-2A-
2B”-3B”-3C)

Calves I/M (1 dose) Complete protection
against A24 serotype

Schutta et al.
[77]

FMDV Calves I/M (1 dose with or w/o
adjuvant

Different doses varied
protection

Barrera et al.
[4]

H5N1 (HA) Chicken S/C (1 dose) Complete protection Gao et al. [30]
BAdV-3 BHV-1 (gD) Calves I/N (2 doses) Partial protection Zakhartchouk

et al. [96]
BHV-1
(gDt) + BoIL-
6

Calves I/N (2 doses) Partial protection Kumar et al.
[50]

PAdV-3 TGEV (S) Pigs Oral
CSFV (Gp55)
(E2)

Pigs S/C (1 dose) Protection Hammond
et al. [36]

CSFV (Gp55)
(E2)

Pigs S/C (2 doses) Hammond
et al. [39]

PRV (gD) S/C (2 doses) Protection Hammond
et al. [37]

CAdV-2 CDV (HA, F) Puppies S/C (2 doses) Clinical protection Fischer et al.
[27]

ChAdOx1 RVFV (N and
C)

Cattle,
Sheep and
Goat

I/M (1 dose) Solid protection Warimwe
et al. [90]

RVFV (N and
C)

Cattle I/M (1 dose)
(thermostabilized)

Not tested Dulal et al.
[24]

OAV287 Taenia ovis
(45 W
antigen)

Sheep I/M (1 dose after primary
vaccination with DNA
vaccine)

Good protection Rothel et al.
[73]

FAdV-1
(CELO)

IBDV (VP2) Chicken Oro-nasal (boost 14 days
after prime)

Partial protection,
complete protection (S/C
or I/D)

Francois et al.
[29]

FAdV-8 IBV (S1) Chicken Oral (1 dose) Protection (92.3% when
vaccinated at day 6)

Johnson et al.
[44]

FAdV-10 IBDV (VP2) Chicken I/M, I/N, I/P, I/V Complete protection Sheppard
et al. [80]

(continued)
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Table 1 (continued)

Vectora
Pathogenb

(antigen) Host Route (dose) Protection References

HAdV-5/
MVA

ASFV
(8 antigens)

Pigs I/M Protection against fatal
disease (100%)

Goatley et al.
[32]

”partial coding sequence
aHAdV-5, human adenovirus-5; BAdV-3, bovine adenovirus-3; PAdV-3, porcine adenovirus-3; CAdV-2, canine
adenovirus-2; ChAdOx1, chimpanzee adenovirus Ox1; OAV287, ovine adenovirus 287; FAdV-1, fowl adenovirus-1;
FAdV-8, fowl adenovirus-8; FAdV-10, fowl adenovirus-10; CELO, chicken embryo lethal orphan; MVA, modified
vaccinia Ankara
bPPR, peste des petits ruminants; PRV, pseudorabies virus; FMDV, foot and mouth disease virus; SIV, swine influenza
virus; BHV-1, bovine herpes virus type 1; TGEV, transmissible gastroenteritis virus; CSFV, classical swine fever virus;
CDV, canine distemper virus; RVFV, Rift Valley fever virus; IBDV, infectious bursal disease virus; IBV, infectious
bronchitis virus; ASFV, African swine fever virus.

Table 2 Examples of characteristics of species-specific adenovirus vectors under development

Vectora

Genome size
(bp) and
GenBank acc.
no. Site of transgene insertion

Cargo
space

Cell lines
used to
rescue
virusb References

ChAd38 36,521 E1A/E1B 4.7 kb
to
7.5 kb

293 cells Farina et al. [26]
AF394196

CAdV-
2

31,323 E1A/E1B/E3 ~30 kb MDCK Soudais et al. [82]
and Davison et al.
[21]

U77082 Helper dependent DKCre
DKZeo

CELO
virus
(FAdV-
1)

43,800 ORF9/ORF10/ORF11 or promoter for
ORF22?

3.62 kb
to 5 kb

LMH Michou et al. [58]
and Tutykhina et al.
[85]

U46933

FAdV-9 45,063 ORF0, ORF1, and ORF2 (left end)
and/or ORF19, TR2, ORF17, and ORF1
(right end)

4 kb to
7 kb

CH-SAH Ojkic et al. [65], Pei
et al. [67, 69],
Corredor and Nagy
[19]

NC000899

FAdV-4 45,667 ORF16, ORF17 3.21 kb CH-SAH Pei et al. [68]
GU188428

BAdV-
3

34,446 E1A/E3/E4 2.3 to
6.8 kb

VIDO R2 Reddy et al. [70] and
Baxi et al. [6]AF030154

PAdV-3 34,094 E1A/E3/E4 4.3 kb
to
7.3 kb

VIDO R1 Zakhartchouk et al.
[97] and Li et al. [51]AF083132 VR1BL

OAdV-
7

29,576 PVIII and fiber intergenic region/unique
Sal-I site within ORF RH2 or between
E4 and RHE transcription units

4.32 kb
to
7.32 kb

CSL503
HVO156

Löser et al. [54]
U40839

aChAd38, chimpanzee adenovirus 38; CAdV-2, canine adenovirus-2; CELO, chicken embryo lethal orphan; FAdV-9,
fowl adenovirus-9; FAdV-4, fowl adenovirus-4; BAdV-3, bovine adenovirus-3; PAdV-3, porcine adenovirus-3;
OAV287, ovine adenovirus 287
b293 cells, human embryonic kidney cells transformed with HAdV-5 E1 proteins; MDCK, Madin-Darby canine kidney;
DKCre, canine kidney cells transformed with CAdV-2 E1 proteins and expressing Cre recombinase; DKZeo, canine
kidney cells transformed with CAdV-2 E1 proteins and resistant to zeocin; LMH, chicken hepatocellular carcinoma; DK,
dog kidney; CH-SAH, chicken hepatocyte carcinoma cell, the same as LMH; ST, swine testicular; VIDO R2, fetal bovine
retina cells transformed with HAdV-5 E1 proteins; VIDO R1, fetal porcine retina cells transformed with HAdV-5 E1
proteins; VR1BL, VIDO R1 cells expressing PAdV-3 E1B large protein; CSL503, fetal sheep lung fibroblast cell line;
HVO156, fetal sheep skin fibroblast cell line
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vaccine delivery vehicles, the results do not
appear promising [71].

Earlier studies have indicated that replication-
competent adenoviruses are safe for use as
oncolytic virus or as vaccine delivery vehicle in
humans [52]. As such, species-specific replica-
tion-competent adenovirus vectors including
BAdV-3, PAdV-3, CAdV-2, OAV287, FAdV-1,
FAdV-8, and FAdV-10 are being evaluated for
the induction of protective immune responses
against different pathogens in their natural hosts
(Table 1). A number of characteristics of
replication-competent adenovirus vectors, includ-
ing acting as live-attenuated vaccine, inducing
effective antibody and cellular immune response,
and requirement of low dose of recombinant virus
to produce an effective immune response [28],
make them an ideal vector for developing
adenovirus-vectored veterinary vaccines.
Although shedding of replication-competent ade-
novirus in the environment may be a concern for
regulatory agencies, protection-challenge
experiments using replication-competent adeno-
virus vectors suggest that negligible amount of
recombinant adenovirus may or may not be shed
[35, 96].

Since species-specific adenovirus vectors cur-
rently being developed and evaluated as vaccine
delivery vehicles for veterinary vaccines (Tables 1
and 2) are not pathogenic, the production and
release of progeny particles in the environment
may not prove to be a concern as animals are
normally exposed to wild-type virus. Neverthe-
less, more animal testing of veterinary vaccines
based on replication-competent adenoviruses
should help to resolve the issue.

Adenovirus-vectored vaccines in animals/poultry.
Though a number of viral vectored vaccines
are licensed for use in animal/poultry [16, 87],
so far no veterinary vaccine based on adenovi-
rus vector platform has been licensed for use in
animals/poultry. Exception to this is the suc-
cessful licensing of human adenovirus-5-vec-
tored rabies vaccine for use in wildlife
[16]. Moreover, a number of characteristics
of human adenovirus-vectored FMDV sero-
type A24 vaccine named AdtA24 including

induction of efficient protection against
FMDV in cattle with no viremia by 7 days
post vaccination, safe for use in production
cattle, absence of detection of vaccine virus
in milk of vaccinated cows, and no spread of
vaccine virus in unvaccinated cattle or pigs led
to the first USDA conditionally licensed
FMDV vaccine in the USA in 2012 [4].

Prime-boost. Prime-boost protocols using adeno-
virus vectors have been effectively used
[63, 99] in inducing effective cellular immune
responses. This strategy involves the first
delivery of a vaccine antigen (priming) using
viral vector/naked DNA and second delivery
of vaccine antigen (boosting) using the same
or another distinct viral vector [2, 48]. Unlike
use of homologous vector for priming-
boosting [66], use of heterologous vectors for
priming and boosting has been shown to gen-
erate high levels of both CD8+ and CD4+
T-cell responses leading to the induction of
effective cellular immunity [76, 93]. A
prime-boost strategy using naked DNA for
priming and adenovirus vector for boosting
immune response has proved an effective strat-
egy of vaccination against different pathogens
in animals ([38, 47, 84]: [99]). A prime-boost
vaccination regimen based on priming with
one serotype of human adenovirus vector and
boosting with another serotype of human ade-
novirus vector expressing the same transgene
has been developed [81]. Another strategy
suggested the priming with non-human adeno-
virus (BAdV-3 or PAdV-3) and boosting with
human adenovirus [60]. Recently, we
demonstrated that priming with human
adenovirus-5 expressing a vaccine antigen
and boosted with PAdV-3 expressing the
same vaccine antigen effectively augmented
the antigen-specific immune response in mice
(unpublished data). Prime-boost strategy using
HAdV-5 and modified vaccinia Ankara
(MVA) vectors expressing African swine
fever virus antigens protect pigs against viru-
lent challenge [32].

Altered tropism. In order to increase the utility of
adenovirus vectors, various studies have

64 L. E. Ayalew et al.



focused to alter the tropism of adenovirus. The
key role played by capsid proteins in the viral
infectious pathway has suggested strategies to
alter this process via modification of these
proteins [95]. These approaches include chem-
ical modification of capsid, bispecific
complexes, and genetic modification of capsid
proteins. Although the first two strategies have
established the feasibility of adenovirus
targeting, genetic modification of the capsid
proteins for altering adenovirus tropism
appears to also have practical utility. Genetic
retargeting of adenovirus has been achieved by
modification of knob region of fiber protein by
exchanging knob, switching adenovirus fibers
between serotypes, and insertion of epitopes in
hexon, penton, and pIX capsid proteins
[95]. For example, replacement of human
adenovirus-5 fiber with sigma mucosal-
targeting σ1 protein of reovirus type 3 Dearing
altered the tropism of human adenovirus-5 for
mucosal surfaces of animals [91]. By choosing
appropriate ligands, one can develop adenovi-
rus vectors, which can deliver the vaccine
antigens not only to different mucosal surfaces
of animals but also to other animals (e.g., cats,
dogs, poultry).

Several studies have demonstrated and
provided proof of principle that the tropism of
animal adenoviruses can be altered. Modification
of knob region of OAV287 or BAdV-3 fiber
protein altered the tropism of OAV287 [94] or
BAdV-3 [3]. Incorporation of polylysine residues
in the knob region of fiber protein of BAdV-3
altered the tropism of BAdV-3 for endothelial
cells (unpublished data). Similarly, addition of
“RGD” motifs at the C-terminus of BAdV-3
pIX increased the transduction efficiency of
BAdV-3 for integrin-positive cells [97]. Since
the largest accumulation of lymphoid tissue in
the body is in the gastrointestinal tract [45], oral
vaccination is considered to be the preferred route
of immunization for inducing mucosal immune
responses at the gastrointestinal tract (GIT).
Although most of the animal adenoviruses cur-
rently being developed for animal vaccination do

not have tropism for oral mucosa, it should be
possible to develop an animal adenovirus which
can be used as oral vaccine delivery vehicle in
animals.

2.5 Future of Adenovirus-Vectored
Veterinary Vaccines

A number of viral vectored veterinary vaccines
currently licensed are based on use of canary pox
virus, fowl pox virus, vaccinia virus, Marek’s
disease virus, and baculovirus vectors [87]. The
last decade has seen a revolution in the develop-
ment and evaluation of adenovirus-vectored
vaccines for use in humans [81] and animals/
poultry (Tables 1 and 2). Since the production
of the adenovirus-vectored vaccine can be easily
scaled up, it is possible to produce cost-effective
adenovirus vector-based veterinary vaccines
without affecting the efficacy of veterinary vac-
cine. Earlier results suggest that even single
immunization with adenovirus-vectored veteri-
nary vaccine can induce protective immune
responses in animals [24, 61, 62]. Moreover,
one recombinant adenovirus-vectored vaccine
has been shown to induce protection in different
species of animals against Rift Valley fever
[90]. These findings are encouraging for the
industry to accept the adenovirus vector platform
for large-scale production of adenovirus-vectored
vaccine for use in animals/poultry [90].

Despite numerous advantages, not much suc-
cess has been achieved in licensing adenovirus-
vectored vaccines for use in humans and in
animals/birds. Live human adenovirus-4 and
human adenovirus-7 are licensed to be used as
vaccines for military persons in the USA [86].

A live adenovirus-vectored vaccine against
rabies has been licensed for use in wildlife
(CFIA, Veterinary Biologics Licensed in
Canada). Recently, recombinant adenovirus-
based FMDV vaccine named AdtA24 has been
conditionally licensed for use in the USA in 2012
([4]). Future successful licensing and marketing
of the adenovirus-vectored vaccine needs to
develop collaborative engagement between
governments, industry, and researchers. In
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addition, more evaluation of adenoviruses in
animals and birds regarding cytotoxicity, stability
of vectored viral genome, and presence of
pre-existing neutralizing antibodies should help
in clearing regulatory hurdles for successful
licensing of adenovirus-vectored veterinary
vaccines.

3 Summary

Currently, a number of human\non-human adeno-
virus vectored vaccines are being developed and
evaluated for the induction of protective immune
responses in animals. While successful use of
human adenovirus as vaccine delivery vehicle
requires production of human adenovirus-based
veterinary vaccines at economical cost, the
successful use of species-specific animal
adenoviruses require the availability of efficient
complementing cell lines for the production of
animal adenovirus vectored veterinary vaccines
and the elimination of the problem of viral vec-
tor-specific preexisting antibodies in animals. We
believe that recent licensing of adenovirus vec-
tored veterinary vaccines together with reports
detailing important advances in adenovirus biol-
ogy including in-depth studies detailing virus-
host interactions should lead to the development,
evaluation, and licensing of more efficient adeno-
virus vectored veterinary vaccines.
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Poxvirus Vectors

Lok R. Joshi and Diego G. Diel

Abstract

The utility of poxviruses as expression vectors
was first described in the early 1980s. Since
then, poxviruses have been widely used as
vaccine delivery platforms in human and vet-
erinary medicine. The main features that make
poxviruses excellent antigen delivery
platforms and vaccine vectors are their large
genome size with the presence of multiple
immunomodulatory genes, the tolerance for
large heterologous gene insertions, and their
ability to induce cellular and humoral immu-
nity. Initial attempts were focused on engi-
neering vaccinia virus to express
heterologous genes. Later, the potential of
other poxviruses including avipoxvirus,
parapoxvirus, and swinepox viruses as vectors
was also explored with promising results. To
address the safety concerns related to wild-
type poxviruses, several highly attenuated,
replication-defective strains have been devel-
oped mostly by serial passages in cell culture.
Most of the recombinant poxviruses devel-
oped to date have targeted insertional inactiva-
tion of the thymidine kinase (TK) gene, in
which the heterologous gene is inserted in the
TK locus in the poxvirus genome. In recent

years, other immunomodulatory genes have
also been used to generate safer and multiva-
lent poxvirus-vectored vaccine candidates.
Poxvirus vectors have been shown to be very
effective in heterologous prime-boost immuni-
zation regimes, where poxvirus vectors are
used in combination with other killed or
DNA vaccine formulations. To date multiple
poxvirus-vectored vaccines have been
licensed for use against a variety of animal
pathogens including rabies virus (RabV),
avian influenza virus (AIV), canine distemper
virus (CDV), and West Nile virus (WNV).
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1 Introduction

Poxviruses are large complex viruses that belong
to the family Poxviridae. The Poxviridae is
divided into two subfamilies: the
Chordopoxvirinae and Entomopoxvirinae. The
subfamily Chordopoxvirinae comprises viruses
that infect vertebrate animal species, whereas the
Entomopoxvirinae contains viruses that mainly
infect insects. Currently, there are 11 genera clas-
sified under the Chordopoxvirinae subfamily and
3 genera under the Entomopoxvirinae
[1]. Poxviruses are classified in these genera on
the basis of virus morphology, phylogeny, sero-
logical cross-reactivity, and host range [2]. The
poxvirus species name usually refers to the host
from which the virus was first isolated. While
some poxviruses have restricted host range (i.e.,
variola virus known to infect only humans), there
are many others, including cowpox virus
(CPXV), buffalopox virus (BPXV), and
monkeypox virus (MPXV), which have broad
animal host range infecting multiple mammalian
species including humans. Poxviral infections
occur through different routes, including the
skin (Orf virus), respiratory tract (variola virus),
or oral route (ectromelia virus) [3] and are
characterized by formation of skin lesions, usu-
ally evolving through the stages of papules,
pustules, vesicles, nodules, and scabs [4].

Poxviruses are among the largest known
viruses. Most poxviruses contain brick-shaped
virions with a particle size ranging from 220 to
450 nm long � 140 to 260 nm wide � 140 to
260 nm thick. Parapoxviruses are oval-shaped
with a particle size of 260 nm � 160 nm
[4]. Virions are enveloped with the presence of
surface tubules or surface filaments (Fig. 1a).
Internally, the virions contain two lateral bodies
and a dumbbell-shaped nucleoprotein core. The
nucleoprotein core contains enzymes essential for
virus replication and the nucleocapsid protein
bound to the viral genome. The viral genome is
a linear double-stranded DNA with the size rang-
ing from 130 kbp to 375 kbp and encode between
~130 and 350 open reading frames (ORFs). The
two strands of DNA are cross-linked at the

termini due to presence of A+T-rich inverted
terminal repeats (ITR) at the two ends of the
genome. The central region of the genome is
highly conserved across different poxviruses and
encodes genes essential for viral transcription,
replication, and virion assembly. Non-conserved
genes that are involved in virus host range,
immunomodulation, and virulence and pathogen-
esis are present at either end of the genome,
flanking the conserved central genome core
(Fig. 1b).

A unique feature of poxviruses is their replica-
tion site, which takes place in the cytoplasm of
infected cells, making poxviruses an exception
among DNA viruses. The replication mechanism
of vaccinia virus (VACV) have been widely stud-
ied, and most of our understanding of poxvirus
replication comes from VACV. Notably, tran-
scription and expression of poxviral genes are
temporally regulated, and the genes are classified
as early, intermediate, or late genes based on the
time of expression in relation to virus genome
replication. In general, early genes are transcribed
before replication, whereas intermediate and late
genes are transcribed after the virus genome has
been replicated. For VACV, for example, early,
intermediate, and late genes are expressed in
20, 100, and 140 min after infection, respectively
[5]. The poxvirus virion contains essential
enzymes to initiate viral transcription upon infec-
tion. Therefore, early genes are transcribed within
the virion core soon after the virus enters the cell,
and mRNAs are extruded into the cytoplasm for
translation. These early genes encode for tran-
scription factors required for expression of inter-
mediate genes. Some of the early proteins also
play important roles in host immune evasion and
modulation. Once early genes are expressed,
uncoating of the virion core takes place, and
DNA is released into the cytoplasm followed by
viral DNA replication which occurs in discrete
replication sites within the cytoplasm designated
viral factories. The intermediate genes are
expressed after DNA replication and encode for
transcription factors required for the expression of
late genes. The late genes encode proteins essen-
tial for virion assembly and early gene
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transcription factors which will be packaged
within the virion core. After virus assembly,
enveloped virions are released by budding,
whereas non-enveloped virions are released by
cell lysis. The understading of these basic
biological properties of poxviruses is important
in designing poxvirus vectors.

2 Construction of Poxvirus
Vectors

Poxviruses hold a unique place in the history of
immunization. In 1796, Edward Jenner
demonstrated that smallpox could be prevented
by using CPXV as a vaccine [6]. Later, VACV
was widely used to immunize people against
smallpox, which culminated with the eradication
of the disease in 1980. To date, smallpox remains
the only human disease that has been eradicated.
Although smallpox was eradicated, and vaccina-
tion was discontinued, the biological and immu-
nomodulatory properties of VACV, the virus
used as vaccine against smallpox, generated sig-
nificant interest in poxviruses among scientists
worldwide. Soon after the eradication of small-
pox, a few studies describing genetically
engineered VACV and the use of vaccinia as a
eukaryotic expression system were published
[7, 8]. In addition, recombinant VACV
expressing single or multiple heterologous viral

antigens were developed establishing the founda-
tion for the use of poxvirus as vaccine delivery
vectors [9–11].

Some of the features that made VACV a well-
received and widely used vector are (i) the
large genome size (190 kb), with the presence of
many non-essential genes, which could be
manipulated without severely impacting virus
replication; (ii) the ability of VACV to tolerate
insertion of up to 25,000 bp of foreign DNA [12];
(iii) the fact that the virus is a potent inducer of
both humoral and cell-mediated immunities [13];
(iv) the ease of administration and its efficacy
through different immunization routes [13]; and
(v) the stability of the virus at room tempera-
ture when lyophilized, which obviates the need
for cold chain [14]. Given that poxviruses share
many common properties, the features described
for VACV above also apply to other viruses in the
family. The immunomodulatory properties of
poxviruses and the efficacy of VACV as a vector
platform led several groups to explore other pox-
virus vector alternatives. Several studies showed
the potential of other members of the fam-
ily Poxviridae, including avipoxviruses (fowlpox
[FWPV] and canarypox virus [CNPV]),
swinepox virus (SWPV), and Orf virus (ORFV),
as vectors for human and veterinary applications.
These vectors are described below with the pri-
mary focus on their use to deliver veterinary
vaccines.

Parapox virus

A. B.

Fig. 1 Structure and genome of poxvirus. (a) Negative stain preparation of Orf virus (parapoxvirus). (b) Schematic
representation of poxvirus genome. The essential genes are present in the central part of the genome. The non-essential
genes which play role in immunomodulation are present in either end of the genome
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3 Strategies Used in Developing
Recombinant Poxvirus Vectors

Earlier studies in the 1960s showed that genetic
recombination can occur between two different
strains of related poxviruses when both viruses
infect a single cell [15, 16]. This process known as
homologous recombination involves the exchange
of nucleotide sequences between two similar or
identical DNAmolecules [17]. Homologous recom-
bination is now widely used for the generation of
recombinant poxviruses [18–21]. This method
requires the construction of a transfer plasmid
(recombination plasmid) containing the foreign
gene insert (heterologous gene) and the left and
right homology DNA sequences flanking the inser-
tion site from the parent poxvirus genome (Fig. 2).
Homologous recombination and recombinant pox-
virus generation are achieved by infecting permis-
sive cells with the parent poxvirus and subsequently
transfecting these cells with the recombination plas-
mid (infection/transfection). Within cells that were
infected and transfected, homologous recombina-
tion between the parental virus and the recombina-
tion plasmid takes place, resulting in a new chimeric
recombinant poxvirus. The recombinant poxvirus is
purified by multiple rounds of limiting dilution
and/or plaque assay (Fig. 2).

There are several factors that need to be con-
sidered to achieve homologous recombination,
including the homology length and the DNA
structure [22]. Higher recombination frequencies
were obtained, for example, when homologous
flanks with at least 100–350 bp and linear plasmid
DNA were used in infection/transfection
experiments with VACV [22]. In addition to the
insertion site and homology length, the following
factors need to be considered to design and gen-
erate poxvirus-based vectors:

1. Promoters. Given the temporal regulation of
poxvirus gene transcription (early, intermedi-
ate, and late), selection of the promoter that
will drive expression of the heterologous gene
is a critical aspect of the design of poxvirus
vectors. In general, promoters with both early

and late activities are ideal for expression of
foreign genes because they drive expression of
the heterologous genes throughout the vector
infection cycle, promoting sustained expres-
sion of the antigen and consequent stimulation
of the immune system. Early promoters would
also be preferable when the poxvirus vector is
replication defective or when the vector is to
be used in a non-permissive animal species,
both of which preclude expression driven by
late promoter, which takes place after virus rep-
lication. The most commonly used promoters
to drive expression of heterologous genes by
poxviruses include the native VACV early/late
promoters (P7.5 or VV7.5), the modified early
promoter (mH5), or synthetic promoters such
as PrS, for which expression has been
optimized by mutagenesis [23].

2. Termination signal. The presence of poxvirus
early termination signal TTTTTTNT within
the sequence of heterologous genes could
potentially lead to premature transcription ter-
mination and consequently low expression
levels or expression of a truncated protein
[24]. Therefore, termination signals should be
removed through site-directed mutagenesis or
synthetic biology from the heterologous gene
sequence before inserting the gene into the
vector [20].

3. Codon optimization. Codon optimization of
the heterologous gene may help to achieve
higher expression levels especially when the
recombinant is to be used in non-target animal
species, in which replication and late gene
expression are impaired. Codon optimization
helps in the stability of the recombinant vector
by removing non-desirable sequences
[23]. Additionally, it may also be used when
multivalent heterosubtypic viral vectors
containing two or more viral genes from
closely related virus strains are designed.
Codon optimization and changes in the nucle-
otide sequence of one of the genes increase the
stability of the vector by preventing or reduc-
ing the risk of intramolecular homologous
recombination.
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4. Selection method. Selection of recombinant
poxviruses is one of the most time-consuming
steps in generating recombinant poxvirus-
based vectors. Conventionally, selection of
recombinant poxviruses has been based on
expression of the β-galactosidase reporter
gene. The 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-gal) substrate is
incorporated into the agarose overlay during
plaque assay, and recombinants expressing
β-galactosidase form blue plaques, which can
be selectively picked and purified
[18, 25]. Additionally, drug resistance genes
like neomycin resistance gene can be used as a
selectable marker for selection and isolation of
poxvirus recombinants [26]. More recently,
fluorescent proteins like the green fluorescent
protein (GFP) have also been used success-
fully in recombinant poxvirus selection. The
gene expressing GFP or other fluorescent
proteins is inserted along with the gene of
interest. The recombinant poxvirus expressing
fluorescent protein can be selected by using
plaque assay [20]. The presence of marker
genes is not always recommended, as tandem
expression of multiple genes can result in
lower protein expression levels due to pro-
moter interference. Therefore, strategies to
develop markerless recombinant poxviruses
have been recently developed. The most
straightforward approaches involve selection
of recombinant viruses by real-time PCR or
immunofluorescence assays targeting the het-
erologous genes [27]. Whereas, more sophisti-
cated approaches using excisable marker
systems based on Cre/loxP recombination,
which facilitate selection and subsequent
removal of marker gene, were also developed
and provide an efficient means to create
markerless recombinants [28]. Recently, a
marker-free system for construction of vac-
cinia virus vectors using CRISPR (clustered
regularly interspaced short palindromic
repeat)-Cas9 has also been reported [29].

4 Application of Poxvirus Vectors

Several poxvirus platforms have been developed
and used as vaccine delivery vectors in veterinary
species. Table 1 summarizes the poxvirus-
vectored vaccines that are currently licensed and
commercially available for use in veterinary med-
icine. Below we present a brief discussion of the
main poxvirus vectors and their applications
and/or uses in animals.

5 Orthopoxvirus-Based
Veterinary Vaccines

Vaccinia virus (VACV), the type species of the
Orthopoxvirus genus, has been widely used as a
vector for vaccine delivery. Initially, parental
moderately virulent VACV strains like Western
Reserve (WR), Copenhagen, and Lister were used
to develop recombinant vaccines. However,
safety concerns with the use of these strains
were raised especially in immunocompromised
hosts which usually experienced moderate-to-
severe adverse vaccine reactions [30]. These
limitations led to the development of highly
attenuated VACV strains. For example, the
VACV strain LC16m8 was developed by sequen-
tial passage of the Lister strain in primary rabbit
kidney (PRK) cells at 30 �C [31]. The modified
vaccinia Ankara (MVA) has been developed by
passage of VACV strain Ankara in chicken
embryo fibroblasts (CEF) for 516 times
[32]. The resulting virus lost ~15% of its genome
during cell passaging [33], and it is replication
deficient in most mammalian cells [34]. Another
highly attenuated vaccinia virus strain NYVAC
was derived from plaque-cloned isolate of the
Copenhagen vaccine strain which contains select
deletion of 15 non-essential genes [35]. The
NYVAC strain is less pathogenic and has greatly
reduced ability to replicate in a variety of mam-
malian cells (human, mice, and equine cells), but
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it retained the ability to induce immune response
[36]. Although most of these highly attenuated
vaccinia virus strains are known for their safety
profile, their immunogenicity is often
compromised due to high level of attenuation
[37]. For example, higher doses or multiple
doses of MVA-based vectored vaccines are
required to achieve immune responses similar to
wild-type VACV strains [38]. Nevertheless, both
parental (e.g., Copenhagen, WR) and highly
attenuated strains (e.g., LC16m8, MVA,
NYVAC) have been used to develop recombinant
vectored vaccines for veterinary use.

The first recombinant poxvirus licensed to be
used as vaccine is a VACV-based vectored vac-
cine for rabies. This recombinant was constructed
by inserting the rabies virus (RabV) glycoprotein
(G) gene in the thymidine kinase (TK) locus of
the Copenhagen strain of vaccinia virus
[39, 40]. It has been used to control rabies in red
foxes in several European countries, in coyotes
and raccoons in the USA, and in raccoons in

Canada [41, 42]. The vaccine is used as an oral
bait which is dispersed in the wild habitat of the
target species by hand or airplanes. This vaccine
is safe and effective in foxes, raccoons, and
coyotes [43–45]. It has been shown to be effective
in vampire bats which are important reservoir for
rabies virus [46]. However, it is less effective in
skunks and in dogs when administered orally
[41, 47, 48]. Also, as it is a live attenuated vac-
cine, safety concerns regarding exposure of live
virus-based vaccine to non-target species have
been raised. To develop safer alternatives to this
vaccine, recombinant MVA, a highly attenuated
VACV strain, expressing the RabV G was devel-
oped [38]. This recombinant vector was immuno-
genic in mice, dogs, and raccoons upon parenteral
immunization. However, it was less immuno-
genic than the VACV Copenhagen-based recom-
binant vector and required a higher dose to induce
immune response equivalent to the Copenhagen-
based recombinant. Furthermore, the MVA
recombinant failed to induce humoral immune

Table 1 Licensed and commercially available poxvirus-vectored vaccines

Vaccine trade namea Target pathogen Target species Insert gene
Poxvirus
vector References

RABORAL V-RG Rabies Wildlife
canines

Glycoprotein Vaccinia
virus

[39, 166]

ProteqFlu Equine influenza Horses HA Canarypox [167, 168]
RecombiTek Equine
Influenza

Equine influenza Horses HA Canarypox [167, 168]

Recombitek West Nile
Virus

West Nile virus Horses prM/E Canarypox [91, 169]

PUREVAX Feline Rabies Rabies Cats Glycoprotein Canarypox [169]
PUREVAX Recombinant
FeLV

Feline leukemia virus Cats Env,
Gag/pol

Canarypox [93, 169]

Recombitek Distemper Canine distemper virus Dogs HA and F Canarypox [169, 170]
PUREVAX Ferret
Distemper

Canine distemper virus Ferrets HA and F Canarypox [169]

Vectormune FP-MG Mycoplasma
gallisepticum

Poultry 40k and mgc Fowlpox [84]

Vectormune FP-LT Laryngotracheitis Poultry Fowlpox [171]
Vectormune FP-ND Newcastle disease

virus
Poultry HN and F Fowlpox [73, 169]

TROVAC-AIV H5 Avian influenza Poultry HA Fowlpox [66]
TROVAC-NDV Newcastle disease

virus
Poultry HN and F Fowlpox [76]

aTrade name might differ according to country and manufacturer

Poxvirus Vectors 77



response when immunized orally making it
unsuitable to use in wild animal populations
[38]. These observations highlight the fact that
there is a fine balance between protective efficacy
and attenuation of poxvirus vectors.

Recombinant VACV vectors expressing the
hemagglutinin (H) and fusion (F) proteins of rin-
derpest virus have been developed. Two vaccinia
recombinants were generated by inserting the H
or F gene into the TK locus of VACV Wyeth
strain. Immunization of cattle with either recom-
binant or with the mixture of the two
recombinants provided 100% protection even
when the immunized animals were challenged
with 1000 times the lethal dose of rinderpest
virus [49]. There was no transmission of the
VACV vector from vaccinated animals to contact
animals. Moreover, cattle vaccinated with the
mixture of recombinant vectors presented solid
immunity as indicated by absence of amnestic
response after challenge infection with rinderpest
virus [49]. The immunized animals, however,
developed pock lesions at the site of immuniza-
tion indicating that the vector was not completely
attenuated. Additionally, the use and production
of the mixed vector formulation, containing
equivalent doses of two different recombinants,
was cumbersome [50].

To address these drawbacks, a recombinant of
VACV strain Wyeth expressing both H and F
genes (vRVFH) was developed. The H gene was
inserted into TK locus, and F gene was inserted
into HA locus in the VACV genome. The inser-
tional inactivation of TK and HA genes led to
further attenuation of the vector. Consequently,
no pock lesions were observed after intradermal
immunization in cattle. The protective efficacy of
the vaccine was not affected, and sterilizing
immunity was observed in cattle against rinder-
pest virus challenge [50]. Later, another VACV-
based recombinant expressing H and F genes
(v2RVFH) was constructed using TK locus of
the VACV Copenhagen strain. A strong synthetic
VACV promoter was used instead of the natural
P7.5 VACV promoter which was used in previous
constructs. This resulted in a threefold increase in
the expression level of H and F genes as com-
pared to vRVFH. Intramuscular vaccination of

v2RVFH with a dose of 108 PFU provided
sterilizing immunity in cattle for at least
16 months [51].

Interestingly, VACV strain Wyeth expressing
H and F genes of rinderpest virus (vRVFH)
provides protection to goats against peste des
petits ruminants virus (PPRV) challenge
[52]. Despite the inability of vRVFH to induce
anti-PPRV neutralizing antibodies, complete pro-
tection was observed in goats against PPR
[52]. Cell-mediated immunity or
non-neutralizing antibodies might be responsible
for the protection elicited by this recombinant
vector in goats. Similarly, cross-protection has
also been demonstrated for canine distemper
virus (CDV) vectored by VACV vectors. Vac-
cinia virus recombinants expressing either the
measles virus fusion (F) or hemagglutinin
(H) glycoprotein have been shown to protect
dogs against CDV [53]. The recombinants were
generated by inserting measles virus F or H gene
in the TK locus of VACV Copenhagen strain and
using the H6 synthetic promoter. These
recombinants fail to induce CDV neutralizing
antibodies in dogs. However, inoculation of
dogs with the recombinant VACV expressing H
gene or co-immunization with the recombinant
VACV expressing H and the recombinant
expressing F protein was shown to protect dogs
from lethal CDV challenge [53].

Vaccinia virus recombinant expressing glyco-
protein (G) gene of vesicular stomatitis virus
(VSV) induces protective neutralizing antibody
responses in cattle. Neutralizing antibody levels
increased by several fold after boosting. This
recombinant provides partial protection to VSV
challenge in cattle, and protection is correlated
with neutralizing antibody levels [54]. The utility
of VACV-based vectors in animals has also been
demonstrated in chickens. A VACV expressing
the Newcastle disease virus (NDV) F glycopro-
tein has been shown to protect chickens against
live virulent NDV challenge [55]

Recombinant VACV vectors have also been
used to develop vaccine candidates against proto-
zoan parasites. A VACV expressing the LACK
protein of Leishmania using the Western Reserve
(rVV-LACK) or MVA (MVA-LACK) strains has
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been developed [56]. Prime-boost immunization
of dogs with a plasmid DNA expressing the
LACK protein (DNA vaccination) followed by
booster with rVV-LACK or MVA-LACK incu-
des both humoral and cellular immunities in dogs.
Priming with DNA and boosting with
rVV-LACK provided 50% protection in dogs,
whereas boosting with MVA-LACK provided
75% protection in dogs. This study showed that
boosting with non-replicative MVA vector
elicited higher immune response than
replication-competent Western Reserve
(WR) vector [56]. Later, another MVA construct
expressing TRYP protein of Leishmania was
developed [57, 58]. Dogs receiving a
DNA-TRYP/MVA-TRYP prime-boost vaccina-
tion strategy produced higher levels of
TRYP-specific type 1 cytokine IFN-gamma and
TRYP-specific IgG antibody in comparison to
MVA-LACK construct [57]. These studies
provided evidence for applicability of poxvirus
vectors in prime-boost vaccination regimens. In
fact, VACV can be used both for priming and
boosting. This has been demonstrated for a
VACV recombinant expressing Gn and Gc
glycoproteins of Rift Valley fever virus (RVFV)
[37]. The recombinant VACV vector was
generated using the Copenhagen strain, and two
virulence genes (B8R and TK) of the virus were
inactivated. The RVFV Gn and Gc proteins were
inserted in TK locus. A single vaccination with
this recombinant provided 50% protection in
mice, whereas animals immunized twice with
this vaccine showed 90% survival rate after chal-
lenge. This recombinant was also tested in
baboons (nonhuman primate model). All animals
immunized with this recombinant mounted a
strong anamnestic response to booster
immunization [37].

6 Avipoxvirus-Based Vectors

Avipoxviruses naturally infect chickens, turkeys,
and many other species of pet and wild birds.
Currently there are ten species of avipoxviruses
recognized by ICTV (International Committee on
Taxonomy of Viruses) [59]. Given that
avipoxviruses have been isolated from a wide

range of hosts including crows, peacock, and
ostrich, among others, there are many
avipoxviruses which have been tentatively pro-
posed as new species but remain officially unclas-
sified [60]. Avipoxviruses share many
characteristics with other poxviruses. Our under-
standing of molecular and biological
characteristics of avipoxviruses comes mainly
from fowlpox virus (FWPV) and canarypox
virus (CNPV), which infect domestic poultry
and canaries, respectively [61].

As described in the previous section, VACV
has been widely used as a vaccine vector for
human and veterinary applications. However,
VACV-based recombinant vaccines developed
for animals pose a risk of infection to humans
because of the virus broad host range. Thus, it
was desirable to construct host-restricted vectors,
for instance, using recombinant avipoxviruses for
use in mammalian species as these viruses only
cause productive infection and disease in avian
species [61]. The use of host-restricted or
replication-incompetent poxvirus vectors would
avoid the risk of genetic recombination and dis-
ease transmission between vaccinated animal spe-
cies or humans. Avipoxviruses were initially
proposed as vectors for vaccine delivery in poul-
try [62]. Later, the findings that recombinant
FWPV initiate an abortive infection in non-avian
tissue culture cells and express foreign antigens
capable of inducing immune response in
mammals sparked interest in using avipoxviruses
as vectors for humans and other animal species
[63]. Additionally, pre-existing immunity to
orthopoxviruses does not affect immunogenicity
of FWPV and canarypox virus (CNPV), which
means they could be used as vectors in humans
exposed to vaccinia virus or vaccinated against
smallpox [60]. As a result, a large number of
avipoxvirus recombinants based on FWPV and
CNPV have been developed for use in humans
and animals.

6.1 Fowlpox Virus-Based Vectors

Several fowlpox virus recombinant constructs
targeting avian influenza (AI) have been devel-
oped. A fowlpox virus recombinant expressing
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the influenza virus HA protein at the TK locus
was able to induce hemagglutinin-inhibiting
(HI) antibodies in chickens. These antibodies
were detected as early as 9 days post immuniza-
tion, and a boost effect was seen when chickens
were re-immunized [62]. Interestingly, protection
against AI has been observed in birds in presence
of very low levels or even the absence of HI or
neutralizing antibodies [64]. Cell-mediated
immunity induced by immunization with the
FWPV vector has been suggested as the effector
mechanism of protection against AI in birds with-
out significant levels of HI or neutralizing
antibodies [64]. To enhance cell-mediated immu-
nity induced by FWPV vectors, attempts were
made to insert nucleoprotein gene (NP) of influ-
enza virus along with HA gene. The
co-expression of HA and NP by the FWPV vec-
tor, however, did not improve the efficacy of
vaccine [65]. The FWPV-vectored avian influ-
enza vaccine known as TROVAC-H5 has been
licensed for emergency use in the USA and has
full registration in Mexico, Guatemala, El
Salvador, and Vietnam [66]. The vaccine consists
of FWPV recombinant expressing the H5 gene
from highly pathogenic AI isolate A/turkey/
Ireland/1378/83 H5N8. This vaccine provides
90–100% protection against highly pathogenic
Mexican avian influenza H5N8-type isolates.
After a single immunization on day 1 of life, it
confers protection for at least 20 weeks
[67]. Good levels of protection have also been
observed against some of the recent H5N1 Asian
AI isolates A/chicken/South Korea/03 and
A/chicken/Vietnam/04 [66].

Another recombinant FWPV vector
co-expressing HA (H5 subtype) and neuramini-
dase (N1 subtype) can provide complete protec-
tion to chickens against AI H5N1 challenge.
Protection was accompanied by high levels of
HA- and N1-specific antibodies [68]. Notably,
this recombinant is able to provide cross-
protection against H5N1 and H7N1 highly patho-
genic avian influenza (HPAI) virus challenge,
presumably due to cross-reactive immunity
conferred by the common N1 protein between
these two HPAI types. This vaccine was licensed
in China, and over 600 million doses of this

vaccines were sold by 2009 [69]. Attempts have
been made to co-express cytokines along with
HA protein to enhance immunogenicity of
FWPV-influenza recombinants. Improvement in
protective efficacy has been reported by
co-expression of cytokines like chicken
interleukin-2 and chicken interleukin-18 along
with the HA protein [70, 71].

A fowlpox vaccine recombinant expressing
the H5 hemagglutinin gene provides protection
against clinical signs and mortality in chicken
following challenge by nine diverse highly path-
ogenic avian influenza viruses [67]. This vaccine
overcomes limitations of many FWPV-influenza
recombinants which fail to provide cross-
protection to different influenza subtypes. The
protection was correlated with the amino acid
sequence similarity of H5 gene of challenge
virus and the H5 gene inserted in the recombinant
FWPV vector [67].

A recombinant FWPV expressing either
Newcastle disease virus (NDV) hemagglutinin-
neuraminidase (HN) or fusion (F) proteins or
recombinants expressing both proteins have
been developed [72–75]. Most of the
recombinants use the VV7.5 or H6 early-late
promoters to drive expression of HN or F gene
in FWPV. Fowlpox virus recombinant vectors
expressing HN and F proteins provide 100% pro-
tection to chickens against lethal velogenic NDV
challenge [72, 73, 75]. One of these FWPV-based
recombinant vectors, designated as TROVAC -
NDV, has been licensed for commercial use in
the poultry industry. A single dose of TROVAC-
NDV can induce high levels of hemagglutination-
inhibiting antibodies in chickens for up to
8 weeks post immunization [73]. Recombinant
FWPV expressing the NDV fusion (F) gene is
also capable of inducing anti-F protein antibody
responses which can provide protection to the
chickens from lethal NDV challenge
[72, 76]. The expression levels of NDV fusion
(F) gene can be increased by inserting F protein
into non-essential genes in the inverted terminal
repeats (ITR) of FWPV. This occurs because a
foreign gene inserted into ITR region of a poxvi-
rus vector is usually duplicated by homologous
recombination, with one copy of the gene being
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inserted in the 50 and 30 ITR, thus increasing the
expression levels of the foreign protein [72]. This
strategy, however, can also lead to loss of the
gene insert due to increased instability of the
resultant vector. Fowlpox-NDV recombinants
administered through the intramuscular or wing-
web method induce stronger immune response
than that of oral or ocular inoculation
[75, 76]. Several-fold increase in NDV HI titers
is seen when chickens are primed with live or
inactivated NDV vaccine and boosted with
recombinant fowlpox virus expressing HN
proteins [77].

Fowlpox vectors expressing the envelope gly-
coprotein of reticuloendotheliosis virus (REV)
induce neutralizing antibodies and protection in
chicken from viremia and runting-stunting syn-
drome following REV challenge [78]. Synthetic
promoter Ps induces higher level of expression of
envelope glycoprotein than vaccinia P7.5 pro-
moter. Similarly, recombinant FWPV expressing
multiple genes of Marek’s disease virus (MDV)
have been constructed. Of these FWPV-MDV
constructs, vectors containing one gene of MDV
provide less than 50% protection in chickens.
Whereas, a synergistic effect was observed
when multiple genes of MDV are expressed
resulting in increased protection up to 72%. Addi-
tionally, enhanced protection (94%) was seen
when FWPV-MDV recombinants were given
along with the MDV closely related turkey her-
pesvirus (HVT) [79].

Fowlpox vector expressing the VP2 protein of
infectious bursal disease virus (IBDV) can protect
chickens from mortality [80, 81]. However, these
recombinants cannot protect chickens against
damage to the bursa of Fabricius [80], and protec-
tion levels are lower than the oil-adjuvanted
inactivated whole virus vaccine [82]. Recombi-
nant FWPV (rFWPV) expressing VP2-VP4-VP3
polyprotein of IBDV inserted within TK gene
under vaccinia P.L11 late promoter fails to
develop protective antibodies against IBDV,
whereas rFWPV expressing only VP2 under
fowlpox early/late promoter inserted immediately
downstream of TK gene can express five times
more VP2 protein than the former construct and
also induces antibodies to IBDV [82]. Therefore,

the choice of promoter and insertion site can sig-
nificantly affect the immunogenicity of poxvirus
vectors. In addition to viral diseases, recombinant
FWPV-vectored vaccines have been developed
for non-viral diseases of poultry, including coc-
cidiosis and mycoplasma [83, 84]. The
Vectormune FP-MG consists of a FWPV recom-
binant vector expressing the 40k andmgc genes of
M. gallisepticum, which is licensed in the USA for
use in chickens and turkeys [84].

6.2 Canarypox Virus-Based Vectors

Another avipoxvirus that has been widely used as
a vaccine vector is canarypox virus (CNPV). A
plaque purified clone of CNPV designated
as ALVAC is widely used as vector. This clone
was obtained after serial passage of wild-type
CNPV for 200 passages in CEF [85]. The safety
and immunogenicity profile of CNPV ALVAC
vector led to its use in human clinical trials as an
HIV/AIDS vaccine candidate [86]. Additionally,
there are several ALVAC-based vectored
vaccines licensed for veterinary use, for example,
ALVAC-AI-H5 (influenza virus), ALVAC-RV
(rabies virus), and ALVAC-CDV-H/F (canine
distemper virus) [87].

Canarypox virus recombinants expressing the
RabV G are known to elicit high levels of
neutralizing antibodies in mice, cats, and dogs.
The level of protection observed after challenge
infection was comparable to that induced by
replication-competent VACV vector [88]. A
CNPV vector expressing hemagglutinin
(HA) gene of equine influenza virus (rCNPV-
EIV) induces both humoral and cellular immune
responses against EIV. Cellular immune response
is characterized by increased levels of IFN-γ in
vaccinated ponies. Clinical signs and virus shed-
ding were significantly reduced in rCNPV-EIV-
vaccinated group after challenge infection [89]. A
CNPV recombinant expressing the prM/E
proteins of West Nile virus (WNV) has been
licensed for use in horses [90]. A single dose of
this vaccine protects horses against viremia
caused by challenge with WNV-infected
mosquitoes [91]. Two doses of this vaccine can
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provide protection for at least 1 year post vacci-
nation [90, 92]. Similarly, rCNPV expressing env
and gag genes of feline leukemia virus (FeLV)
provides protection to cats against oronasal chal-
lenge with FeLV. The cats are protected from
contact challenge for at least 1 year
[93, 94]. The rCNPV-FeLV vaccine has been
licensed for commercial use under trade name E
URIFEL FeLV [93]. Both rCNPV-WNV and
rCNPV-FeLV can provide protection despite
absence of measurable antibody responses
[91, 94]. The protection observed might be
related to the activation of cell-mediated immu-
nity which requires relatively lower antigen load/
dose. This phenomenon has been observed in
rCNPV expressing glycoprotein (G) and fusion
gene (F) of Hendra virus (HeV). The higher tested
dose of rCNPV-HeV recombinant induced strong
neutralizing antibodies in horses and hamsters,
whereas at lower doses, partial protection was
observed in hamsters despite the absence of
detectable HeV-specific antibodies
[95]. Canarypox virus vaccine vectors expressing
glycoprotein (G) and fusion (F) gene of Nipah
virus (NiV), when given in combination, can
induce high levels of neutralizing antibodies in
pigs and can provide solid protection from NiV
challenge. In addition, vaccinated pigs show bal-
anced Th1 and Th2 response with the induction of
TNF-α, IL-10, and IFN-γ cytokines [96]. These
rCNPV-HeV and rCNPV-NiV recombinants
induce cross-neutralizing antibody against
closely related Nipah virus (NiV) and Hendra
virus (HeV), respectively.

The impact of maternal antibodies on the effi-
cacy of avipoxvirus-vectored vaccines has been a
subject of constant debate. This is important
because layers are routinely immunized against
FWPV which can impact FWPV vector-based
vaccination in day-old chicks. It has been
demonstrated that recombinant FWPV expressing
the HN gene of NDV failed to induce immune
response in chickens previously vaccinated with
FWPV [77]. In contrast, there are reports that
demonstrate that the FWPV or CNPV vectors
remain effective in the presence of pre-existing
immunity and can be used repeatedly without an
adverse effect on the vaccine potency [60, 97,

98]. Additionally, pre-existing immunity against
the heterologous gene inserted into avipox vector
may interfere with the efficacy of the vaccine. For
example, in the presence of maternally derived
NDV antibodies, the humoral response provided
by FWPV-NDV recombinant expressing HN pro-
tein of NDV was dampened [73]; nevertheless
significant level of protection against NDV was
still achieved.

7 Parapoxvirus-Based Vectors

The genus Parapoxvirus includes four species –
Bovine popular stomatitis virus (BPSV), Orf
virus (ORFV), Parapoxvirus of red deer in
New Zealand (PVNZ), and Pseudocowpox virus
(PCPV). The type species parapoxvirus ORFV
has been widely used as vector. Some of the
features that make ORFV an attractive candidate
vector are (1) its restricted host range (sheep and
goat), (2) its ability to induce humoral and cellular
immune response even in non-permissive hosts
[20, 27, 99], (3) its tropism that is restricted to the
skin and the absence of systemic infection, (4) the
fact that ORFV induces short-lived ORFV-spe-
cific immunity and does not induce neutralizing
antibodies which allows repeated immunizations
[20, 100, 101], and (5) the immunomodulatory
properties of the virus [102]. In fact, inactivated
ORFV is used as an immunomodulator in horses
and has been shown to be effective in reducing
clinical signs and shedding related to equine her-
pes virus type 1 (EHV-1) and Streptococcus equi
(S. equi) infections [103]. There are several well-
characterized immunomodulatory proteins
(IMPs) present in Orf virus. These IMPs include
an interleukin-10 homologue (vIL-10) [104], a
chemokine-binding protein (CBP) [105], an
inhibitor of granulocyte-monocyte colony-
stimulating factor (GMC-CSF) [106], an inter-
feron resistance gene (VIR) [107], a homologue
of vascular endothelial growth factor (VEGF)
[108], and at least four inhibitors of nuclear
factor-kappa (NF-κB) signaling pathway [109–
112]. The presence of these well-characterized
IMPs provides unique opportunities for rational
engineering of ORFV-based vectored vaccines.
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Two strains of ORFV, D1701 and OV-IA82,
have been explored as vectors for veterinary
application.

The highly attenuated ORFV strain D1701
was obtained after serial cell culture passage of
an ORFV isolate from sheep in African green
monkey kidney cells (Vero cells). This virus is
apathogenic in sheep and is well adapted to grow
in cell culture [113]. Adaptation of ORFV strain
D1701 in Vero cells led to further attenuation of
the virus because of additional genomic deletions.
This virus, designated D1701-V, is
non-pathogenic even in immunosuppressed natu-
ral host sheep [114]. The utility of D1701-V
strain as a vector has been explored in permissive
and non-permissive animal species. In most
constructs, the VEGF-E locus of D1701-V has
been used to insert heterologous genes utilizing
the early promoter of the VEGF-E gene. The
D1701-V recombinant expressing the rabies G
can stimulate high levels of rabies virus-specific
neutralizing antibodies in mice, cats, and dogs
[115]. Another recombinant expressing p40 pro-
tein of Borna virus provides protection to mice
against Borna virus challenge and leads to the
virus clearance from the infected brain
eliminating persistent virus infection [116]. Simi-
larly, ORFV recombinant (D1701-V) expressing
the HA protein of influenza virus (H5N1)
provides solid protection to mice against influ-
enza A virus H5N1 and heterologous influenza
A H1N1 challenge in a dose-dependent manner
[117]. Orf virus recombinant (D1701-V)
expressing the major capsid protein VP1 of rabbit
hemorrhagic disease virus (RHDV) protected
rabbits against lethal RHDV infection with a sin-
gle immunization with a dose as low as 105 PFU
[118]. Higher or multiple doses were required to
induce significant humoral response; nevertheless
single dose of 105 PFU was enough to provide
protection. This dose is significantly lower than
that of VACV or canarypox recombinants
expressing RHDV VP1 which require 107–109

PFU for protection when given subcutaneously,
orally, or intradermally [118–120].

The D1701-V has also been used as a vector in
pigs. The D1701-V recombinant expressing
glycoproteins gC and gD of pseudorabies virus
(PRV) induces strong cellular and humoral

immune response when used to boost the pigs
primed with Sindbis virus-derived plasmid
expressing gC and gD [121]. This type of heter-
ologous prime-boost strategy, using DNA vac-
cine or baculovirus-expressed protein for
priming followed by boosting with ORFV-based
vaccine, has been shown to be more effective than
homologous prime-boost strategy [122, 123]. Orf
virus recombinant expressing the E2 glycoprotein
of classical swine fever virus (CSFV) confers
protection against CSFV challenge in pigs
[123]. A single intramuscular immunization of
this recombinant induces high levels of CSFV-
specific neutralizing antibodies and IFN-γ pro-
duction. Interestingly, multiple-site application
was shown to be superior to single-site injection
with the same dose. This might be due to effective
antigen processing and presentation occurring at
different lymph nodes at the same time [123].

Another ORFV strain that has been used as a
vector is OV-IA82. ORFV strain IA82
(OV-IA82) was obtained from the nasal secretion
of a lamb at the Iowa Ram Test Station during an
Orf outbreak in 1982 and was isolated in ovine
fetal turbinate cells (OFTu) [124]. Four genes of
ORFV (ORFV002, ORFV024, ORFV121,
ORFV073) that are involved in inhibition of
host nuclear factor-kappa (NF-κB) pathway
have been well-characterized [109–112]. Deletion
of ORFV121 from viral genome attenuates the
virus as evidenced by decreased pathogenesis in
sheep which makes ORFV121 deletion mutant
virus an attractive vector candidate for use in
livestock [109]. An ORFV (OV-IA82) recombi-
nant expressing the full-length spike
(S) glycoprotein of porcine epidemic diarrhea
virus (PEDV), containing a deletion of
ORFV121 gene, induces PEDV-specific
neutralizing antibodies in pigs and protects pigs
from clinical signs of PED [20]. This ORFV-
PEDV-S recombinant was also shown to induce
passive immunity and transfer of PEDV-specific
IgG, IgA, and neutralizing antibody to piglets via
milk and colostrum. Upon challenge with virulent
PEDV, decreased clinical signs and reduced mor-
tality was observed in piglets born from
ORFV-PEDV-S-vaccinated sows. Additionally,
increased protection with 100% survival was
obtained when sows were primed with live
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PEDV and then boosted with the ORFV-PEDV-S
recombinant [101].

In addition to ORFV121, another NF-κB
inhibitor, ORFV024, has also been used as a site
for foreign gene insertion. The immunogenicity
of two ORFV-IA82 recombinants expressing the
RabV G either in the ORFV121 or ORFV024
gene loci was evaluated in pigs and cattle
[27]. Both recombinants induced robust
neutralizing antibody response against RabV in
pigs and cattle. Additionally, both viruses
induced long-lasting memory B cell responses to
RabV, as evidenced by anamnestic responses fol-
lowing a single-dose booster on day 390 post
primary immunization [27]. Notably, the
neutralizing antibody titers induced by
ORFV121 deletion mutant were higher than that
of ORFV024 deletion mutant [27]. This type of
differential regulation of innate and adaptive
immune response has also been reported for
NF-κB inhibitor proteins encoded by vaccinia
virus (VACV), where deletion of one NF-κB
inhibitor (A52R) leads to higher immune
response against heterologous antigen when com-
pared to other NF-κB inhibitors (B15, K7) [125].

Despite restricted host range, infections of
humans have been reported for parapoxviruses.
The virus can cause self-limiting infections in
immunocompromised people or farmers who
work in close contact with infected animals and
present abrasions or cuts in the skin. These
infections are restricted to the areas surrounding
the sites of virus entry and usually involve the
hands [126–128]. Since both recombinant ORFV
vectors that have been used as platforms (D1701
and OV-IA82Δ121) are known to be
non-pathogenic in the natural sheep and goat
hosts and the strain IA82 presents marked growth
impairment in human cells, it is safe to assume
that the risk of human infections with these
recombinants should be very low.

8 Swinepox Virus-Based Vector

Swinepox virus (SPV) is the only member of
genus Suipoxvirus. SPV causes mild self-limiting
infection in pigs. Because of its narrow host range

restricted to pigs, SPV-based recombinant vec-
tored vaccine candidates have been developed
mostly targeting pigs. One of the first attempts
to use SPV as a vector involved a recombinant
SPV targeting Aujeszky’s disease (pseudorabies
virus (PRV)) [129]. The gp40 and gp63 genes of
PRV were inserted into TK locus of SPV under
the early/late VV7.5 promoter. At 21 days post
immunization, 90% of the pigs vaccinated by
scarification developed serum neutralizing anti-
body against pseudorabies virus, whereas 100%
of the animals vaccinated by the intramuscular
route developed neutralizing antibodies. Signifi-
cant level of protection was observed in pigs upon
challenge with virulent PRV [129]. A recombi-
nant SPV expressing the E2 glycoprotein of clas-
sical swine fever virus (CSFV) in the TK locus
expresses the E2 protein in a dimeric form in the
cytoplasm of the infected cells [130]. However,
this recombinant was not tested in animal model.
SPV recombinant expressing HA1 gene of swine
influenza virus (SIV; H1N1) elicits humoral and
cellular immune responses and provides complete
protection against SIV in swine and mice
[131]. Although neutralizing antibody titers
were low (1:8 to 1:32), potent Th1 and Th2
responses were observed as evidenced by
increased levels of IL-4 and IFN-γ, which may
have contributed to protection against SIV chal-
lenge. Co-expression of the HA gene of H1N1
and H3N2 subtype provides complete protection
against H1N1 and H3N2 challenge in pigs [132].

Swinepox virus recombinants expressing
immunodominant epitopes of certain viral
pathogens have also been shown effective. A
recombinant SPV expressing the A epitope of
transmissible gastroenteritis virus (TGEV) spike
protein induced neutralizing antibodies and
strong Th1 and Th2 cytokine responses against
TGEV. Notably, when neutralizing antibodies
purified from vaccinated animals were fed to
piglets, they were protected against severe disease
and mortality after challenge with TGEV
[133]. Similarly, a recombinant SPV expressing
three repeats of a conserved six-amino acid epi-
tope present in the N-terminal ectodomain of the
GP3 protein of porcine reproductive and respira-
tory syndrome virus (PRRSV) induced cellular
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and humoral response in pigs [134]. Swinepox
virus has also been used to develop recombinant
vaccine candidates against bacterial diseases. A
recombinant swinepox virus expressing M-like
protein (SzP) of Streptococcus equi spp.
zooepidemicus (SEZ) provided significant protec-
tion against SEZ infection [135].

Swine are the major reservoir of SPV, and the
virus does not infect other mammalian or avian
species. Initially, SPV was known to infect only
cells of porcine origin; however, recent findings
have shown that SPV exhibit a relatively broad
cell culture host range in vitro [136, 137]. Recom-
binant SPV can infect, replicate, and express for-
eign genes in cells of non-porcine origin
including human, monkey, hamster, and rabbit
cell lines [137]. Moreover, when inoculated intra-
dermally, SPV causes productive infection in
rabbits [138]. These findings have opened
opportunities for the use of SPV vector in differ-
ent animal species. A SPV recombinant
expressing the gag and env proteins of feline
leukemia virus (FeLV) fails to replicate in feline
cells, but FeLV gag virus-like particles were pro-
duced in feline cells and incorporated into SPV
intracellular mature virion (IMV) [139]. The
immunogenicity of this recombinant virus, how-
ever, was not tested in cats.

Deletion of the TK gene has been widely used
in recombinant poxvirus vector construction.
However, deletion of the TK gene may not be
the best strategy to generate SPV-based recombi-
nant vectors as it results in severe attenuation of
the vector and consequently in lower vaccine
efficiency. It has been shown that deletion of the
TK gene results in decreased neutralizing anti-
body levels and in Th1- and Th2-mediated
immune responses [140]. The ability of the virus
to replicate in non-permissive cells also decreases
significantly in TK deletion mutants [140]. Inser-
tion of foreign antigens in intergenic or
non-coding regions of the SPV genome could be
used as an alternative approach. A SPV recombi-
nant expressing the porcine IL-18, the capsid
protein of porcine circovirus 2, and the SzP pro-
tein of SEZ in the intergenic region between
SPV020 and SPV021 open reading frames
induces immune responses against both PCV2

and SEZ, which was comparable to the immune
responses elicited by commercial vaccines
[141]. These findings suggest that SPV can be
used as a vector platform for multivalent vaccines
against diseases of swine.

9 Capripoxvirus-Based Vector

The genus Capripoxvirus includes Goatpox virus
(GTPV), Sheeppox virus (SPPV), and Lumpy skin
disease virus (LSDV). SPPV and GTPV infect
sheep and goats, respectively, with some isolates
being able to infect both species. LSDV causes
disease in cattle and buffalo [142]. These three
species of CPV share 96–97% nucleotide identity
[143, 144]. Because of the high degree of
sequence conservation, cross-immunity is
observed among the three viruses. An attenuated
LSDV deficient of an IL-10 gene homologue
(ORF005) has been shown to provide protective
immunity against virulent capripoxvirus (CPV)
challenge in sheep and goats [145]. Thus, theo-
retically, an attenuated strain of any capripoxvirus
should be able to protect against SPPV, GTPV,
and LSDV [146]. Using these viruses as vectors,
it is possible to generate multivalent vaccines
against CPV and other target pathogens of
ruminants. Moreover, the replication of
capripoxviruses is restricted to ruminants with
no evidence of human infections. These traits
make CPVs good candidates for developing
recombinant vectored vaccines.

Capripoxviruses have been mainly used to
develop recombinant vaccines for use in
ruminants. Most of the recombinants have been
generated using Kenya strain-1 (KS-1), which
was isolated from sheep and passaged in lamb
testis and baby hamster kidney (BHK) cells
[147]. Recent molecular studies have shown a
close relationship between KS-1 and LSDV,
suggesting KS-1 may actually be LSDV
[143]. The majority of KS-1-based constructs
have been generated by inserting the foreign
gene into the TK locus. Two individual KS-1
recombinants generated by insertion of the fusion
(F) protein or hemagglutinin (H) protein of rin-
derpest virus (RPV) into TK gene locus under the
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control of vaccinia virus late promoter P11 pro-
tect cattle against rinderpest virus after lethal
challenge with a virulent RPV isolate. The recom-
binant with the H gene insert showed better pro-
tective efficacy than the vector expressing the F
gene. Both recombinants protected cattle against
LSDV challenge in addition to rinderpest
[148, 149]. Interestingly, these recombinants pro-
tect goats from lethal challenge with peste des
petits ruminants virus (PPRV) challenge
[150]. Another recombinant capripoxvirus
expressing the H and F gene of PPRV has been
developed using AV41 strain of GTPV. A single
dose of this recombinant elicits seroconversion in
~80% of immunized sheep and goats.
Neutralizing antibodies are detected up to
6 months after vaccination. Two doses of this
vaccine completely overcome the interference
caused by pre-existing immunity to caprinepox
virus [151]. Another recombinant CPV
expressing both H and F genes of PPRV confers
an earlier and stronger immune response against
PPR and GTPV [152].

A KS-1 recombinant expressing the VP7 pro-
tein of bluetongue virus (BTV) provides partial
protection in sheep [153]. Partial protection
against BTV was achieved even when sheep
were immunized with the combination of KS-1
recombinants individually expressing four
proteins (NS1, NS3, VP2, VP7) of BTV
[154]. Capripoxvirus has been used to develop
recombinant vaccine candidates against Rift Val-
ley fever virus (RVFV) [155, 156]. A recombi-
nant KS-1 virus expressing Gn and Gc
glycoproteins of RVFV induced neutralizing
antibodies to RVFV in sheep, and two doses of
the vaccine candidate provided significant protec-
tion against RVFV and SPPV challenge in sheep.

In addition to the KS-1 strain, an attenuated
strain of LSDV, Neethling strain, has also been
used as vector. This strain is used as vaccine
against lumpy skin disease in Africa. The ribonu-
cleotide reductase gene of Neethling strain has
been identified as potential insertion site for
recombinant vector generation [157]. The
Neethling strain has been used to develop recom-
binant vaccines against RabV and bovine ephem-
eral fever and RVFV viruses [142]. Recombinant

LSDV (Neethling strain) generated by inserting
RabV G in the ribonucleotide reductase gene
locus induced strong cellular and humoral
response in cattle [157]. Neutralizing antibody
titers as high as 1513 IU/mL were observed in
cattle. This recombinant also induced robust
humoral and cellular immunity in
non-permissive hosts (mice and rabbits). Immu-
nization of mice with this recombinant vector
protected the animals from an aggressive intracra-
nial RabV challenge [158].

Because of the cross-protection offered by
CPVs, theoretically it should be possible to
develop a universal recombinant CPV vector
that would provide protection against all
capripoxviruses in addition to target pathogen.
However, the geographical distribution of the
different CPV limits that possibility. Sheeppox
and goatpox viruses are endemic to Asia, Middle
East, and Africa south of the equator, whereas
LSDV is mainly present in sub-Saharan Africa
[142]. A country would refuse to use
capripoxvirus-vectored vaccine if the vector is
not endemic. Future research should aim at
identifying immunomodulatory genes and viru-
lence factors encoded by CPV, which would
allow the development of safer recombinant
CPV-based vectors that could potentially be
used in both endemic and non-endemic countries.

10 Leporipoxvirus as Vector

Myxoma virus (MYXV), the type species of
genus Leporipoxvirus, specifically infects rabbits
and hare (leporides). MYXV was used as
biological agent to control European rabbit popu-
lation in Australia. This method, however, was
not sustainable because of the coevolution of the
virus and the rabbit which led to the adaptation of
the virus to the novel host species [159].

MYXV has been used as vector for both
leporide and non-leporide species. A recombinant
myxoma virus expressing capsid protein (VP60)
of rabbit hemorrhagic disease virus (RHDV) has
been shown to protect rabbit from myxomatosis
and RHDV [120]. MYXV expressing hemagglu-
tinin (HA) of influenza virus can induce high
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levels of anti-HA antibodies in rabbits as effi-
ciently as VACV vector [160]. MYXV recombi-
nant has been shown to be effective in protecting
cats from feline calicivirus [161]. The possibility
of using MYXV as a non-replicative vector in
small ruminants (sheep) has been demonstrated
[162]. Moreover, the use of MYXV-vectored
immunocontraception as a means to control wild-
life species has been assessed [163]. Myxoma
virus expressing immunocontraceptive antigen
(zona pellucida 3 [rZp3] glycoprotein of rabbit)
was able to induce autoimmune infertility in 70%
of rabbits at the first breeding [164].

MYXV encodes several proteins that are
known to cause immunosuppression in rabbits
[165]. Deletion of those immunosuppressive
genes is essential to enhance the safety and immu-
nogenicity of the MYXV vector.

11 Future Directions and Potential
for Other Applications

Poxvirus-based vectors have long been used as
vaccine delivery platforms in many animal spe-
cies. The overall immunogenicity, safety, and
broad disease and species applicability of these
viral vectors make them especially attractive for
vaccine delivery in veterinary medicine. After
decades of research, there is a general consensus
that replication-competent poxvirus vectors can
induce better immune responses in target species,
but they have potential for infecting non-target
hosts (e.g., vaccinia virus). In contrast,
replication-deficient poxviruses are safer but
induce comparatively lower immune responses.
Hence, future studies focusing on rationally
designed poxvirus vector platforms could lead to
more balanced vectors, with an improved safety
profile and immunogenicity. Poxviruses are
known for encoding several immunomodulatory
proteins (IMPs) that target host immune
responses to allow efficient virus infection and
replication. Most importantly, several of these
genes encode for virulence determinants that con-
tribute to poxvirus disease pathogenesis. By
targeting those genes, one could expect to attenu-
ate a given poxvirus vector and, perhaps,

simultaneously enhance its immunogenicity in
target animal species. As additional poxviral
IMPs are identified and characterized, we are
likely to see the development and refinement of
poxviral vectors.

In addition to modulation of poxvirus vector
safety and immunogenicity, the field would
greatly benefit from additional studies focused
on identifying better promoters for expression of
heterologous genes. Promoters that would allow
sustained gene expression following immuniza-
tion would likely result in more robust and long-
lasting immune responses. There is also a need
for better recombinant selection methods. The use
of CRISPR/Cas9 in combination with fluorescent
activated cell sorting is a promising approach that
may facilitate and speed up the selection process
of poxvirus vectors. Additional research
assessing the effect of dose and route of immuni-
zation, the stability of the recombinants, the
sustained heterologous gene expression, and per-
haps even the use of host cytokines to enhance
T-cell responses will be pivotal in developing safe
and immunogenic poxvirus-based vectored
vaccines in the future.

12 Summary

Since the first demonstration of recombinant vac-
cinia virus as an expression vector in 1982, we
have seen a huge improvement in different
aspects of poxvirus recombinant technology
from generating safer poxvirus strains to
improved methods of recombinant selection. We
now have better understanding of poxvirus infec-
tion biology which has enabled us to generate
safer and more immunogenic vectored vaccines.
There are many poxvirus-based recombinant
vaccines that have been licensed for commercial
use, and clinical trials are in progress for many
other infectious diseases of humans and animals.
Finally, given their utility, broad species applica-
bility, and immunogenicity, one can expect that
poxviruses will continue to evolve and remain as
one of the main vaccine delivery platforms both
in human and veterinary medicine.
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The Construction and Evaluation
of Herpesvirus Vectors

K. E. Robinson and T. J. Mahony

Abstract

Viruses belonging to the Herpesviridae family
are widely distributed in nature and are
associated with many diseases. Herpesvirus
infections and associated diseases of produc-
tion animals are of particular importance due
to economic losses incurred by industry and
significant animal health and welfare issues.
To address herpesvirus-associated diseases in
production animals, the use of vaccination has
been widely applied. To further enhance vac-
cine efficiency, concerted efforts to develop
vaccination systems that provide optimal
safety profiles while providing protective
immunological responses is an area of intense
study. This includes research to exploit
herpesviruses as viral vector systems that can
deliver heterologous antigens from other viral
and bacterial pathogens as a multivalent viral
vector system. This chapter describes the con-
struction and development of several species-
specific Alphaherpesvirinae-derived vector
platforms which have been exploited as multi-
valent live viral vaccines against pathogens
affecting horse, swine, poultry and cattle
industries.
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Learning Objectives After reading this chapter
you should be able to:

• Describe the key features of the herpesviruses
• Describe the properties of the herpesviruses

which are suited to vector applications
• Explain the commonly used strategies used to

generate herpesvirus vectors
• Describe the advantages of using a herpesvirus

vector
• List important diseases for which herpesvirus

vectors have been developed
• Describe some limitations of herpesvirus

vectors

1 Introduction

The family Herpesviridae is a large and diverse
family encompassing over 200 of the most suc-
cessful and evolutionarily ancient viruses.
Species-specific herpesviruses are pervasive in
nature and have been isolated from diverse hosts
including reptilian, mammalian, amphibian, fish
and molluscum species [1]. Herpesviridae
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members are further segregated into three major
subfamilies, namely, Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae,
based on their genomic structural organisation.
Morphologically, herpesvirus particles are com-
posed of four distinct structures designated: core,
capsid, tegument and envelope [1]. The core
contains the viral double-stranded DNA and is
encased within an icosahedral nucleocapsid struc-
ture, consisting of 162 capsomers (150 hexameric
and 12 pentameric) with a diameter of
95–110 nm. Residing adjacent to the nucleocap-
sid of the herpesvirus virion is the tegument. The
tegument is an amorphous proteinaceous layer of
variable thickness that is anchored to the vertices
of the nucleocapsid. The envelope enclosing the
tegument is a lipid bilayer mostly derived from of
the nucleus and plasma membranes and contains
several integral viral glycoproteins that appear as
spikes in electron micrographs [1, 8, 13]. Due to
the highly pleomorphic nature of the envelope
and variable thickness of the tegument, the
dimensions of herpesvirus particles can range
from 150 to 200 nm in diameter [1, 13].

The replication pathway of Herpesviridae can
be segregated into three distinct phases. The pri-
mary phase includes contact, attachment and
entry into susceptible cells resulting in the
localisation of the viral genome to the cell’s
nucleus. The second phase incorporates gene
transcription, translation and replication of the
genome via a cascade of sequentially transcribed
genes (α-, β-, γ-stage induction), with the final
phase incorporating capsid assembly, DNA pack-
aging and release [13]. A defining characteristic
of Herpesviridae family members is the capacity
of these viruses to persist in the host in a
non-replicating latent form. The periodic reacti-
vation of the virus from the latent state allows for
the transmission, potentially in the absence of
clinical signs, of the virus to naïve hosts ensuring
its persistence within the host population. Infec-
tion or reactivation of herpesviruses can be
associated with several diseases in important pro-
duction animals, and significant economic losses
can be incurred due to lost production, additional
animal therapeutics and management. To address
animal welfare and reduce economic losses

resulting from herpesvirus-associated disease,
vaccination is widely applied.

Vaccination has proved to be one of the most
important health and welfare advances for human
and animals. In veterinary applications, the use of
vaccines (concurrent with other disease manage-
ment practices) is a cost-effective method of
improving the health and welfare of animals
[2]. Numerous vaccine preparations
encompassing traditionally derived inactivated/
killed whole-pathogen, live attenuated and sub-
unit vaccines are available to producers with each
displaying advantages and disadvantages
depending on the species to be vaccinated, vacci-
nation route, required immunological response,
disease incidence and, importantly, cost per dose.

Live attenuated viral vaccines (LAVV),
consisting of a pathogen that has reduced viru-
lence/replicative capacity in its host, and thus not
able to cause disease, can induce a protective
immune response. The effectiveness of LAVV
lies in the capacity of the vaccine to display the
complete complement of viral antigens to the
immune system, be administered by the natural
route of infection and, depending on the nature of
the attenuation, mimic a natural infection of the
host [3]. These characteristics are likely to induce
the innate, humoral and cell-mediated immune
responses in the vaccinated host to protect against
the wild-type virus.

Development of LAVV aims to derive a virus
that is non-virulent, retains antigenicity and can
elicit a robust protective immune response. Tradi-
tionally, the development of a LAVV candidate
was achieved by using either chemical, mechani-
cal, or temperature stresses or serial passage of
virus in semi-permissive, non-host species or
cells. Subsequent selection of appropriate
mutants and evaluation of the vaccinal capacity
was then assessed by measuring immune
responses and protective efficacy via vaccina-
tion/challenge models. Many successful vaccines
have been developed using this approach. One
disadvantage in using this approach is that the
attenuation genotype of the virus of interest is
undefined and the possibility of reversion to
wild-type virulence is possible. However,
advances in next-generation sequencing
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technologies and the associated costs should
address this issue. Therefore, LAVV displaying
reduced virulence offers advantages for further
exploitation as through targeted genetic modifica-
tion(s). Current molecular technologies, includ-
ing homologous recombination (Fig.1) or
CRISPR [4], provide the capacity to develop
LAVV with defined alterations, mutations and
insertions, thus generating LAVV that are defined
in their mode of attenuation while being
optimised to deliver heterologous antigens.

With respect to herpesviruses, considerable
resources have been directed towards their devel-
opment as heterologous antigen delivery systems,
as species-specific herpesviruses are exceptional
delivery vehicles able to accommodate, effi-
ciently present antigens and induce protective
immune responses that can limit the severity of
disease in host animals. Herpesvirus-derived
LAVV-polyvalent vaccines may be engineered
for the specific targeting of pathogens, immuno-
logical responses, sites and hosts.

Many of the herpesviruses are uniquely suited
to development as vaccine vectors due to their
inherent biological and physical characteristics.
These characteristics include (i) the capacity of
herpesviruses to be propagated in a broad range of
cell types, resulting in high titre stocks. This
property can reduce vaccine dose costs that can
be restrictive in intensively farmed animals such
as chicken meat/egg production systems.
(ii) Genetically, herpesviruses contain a double-
stranded DNA genome that is stable and can be
easily manipulated by routine molecular
biological techniques. A significant advance was
the capacity to clone the complete genomes of
herpesviruses, which allows the viral genome to
be maintained as a bacterial artificial chromosome
(BAC) and has facilitated the application of bac-
terial gene mutagenesis techniques to viral
genomes [5, 6]. (iii) Many genes of herpesviruses
are nonessential for in vitro growth. Although
which genes are nonessential has not been
established for the majority of herpesviruses, the
gene requirement of several important human and
animal herpesviruses has been assessed
[7, 8]. The strong conservation of herpesvirus
gene function allows for the extrapolation of

gene requirements from one virus to another,
though exceptions to this rule do exist
[7, 8]. The consensus from these studies suggests
that approximately half of the genes encoded by
herpesviruses are not required for in vitro growth.
An important aspect of utilising herpesviruses as
vaccine vectors is that nonessential genes can be
utilised as insertion sites for genes encoding
antigens from other pathogens. Further, if the
deleted herpesvirus gene generates a detectable
immunological response in the host, the absence
of this response may be useful for differentiating
infected versus vaccinated animals (DIVA)
approaches. (iv) Finally, herpesviruses can stably
accommodate large amounts of exogenous DNA
well in excess of other viral vector systems, thus
improving the likelihood of successfully develop-
ing multivalent vaccines. These are just some of
the biological characteristics which make the
herpesviruses ideal vaccine vectors.

This chapter describes the construction and
development of herpesvirus vectors, followed by
a generic overview in the recombination technol-
ogy dominantly used in constructing multivalent
herpesvirus vectors, with a final summary of
selected alphaherpesvirus LAVV derived from
Bovine herpesvirus 1 (BoHV-1), Equine herpes-
virus 1 (EHV-1), Turkey herpesvirus (HVT) and
Pseudorabies virus (PRV) that have been
exploited as vaccines for the protection of cattle,
horse, poultry and swine, respectively, targeting a
number of important diseases.

2 Considerations
for the Construction
of Herpesvirus Vectors

The generation of efficacious herpesvirus vaccine
vector candidates encompasses several important
considerations. Primarily, the vector must be
appropriate for the target host. Growth properties
that are either restrictive or flexible in a host range
can endow specific- or cross-protective immune
responses. For example, the use of host-restricted
BoHV-1 vector for Bovine viral diarrhoea virus
(BVDV) vaccination [9, 10] versus the use of
flexible host range EHV-1 vector also utilised to
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deliver BVDV antigens to cattle [11]. The advan-
tage of using a non-host vector system for vacci-
nation is that an immune response can be induced
to a pathogen in the presence of maternal or
pre-existing immunity.

Secondly, the importance of amenable geno-
mic sites for insertion of exogenous antigen
sequences is a significant determinant of the suc-
cess of a vector. Although approximately half of
the genes of herpesviruses can be considered
nonessential in vitro, this is most likely not the
case in vivo. The complete gene requirement of
BoHV-1 has been assessed [7] and showed that
approximately half of the genes encoded are non-
essential for in vitro growth. However, growth
kinetic data suggested that deletion of certain
genes can cause moderate replicative deficiency
that would be detrimental to the development of a
vaccine vector [7]. Therefore, it is imperative that
any insertion site within a vector be assessed for
growth efficiency both in vitro and in vivo.

Thirdly, once an appropriate site has been
identified, the expression of genetic information
inserted into the vector requires that the transcripts
be efficiently transcribed, translated and presented
to the immune system. RNA virus antigen
sequences are generally not appropriate for expres-
sion in DNA-based vector systems, as observed for
the use of Bovine respiratory syncytial virus
(BRSV) antigens [12] and BVDV antigens
[9]. Therefore, the expression of cDNA transcripts
may require the use of synthetic and/or codon-
optimised open reading frames (ORFs) under the
control of efficient transcriptional promoter
elements. And depending on these requirements,
these antigens can be engineered to transcribe
inserts continuously upon infection or be induced
at specific stages of productive herpesvirus infec-
tion (i.e. α-, β-, γ-stage induction) [13].

A fourth consideration in the development of
viral vectors is the ease of genomic manipulation.
Technological advances allowing the stable main-
tenance of a herpesvirus genome in bacteria as a
BAC have facilitated the rapid advancement her-
pesvirus biology and vector development. Inves-
tigation and manipulation of the herpesvirus
genome can now be conducted independent of
cell culture systems and coupled with bacterial

recombination technologies; it is now possible to
incorporate several foreign exogenous gene
sequences into the genome with ease. These pow-
erful technologies open the possibility of devel-
oping herpesviruses vaccine vectors that may
induce protective immunity to several pathogens
simultaneously.

Lastly, determining the upper limit to the
amount of genetic material that can be added to
a herpesvirus genome without any deleterious
effects is an important consideration. Studies
using human adenovirus have demonstrated that
foreign DNA equating to approximately 5% of
the viral genome can be added without detriment
to virus replication. With regard to alphaher-
pesviruses, it has been suggested the genome of
Human herpesvirus 1 (HHV-1) can accommodate
up to 30 Kbp of exogenous sequence representing
a 20% increase in size of viral genome [14]. Muta-
genesis studies on HHV-1 suggest the virus can
readily accommodate insertion of at least 10 Kbp
without affecting replication [15]. Expression
studies evaluating conditional expression
switches in a HHV-1 BAC vector have reported
the successful accommodation and reconstitution
of virus with an 8.1% increase in genomic
size [15].

Herpesvirus-derived vectors can provide effi-
cacious multivalent vaccine strategies. Numerous
herpesviruses have been investigated as vaccine
vectors to delivery immunogenic, apoptotic,
immune-modulating or therapeutic genes in vet-
erinary applications [16]. Despite the potential of
herpesvirus vectors, some obstacles are still to be
resolved. Most significant is the prevention of
virus transmission via shedding and overcoming
the capacity of herpesviruses to enter the latent
state and persist within animals [17]. Advances in
the understanding of basic herpesvirus biology,
molecular biology, immunology and vaccine
adjuvant formulations herald a plethora of
vaccines that may provide avenues to overcome
these obstacles: in this respect, technologies such
as the advances in RNA interference (RNAi) and
its potential in combating herpesvirus-associated
diseases [18, 19]. While at the same time,
immune stimulation by the viral vector antigens
and/or heterologous antigens, herpesviruses and
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their associated diseases can be better controlled
and provide new avenues for the treatment of
animal disease and has the potential to transform
animal disease control.

3 Construction Strategy
for Herpesvirus-Based Vaccine
Vectors

Fig. 1 Schematic representation illustrating the generic
steps required to delete/replace an element from a herpes-
virus genome maintained as an infectious bacterial artifi-
cial chromosome (BAC) by homologous recombination
and characterisation of the mutant. (i) Generation of the
linear transgene (LT) molecule using PCR and chimeric
primers. At the end of the PCR process, the LT encodes a
bacterial resistance cassette (KanR) and sequence with
homology (black segments) to the 50 and 30 of the sequence
to be deleted/replaced. (ii) The LT is electroporated into
bacterial cells transiently enabled for homologous recom-
bination by the induction of recombination proteins
encoded by extrachromosomal plasmid. (iii) Recombinant
BAC clones are selected for on LB media containing

antibiotics. (iv) DNA from putatively recombinant BAC
clones were further characterised by DNA sequence
analyses to confirm the presence of the LT. The integrity
of the modified BAC is assessed using restriction endonu-
clease digestion in comparison with the parental BAC
clone. (v) The effect of the introduced mutation on the
rescue of infectious virus is then determined by transfec-
tion of the recombinant BAC into virus susceptible cells.
The replication capacity and characterisation of insert
expression in the rescued virus can be determined using
quantitative PCR (qPCR), protein/immunological detec-
tion and/or visualisation (e.g. IFA, TEM) relative to the
unmodified parental clone (adapted from [20])
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4 Bovine Herpesvirus 1

BoHV-1 is a globally distributed virus of cattle
and associated with respiratory and reproductive
diseases in feedlots, dairy and other intensively
farmed bovids. BoHV-1 is classified in the
Varicellovirus genus of the Alphaherpesvirinae
subfamily and is considered the prototype herpes-
virus of ruminants. The virus contains a genome
135.3 kbp in length encoding 73 open reading
frames (ORF). Common clinical syndromes are
associated with uncomplicated BoHV-1 infection
of cattle, including infectious bovine
rhinotracheitis and infectious pustular vulvovagi-
nitis, with the latter known as infectious pustular
balanoposthitis (IPB) in bulls.

In addition, BoHV-1 is also associated with
bovine respiratory disease (BRD). BRD is
characterised by severe respiratory distress,
mucopurulent nasal and ocular discharge, resulting
from a complex interplay of factors that encompass
viral and bacterial pathogens as well as environ-
mental conditions and animal stresses that may
cause and exacerbate the severity of BRD. BRD
is considered the most important cause of illness
and mortality in feedlot herds. BVDV, Bovine
parainfluenza-3 virus and BRSV along with
BoHV-1 are considered the main viruses linked
to BRD. Typically, BRD manifests as a result of
secondary bacterial colonisation of the respiratory
epithelium due to a primary infection with one or
more viruses.

Here we summarise the development of
BoHV-1 as a multivalent recombinant vaccine
vector for use against BRD and other significant
pathogens.

(a) Bovine Herpesvirus 1 Vectors

BoHV-1 has long been identified as a virus
that displays immense potential as a vaccine vec-
tor for the delivery of antigenic determinants to
the bovine immune system [21, 22]. Traditionally,
the use of BoHV-1 as a vaccine vector was reliant
on the attenuation of the virus by mutation, dele-
tion or disruption of genes individually, such as

the thymidine kinase [21, 22] and, glycoprotein E
(gE) or in multiples such as the dual gG-TK
deletion mutant, gE-TK or gE-UL49.5-US9 triple
deletion mutants. Several BoHV-1-derived vac-
cine vectors have been constructed that express
the major immunogens using expression cassettes
of either genomic or synthetic coding sequences
of several significant pathogens of ruminants
including BVDV, BRSV and Foot and mouth
disease virus (FMDV). Furthermore, BoHV-1
has been investigated as a novel oncolytic vector
for human cancers [23]. The following sections
summarise the development of BoHV-1 as a
polyvalent vaccine vector.

(b) BoHV-1 Vector Expressing Bovine Respira-
tory Syncytial Virus Antigens

BRSV is a member of the Pneumovirus genus
within the family Paramyxoviridae and is a sig-
nificant pathogen of cattle causing lower respira-
tory tract disease in calves [13]. In an effort to
develop a safe, efficient and efficacious vaccine
that may provide challenge protection to cattle
against BRSV, several BoHV-1-derived vaccine
vectors expressing a modified, chemically
synthesised attachment protein G ORF (G-syn)
of BRSV have been constructed [24].

The use of G-syn was devised from
experiments conducted by Kühnle et al. [12]
which showed genomic RNA-derived cDNA of
the G ORF of BRSV was incompatible with the
codon usage patterns of BoHV-1, resulting in
unstable expression of the cDNA transcript in
the nucleus. To achieve stable expression of the
BRSV G ORF, G-syn was constructed in which
the splice-donor and polyadenylation motifs were
removed to further reflect the codon usage pattern
of BoHV-1 Recombinant BoHV-1 constructs
harbouring G-syn stably express the transcript
and are post-transcriptionally modified with the
addition of N- and O-linked glycosides as well as
their incorporation into the BoHV-1 envelope
[12]. The advance was an important aspect of
designing LAVV incorporating RNA virus
antigens.
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Subsequent experiments assessing the immu-
nogenicity of two recombinant BoHV-1 vaccine
vectors expressing G-syn were assessed
[24, 25]. A BoHV-1 gE negative vaccine vector
harbouring the G-syn of BRSV (BoHV1/BRSV-
G) induced a high degree of protection against
both BRSV and BoHV-1 when compared to com-
mercial vaccine preparation containing live
attenuated BoHV-1, BRSV and BVDV
[25]. BRSV challenge studies of BoHV1/BRSV-
G-vaccinated calves reduced clinical signs with
temperatures not exceeding 39.5 �C. A significant
reduction in viral shedding was observed as well
as the induction of antibodies directed against the
BRSV-G protein. Following BoHV-1 challenge
of BoHV1/BRSV-G-vaccinated calves, clinical
signs were reduced with temperatures also not
exceeding 39.5 �C Nasal lesions were mild with
a significant reduction in the amount (~100-fold
lower) and duration of virus shedding when com-
pared to control calves. High titres of neutralizing
antibodies were induced to BoHV-1, and it was
concluded that the BoHV-1 vector expressing
G-syn induced a significant protective response
that may effectively protect cattle from both
BoHV-1- and BRSV-induced disease [25].

A second BoHV-1-derived vector harbouring
BRSV G-syn antigen inserted adjacent to the gE
promoter (BHV-1/G-syn) [24] showed that in
comparison with a frameshifted gE negative
clone mutant of BoHV-1 (BoHV-1/gEfs), an
actual increase in virulence was produced
[24]. BRSV challenge of gnotobiotic calves
vaccinated with either BoHV-1/G or BoHV-1/
gEfs showed that calves initially vaccinated with
BoHV-1/gEfs exhibited mild clinical signs. In con-
trast, calves vaccinated with BoHV-1/G-syn devel-
oped more severe clinical disease with a higher
recovery of BoHV-1/G virus from the lungs of
calves. However, vaccination with BoHV-1/G-
syn was shown to induce BRSV-specific serum
and respiratory secretion antibodies. Furthermore,
BoHV-1/G-syn vaccinated calves showed a signif-
icant reduction in the shedding of challenge virus,
with BRSV only recoverable from the lungs of one
calf. Overall, pneumonic lesions were significantly
reduced in challenged calves immunised with
BoHV-1/G-syn compared to control calves

vaccinated with BoHV-1/gEfs [24]. In comparison
with the previous construct, BoHV-1/G-syn was
considered to induce protection against BRSV
infection of the lower and to some extent the
upper respiratory tract of calves. However, the
perceived increase in virulence displayed by
BoHV-1/G-syn was speculated to result from an
enhanced ability to infect respiratory cells or
induce suppression of the pulmonary defence
mechanisms by protein G [24].

(c) BoHV-1 Vector Expressing Bovine Viral
Diarrhoea Virus Antigens

BVDV is a member of the Pestivirus genus of
the Flaviviridae family and is associated with
respiratory, reproductive and enteric diseases of
ruminants. BVDV infection of pregnant heifers
during the first trimester of pregnancy can result
in foetal infection, potentially resulting in calves
that are born persistently infected with BVDV
[13]. Persistently infected calves fail-to-thrive
continuously shed virus and may eventually
develop fatal mucosal disease [13]. To develop
vaccines for the immunisation of cattle against
BVDV, BoHV-1-derived vectors expressing
either synthetic [9] or genomic [10] forms of the
major BVDV epitope, E2 gene, have been
constructed.

To develop a bivalent LAVV to protect against
BVDV, Kühnle et al. [12] utilised a synthetic
form of the BVDV E2 ORF. However, no expres-
sion of genomic RNA-derived cDNA E2 ORF
was detected, and while the exact reasons for
this were not determined, the authors suggest
that cryptic RNA signalling motifs (such as
splice-donor sites and/or polyadenylation signals)
and codon usage destabilised the E2 transcripts in
the nucleus. Assuming this premise for BVDV, a
BoHV-1 vector harbouring a chemically
synthesised BVDV E2 ORF (E2-syn) preceded
by the pestivirus Erns signal peptide was
constructed [9]. The E2-syn was expressed and
stably incorporated into the viral envelope of the
BoHV-1-derived vector [9].

Studies conducted by Kweon et al. [26]
showed that the genomic form of the BVDV E2,
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under the control of the BoHV-1 TK promoter
(pBHVE2), could be expressed. However,
growth kinetic studies comparing unmodified
BoHV-1 vector virus to the pBHVE2 construct
showed that the construct growth, while inducing
a cytopathic effect, was delayed by 4 days. Immu-
nogenicity studies using a Guinea pig model
showed that immunisation with the pBHVE2
construct induced neutralising antibodies to
BVDV E2. Subsequent studies in cattle
immunised with pBHVE2 were inconclusive.
Vaccination with pBHVE2 demonstrated that
three out of four immunised cows recorded
temperature increases above 39 �C for 2–7 days
postinfection with associated clinical signs of
BoHV-1 disease which resolved 10 days postin-
fection. Increases in antibody titres to E2 of
BVDV due to an immunostimulatory effect of
pBHVE2 were observed for three cows; however,
one showed no detectable antibody response.
Subsequent studies where cattle were vaccinated
with pBHVE2 and subsequently challenged by
intravenous and intramuscular inoculation
BoHV-1 and BVDV, respectively, showed no
signs of infection with either BoHV-1 or
BVDV [26].

(d) BoHV-1 Vector Expressing Foot-and-Mouth
Disease Virus Antigens

BoHV-1 has been used as a vector to present
FMDV immunogenic epitopes in an effort to
protect cattle from foot-and-mouth disease
(FMD) [27]. These studies show that BoHV-1
may be used to incorporate and express antigenic
sequences of FMDV and induce a protective
response to this important pathogen. The BoHV-
1-derived vector was constructed to incorporate
either the monomeric or dimeric form of the
FMDV VP1 protein with the insert sequence pre-
ceded by the bovine growth hormone signal
sequence with the complete cassette under the
control of the native BoHV-1 gC promoter.
Recovery and visualisation of the recombinant
BoHV-1 virus by immunoelectron microscopy
studies showed that the FMDV-VP1 (dimer)
fusion protein was expressed as a repeated

structure on the surface of virions. The inocula-
tion of calves with the recombinant virus resulted
in no adverse clinical signs. Subsequent challenge
with virulent BoHV-1 demonstrated that
vaccinated calves were protected from BoHV-1
clinical disease. The vaccine also induced anti-
VP1 antibodies to levels that would be protected
from FMDV infection [27].

In summary, it is evident that BoHV-1 is ame-
nable for use as a vaccine vector for the delivery of
immunogenic epitopes from those pathogens that
are implicated in the BRDC and other significant
pathogens including parasites. These studies show
that BoHV-1 expressing exogenous DNA
sequences can induce immunological responses to
both vector and expressed antigens that may pro-
tect from associated virus-induced disease in cattle.

5 Equine Herpesvirus 1 Vectors

EHV-1 is a major cause of respiratory disease,
abortion and neurological disease in horses
worldwide [28]. EHV-1 is a member of the
Alphaherpesvirinae subfamily residing within
the Varicellovirus genus. EHV-1 is an excellent
candidate for development as a viral vaccine vec-
tor due to its capacity to infect a broad range of
cell types and induce strong humoral and cellular
immune responses in a wide range of species
[29]. Several EHV-1 vectors have been devel-
oped for use in both equine and other veterinary
species. The potential use of EHV-1-derived
vectors to human cancer and gene therapies has
also been explored [29]. For veterinary
applications, EHV-1 has been used as a bivalent
vector to express antigens from West Nile virus
(WNV), Equine influenza virus (EIV), Swine
influenza virus (SIV), BVDV, Rift Valley fever
virus (RVFV) and Canine influenza virus (CIV)
for use in various animals.

(a) EHV-1 Vectors Expressing West Nile Virus
Antigens

WNV is an arbovirus of the Flaviviridae fam-
ily and is a common cause of epidemic
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meningoencephalitis in North America
[30]. Horses and humans are incidental WNV
hosts, as the natural life cycle of the virus is
between birds and mosquitoes. However, in
horses, WNV replicates with enough efficiency
to titres that facilitate zoonotic transmission
[30]. An EHV-1 vector was demonstrated to sta-
bly express and incorporate the prM and E
antigens of WNV into the viral envelope with
no impact on the in vitro growth properties of
the virus [31]. Immunisation of horses with the
recombinant viral vector resulted in the produc-
tion of virus neutralising (VN) antibodies and a
substantial increase in WNV-specific IgG
antibodies [31]. The immune responses generated
in response to the EHV-1 vector suggested that a
degree of protection from WNV challenge would
be expected, therefore reducing the risk of horses
as a zoonotic WNV reservoir [31].

(b) EHV-1 Vectors Expressing Rift Valley Fever
Virus Antigens

RVFV is an arthropod-borne bunyavirus of the
Phlebovirus genus that can cause fatal disease in
humans and animals. Infection of ruminants is
characterised by acute hepatitis, abortion in preg-
nant animals and high mortality rates, particularly
in neonates. RVFV can be transmitted from
infected animals to humans [30]. The utilisation
of EHV-1 (RacH) vaccine strain, maintained as a
BAC clone, as a vector to deliver synthetic and
codon-optimised immunodominant RVFV
glycoproteins Gn and Gc, showed strong expres-
sion and no negative effects on the replication of
resulting vaccine vector [32]. Inoculation of
sheep produced neutralising antibody responses
that were able to reduce viral plaque size by 50%,
a known correlate with protection from RVFV
infection [32].

(c) EHV-1 Vectors Expressing BVDV Antigens

For the immunisation of cattle against BVDV,
an EHV-1 vector incorporating synthetically open
reading frame encoding the BVDV structural

proteins C, Erns, E1 and E2 was constructed
[11]. The EHV-1 viral vector stably expressing
the inserted ORFs with the translated BVDV pro-
tein products has no detectable effects on the
replication capacity of the vector [11]. Intramus-
cular (i.m.) immunisation of cattle induced a
strong BVDV neutralising antibody responses,
as determined using in vitro virus neutralisation
assays. Challenge of vaccinated cattle with
BVDV-1 was shown to induce an anamnestic
neutralizing antibody response resulting in signif-
icantly reduced viremia and virus shedding in
nasal secretions [11].

As outline previously, the ideal choice of vec-
tor to deliver BVDV antigens to cattle would be
BoHV-1, as it could serve as protection from two
important pathogens. However, the use of BoHV-
1 as the vaccine vector may not be possible in
cattle that have previously been vaccinated or
naturally exposed to BoHV-1. A BoHV-1 vector
might also affect eradication campaigns. This
highlights the flexibility of using EHV-1 as a
vaccine vector due to its capacity to induce pro-
tective immunological responses to heterologous
antigens in non-host species in the presence
pre-existing immunological responses to the
homologous vector for the species of interest.
The other advantage of using an EHV-1 vector
instead of a BoHV-1 viral vector for cattle is it
would not interfere with BoHV-1 control and/or
eradication programmes.

(d) EHV-1 Vectors Expressing Influenza Virus
Antigens

EHV-1 has been developed as a polyvalent
vaccine vector expressing the haemagglutinin
(HA) gene of EIV subtype H3N8 for immuniza-
tion of horses [33] and dogs [34] and the H1N1
influenza A virus of swine origin for the
immunisation of pigs.

EIV is a leading cause of respiratory, neuro-
logical and late-term abortion in mares [13]. To
develop a polyvalent vaccine candidate represen-
tative of the circulating strains of EHV-1, Van de
Walle et al. [33] used an abortion-associated
strain to express a codon-optimised H3 gene
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from EIV (H3N8). The resulting viral vector was
evaluated by immunisation of horses. Anti-EHV-
1 antibodies were detected 2 weeks after the ini-
tial vaccination. Vaccinated animals were
protected from intranasal challenge with
neurovirulent EHV-1 [33]. While the vaccinated
horses were not challenged with EIV,
EIV-specific antibodies were detected at levels
likely to confer protection against EIV [33].

CIV is an emerging infection of canines
resulting from the horizontal transmission of
equine influenza virus (EIV) (H3N8) from horses
to dogs [35]. A bivalent vaccine utilising EHV-1
(RacH) vector expressing a codon-optimised H3
gene from EIV (H3N8) (EHV-H3) was tested in
both mice and dogs [34]. Mice inoculated
i.n. three times at seven-day intervals with
EHV-H3 showed a dose-dependent antibody
response the EIV H3 antigen. In canines, subcu-
taneous (s.c.) immunisation with EHV-H3
induced strong H3 antibody responses. Challenge
of vaccinated canines with CIV (A/Canine/PA/
10915–07) showed a significant reduction and
early resolution of CIV associated clinical signs
[34]. The was also a significant reduction in CIV
shedding, likely to reduce transmission to suscep-
tible hosts.

As discussed above, EHV-1-derived vectors
expressing exogenous antigens are promising
prophylactic agents that can confer a significant
level of protection in several species of veterinary
importance. The application and general utility of
EHV-1 as a vaccine vector for the delivery of
immunogenic epitopes coupled with the capacity
of the virus to infect a range of cell types present
opportunities that are promising for the further
development of EHV-1 as a vaccine vector.

6 Herpesvirus of Turkey Vectors

Herpesvirus of Turkeys (HVT), with the correct
species name Meleagrid herpesvirus-1 (MeHV-
1), is a member of theMadivirus genus within the
Alphaherpesvirinae subfamily. Marek’s disease
(MD) is a highly contagious, lymphoproliferative
and tumorigenic disease caused by Gallid herpes-
virus 2 or Marek’s disease virus serotype

1 (MDV-1). HVT is non-pathogenic and
non-contagious in chickens and can elicit protec-
tive immune responses against MDV-1. These
characteristics coupled with those inherent to
herpesviruses have led to its development as a
multivalent recombinant vaccine vector to many
avian pathogens.

(a) HVT Vectors Expressing Marek’s Disease
Virus Antigens

Several HVT-1 vectors derived from the vac-
cinal strain FC-126 have been constructed to
express either single or multiple exogenous
sequences such as the immunodominant glyco-
protein B (gB) [36] and/or gC [37] genes of
MDV-1 with gB of MDV-1 shown to induce
robust immune responses that can protect
chickens from tumour formation [38]. Exploiting
this phenomenon, a recombinant vaccine vector
was constructed by inserting the gB of MDV-1
alongside the native gB of HVT with the former
shown to stably process and efficiently express
with the vector displaying no replicative detri-
ment to growth [36]. Subsequent testing of the
HVT vector by intramuscular vaccination of
1-day-old chicks showed the potential vaccine to
be non-pathogenic and potentially protective as a
strong antibody response was induced to both the
HVT antigens and the gB of MDV-1 as assessed
by serology. In this study, vaccinated chickens
were not challenged with MDV-1, but the poten-
tial use of an HVT vector to deliver exogenous
antigens of a significant viral pathogen to the
avian immune system and induce a robust
immune response to that may provide enhanced
protection against MD was a significant step [36].

(b) HVT Vectors Expressing Infectious Bursal
Disease Virus Antigen

IBDV, a member of the Avibirnavirus genus
within the Birnaviridae family, is associated with
disease in chicken flocks by inducing immuno-
suppression, bursal destruction, impaired growth
and high mortality rates. HVT vectors expressing
the IBDV virion protein 2 (VP2) gene have been
constructed and have been shown to elicit either
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partial or complete protect chickens from lethal
IBDV. The disparity observed between the pro-
tective effects highlights the dependency on
choosing the correct promoter to drive exogenous
antigen expression in some viral vectors. Darteil
et al. [39] constructed two rHVT vectors
expressing the VP2 gene of the IBDV inserted
into either the ribonucleotide reductase (RR) ORF
of HVT under the transcriptional control of the
native RR promoter (ß-gene) (rHVT001) or the
glycoprotein I (gI) locus under the control of the
human cytomegalovirus (CMV) immediate early
promoter (pCMV) (rHVT002). rHVT002 was
shown to induce 100% protection in challenged
birds [39]. However, partial protection was
observed upon IBVD challenge with chickens
inoculated with rHVT001. The reduced protec-
tion was attributed to lower RR promoter activity
of the rHVT001 vector. Furthermore, the partial
protection from the development of MD follow-
ing MDV-1 challenge of chickens vaccinated
with either rHVT001 or rHVT002 was suggested
to be a consequence of limited or no replication of
the rHVT001 or rHVT002 vectors in vivo, per-
haps due to deletion of the RR or gI loci [39].

(c) HVT Polyvalent Vaccine Vectors

HVT has also been evaluated for use as a
trivalent vaccine for protection against MDV
and Newcastle disease virus (NDV), a vector
expressing the gB and gC homologues of
MDV-1 as well as the fusion (F) and the
hemagglutinin-neuraminidase (HN) of NDV
(rHVT-F or rHVT-HN) for in ovo [37] and post-
hatch [40]. Heckert et al. [40] demonstrated that
complete protection against NDV-1 challenge
could be achieved within 2 weeks when
vaccinated with recombinant HVT expressing F
and HN of NDV at 1-day post-hatch. For in ovo
vaccination, Reddy et al. [37] showed that a sin-
gle inoculation of 18-day-old embryonated eggs
could induce immune responses that protected
chickens from challenge with very virulent
MDV-1 or NDV [37]. Furthermore, the rHVT
vaccine was shown to persist in inoculated birds
as compared to an inactivated NDV vaccine,

which could not be detected 1 week
p.i. suggesting that active persistence of the
rHVT vaccine may elicit a stronger cell-mediated
immune response and therefore greater protective
effect [37].

A polyvalent HVT vector expressing a fusion
(F) gene of NDV and gD and gI genes of ILTV
has been developed to protect chickens from
ILTV and NDV infection. ILTV and NDV
infections can occur early post-hatch and cause
considerable mortality and morbidity. However,
traditional vaccines for these diseases when given
in concert have significant reduction in efficacy.
Therefore, the application of a safe, efficacious
single polyvalent HVT-based recombinant vac-
cine to protect chicks against these diseases at
the same time would be ideal. A single dose of
rHVT-NDV-ILTV via in ovo vaccination at
embryonic development day 18 followed by
subsequent challenge with NDV, ILTV or MDV
at day-1 post-hatch showed protection levels of
97%, 94% and 97%, respectively. Comparatively,
a single subcutaneous vaccination with rHVT-
NDV-ILTV at day-1 post-hatch followed by
respective virus challenge induced high levels of
protection 100%, 100% and 88%, respectively.

The studies summarised above regarding vac-
cination of poultry have further highlighted the
importance of continuous and early induction of
gene expression to elicit protective responses in
vaccinated animals. The widely utilised
HVT-based vaccine is an efficacious vector that
is amenable for use as a recombinant multivalent
vaccine vector for the protection of chickens
against significant avian pathogens. Of interest
is the in ovo application of a polyvalent HVT
vector that can robust immune responses confer-
ring excellent protection that may potentially pro-
vide complete protection from significant flock
pathogens from the moment of hatch.

7 Pseudorabies Virus Vectors

Suid herpesvirus-1 (SuHV-1), commonly referred
to as PRV or Aujeszky’s disease virus, is a mem-
ber of the Varicellovirus genus of the Alphaher-
pesvirinae subfamily and is a significant pathogen
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of swine. PRV has been studied extensively as a
model system to delineate the biology of
herpesviruses, as expertly reviewed in [41]. Due
to its status as a model for herpesviruses, PRV has
long been identified as a vaccine vector and has
been extensively utilised for the delivery of one or
more immunogenic epitopes of significant viral
pathogens of swine.

(a) PRV Vector Expressing Porcine Reproduc-
tive and Respiratory Syndrome Virus
Antigens

Porcine reproductive and respiratory syn-
drome virus (PRRSV) is a member of the
Arterivirus genus within the order Nidovirales,
associated with respiratory distress and reproduc-
tive failure in swine. To limit PRRSV-induced
diseases, PRV-derived vectors have been
constructed that express the major membrane-
associated protein GP5 (rPRV-GP5) [42] or
co-express both GP5 (modified) (GP5m) and M
proteins (rPRV-GP5m-M) of PRRSV
[43]. Immunisation of piglets with rPRV-GP5
and subsequent challenge with PRRSV
demonstrated significant reductions in clinical
signs and reduced viremia after the challenge
virulent PRRSV [42].

Further, studies conducted by Jiang et al. [43]
utilising PRV as a bivalent vector construct
(rPRV-GP5m-M) demonstrated the vector was
able to induce a PRV-specific humoral response
in mice that completely protected them against
lethal PRV challenge. Although mice are refrac-
tory to PRRSV infection, rPRV-GP5m-M was
able to induce PRRSV-specific neutralising
antibodies and cell-mediated responses in the
mouse model. Subsequent studies utilising the
rPRV-GP5m-M construct in piglets demonstrated
that the viral vector was able to induce PRRSV-
specific neutralising antibodies and enhanced
cell-mediated immune responses. Subsequent
challenge of piglets with PRRSV suggested
reductions in clinical signs, viremia and virus
excretion in piglets vaccinated with the viral
vector [43].

(b) PRV Vector Expressing Porcine Circovirus
Type 2 Antigens

Porcine circovirus type 2 (PCV-2) is a recently
emergent (circa 1997) single-stranded DNA virus
of pigs belonging to the Circoviridae family,
strongly associated with the development of
post-weaning multi-systemic wasting syndrome
(PMWS) in piglets. A PRV viral vector was
engineered to express the major immunogenic
epitopes, ORF1 and/or ORF2 of PCV-2
[44, 45]. The rPRV vector constructed by Ju
et al. [45] incorporated ORF1 and ORF2 of
PCV-2 (rPRV-ORF1/2) and induced strong anti-
PRV and anti-PCV2 antibodies that protected
mice from lethal PRV challenge. Subsequent
studies in pigs utilising rPRV-ORF1/
2demonstrated a significant immune response
could be induced; however, the level of protection
from challenge afforded by rPRV-ORF1/2 in pigs
was not assessed in this study [45]. A second
PRV-derived vaccine vector expressing the
PCV-2 ORF2 (rPRV-ORF2), constructed by
Song et al. [44], induced significant humoral
responses to PRV and PCV-2 with PCV-2-spe-
cific lymphoproliferative responses detected at
day 49 [44]. While challenge studies were not
conducted, the immunological responses to the
vaccine were considered to have the capacity to
protect vaccinated animals.

(c) PRV Vector Expressing Classical Swine
Fever Virus Antigens

CSFV is the causative agent for hog cholera,
one of the most important diseases of swine
worldwide [13]. CSFV is a member of the
Pestivirus genus within the Flaviviridae family,
and due to the economic losses associated with
CSFV infection, the utility of PRV-derived vac-
cine vectors expressing the immunodominant
epitopes of CSFV has been constructed and
evaluated. PRV-derived vaccine vectors devel-
oped against CSFV incorporating the E1 gene
had the capacity to completely protect swine
from both PRV and CSFV challenge [46]. Peeters
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et al. [47], utilising a gD/gE double-deletion
PRV-derived viral vector, incorporated the E2
antigen of CSFV (PRV-E2); when used to inocu-
late pigs, it elicited strong neutralising antibodies
to CSFV E2 that completely protected pigs from
challenge with CSFV. Furthermore, the challenge
of vaccinated pigs virulent PRV was shown to
produce no clinical signs of PRV infection and
concurrent to a reduction in viral shedding.

(d) PRV Vector Expressing Foot-and-Mouth
Disease Virus Antigens

To protect animal herds from disease caused
by FMDV, PRV-derived vectors have been
constructed to express the VP1 capsid gene of
FMDV (rPRV-VP1) or to co-express the FMDV
precursor P1-2A capsid protein and the VP2 cap-
sid protein of porcine parvovirus (PPV) (rPRV-
P1-2A-VP2) [48].

Vaccination of pigs with the rPRV-VP1 con-
struct showed only limited success in protecting
pigs from subsequent challenge with 20 minimal
infecting doses of type O FMDV [49]. It was
shown that rPRV-VP1 was able to induce an
antibody response to both PRV and VP1, how-
ever, with respect to the latter antigen, at a much
lower level than those control animals vaccinated
with a commercial vaccine preparation. This low
level of antibody induction was purported to be a
result of the insertion position of the VP1 gene,
which was fused to the N-terminus of the gG gene
of PRV, a γ-transcribed gene induced late in the
replication cycle. The deficiency of the gG pro-
moter to provide the required amount of antigen
to elicit a protective immune response is analo-
gous to that observed by the HVT constructs of
Darteil et al. [39] and Tsukamoto et al. [50]. It is
possible that a protective immune response could
be achieved for rPRV-VP1 if the VP1 insert was
under the transcriptional control of a strong
α-phase, β-phase or chimeric transcription
promoter.

From the summary above, it is evident that
PRV is an extensively utilised virus amenable
for use as a vaccine vector for the delivery of

immunogenic epitopes from several significant
pathogens that affect swine. These studies show
that PRV-derived vaccine vectors expressing
exogenous DNA sequences can induce strong
neutralizing antibody responses to both vector
and exogenous antigens with efficacies able to
protect animals from subsequent pathogen
challenge.

8 Concluding Remarks

Here, we have focused on those alphaher-
pesviruses that naturally infect, are strongly
associated with economically damaging diseases
in important production animals and have been
investigated as potential multivalent vaccine vec-
tor candidates. From the summaries above, it is
evident that alphaherpesviruses are amenable for
use as vaccine vectors for the delivery of antigens
from a broad range of pathogens. Increasing the
efficiency of vaccination with multivalent vaccine
vectors now depends on the protective immune
responses to the antigens included in the vector,
determining the best vaccination regimen and
understanding the impact of vaccination on the
animal’s stage of development. For example, are
calves better protected against respective
pathogens when the dam is vaccinated prior to
implant, pre- or postbirth or weaning stages? As
improved levels of protection can be attained with
the correct timing of vaccinations. In most
instances, however, the respective herpesvirus
vector used can induce robust immune responses
that provide challenge protection in the target
animal and consequentially reduce the adverse
health, welfare and economic burdens in intensive
animal production systems.

While there is a considerable body of literature
pertaining to the successful development and
application of viral vaccines using herpesviruses
vectors, it is likely that we are on the cusp of a
new era based on several recently emerged or
emerging technologies. As next-generation
sequencing technologies continue to improve
and become more cost-effective, we will begin
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to better understand the genetics of the viruses
associated with livestock diseases. This will also
extend to the viral vaccine vectors we used to
combat these diseases. When combined with
host sequencing data (both genomic and
transcriptomic), we will begin to fully understand
the complex interplay between the host and the
pathogen to identify new and more effective inter-
vention strategies. At the same time, genome
editing tools will provide the capacity to manipu-
late the genomes of herpesvirus vectors with
greater precision. This capacity will not only
improve our understanding of herpesvirus biol-
ogy but also facilitate the development of new
viral vectors with enhanced properties, such as
robust transgene expression or targeting the vec-
tor to specific cell types in the host. Finally,
synthetic biology and associated technologies
may facilitate the construction of herpesvirus
vectors which combine the most desirable
attributes of well-characterised vectors into one
ideal viral vaccine vector with highly malleable
attributes to facilitate rapid adaptation to the dis-
ease or host interest.

9 Summary

Herpesvirus-based vectors are uniquely suited to
development as vaccine vectors due to their
characteristics such as the capacity to be
propagated in a broad range of cell types and
possessing a stable DNA genome that is relatively
easy to manipulate. Based on studies to date,
herpesvirus vectors are a promising platform for
the development of veterinary vaccines. Recently
emerged technologies such as next-generation
sequencing will play an important role in the
development of efficacious veterinary vaccines
based upon the herpesvirus vector in the future.
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Paramyxoviruses as Vaccine Vectors

Siba K. Samal

Abstract

Paramyxoviruses are a group of enveloped,
non-segmented, negative-sense RNA viruses
that include some of the major human, animal,
and avian pathogens. These viruses cause a
variety of diseases, ranging in severity from
mild respiratory infections to encephalitis and
death. The development of methods to recover
recombinant paramyxoviruses from cDNA,
known as reverse genetics systems, has made
it possible not only to study the lifecycle of
these viruses but also to use these viruses as
vaccine vectors. Paramyxoviruses stably
express a wide variety of heterologous
antigens at relatively high levels in many spe-
cies of animals including nonhuman primates,
thus making them potential vaccine vectors.
Paramyxovirus vectors have several
advantages over other viral vectors. It is most
likely that paramyxovirus vectors will play an
important role in future human and veterinary
vaccine developments. This chapter describes
our current knowledge of paramyxovirus biol-
ogy, genome replication, reverse genetics,
construction of vaccine vectors, advantages
and limitations of paramyxovirus vectors, and
specific recombinant paramyxoviruses used
for veterinary vaccine development.
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Learning Objectives
After reading, this chapter you should be able to:

• Describe the basic mechanisms of paramyxo-
virus replication

• Explain the reverse genetics method used to
generate recombinant paramyxoviruses from
cloned cDNAs

• Recognize the characteristics of paramyxovi-
rus vectors which are suitable for veterinary
vaccine development

• Explain the strategy used to construct a para-
myxovirus vaccine vector

• List important animal diseases for which para-
myxovirus vaccine vectors have already been
evaluated

• Describe some of the limitations of using
paramyxoviruses as vaccine vectors

1 Introduction

Paramyxoviruses are a family of enveloped
viruses with non-segmented, single-stranded,
and negative-sense RNA genomes. Members of
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this family include apathogenic to highly patho-
genic viruses affecting the human population, as
well as animals and birds. These viruses are pre-
dominantly responsible for respiratory diseases
and are usually transmitted via airborne droplets.
Some of the paramyxoviruses that cause human
diseases include measles, mumps, and human
parainfluenza viruses. There are also a number
of paramyxoviruses that infect animals and
cause notable diseases, such as rinderpest,
Newcastle disease, canine distemper, peste des
petits ruminants, and shipping fever in cattle. In
addition, Nipah and Hendra viruses are two
highly lethal zoonotic paramyxoviruses isolated
in modern times.

Availability of reverse genetics systems for
paramyxoviruses has allowed us to not only
understand basic molecular biology and patho-
genesis of these viruses but also use
paramyxoviruses as vectors for vaccine develop-
ment. Paramyxovirus vector vaccines represent
an attractive strategy to overcome some of the
limitations of conventional vaccines. These
vaccines are already available in the veterinary
vaccine market, and research to develop more
improved paramyxovirus vector vaccines against
a number of animal diseases is in progress around
the world. Undoubtedly, paramyxovirus vector
vaccines will play a major role in future veteri-
nary vaccine regimens.

2 History

The first paramyxovirus was discovered in 1926
from outbreaks of severe respiratory and neuronal
disease of chickens in Java, Indonesia [66], and in
Newcastle-upon-Tyne, England [25]. The virus
was named Newcastle disease virus (NDV). In
1953, another paramyxovirus was isolated in
Sendai, Japan, from a mouse inoculated with an
autopsy specimen from an infant with fatal pneu-
monia [69]. The virus was named Sendai virus
(SeV) and was later identified as a murine virus,
which is not pathogenic to humans. Between
1956 and 1960, four serotypes of human
parainfluenza virus (HPIV-1 to HPIV-4) were
recovered from children with lower respiratory

tract illnesses [13, 14]. In 1959, the name
parainfluenza was first used to describe
HPIV1–3 and SeV because some of the disease
signs are similar to influenza. Bovine
parainfluenza virus type 3 (BPIV-3), a close rela-
tive of HPIV-3, was isolated in 1959 from cattle
with shipping fever [100]. PIV-5, previously
known as Simian virus 5 (SV5), was first isolated
in 1954 as a contaminant from primary monkey
kidney cells [46]. PIV-5 was found to be the
cause of Kennel cough in dogs. The measles
virus was first isolated in 1954. Hendra and
Nipah viruses were the first highly lethal zoonotic
paramyxoviruses discovered in 1994 and 1998
from horses and pigs, respectively [115].

3 Host Range and Virus
Propagation

Paramyxoviruses have a broad host range. They
have been isolated from many different vertebrate
hosts including mice, rats, bats, dogs, cattle, pigs,
horses, reptiles, dolphins, seals, birds, and
humans. Most paramyxoviruses are capable of
infecting a wide variety of vertebrate hosts, but
in very rare cases, they may cross species barrier
and infect other species including humans. For
example, NDV can infect and cause mild, tran-
sient conjunctivitis or flu-like symptoms in
humans [89]. All morbilliviruses, except canine
distemper virus (CDV), are highly host-specific.
CDV has a broad host range, with infections
being observed in seals, lions, and monkeys.
Among members of the family Paramyxoviridae,
henipaviruses exhibit a remarkable broad host
range, with natural infections in several species
of animals and humans. Typically,
paramyxoviruses are attenuated in nonnatural
hosts. Most paramyxoviruses grow well in many
different primary and established cell lines. Some
paramyxoviruses do not readily grow in cell cul-
ture and require adaptation by several passages in
cell culture. Cell cultures derived from homolo-
gous species are generally used for the cultivation
of paramyxoviruses. However, several
paramyxoviruses grow well in cells of different
host origin. For example, avian paramyxoviruses
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grow well in embryonated chicken eggs or cells
derived from avian and non-avian species. Aviru-
lent NDV strains require the addition of a prote-
ase, such as trypsin, α-chymotrypsin, or allantoic
fluid (as a source of secreted protease) to the
medium for growth in cell culture. This is neces-
sary for cleavage activation of the viral fusion
(F) protein. The characteristic cytopathic effect
of paramyxovirus infection is the formation of
syncytia (multinucleated giant cells).

4 Virus Classification

All paramyxoviruses belong to the family
Paramyxoviridae. The family Paramyxoviridae
is one of the 11 virus families in the order
Mononegavirales. This order comprises viruses
with a non-segmented, linear, single-stranded
negative-sense RNA genome [47]. The
similarities in structure and in transcription and
replication mechanisms of RNA genomes suggest
that all members of this order may have evolved
from an ancestral virus. The family
Paramyxoviridae has four subfamilies:
Avulavirinae, Metaparamyxovirinae, Orthopara-
myxovirinae, and Rubulavirinae [47]. The sub-
family Avulavirinae has three genera:
Metaavulavirus, Orthoavulavirus, and
Paraavulavirus. The subfamily Metaparamyx-
ovirinae has one genus: Synodonvirus. The sub-
family Orthoparamyxovirinae has eight genera:
Aquaparamyxovirus, Ferlavirus, Henipavirus,
Jeilongvirus, Morbillivirus, Narmovirus,
Respirovirus, and Salemvirus. All avian
paramyxoviruses (APMVs) are classified in the
subfamily Avulavirinae.

5 Virus Structure

Virions are enveloped, 150–500 nm in diameter,
spherical, or pleomorphic (Fig. 1). Occasionally,
filamentous forms of variable length are present.
The envelope contains usually two transmem-
brane glycoproteins, an attachment protein
(HN, H, or G), and a fusion (F) protein
[71]. These proteins are present as

homo-oligomers and form densely packed spike-
like projections on the outer surface of the virion.
Some paramyxoviruses (PIV-5, MuV, and
APMV-6) have a third, small transmembrane pro-
tein, known as small hydrophobic (SH) protein.
Beneath the envelope lies a non-glycosylated
matrix (M) protein. Inside the viral envelope lies
the nucleocapsid. In the nucleocapsid, the viral
genome is tightly bound along the entire length
with the nucleocapsid (N) protein. The viral
nucleocapsid is associated with the phosphopro-
tein (P) and the large polymerase protein (L). The
nucleocapsid with its associated P and L proteins
has RNA-dependent RNA polymerase activity
and is the minimum unit necessary to accomplish
an infectious paramyxovirus life cycle. Although
multiploidy virions are found, most virions con-
tain a single functional genome.

6 Viral RNAs

The paramyxovirus genome is a non-segmented
negative-sense RNA, 14–19 kilobases in length
and contains 6–10 genes encoding up to 12 differ-
ent proteins (Fig. 2). At the 30 and 50 ends of the
genome are short extragenic (noncoding) regions

Envelope

RNA

N
P
L

HN

M
F

Fig. 1 Schematic diagram of a paramyxovirus particle.
The lipid bilayer is shown as an envelope, and the matrix
protein is located beneath the envelope. The
haemagglutinin-neuraminidase (HN) and the fusion
(F) glycoproteins are inserted through the viral envelope.
Inside the virus particle lies the nucleocapsid, which is
made up of negative-sense RNA encapsidated with nucle-
ocapsid protein (N) and associated with the phosphopro-
tein (P) and the large polymerase protein (L)
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known as the “leader” and “trailer,” respectively.
The leader is approximately 55 nucleotides (nt) in
length, whereas the length of the trailer is vari-
able. The leader region contains a single genomic
promoter that is involved in the synthesis of the
mRNAs as well as a complete positive-sense rep-
licative intermediate called the antigenome. The
trailer region contains the promoter involved in
the synthesis of a complete negative-sense geno-
mic RNA. The genes are arranged in the order N,
P, M, F, HN, and L between the leader and trailer.
At the beginning and at the end of each gene are
10–13 nucleotide conserved transcriptional con-
trol signals involved in initiation and termination/
polyadenylation of the mRNAs. These conserved
sequences are known as gene-start (GS) and
gene-end (GE) sequences. The genes are
separated by short intergenic sequences (IGS)
that are not copied into mRNAs. Each gene
encodes one protein except the P gene which
encodes one or more accessory proteins using
RNA editing [71]. PIV-5, MuV, and APMV-6
each contain a seventh small gene called
SH. The genomic and antigenomic RNAs are
always tightly bound along their entire length
with the N protein at a ratio of one protein mole-
cule per six nucleotides. The N-RNA protects the
RNA from degradation by nucleases. Therefore, a
genome whose length is not an even multiple of
six nucleotides will not be precisely encapsidated
by the N protein and will not be protected from
nucleases. Consequently, all paramyxovirus
genome lengths are even multiples of six, thus
meeting the requirement for efficient RNA repli-
cation, which is termed as the “rule of six” [11].

7 Transcription and RNA
Replication

Transcription and RNA replication take place in
the cytoplasm of the host cell and are performed
by the viral RNA-dependent RNA polymerase
(RdRp), which is composed of L and P proteins.
The genomic and antigenomic RNAs
encapsidated by the N protein form the ribonu-
cleoprotein (RNP) core. Only such RNP, but not
free RNA, is suitable as a template for viral RdRp.

Transcription begins at the 30-leader region. The
genes are transcribed sequentially in their 30–50

order by responding to their GS and GE signals
on the genome. At a GS signal, the viral polymer-
ase begins mRNA synthesis, adds a methylated
cap to the mRNA, and when it reaches the GE
signal polyadenylates and releases the mRNA.
The polymerase remains attached to the viral
RNA and scans to locate the next GS signal,
where it reinitiates RNA synthesis (Fig. 2). Occa-
sionally, the viral polymerase dissociates from the
template leading to a gradient of transcription.
Therefore, the genes at the 30 end of the genome
are synthesized in large amounts than the genes
present at the 50 end of the genome. This is a
mechanism that paramyxoviruses and all other
members of Mononegavirales use to control the
level and type of viral RNA synthesis. After pri-
mary transcription of viral mRNAs and accumu-
lation of sufficient viral proteins, the (�) sense
genome is replicated to generate full length (+)
sense antigenomes. In this case, the polymerase is
highly processive and disregards all the transcrip-
tion signals. The antigenomes in turn act as
templates for the polymerase to synthesize (�)
sense genomic RNAs, which are used for second-
ary transcription and for the formation of progeny
virions. It is believed that the promoter in the
antigenome is stronger than the promoter in the
genome, which leads to the synthesis of more
genomic RNAs. The genomic and antigenomic
RNAs differ from mRNAs by being encapsidated
with N protein as they are synthesized.

8 Viral Proteins

Paramyxoviruses encode eight to twelve viral
proteins depending on the virus. However, there
are six proteins common to all paramyxoviruses
that are essential for virus replication. These
include two surface glycoproteins: F and HN, H,
or G. The concerted effort of both the
glycoproteins is required for entry of
paramyxoviruses into the host cell. The F protein
mediates penetration of the host cell by inducing
fusion between the viral envelope and the host
cell plasma membrane. It also causes the fusion of
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infected and uninfected cells resulting in syncytia
formation. The F protein is synthesized as an
inactive precursor (F0), which is activated follow-
ing cleavage by a cellular protease to yield two
disulfide-linked F1 and F2 subunits. Cleavage of
F0 is a prerequisite for paramyxovirus infectivity
and pathogenesis. The attachment protein
(HN, H, or G) is responsible for adsorption of
the virus to the host cell by binding to a cell
surface receptor. Fusion of the viral envelope
with the host cell membrane then occurs by a
process that is driven by large conformational
changes in the F protein [71].

The M protein is the most abundant protein in
the virion and plays a coordinating role in virus
assembly and budding. The N protein binds
tightly to the genomic and antigenomic RNAs to
form an RNase-resistant helical nucleocapsid.
The P protein is heavily phosphorylated and acts
as a non-catalytic subunit of the viral RNA poly-
merase. The P protein plays an important role in
tethering the L protein to the genomic template
during viral RNA synthesis. The L protein is a
large multifunctional protein responsible for
RNA synthesis, mRNA capping, and methyla-
tion. The P gene, depending on the virus, encodes
one or more accessory proteins, namely, C, V, W,
I, and D through RNA editing [71]. The functions
of the SH protein are not well understood.

9 Immune Response During
Natural Infection

Paramyxovirus infections in humans and animals
induce potent local and systemic humoral and
cellular immune responses. The two surface
glycoproteins are involved in the generation of
immunity to infection. Antibodies specific to F
and HN proteins have virus neutralizing activities
[50]. However, the F protein induces higher
levels of neutralizing antibodies compared to the
HN protein [111]. Anti-HN antibodies, which
block virus attachment, are effective only when
there is little cell fusion and the virus spreads
extracellularly, whereas, anti-F antibodies are
capable of completely preventing the spread of
virus in cells undergoing cell fusion, as well as

nonfusing cells [83]. Studies have demonstrated
the ability of serum neutralizing antibodies to
provide resistance to virus replication [83]. The
local nasal secretory IgA antibodies play an
important role in neutralizing virus infectivity in
the respiratory tract. Although the levels of
antibodies correlate well with protection, specific
T cell-induced immunity also plays a critical role
in the clearance of paramyxovirus infection [51].

10 Reverse Genetics

Reverse genetics is a method used to determine
the function of a viral gene or a specific gene
sequence by mutating the sequence in vitro and
finding the changes at the phenotypic level.
Among animal viruses, genome manipulations
were first performed in DNA viruses followed
next by positive-sense RNA viruses. Manipula-
tion of the genome of negative-sense RNA
viruses was challenging due to several reasons.
The most notable challenge was that the naked
genomic RNA of non-segmented negative-sense
RNA viruses (Mononegavirales) is not infectious,
unless it is encapsidated by the N proteins and
associated with viral RdRp (P-L). Therefore, the
minimum viral unit to initiate an infectious cycle
is not only the genomic RNA but also the geno-
mic RNA plus the viral N, P, and L proteins,
which must be available inside the cell to start
the first round of virus-specific mRNA synthesis.
The first reverse genetics system for a
non-segmented negative-sense RNA was
achieved in 1994 for rabies virus [103]. In this
study, a plasmid was constructed that expressed a
full-length rabies virus RNA transcript from a T7
RNA polymerase promoter. The plasmid DNA
containing the full-length copy of the viral
genome was transfected into cells infected with
a recombinant vaccinia virus expressing the T7
RNA polymerase. Three other plasmids
expressing the rabies virus N, P, and L proteins
were also co-transfected into these cells. This
system was based on the use of anti-genomic
(positive-sense) rather than the genomic
(negative-sense) RNA because of concern that
simultaneous expression of naked
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negative-sense genomic RNA and positive-sense
mRNAs would result in hybridization and gener-
ation of double-stranded RNA, which will induce
interferon and may not serve as a template for
transcription and replication. This approach has
been applied to the development of reverse genet-
ics systems for all families of Mononegavirales.

The development of reverse genetics systems
for non-segmented negative-sense RNA viruses
has improved our understanding of the structure-
function relationships of viral components and
their contributions to the pathogenicity of these
viruses. It has also made it possible to engineer
rational live attenuated vaccines against some of
these viral agents. In addition, it has enabled us to
engineer negative-sense RNA viruses as vectors
to express foreign proteins. These novel vectors
have potential applications in vaccine develop-
ment, gene therapy, and cancer treatment.

The first paramyxovirus reverse genetics
systems were developed in parallel in 1995 for
measles virus [98] and for Sendai virus
[30]. Since then reverse genetics systems have
been developed for many paramyxoviruses
representing all major genera (Table 1).

11 Construction Strategies
of Paramyxovirus Reverse
Genetics Systems

Development of a reverse genetics system for a
paramyxovirus basically consists of artificially
creating a viral replication cycle inside a cell by
transfecting four plasmids, one plasmid
containing a cDNA encoding the full-length
antigenomic RNA of the virus and three plasmids
containing cDNAs encoding the minimal viral
proteins (N, P, and L) necessary for viral RNA
transcription and replication (Fig. 3a). Construc-
tion of a reverse genetics system first requires
determination of the complete genome sequence
of the virus strain to be rescued. Once the com-
plete sequence of the genome, including the exact
30 and 50 ends, is known, the next step is to
assemble a full-length cDNA copy of the
antigenome.

11.1 Assembly of a Full-Length cDNA
Clone Encoding the Antigenome
of the Virus

Several strategies are used to assemble a full-
length cDNA clone of the antigenome. Among
these strategies, the sequential cloning based on
naturally occurring or artificially created restric-
tion enzyme (RE) sites in the genome is the most
widely used method for the rescue of
paramyxoviruses. This strategy requires the use
of a sequence analysis software (e.g.,DNASTAR,
Clone Manager) to analyze the complete genome
sequence of the virus strain and identify the natu-
rally occurring unique RE sites. In cases where
the convenient unique RE sites are not available,
the nucleotide sequences (preferably in the 30

noncoding region of a gene) are modified to cre-
ate unique RE sites. The total length of the cDNA
is adjusted to maintain the “rule of six.” The
cDNA fragments are amplified from the genomic
RNA by RT-PCR using specific primers and a
high-fidelity polymerase. The cDNA fragments
are then sequentially cloned into the multiple
cloning site of a transcription vector. The tran-
scription vector is modified to include a linker
containing the RE sites necessary for assembly
of the full-length antigenomic cDNA. Although
this sequential cloning method is widely used, it
is extremely time-consuming and requires multi-
ple cloning steps.

Since the sequential cloning method is time-
consuming, ligation-independent cloning (LIC)
systems that do not require multiple cloning
steps have been developed. The LIC systems
have been used to assemble the antigenome of
NDV using an In-Fusion® PCR (Clonetech,
USA) system [40, 75]. This system is rapid and
reliable compared to the traditional assembly
systems using the RE sites.

New advances in chemical synthesis of long
nucleic acid fragments have also made it possible
to synthesize a full-length cDNA clone of the
antigenome with additional RE sites to facilitate
cloning into the transcription vector.

Regardless of which method is used to assem-
ble a full-length cDNA, the sequence of the entire
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full-length cDNA clone must be determined and
compared with the sequence of the parent virus to
make sure that there is no error in the sequence of
the full-length cDNA. The full-length cDNA is
then cloned into a plasmid vector. In theory, most
cloning plasmids can carry a DNA insert of at
least 15 kb in size. Although low, medium, and

high copy numbers of plasmids can be used as
vectors to clone a full-length cDNA insert, low-
copy-number plasmids are preferred because of
their ability to prevent spurious transcription of
foreign DNA sequences from upstream plasmid
promoters. The Escherichia coli cells are most
commonly used for propagation of plasmids. An

Table 1 Reverse genetics systems currently available for Paramyxoviridae. References for the first published reverse
genetics system of the respective species

Genus Species Virus (abbreviation)
Reverse genetics
established References

Orthoavulavirus Avian avulavirus 1 Avian paramyxovirus
1 (APMV-1)

Romer-Oberdorfer et al.
(1999)

[101]

Avian avulavirus 1 Newcastle disease virus (NDV) Krishnamurthy et al.
(2000)

[67]

Metaavulavirus Avian avulavirus 2 Avian paramyxovirus
2 (APMV-2)

Subbiah et al. (2011) [113]

Avian avulavirus 6 Avian paramyxovirus
6 (APMV-6)

Tsunekuni et al. (2017) [118]

Avian avulavirus 7 Avian paramyxovirus
7 (APMV-7)

Xiao et al. (2012) [128]

Avian avulavirus 10 Avian paramyxovirus
10 (APMV-10)

Tsunekuni et al. (2017) [118]

Paraavulavirus Avian avulavirus 3 Avian paramyxovirus
3 (APMV-3)

Kumar et al. (2011) [68]

Avian avulavirus 4 Avian paramyxovirus
4 (APMV-4)

Kim et al. (2013) [56]

Henipavirus Cedar henipavirus Cedar virus (CedV) Laing et al. (2018) [70]
Hendra henipavirus Hendra virus (HeV) Marsh et al. (2013) [80]
Nipah henipavirus Nipah virus (NiV) Yoneda et al. (2006) [131]

Morbillivirus Canine morbillivirus Canine distemper virus (CDV) Gassen et al. (2000) [31]
Measles morbillivirus Measles virus (MeV) Radecke et al. (1995) [98]
Small ruminant
morbillivirus

Peste des petits ruminants virus
(PPRV)

Hu et al. (2012) [42]

Rinderpest
morbillivirus

Rinderpest virus (RPV) Baron and Barrett (1997) [3]

Respirovirus Bovine respirovirus 3 Bovine parainfluenza virus
3 (BPIV-3)

Schmidt et al. (2000) [102]

Human respirovirus 1 Human parainfluenza virus
1 (HPIV-1)

Newman et al. (2002) [90]

Human respirovirus 3 Human parainfluenza virus
3 (HPIV-3)

Hoffman and Banerjee
(1997)

[38]

Murine respirovirus Sendai virus (SeV) Garcin et al. (1995) [30]
Canine rubulavirus Parainfluenza virus 5 (PIV-5) He et al. (1997) [37]
Human rubulavirus 2 Human parainfluenza virus

2 (HPIV-2)
Kawano et al. (2001) [52]

Mumps rubulavirus Mumps virus (MuV) Clarke et al. (2000) [20]
Sosuga rubulavirus Sosuga virus Welch et al. (2018) [125]

Narmovirus Tupaia narmovirus Tupaia paramyxovirus (TPMV) Engelond et al. (2017) [27]
Jeilongvirus J paramyxovirus J paramyxovirus (JPV) Abraham et al. (2018) [1]
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E. coli strain that can propagate large fragments
of DNA, does not possess specified
restriction-modification systems, or grows very
fast (e.g., DH10β, TOP10) is used.

11.2 Transcription of Infectious Virus

In order to transcribe viral RNA from cDNA
inside the cell, the viral sequence needs to be
cloned next to a suitable promoter, and the

Fig. 3 A schematic representation of the method used to
rescue Newcastle disease virus (NDV) from cDNAs. (a)
The plasmid containing the full-length cDNA of NDV
antigenome and three plasmids containing the ORFs of
nucleocapsid protein (N), phosphoprotein (P), and large
polymerase protein (L) are constructed. (b) To generate
recombinant NDV from cDNAs, antigenome sense (+)

full-length RNAs are synthesized by T7 RNA polymerase
in cDNA transfected cells. Coexpression of viral N, P, and
L proteins in the same cell results in the production of (+)
sense ribonucleoproteins (RNPs). Subsequent transcrip-
tion to (�) sense RNPs, followed by the expression of
the viral proteins from the genome leads to the production
of infectious NDVs

Paramyxoviruses as Vaccine Vectors 121



specific RNA polymerase enzyme needs to be
present for binding to the promoter. The most
commonly used promoters for paramyxovirus
infectious clones are the bacteriophage promoter
T7 and, to a lesser extent, the eukaryotic promoter
of the human cytomegalovirus (referred to as
CMV promoter). Each promoter has its own
advantages and disadvantages. The bacteriophage
T7 promoter is highly efficient in transcription but
requires the presence of T7 polymerase inside the
cell. On the other hand, the CMV promoter can
produce viral RNA after direct transfection of
full-length cDNA into eukaryotic cells. Although
CMV promoter confers some advantages over T7
promoter, it is transcriptionally active in E. coli
leading to the problems of the stability and the
toxicity of the plasmid in the bacteria, while T7
promoter is not transcriptionally active in E. coli.

The T7 polymerase expression system using
poxvirus has been the most frequently used
method in virus rescue systems. The recombinant
vaccinia virus vTF7-3 was used to rescue rabies
virus in 1994 [103]. Although vTF-7-3 expresses
a high level of T7 polymerase, the virus produces
a high degree of cytopathic effect, and elimina-
tion of the helper virus from the recovered virus
stock is time-consuming. Therefore, a highly
attenuated, host-range-restricted modified vac-
cinia virus strain Ankara (MVA/T7) has been
used to express T7 polymerase [126]. MVA/T7
can replicate in avian cells but cannot multiply in
most mammalian cells. Although MVA/T7 is
widely used to rescue paramyxoviruses, it is not
ideal for vaccine development for several reasons.
First, this method requires a stringent step to
separate the recovered paramyxovirus from the
T7 expressing helper virus. Secondly, poxvirus
can increase the chance of recombination
between transfected plasmids. Thirdly, poxvirus
encodes a large number of modifying enzymes,
which can affect the genes of the recovered virus.
Lastly, MVA shuts down host cell protein synthe-
sis, which can affect the rescue of the virus.
Therefore, several alternative transcription
systems that do not use poxvirus have been devel-
oped. In one system, RNA polymerase II under

the control of CMV promoter has been used
[84]. This system has been shown to be effective
in the recovery of NDV [15, 74, 122, 137]. In
another approach, cell lines stably expressing T7
polymerase have been developed. The most com-
monly used is a baby hamster kidney (BHK) cell
line expressing T7 RNA polymerase (BSRT7/5
cells) [5]. Although this system circumvents some
of the issues associated with poxvirus, it is not
widely used because of low efficiency in virus
recovery compared to T7 expressing poxvirus
systems. This is due to the lower level of T7
expression by T7 cell lines [26].

One factor that is critical for the recovery of
paramyxovirus is the synthesis of antigenomic
RNA with the exact 50 and 30 ends.
T7-dependent transcription of full-length cDNA
adds three nonviral G residues at the 50 end of the
viral antigenomic RNA. Although these nonviral
residues are removed during replication, their
presence can affect the efficiency of virus rescue.
To address this problem, some rescue systems
have introduced a hammerhead ribozyme
(HamRz) sequence after the T7 promoter and
the start of the antigenome sequence [4, 72],
which creates a correct 5’end and improves res-
cue efficiency. However, this strategy is not
widely used for paramyxovirus rescue. Another
factor that also plays a major role in rescue effi-
ciency is the amount of T7 polymerase inside the
cell. To increase the level of expression of T7
polymerase, the sequence of the T7 polymerase
gene has been codon-optimized for mammalian
cells. It has been reported that addition of a
HamRz sequence immediately preceding the
start of the antigenome sequence and the use of
codon-optimized T7 polymerase gene has sub-
stantially increased rescue efficiency for
paramyxoviruses [4]. To generate the exact 30

end of the antigenome after transfection from
the plasmid, an 84-nt hepatitis delta virus
(HDV) autocleaving ribozyme sequence is placed
directly after the 30 end of the cDNA [95]. The
HDV ribozyme sequence is then followed by a T7
terminator sequence. Addition of the T7 termina-
tor sequence also increases the rescue efficiency.
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11.3 Construction of Support
Plasmids

In addition to the plasmid containing the full-
length antigenomic cDNA, three support
plasmids expressing viral N, P, and L proteins
are needed for the rescue of paramyxoviruses.
Generally, viral N, P, and L ORFs flanked by
the T7 promoter and T7 terminator sequences
are cloned into three separate plasmid vectors
(Fig. 3a). For successful virus rescue, the
viral N, P, and L proteins must be expressed in a
precise ratio. Therefore, the amount of each sup-
port plasmid varies considerably in different para-
myxovirus rescue systems. Generally, the N
plasmid is used in large amounts, followed by P
and L plasmids. The optimal ratio of different
support plasmids necessary for successful recov-
ery of a paramyxovirus is generally determined
through trial and error.

11.4 Transfection and Rescue
of Infectious Virus

Once the full-length antigenome plasmid and the
three support plasmids have been constructed, the
next step is the rescue of infectious virus
(Fig. 3b). Several mammalian cell lines which
produce T7 polymerase upon infection with
MVA/T7 and support the growth of the para-
myxovirus are used (e.g., HEp-2, BHK-21,
HEK293, Vero, and A549). For efficient rescue,
the quality of plasmid, the titer of MVA/T7 virus
stock, and the condition of the cell monolayer are
critical. Generally, standard Midiprep or
Maxiprep purification of the plasmid DNA is
sufficient for transfection, but the transfection
efficiency can be improved by purifying the plas-
mid through CsCl density gradient centrifugation.
Many commercially available transfection
reagents (e.g., Xfect, lipofectamine) have been
successfully used to rescue paramyxoviruses.
The quality of cells used for transfection is impor-
tant. The cells for transfection should be regularly

maintained. Subconfluent monolayers (60%–80%
confluence) of overnight cells are highly support-
ive of transfection. For rescue of avirulent
(lentogenic) NDV strains (e.g., LaSota and B1),
5% fresh allantoic fluid is supplemented in the
cell culture medium after transfection, because
the F protein of these strains is synthesized as an
inactive precursor F0, which requires an extracel-
lular trypsin-like protease for cleavage site activa-
tion [86]. Following transfection, the cells are
maintained at 37 �C for 3–4 days. The supernatant
from the transfected cells is then passaged two or
three times in the same mammalian cells to
remove MVA/T7 and amplify the rescued virus.
In the case of NDV, the supernatant from
transfected cells is amplified in embryonated
chicken eggs. The presence of a rescued virus in
the cell culture or allantoic fluid is determined by
hemagglutination (HA) test and followed by
sequencing of the viral genome. The rescued
virus is further separated from any residual helper
MVA/T7 virus by plaque purification.

It should be noted that reverse genetics
systems for paramyxoviruses are in general inef-
ficient and not always produce consistent results.
The recovery efficiency also varies among
paramyxoviruses. Rescue of some
paramyxoviruses is notoriously inefficient and
requires repeated rescue attempts. In general,
those viruses that grow poorly in cell culture are
also difficult to rescue. In order to rescue a para-
myxovirus, all four plasmids must be transfected
into the same cell in an optimal ratio, which
happens rarely. Consequently, the efficiency of
recovery of Mononegavirales is very low. For
example, the recovery frequency of the first rabies
virus rescue was ~1 focus forming unit for 107

cells in the vaccinia-based system [103]. Although
the recovery efficiency has since then improved
significantly due to the addition of HDV ribo-
zyme sequences to generate exact 30 end, the
recovery efficiency is still very low. Therefore,
there is a need to improve the rescue efficiency, so
that it will be possible to rescue some of the
difficult and highly attenuated paramyxoviruses.
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12 Paramyxoviruses as Vaccine
Vectors

Paramyxoviruses have several characteristics that
make them attractive as vaccine vectors for
human or veterinary use [10, 58]. Most impor-
tantly, several naturally occurring or recombinant
paramyxovirus strains exist which are highly safe
in humans and animals. Paramyxoviruses repli-
cate well in vivo and induce robust immune
responses. They have a broad host range, which
makes them suitable as a vaccine vector for mul-
tiple animal species and humans.
Paramyxoviruses replicate in the cytoplasm of
infected cells and, therefore, do not integrate
into the host cell DNA. In contrast to adeno-,
herpes-, and poxvirus vectors whose genome
encodes many proteins, paramyxoviruses encode
only eight to twelve proteins, and thus, there is
less competition for immune responses between
vector proteins and the expressed foreign antigen.
Paramyxoviruses readily incorporate foreign
membrane proteins into their envelope, to
enhance the immune response of the foreign pro-
tein. A foreign gene is relatively stable in
paramyxoviruses because there is no genome
recombination or reassortment and loss of the
foreign gene, as frequently happens in positive-
sense RNA viruses [28, 104]. Most
paramyxoviruses infect via the intranasal route
and, therefore, induce both mucosal and systemic
immune responses. Paramyxoviruses are pleo-
morphic, with sizes ranging from 150 to 500 nm
in diameter. This structural flexibility allows the
virus genome to accommodate foreign genes of
various sizes, which is a constraint for icosahedral
viruses. Paramyxoviruses grow in a wide range of
cell types and in embryonated eggs with high
titers, which makes vaccine production cost-
effective.

13 Rescue of a Recombinant
Paramyxovirus Containing
a Foreign Gene

The modular organization of the paramyxovirus
genome (Fig. 2) facilitates insertion of a foreign
gene. The short GS and GE signals further facili-
tate engineering of the foreign gene. The general
method for recovery of a paramyxovirus
containing a foreign gene is described in the fol-
lowing sections, and the detailed step-by-step
laboratory method is described in several
publications [2, 60].

13.1 Construction of a Full-Length
cDNA Clone Containing
a Foreign Gene

The complete nucleotide sequence of the foreign
gene is determined and analyzed using a sequence
analysis software to ensure that the viral GS and
GE like sequences and polymerase slippage
sequences are not present, which would affect
the expression of the foreign gene. If present,
these sequences must be changed by silent muta-
genesis. It has been found that codon optimiza-
tion increases the expression of the foreign gene
[78, 105]. If chosen to codon-optimize for the
animal species in which it will be used as a
vaccine, gene-synthesis companies can codon-
optimize and synthesize the foreign gene. Then,
a transcription cassette is constructed by engi-
neering a cDNA of the foreign gene ORF so that
it is flanked by virus-specific GS and GE
sequences (Fig. 4). Generally, a eukaryotic
Kozak consensus sequence is added before the
start codon of the foreign gene for better protein
expression [65]. The transcription cassette must
meet the “rule of six” requirement for efficient
replication [11]. Therefore, if necessary, addi-
tional nucleotides can be added downstream of
the foreign gene ORF after the stop codon to
make the final genome length a multiple of six.
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13.2 Insertion of the Foreign Gene
into the Viral Genome

The transcription cassette is then inserted into the
full-length cDNA clone at a 30 noncoding region
of a viral gene as an additional transcription unit
that is transcribed as an additional mRNA. Due to
the polar gradient nature of transcription, foreign
genes are expressed at a higher level when placed
closer to 30 end of the genome. Although the
foreign gene can be inserted between any two
genes, some may affect the replication of the
recombinant virus. A systematic analysis of the
recombinant virus will identify the optimal inser-
tion site for high-level expression of the foreign
gene. For example, analysis of recombinant NDV
revealed that the addition of a foreign gene
between the N and P genes attenuates virus repli-
cation. The insertion site between the P and M
genes was found optimal for efficient expression
of the foreign gene with least effect on the repli-
cation of NDV [12, 87, 137, 141]. Interestingly, it
was found that the insertion site between the N
and P genes of APMV-3 is optimal for efficient
expression of the Ebola virus glycoprotein gene
[133], but the insertion site between P and M
genes was found optimal for the expression of

green fluorescent protein [132]. These results sug-
gest that a new foreign gene needs to be inserted
into several sites to determine the optimal site for
that specific gene in the virus.

13.3 Rescue of a Recombinant
Paramyxovirus Containing
the Foreign Gene

The rescue of a paramyxovirus containing the
foreign gene is carried out as described previ-
ously. The recovered virus is amplified by serial
passage in cell culture or in embryonated chicken
eggs. After confirmation of the rescued virus in
cell culture supernatant or in the allantoic fluid by
HA and by sequencing, it is triple plaque purified
to remove the presence of any helper virus. Fur-
ther in vitro studies are then performed to fully
characterize the rescued virus. These include
sequencing of the complete viral genome
containing the foreign gene, growth
characteristics of the rescued virus, IFA and
Western blot analysis to determine the expression
of the foreign gene, and any other special assay
for the expressed foreign protein.

TTAGAAAAAA ACGGGTAGAA TTAGAAAAAA ACGGGTAGAA

N F LHNP MLe. Tr.

GTTTAAAC T GCCACC  ATG.....TAA GTTTAAAC   T                             TTG……
PmeI GE          IGS          GS           KOZAK       FG ORF            PmeI GE           IGS         GS

NDV P gene   /                  Foreign gene ORF  flanked  by  NDV  signals               /    NDV M gene 

N F LHNP MLe. Tr.
FG

Fig. 4 Constructions of a Newcastle disease virus (NDV)
full-length cDNA containing a foreign gene (FG). The
ORF of the FG was cloned by using PmeI sites into
NDV antigenome cDNA under the control of NDV
gene-start (GS) and gene-end (GE) transcription signals

that direct its expression as an additional mRNA. The
Kozak sequence was added in front of the ORF for effi-
cient expression. The intergenic sequence (IGS) between
every two genes is also shown
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14 The Size of the Foreign Gene
and the Number of Foreign
Genes That Can Be
Accommodated by
a Paramyxovirus Vector

Insertion of a foreign gene into the genome of a
paramyxovirus increases its length and gene num-
ber, which can inversely affect the replication of
the virus [10]. The size of the foreign gene
sequence that can be inserted into the genome of
a paramyxovirus varies widely from virus to
virus. There are some paramyxoviruses that can-
not even tolerate the insertion of a small-size
foreign gene, while other paramyxoviruses can
tolerate the insertion of a large-size foreign
gene. For example, APMV types 2, 4, and
7 could not be rescued when a small size foreign
gene was inserted (our unpublished results),
whereas HPIV3 and NDV can be rescued with
foreign gene inserts of at least 5 kb (109, our
unpublished results). It was found that, in these
viruses, inserts of up to ~1.4 kb have little or no
effect on virus replication in vitro and in vivo, but
attenuation becomes evident and increases with
the size of the insert (108, our unpublished
results). Addition of a large size insert may not
affect the replication of the virus in vitro but can
reduce replication of the virus in vivo.

Previous research shows that up to three for-
eign genes can be inserted into HPIV-3
[109]. Although the number of foreign genes
that can be inserted into the NDV genome is
unknown, insertion of two foreign genes has little
effect on virus replication in vitro and in vivo
[41, 54].

15 Stability of the Foreign Gene
in Paramyxovirus Vector

For paramyxoviruses to be useful as vaccine
vectors, the foreign gene must be maintained
stably both in vitro and in vivo. This is a major
concern because the foreign gene is not required
for the growth of the vector, and therefore, there is
no selective pressure to maintain the foreign gene.

Surprisingly, the foreign genes are quite stable in
paramyxovirus vectors compared to other RNA
virus vectors. It was found that foreign genes in
paramyxovirus vectors accumulate point and
deletion mutations more slowly than expected
[10]. The low mutation rates in paramyxoviruses
may be due to higher fidelity of the paramyxovi-
rus polymerase compared to other RNA virus
polymerases. The long genetic stability of foreign
genes in paramyxovirus vectors may be explained
by the absence of recombination and tight
encapsidation of the genomic and antigenomic
RNAs by N proteins. We have found foreign
genes to be stable in NDV vector at least
10 passages in eggs or cell culture and three
passages in chickens (our unpublished results).

16 Incorporation of the Foreign
Glycoprotein into the Envelope
of Paramyxovirus Vector

Most foreign viral glycoproteins expressed by
paramyxovirus vector are incorporated readily
into the envelope of the vector without any modi-
fication to their sequences [10, 58]. Although the
requirements for incorporation of foreign
glycoproteins into paramyxovirus envelopes are
not completely known, it seems that the
requirements vary from glycoprotein to glycopro-
tein and also from vector to vector. In some cases,
it was found that changing the transmembrane
(TM) and cytoplasmic tail (CT) of the foreign
glycoprotein to those of NDV F protein enhanced
the incorporation of the foreign glycoprotein into
NDV particle [10, 88, 93], but in other cases, it
was observed that this change decreased
incorporation compared to the incorporation of
unmodified foreign glycoprotein [53, 134]. How-
ever, change of CT or TMCT might affect the
conformation of the foreign glycoprotein. There-
fore, the effect of changing the CT or TMCT on
the immunogenicity of the foreign protein should
be evaluated. It seems that the incorporation of a
foreign glycoprotein into the vector virus enve-
lope may depend on specific structural
requirements of the foreign glycoprotein.
Incorporation of foreign glycoprotein into the
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envelope of the vector might increase the immu-
nogenicity of the foreign antigen. For example,
replacement of the CT and TM domains of the
HA protein of H7 avian influenza virus with those
of the NDV F protein resulted in an enhanced
incorporation into the NDV envelope, an
increased immune response, and an increased
protection against the highly pathogenic avian
influenza virus compared to the recombinant
NDV expressing the unmodified HA protein
[93]. However, in rare cases, incorporation of
the foreign glycoprotein into the envelope of the
vector can alter the cell-to-cell spread of the vec-
tor virus in vitro. For example, incorporation of
rabies virus glycoprotein (RVG) into the enve-
lope of NDV vector enabled the vector virus to
spread from cell to cell and altered its replication
in cell culture in the absence of trypsin, but the
NDV vector containing RVG was not neutralized
by rabies virus neutralizing antibody, and its vir-
ulence was also not increased in poultry or mice
[32]. Furthermore, there has not been a single
case where the incorporation of a foreign glyco-
protein into a paramyxovirus envelope has
increased its tissue tropism or virulence.

17 Immunogenicity
of Paramyxovirus-Vectored
Vaccines

The design of an efficacious paramyxovirus-
vectored vaccine requires a detailed knowledge
of the antigen and how that antigen contributes to
the induction of immune responses best suited to
prevent the pathogen. It should be noted that the
immune response is influenced not only by the
antigen but also by the vaccine vector from which
it is expressed. The immunogenicity and protec-
tive efficacy of a paramyxovirus-vectored vaccine
can be affected by several factors, most impor-
tantly, the level of replication of the vector in the
host. A higher level of replication will lead to
increased immunogenicity, but it should not com-
promise the safety of the vector. Ideally, the vec-
tor vaccine should be sufficiently attenuated and
still retains a level of replication enough to be
satisfactorily immunogenic. The immunogenicity

and protective efficacy of the vaccine will also
depend on the site of vector replication. For
example, avirulent NDV strain LaSota replicates
only in the respiratory tract and induces both local
and systemic immune responses. Hence, it is an
effective vector for respiratory pathogens, such as
avian influenza virus, infectious bronchitis virus,
and infectious laryngotracheitis virus [48, 88,
105], whereas APMV-3 replicates not only in
the respiratory tract but also systemically, which
consequently induces a robust immune response
and a suitable vector for a non-respiratory patho-
gen, such as infectious bursal disease virus (our
unpublished results). It was also recently shown
that a recombinant APMV-3 vector expressing
the hemagglutinin (HA) protein of HPAIV
H5N1 induced a higher level of antibodies against
the HA protein than recombinant NDV strain
LaSota expressing the HA protein of HPAIV
H5N1 [106].

An important factor that influences the immu-
nogenicity of a paramyxovirus-vectored vaccine
is the level of expression of the foreign gene. The
quantity of foreign antigen expressed by the vec-
tor will determine the extent of immune response.
In paramyxoviruses, the foreign gene is expressed
at a high level when it is placed closer to the 30

end of the genome due to the gradient nature of
transcription. Therefore, attempts should be made
to place the foreign gene at the 30 most position
possible. It has been found that codon optimiza-
tion of the foreign gene increases its level of
expression and immunogenicity [78, 105]. Another
modification that can enhance the expression of the
foreign gene is the addition of flanking 30 and 5’
UTRs of a vector gene into the foreign gene
[55]. UTRs of several vector genes need to be
evaluated to identify the UTR that can upregulate
the expression of the specific foreign gene.

The immunogenicity and protective efficacy of
the paramyxovirus-vectored vaccine is also
affected by the conformation of the expressed
foreign antigen. Viral vectors that express the
foreign protein in their native conformation
induce antigen-specific immune responses which
are neutralizing and protective. Sometimes, the
native conformation is lost when the foreign anti-
gen is separated from other viral proteins. In this
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case, coexpression of several viral proteins may
be necessary to maintain the native conformation
of the foreign antigen. Greater immunogenicity of
the foreign glycoprotein is achieved by its
incorporation into virus envelope than as soluble
protein [93]. In some cases, mutations have been
introduced into the foreign antigen to stabilize the
structure of the protein [77].

Another factor that can affect the efficacy of a
paramyxovirus-vectored vaccine is the repertoire
of foreign antigens that is expressed. A vector
vaccine typically expresses one or two proteins
of the pathogen, whereas in some cases, complete
protection may require immune response against
several antigens of one pathogen. This is particu-
larly true for complex pathogens with a large
number of protective antigens. In these situations,
several antigens of the pathogen may need to be
expressed by using a combination of vectors to
provide protection.

The immunogenicity of a paramyxovirus-
vectored vaccine can be enhanced by
coexpression of an immunostimulatory molecule
such as granulocyte-macrophage colony-
stimulating factor, interleukin-2, gamma inter-
feron, or cytochrome C. However, it was found
that coexpression of an immunostimulatory mol-
ecule not only can increase the immunogenicity
of the vector but also can attenuate the vector [6–
8].

18 Derivatives of Paramyxovirus
Vectors

Over the years, several groups have developed
innovative strategies to improve the efficacy of
paramyxovirus vector vaccines [10, 61]. These
approaches broadly address two challenges:
(i) attenuation of the wild-type paramyxovirus
by reverse genetics for use as potential vectors
in humans and animals and (ii) overcoming
preexisting anti-vector immunity.

18.1 Attenuation of Wild-Type
Paramyxovirus for Use
as a Vaccine Vector

The most important requirement for a paramyxo-
virus or any other virus to be used as a vaccine
vector is that it must be highly safe in the host
where it is intended to be used as a vaccine vector.
In general, paramyxoviruses are attenuated in
unnatural hosts due to host range restrictions.
Furthermore, insertion of a foreign gene for
expression often has an attenuating effect by
itself. However, some paramyxoviruses are well-
known pathogens, and these paramyxoviruses
will require attenuation by reverse genetics before
use as vaccine vectors in humans and/or animals.
In order to use a virulent virus as a vaccine vector,
several methods have been used to genetically
modify the viral genome to reduce its
virulence [10].

The major determinant of NDV virulence is
the F protein cleavage site (FPCS). The avirulent
NDV strains contain a mono or dibasic amino
acid(s) within the FPCS such that the F0 protein
can be cleaved into F1 and F2 subunits only by a
trypsin-like protease that is present extracellularly
in the respiratory and intestinal tracts. Hence,
replication of these strains is restricted to the
respiratory and intestinal tracts. On the other
hand, virulent NDV strains have multibasic
amino acids at the FPCS that can be cleaved
intracellularly by a ubiquitous furin-like protease,
resulting in systemic infections [86, 94]. It was
found that modification of FPCS from multibasic
to monobasic amino acid attenuated a virulent
NDV strain [91]. This approach has been used
to attenuate virulent NDV strains for use as live
attenuated vaccines in the field. However, it was
observed that after few passages in chickens, the
mutated monobasic FPCS reverts back to
multibasic FPCS making the virus virulent
again. Therefore, it remains a challenge to engi-
neer genetically stable live attenuated NDV
vaccines by reverse genetics.

Attenuation of HPIVs was achieved by
introducing amino acid point mutations by
reverse genetics [107] or by replacing the F and
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HN genes of HPIV-3 with the corresponding
genes of BPIV-3 [102]. Deletion or silencing of
nonessential accessory genes responsible for
antagonizing interferon has also been used to
attenuate NDV [44]. Increasing the length of the
intergenic sequence between the HN and L genes
led to reduced pathogenicity of NDV
[129]. Codon modification through codon pair
deoptimization has been used as a method to
attenuate paramyxoviruses [73, 124]. By chang-
ing codons, the amount of viral protein translated
can be modulated without impairing its function.
A virulent NDV strain was attenuated by
introducing mutations to the receptor binding
site of HN protein [99]. Attenuation was also
achieved by exchanging internal protein genes
between related human and animal or avian
viruses [96, 110]. In measles virus, it was found
that the 30UTR of the M gene and the 50UTR of
the F gene, have a cross-regulatory function on F
and M gene expressions, respectively. Thus, dele-
tion of these regions reduces viral
pathogenesis [114].

18.2 Limitations of Paramyxovirus
Vectors

Like all other viral vectors, paramyxoviruses also
have few limitations:

1. Some of the paramyxoviruses commonly used
for vaccine vector are endemic in animal
populations. Therefore, preexisting immunity
against the virus may reduce the efficacy of the
vaccine.

2. Compared to DNA viral vectors, its transgene
capacity (⁓5 kb) is low, which limits the use of
the paramyxovirus vector.

3. The expression period of the foreign gene is
relatively short (7–14 days), which can limit
the duration of immune response.

4. It can be difficult to rescue some
paramyxoviruses with a large-size
foreign gene.

18.3 Overcoming Preexisting
Immunity to the Vaccine Vector

Many of the paramyxoviruses that are being
developed as vaccine vectors circulate in the
human and animal populations, which therefore
carry antibodies to the vaccine vectors.
Preexisting antibodies to the vector are also
induced if a single vector is used multiple times
for vaccination. The presence of preexisting
antibodies is a hurdle for the vaccine vector.
Although preexisting antibodies may not
completely block the induction of an immune
response by a paramyxovirus vector vaccine
[16, 130], they can reduce immune responses
and thereby can make a vaccine ineffective.
Therefore, for each vector, it is important to deter-
mine whether preexisting immunity to it could
prevent the vaccine from working.

Preexisting immunity issue can be completely
avoided by using a vector based on a virus that is
unnatural to the host. For example, humans or
animals do not have neutralizing antibodies to
avian viral vectors. The issue of preexisting
immunity can also be circumvented by using an
antigenically unrelated virus as the vaccine vec-
tor, for examples, BPIV-3 as a vaccine vector,
instead of HPIV3, in humans [102], and APMV-
3 as a vaccine vector, instead of NDV, in poultry
(our unpublished results). Alternatively, the vac-
cine vector can be modified to carry a different set
of surface antigens. For example, to overcome
maternal antibody to NDV, an antigenic chimeric
virus was generated by replacing the ectodomains
of NDV F and HN proteins with those of
APMV-2 [59, 79] or APMV-8 [112]. The anti-
genic chimeric virus vector was constructed due
to inefficient replication of APMV-2 and APMV-
8 and incapability of accommodating a large-size
foreign gene. Another advantage of antigenically
unrelated and antigenic chimeric virus vectors is
that they can be used in a prime-boost immuniza-
tion strategy to enhance cellular and humoral
immune responses compared to single immuniza-
tion with one virus vector [61].
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19 Specific Paramyxovirus Vectors
for Veterinary Vaccine
Development

19.1 Newcastle Disease Virus

NDV is a member of the genus Orthoavulavirus
in the family Paramyxoviridae [48]. NDV strains
vary widely in virulence. They have been classi-
fied into three major pathotypes based on the
severity of disease produced in chickens: low
virulent (lentogenic), moderately virulent
(mesogenic), and highly virulent (velogenic).
Lentogenic strains such as LaSota and B1 are
used widely as live-virus vaccines for more than
60 years with good track records of safety and
efficacy.

NDV has several characteristics that make it a
suitable vaccine vector for both human and ani-
mal uses [58]. Lentogenic NDV strains are highly
safe in avian and non-avian species. NDV
replicates efficiently in most avian and
non-avian species including humans and induces
a robust immune response. Contrary to adeno-,
herpes-, and poxvirus vectors, NDV encodes only
seven proteins, and therefore, there is less compe-
tition for the foreign protein for immune
response. NDV infects via the intranasal route;
consequently, it induces both local and systemic
immune responses.

One explanation of the attenuation of NDV in
non-avian species is that the NDV V protein,
which is produced by RNA editing of the P
gene, antagonizes the antiviral effects of IFN. It
interacts specifically to avian cell proteins to
abrogate IFN response in a species-specific man-
ner. It does not interfere with the IFN response in
non-avian cells [92]. Therefore, NDV cannot effi-
ciently prevent innate host defenses of non-avian
species.

NDV is an ideal vaccine vector for poultry
pathogens because live attenuated NDV vaccines
are widely used in the poultry industry. An NDV
vector carrying the protective antigen of another
avian pathogen can be used as a bivalent vaccine.
A bivalent vaccine will be highly economical for
poultry farmers. Live attenuated NDV vaccine

strains have been evaluated as bivalent vaccines
against several poultry pathogens (Table 2).

NDV is also a promising vaccine vector for
human use. NDV is highly attenuated in humans
due to natural host range restriction. In rare cases,
it can infect humans and cause mild conjunctivitis
and flu-like symptoms [89]. Another advantage is
that most humans do not have preexisting immu-
nity to NDV. Therefore, the entire human popu-
lation is susceptible to NDV immunization. NDV
is known to induce very high type I IFN levels in
mammalian cells [39], which contributes to an
effective B cell response to this virus and to the
foreign antigen [35]. NDV is also being evaluated
as an oncolytic agent in humans [29]. The poten-
tial of NDV as a vaccine vector for human
pathogens has been evaluated in nonhuman
primates [9, 23].

The potential of NDV as a vaccine vector for
veterinary pathogens has also been evaluated
(Table 2). The results suggest that NDV can also
be an excellent vaccine vector for veterinary use.
One of the major advantages is that NDV is
highly safe in most animal species. Another
advantage is that most animal species are free of
preexisting antibodies to NDV. It replicates well
in the respiratory tract of most animal species and
induces good antibody response to the foreign
antigen.

19.2 Avian Paramyxovirus Serotypes
2–20

APMV serotypes are widespread in the wild bird
populations. Currently, there are 20 officially
recognized APMV serotypes (APMV-1 to
APMV-20) [34]. NDV belongs to APMV-1 and
is the most characterized member among all
APMV serotypes. The potential of other APMV
serotypes as vaccine vectors is beginnings to be
explored [68, 118, 132, 133]. Recombinant vac-
cine vectors based on APMV serotypes 2–20 can
overcome the activity of anti-NDV antibody pres-
ent in commercial chickens due to routine vacci-
nation. Recently, it was found that APMV-3
could also be used as a vaccine vector [68, 132,
133] and was able to overcome maternal NDV
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antibody in broiler chicks (our unpublished
results). Recombinant APMV-3 vector
expressing the Ebola virus glycoprotein induced
high levels of mucosal and humoral neutralizing
antibodies against Ebola virus in guinea pigs
[133]. A recent study showed that a recombinant
APMV-3 expressing the H5 hemagglutinin pro-
tein protected chickens against highly pathogenic
H5N1 avian influenza virus challenge (our
unpublished results). One advantage APMV-3

has over NDV as a vaccine vector is that it
replicates systemically, thus inducing a robust
immune response compared to avirulent NDV
vectors, whose replication is restricted only to
the respiratory tract. APMV-3 is safe in chickens
and turkeys. For these reasons, it seems that
APMV-3 has great potential as a vaccine vector.
It is most likely that other APMV serotypes will
soon be available as vaccine vectors for human
and veterinary uses.

Table 2 Examples of NDV-vectored vaccines against human, animal, and poultry pathogens

Host Pathogen Antigen NDV strain
Insertion
site Animal model References

Human HIV-1 Gag/Env B1/LaSota P/M Mouse, Guinea
pig

[12, 54]

Influenza virus
A

HA B1 P/M Mouse [87]

SARS-CoV S LaSota/BC P/M Monkey [23]
EBOV GP LaSota P/M Monkey [24]
NoV VP1 LaSota P/M Mouse [57]
RSV F LaSota P/M Mouse [81]
HPIV-3 HN LaSota/BC P/M Monkey [9]
Polio virus P1,3CD LaSota P/M Guinea pig [120]
B. burgdorferi BmPA/

OspC
LaSota P/M Mouse, hamster [127]

Cattle/
sheep

BHV-1 gD LaSota P/M Calf [53]
BEFV G LaSota P/M Calf [135]
RVFV Gn/Gc LaSota P/M Lamb [63, 64]
VSV G LaSota P/M Mouse [136]

Dog/cat CDV HN LaSota P/M Mink [34]
RV G LaSota P/M Dog/cat [33, 134]

Pig NiV G, F LaSota P/M Pig [62]
Horse WNV Pr M/E LaSota P/M Horse [123]
Chicken HPAIV(H5) HA LaSota P/M Chicken [88, 118, 119]

HPAIV(H7) HA LaSota P/M Chicken [93]
IBDV VP2 LaSota 30end Chicken [45]
IBV S1, S2, S LaSota P/M Chicken [117, 105, 138,

139]
ILTV gB, gC, gD LaSota P/M Chicken [48, 140]
Parvovirus VP3 Genotype

VII
P/M Goose [122]

Turkey AMPV G LaSota F/HN Turkey [40]

HIV-1 human immunodeficiency virus type 1, SARS-CoV severe acute respiratory syndrome coronavirus, EBOV Ebola
virus, NoV norovirus, RSV respiratory syncytial virus, HPIV-3 human parainfluenza virus type 3, BEFV bovine
ephemeral fever virus, RVFV Rift Valley fever virus, VSV vesicular stomatitis virus, CDV canine distemper virus, RV
rabies virus, NiV Nipah virus, WNV West Nile virus, HPAIV (H5) highly pathogenic avian influenza virus subtype H5,
HPAIV(H7) highly pathogenic avian influenza virus subtype H7, IBDV infectious bursal disease virus, IBV infectious
bronchitis virus, ILTV infectious laryngotracheitis virus, AMPV avian metapneumovirus, BC Beaudette C
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19.3 Parainfluenza Virus 5

PIV-5 is a member of the genus Rubulavirus in
the subfamily Rubulavirinae in the family
Paramyxoviridae. PIV-5 was first isolated from
monkey cells as a contaminant in 1956 [46]. The
origin and natural host of PIV-5 are not clear.
PIV-5 does not cause disease in humans and
animals except dogs where it is thought to con-
tribute to upper respiratory infections known as
“Kennel cough” [22, 82]. PIV-5 has also emerged
as a novel vaccine vector for humans and animals
[19]. Some of the favorable properties of PIV-5 as
a vaccine vector include the ability to infect a
large number of mammals without any associa-
tion with any disease except Kennel cough in
dogs, lack of preexisting antibody in most mam-
malian species, and ability to infect a large num-
ber of cell types and also grow to high titers.
PIV-5 can accommodate foreign gene sequences
of at least 3 kb.

PIV-5 has been evaluated as a vaccine vector
against human and avian influenza viruses
[76, 85, 116, 142], human respiratory syncytial
virus [97, 121], rabies virus [17, 43], and Myco-
bacterium tuberculosis [18]. The protective effi-
cacy of PIV-5 vector vaccine was tested in mice
and guinea pigs but has not been tested in other
animal models and in the vaccine host species.
Therefore, the potential of PIV-5 vector vaccines
in the field condition is unknown.

19.4 Bovine Parainfluenza Virus 3

BPIV-3 was originally isolated from cattle with
shipping fever [100]. Since then, this virus has
been recovered from normal cattle and from
calves with enzootic pneumonia. The BPIV-3
has worldwide distribution. BPIV-3 is one of the
contributing factors in the bovine respiratory dis-
ease complex. BPIV-3 is closely related antigeni-
cally to HPIV-3. The amino acid sequence
identity of the HN and F proteins of BPIV-3 and
HPIV-3 are 79% and 75%, respectively. BPIV-3
is restricted in replication in the respiratory tract
of rhesus monkeys, chimpanzees, and humans

and is being evaluated as a vaccine against
HPIV-3 [21, 49]. Recombinant BPIV-3 viruses
have been recovered by reverse genetics for use
as human vaccines [36, 102]. BPIV-3 is an ideal
vaccine vector for both humans and animals,
especially for those pathogens that use the respi-
ratory tract as the portal of entry, such as human
and bovine RSVs. A chimeric recombinant
BPIV-3 where the F and HN genes were replaced
with the F and HN genes of HPIV-3 (B/HPIV-3)
was constructed as a vaccine vector for use in
humans [102]. However, the potential of recom-
binant BPIV-3 as a vaccine vector for veterinary
pathogens has not been evaluated.

20 Conclusion and Future
Perspectives

Viral vectors based on recombinant
paramyxoviruses hold great promise for the
development of effective human and veterinary
vaccines. Major advantages of paramyxovirus
vaccine vectors are their safety, potency, stability,
and the ability to be used in different animal
species. Our knowledge of paramyxovirus vac-
cine vectors is rapidly expanding, and several
paramyxovirus-vectored veterinary vaccines are
already available in the market. Paramyxovirus
vectors will be highly beneficial for prevalent as
well as emerging veterinary diseases. These
vectors can be used to express structure-based
vaccines to induce enhanced immune responses
against diseases for which vaccine development
has been difficult, such as porcine reproductive
and respiratory syndrome virus, and bovine respi-
ratory syncytial virus infections. They will also be
valuable as a “one health” concept in protecting
both animals and humans. In the future, it may be
possible to use paramyxovirus vectors for multi-
valent and multipathogen vaccines.

To develop a paramyxovirus vectored vaccine,
it is important to select the right vaccine vector,
because the exact same immunogen can have
different immune responses by different vectors.
The choice of the viral vector should depend on
the susceptibility of the host to the vector, safety
considerations, replication properties of the
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vector in the host, vector genetic stability,
preexisting immunity to the vector, the size of
the foreign gene that can be accommodated with-
out affecting vector replication, and the type of
host tissue that will produce the foreign antigen
following infection by the vector.

Currently, NDV-vectored vaccines have
shown great potential for poultry, veterinary,
and human uses. But there are many other
paramyxoviruses, the potential of which as vac-
cine vectors has not been explored. New reverse
genetics systems are being developed for other
paramyxoviruses on a constant basis. Some of
these viruses may surpass NDV as vaccine
vectors.

There are many areas where paramyxovirus
vectors require further refinement, which can be
achieved through basic research. One area of
improvement is to increase the expression level
of the foreign antigen because the quantity of
antigen may affect the extent of immune
response. A second area of improvement is to
increase the immunogenicity of the foreign anti-
gen. The immunogenicity of the foreign antigen
expressed by a viral vector is often low in com-
parison with traditional live attenuated virus
vaccines. It is important that the foreign antigen
expressed by the paramyxovirus vector forms its
native conformation. Another area of improve-
ment is the design of paramyxovirus vaccine
vectors to overcome host preexisting immunity.

In conclusion, paramyxovirus viral vectors
have great potential for development of human,
veterinary and poultry vaccines. The safety,
potency, and versatility of paramyxovirus vaccine
vectors will make them invaluable for future
human and veterinary vaccine developments.

21 Summary

Paramyxovirus-based vaccine vectors have been
utilized in veterinary vaccine development for
some years. These viruses stably express a wide
variety of heterologous antigens at relatively high
levels in many species of animals and have sev-
eral advantages over other viral vectors making
them an efficacious platform for the development

of veterinary vaccines in the future. There are
many areas where paramyxovirus vectors require
further refinement, which can be achieved
through basic research. One area of improvement
is to increase the expression level of the foreign
antigen because the quantity of antigen may affect
the extent of immune response. A second area of
improvement is to increase the immunogenicity
of the foreign antigen.
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Rhabdoviruses as Vaccine Vectors
for Veterinary Pathogens

Gert Zimmer

Abstract

Rhabdoviruses are simple RNA viruses, which
are open to genetic manipulation. Recombi-
nant vector vaccines based on vesicular stoma-
titis virus (VSV) or rabies virus (RABV) are
capable of inducing strong and protective
immune responses in animals and humans as
exemplified by the VSV-based Ebola virus
vaccine. As several rhabdoviruses are harmful
for animals and/or humans, the recombinant
vector vaccine derived from them needs to be
properly attenuated. Single-cycle vector
vaccines and interferon-stimulating viruses
represent attractive strategies to achieve atten-
uation. VSV and RABV are notifiable Office
International des Epizooties (OIE)-listed
pathogens, and this has impeded their general
use in the veterinary field. However, vector
vaccines based on different non-notifiable
rhabdoviruses may represent an attractive
alternative.
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Learning Objectives
After reading this chapter, you should be able to:

1. Explain how VSV represents a promising vec-
tor for vaccination of humans and animals

2. Explain how attenuation of rhabdoviral
vectors may be achieved by exploiting their
sensitivity to interferon

3. Recognize that single-cycle rhabdoviral
vectors comply with the highest biosafety
standards

4. Recognize that viral vectors based on
rhabdoviruses other than VSV and RABV cir-
cumvent the problems associated with notifi-
able pathogens

1 Introduction

The family Rhabdoviridae belongs to the order
Mononegavirales, which comprises viruses with
a non-segmented, single-stranded, negative-sense
RNA genome. Members of the Rhabdoviridae
reveal a remarkably diverse ecology as they infect
vertebrates (mammals, birds, reptiles,
amphibians, fish), a wide range of terrestrial and
aquatic invertebrates, and plants. The family is
currently classified into 18 different genera, of
which 4 genera (Vesiculovirus, Ephemerovirus,
Lyssavirus, Tibrovirus) cause diseases in
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mammalian hosts. Members of the genera
Novirhabdovirus, Perhabdovirus, and Sprivivirus
are found in fish and Tupavirus in birds.

Rabies is certainly the most important disease
caused by a rhabdovirus and has been known for
several thousands of years. RABV is a neuro-
tropic virus, which causes a fatal disease in
humans and other mammalian species. VSV is
an arthropod-borne virus, which causes a vesicu-
lar disease in livestock (horses, cattle, pigs). The
disease is rather mild, and mortality is low; how-
ever, the symptoms of the disease resemble those
of foot-and-mouth disease (FMD). VSV is there-
fore listed as a notifiable viral pathogen. Several
rhabdoviruses cause important diseases in fish.

The genome of rhabdoviruses consists of a
linear, single-stranded RNA with a size ranging
from 11 kb to 15 kb. The viral genes are usually
arranged in a linear, non-overlapping order
(Fig. 1). They are flanked by highly conserved
transcription start and stop sequences and
separated by short intergenic regions. The
genome encodes for at least five proteins, the
nucleoprotein N, the phosphoprotein P, the matrix
protein M, the glycoprotein G, and the large RNA
polymerase L (Fig. 1). The N protein binds to the
genomic RNA, thereby forming the helical nucle-
ocapsid, which also harbors some copies of the P
and L protein, respectively. The nucleocapsid is
enveloped by a lipid bilayer membrane, which
contains several copies of the transmembrane
glycoprotein G, which mediates receptor-binding

and membrane fusion. The M protein lines the
inner leaflet of the viral envelope. It plays a piv-
otal role in virus maturation and is responsible for
the typical bullet-shaped morphology of
rhabdoviruses (Fig. 1).

The first step of the “life” cycle is mediated by
the G protein, which binds to receptor proteins at
the host cell surface. Subsequently, the virus is
internalized by receptor-mediated endocytosis. In
the mature endosome, the G protein undergoes a
low pH-induced conformational change and
mediates fusion of the viral envelope with the
endosomal membrane. Following membrane
fusion, the nucleocapsid is released into the cyto-
sol, where transcription and replication of the
viral RNA take place.

The L protein and its cofactor P are
components of the viral ribonucleoprotein
(RNP) complex and perform the primary tran-
scription of the viral RNA genome. The presence
of the N protein is also required as the naked
RNA is not transcribed. Transcription begins at
the 30 end of the RNA genome with the synthesis
of a short non-coding leader RNA and proceeds
to the 50 end by sequential transcription of the
viral genes. The polymerase initiates transcription
at conserved transcription start signals that pre-
cede each gene and terminates at transcription
stop signals after each gene. Since transcription
is not always restarted after each stop signal, a
typical 30–50 transcription gradient is formed. The
gene products N, P, and L subsequently partici-
pate in secondary transcription. When the
amounts of N and/or P protein exceed a certain
level, the viral RNA polymerase switches to the
replication modus in which the start and stop
signals are ignored. The resulting full-length pos-
itive-sense (antigenomic) RNA is encapsidated
by the N protein and subsequently replicated
into negative-sense RNPs, which are finally pack-
aged into progeny virus. Both the M and the G
proteins contribute to the budding and release of
progeny virus from the plasma membrane.

Ribonucleoprotein
(RNP) complex:
vRNA + N + P + L

Matrix protein (M) 

Envelope
glycoprotein (G)

N3' P M GM L 5'
~ 11,200 nt

Fig. 1 Genome organization and encoded proteins of the
prototype rhabdovirus VSV

142 G. Zimmer



2 Construction
of the Rhabdoviral Vector

The most widely used reverse genetics system for
generation of infectious rhabdoviruses from
transfected cDNA takes advantage of the
T7-phage RNA polymerase, which allows
nucleus-independent cytoplasmic transcription
of all components required [1]. The T7 RNA
polymerase might be provided by either a recom-
binant vaccinia virus or transgenic cells constitu-
tively expressing the enzyme. The T7 RNA
polymerase-expressing cells are transfected with
a recombinant plasmid, which drives T7 RNA
polymerase-mediated transcription of the full-
length virus genome, resulting in the synthesis
of a positive-sense (antigenomic) RNA. A hepa-
titis delta ribozyme guarantees the formation of
the correct 30 end of the positive-sense RNA. In
addition to the genome-encoding plasmid, three
plasmids containing the viral N, P, and L genes
downstream of the T7 promoter are transfected
into the cells. Transcription of these genes
generates monocistronic mRNAs, which are
translated into the viral proteins N, P, and
L. Upon binding of the N protein to the
antigenomic RNA, the positive-sense RNP com-
plex is formed, which is subsequently replicated
by the viral RNA polymerase into negative-sense
RNPs. In this way, the viral replication cycle is
initiated, which finally leads to the formation and
release of progeny virus.

3 Propagation-Competent
Rhabdoviruses Expressing
a Foreign Antigen

Reverse genetics has allowed us to design recom-
binant rhabdoviruses for the delivery and expres-
sion of reporter genes, antigens, cytokines, and
other factors in vitro as well as in vivo. For
expression of foreign genes, additional transcrip-
tion units can be inserted into the vector genome.
The position of the transgene in the viral genome
affects expression levels and stability of the trans-
gene. Due to the transcription gradient, the loca-
tion of foreign genes close to the 30 end of the

viral RNA genome will result in higher expres-
sion levels compared to genes that have been
introduced close to the 50 end of the genome.
However, depending on number, size, and posi-
tion, the insertion of foreign genes may cause
attenuation of the viral vector leading to slower
replication and lower infectious titers.

4 Propagation-Competent
Chimeric Rhabdoviruses

VSV is known to incorporate foreign viral enve-
lope proteins quite efficiently even if they are
derived from viruses that belong to distantly
related virus families [2]. If the foreign glycopro-
tein exhibits receptor-binding and fusion
activities, it may functionally substitute for the
rhabdovirus G protein, so that propagation-
competent chimeric viruses are produced. Conse-
quently, the chimeric virus may show an altered
cell tropism compared to the parental rhabdovi-
rus. A well-known chimeric rhabdovirus is
VSVΔG/EBOV-GP, which expresses the Ebola
virus glycoprotein (EBOV-GP) in place of the
VSV G protein [3]. VSVΔG/EBOV-GP turned
out to be highly attenuated in even immunocom-
promised animals [4]. Nevertheless, a single dose
was sufficient to induce a protective immune
response in nonhuman primates [5]. Chimeric
rhabdoviruses may not only serve as vector
vaccines but may also be useful for the detection
of neutralizing and opsonizing antibodies and for
the identification of entry inhibitors.

5 Biosafety Aspects
of Propagation-Competent
Rhabdovirus Vectors

Usually, recombinant RABVs expressing foreign
antigens have been used as killed vaccines to
comply with biosafety concerns. As far as the
less harmful VSV-based vectors are concerned,
preference was given to live-attenuated vaccines.
The following strategies have been employed in
order to attenuate propagation-competent VSV
vectors:
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1. Changing the order of genes in the viral
genome
Gene rearrangements may lead to attenuation
of the vector [6].

2. Modification of the envelope glycoprotein
The length of the cytoplasmic domain of the G
protein but not a specific sequence is important
for VSV morphogenesis. Accordingly, VSV
vectors with C-terminally truncated G proteins
are attenuated [7].

3. Replacing the G protein with a foreign viral
glycoprotein
Foreign viral glycoproteins are less efficiently
incorporated into VSV particles than VSV G
protein and may also mediate a more restricted
cell and tissue tropism than the homotypic
envelope protein. For these reasons, chimeric
viruses might be attenuated compared to
parental VSV and also with respect to the
virus from which the foreign glycoprotein is
originating. However, there are also notable
exceptions from this rule [8].

4. Modification of viral interferon-antagonistic
proteins
VSV is highly sensitive to the antiviral effects
induced by type I interferon (IFN). To escape
the innate immune response, VSV relies on a
single antagonistic mechanism. The VSV
matrix (M) protein causes a profound host
shutoff by efficiently blocking the nucleocy-
toplasmic transport of cellular mRNAs. In this
way, the synthesis of type I interferon (IFN) is
suppressed. However, certain mutations in the
VSV M protein (e.g., M51R) are known to
abrogate host shutoff activity. These mutant
viruses trigger the secretion of IFN from
infected cells at high levels. The autocrine
action of IFN causes a significantly reduced
viral transcription/replication leading to lower
antigen expression levels. The paracrine action
of IFN efficiently inhibits further dissemina-
tion of the virus. Nevertheless, M mutant VSV
vectors may still be capable of inducing pro-
tective immune responses.

5. Expression of cytokines
Vector-driven expression of cytokines such as
granulocyte-macrophage colony-stimulating

factor (GM-CSF), IFN-λ, IFN-γ, IFN-β, and
TNF-α might result in significant attenuation
of the viral vector while even inducing
enhanced immune responses or increasing effi-
cacy of oncolytic viruses.

6. Changing codon usage
The recoding of even single viral genes may
result in attenuation of the vector [9].

7. Use of ts-mutants
Some mutations in viral genes may lead to a
temperature-sensitive (ts) phenotype [7].

6 Propagation-Incompetent
Rhabdovirus Vectors

The RNA polymerase complex of rhabdoviruses
lacks proof-reading activity with the consequence
that a multitude of quasi-species are produced.
This increases the risk of reversion of live-
attenuated viruses. Propagation-incompetent or
single-cycle viruses represent an attractive solu-
tion to this problem. For example, rhabdoviruses
with a deletion of the G gene have been generated
by providing the G protein or a suitable foreign
envelope glycoprotein in trans. The envelope
glycoprotein mediates virus entry into susceptible
cells and delivery of the viral genome into the
cytosol (Fig. 2). Upon transcription and replica-
tion of the viral RNA, all the genes encoded by
the genome will be expressed. However, due to
the lack of the G protein gene, any infectious
progeny virus will not be released (Fig. 2). The
lack of virus dissemination adds to the extraordi-
nary biosafety of these vectors, which are not
only nonpathogenic but also unable to revert to
virulence. Moreover, single-cycle vectors will not
shed from vaccinated animals, thus excluding any
transmission.

In principle, genes other than G may also be
deleted from the virus genome in order to gener-
ate a propagation-incompetent virus. However,
vector vaccines based on rhabdoviruses that lack
either the P, N, or L gene can only perform
primary transcription resulting in very low anti-
gen expression levels.
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7 Complementing Defective
Rhabdoviruses

Complementing defective viruses are based on at
least two propagation-incompetent viruses that
contain complementary gene deletions. In
co-infected cells, these viruses complement each
other and can even be passaged on cells without
further complementation. Complementing defec-
tive rhabdoviruses have been described for VSV
[10] as well as RABV [11] and represent in inter-
esting way of attenuation. In contrast to single-
cycle vectors, complementing defective viruses
can be propagated on any susceptible cell line,
independently of genetically modified helper
cells.

8 Application of the Viral Vector

8.1 Lyssavirus-Based Vector Vaccines
for Veterinary Pathogens

Recombinant live-attenuated RABVs have been
developed for vaccination of wildlife [12]. To
improve the biosafety profile of RABV vaccines,
propagation-incompetent P gene- or M
gene-deleted RABVs have been generated
[13, 14]. Apart from that, only a few reports on
the use of recombinant RABV-based vector
vaccines for protection of livestock or domestic
animals are available in the literature. For exam-
ple, recombinant RABV displaying canine dis-
temper virus (CDV) glycoproteins has been
shown to induce protective immunity in ferrets
against both RABV and CDV [15]. Similarly, a
bivalent vaccine for use in humans and animals
against Middle East respiratory syndrome

RNP(+)

H+

RNP(-)

Plasma
membrane

N P GFPM L

No release of
infectious virus!

Fig. 2 Trans-complemented rhabdoviruses lacking the G gene are replication-competent but do not produce any
infectious progeny
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coronavirus (MERS-CoV) and RABV has suc-
cessfully been evaluated in a receptor-modified
mouse model [16]. Both vaccines have been
chemically inactivated in order to comply with
biosafety concerns. Bivalent RABV-based
vaccines for protection of wildlife and humans
against both RABV and Ebola virus have been
developed as well, either as live-attenuated, prop-
agation-incompetent, or chemically inactivated
viruses [17–21]. Finally, a RABV-based Hendra
virus vaccine has been generated [22].

8.2 Vesiculovirus-Based Vector
Vaccines for Veterinary
Pathogens

Recombinant VSV is a promising vector vaccine
for a number of human infectious diseases. How-
ever, since VSV is a notifiable pathogen of live-
stock, VSV-based vector vaccines have rarely
been used in the veterinary field. For example,
propagation-competent VSV encoding the bovine
viral diarrhea virus (BVDV) E2 glycoprotein
induced neutralizing antibodies in mice but has
not been evaluated in the natural host [23]. Vacci-
nation of chickens and pigs with propagation-
incompetent, G gene-deleted VSV vectors
encoding the influenza virus antigens HA or NA
has been very successful [24–27], whereas
vector-driven expression of NP antigen in pigs
resulted in enhanced disease upon challenge
infection [28]. A single-cycle VSV vector
encoding the VP2 outer capsid protein of blue-
tongue virus conferred complete protection of
sheep against challenge infection, indicating that
an antigen from a non-enveloped virus, which is
not incorporated into VSV particles, can be pro-
tective as well [29]. In contrast, the envelope
glycoproteins of a porcine arterivirus were poorly
immunogenic and did not confer full protection in
pigs [30].

Maraba virus, another member of the genus
Vesiculovirus, which has been isolated from
insects, is not linked to any disease in animals or
humans. Maraba virus-vectored cancer vaccines
represent a safe and novel therapeutic option for
cats [31].

8.3 Novirhabdovirus-Based Vector
Vaccines

Recombinant infectious hematopoietic necrosis
virus (IHNV) vector vaccines have been used
for protection against other fish diseases [32–34]
but also for protection of mice from infection with
either influenza A virus or West Nile virus
[35, 36]. Attenuation of Novirhabdovirus-based
vector vaccines has been achieved by gene
rearrangements or using G gene-deleted single-
cycle vectors [37, 38].

9 Summary

Rhabdovirus-based vector vaccines have been
shown to trigger protective immune responses
against a variety of different pathogens. In addi-
tion, they represent promising vectors for immu-
notherapy of cancer. However, VSV, the most
commonly used rhabdoviral vector, has rarely
been used in livestock or domestic animals. The
main reason for using VSV hesitantly is the fact
that VSV is a notifiable agent, which causes
symptoms resembling those caused by FMDV.
Single-cycle, G gene-deleted rhabdoviral vectors
represent a promising alternative to live-
attenuated vectors as they do not produce any
progeny virus, do not cause any disease, and are
unable to revert to virulence. Furthermore, they
have been shown to induce a robust and protec-
tive immune response.

10 Future Directions

The high-yield production of propagation-
incompetent, G protein-deleted rhabdoviral
vectors represents a challenging issue. Comple-
mentation of these viruses on cells that have been
transiently transfected to express the viral enve-
lope glycoprotein of interest usually results in
only low infectious virus titers. Stably transfected
helper cells represent an attractive alternative;
however, many viral envelope glycoproteins
have cytotoxic properties, thus limiting their
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constitutive expression. A task for the future is the
generation of helper cells that allow the expres-
sion of viral envelope proteins in a regulated,
inducible manner. Preferably, envelope proteins
other than VSV G protein might be expressed by
helper cells in order to avoid any problems with
serological VSV diagnostics. Finally, vector
vaccines based on rhabdoviruses other than
VSV or RABVmight represent an attractive alter-
native, provided these viruses are not listed as
notifiable agents.

References

1. Schnell MJ, Mebatsion T, Conzelmann KK. Infectious
rabies viruses from cloned cDNA. EMBO J. 1994;13
(18):4195–203.

2. Schnell MJ, Buonocore L, Kretzschmar E, Johnson E,
Rose JK. Foreign glycoproteins expressed from
recombinant vesicular stomatitis viruses are
incorporated efficiently into virus particles. Proc Natl
Acad Sci U S A. 1996;93(21):11359–65.

3. Garbutt M, Liebscher R, Wahl-Jensen V, Jones S,
Moller P, Wagner R, et al. Properties of replication-
competent vesicular stomatitis virus vectors
expressing glycoproteins of filoviruses and
arenaviruses. J Virol. 2004;78(10):5458–65.

4. Geisbert TW, Daddario-Dicaprio KM, Lewis MG,
Geisbert JB, Grolla A, Leung A, et al. Vesicular sto-
matitis virus-based Ebola vaccine is well-tolerated and
protects immunocompromised nonhuman primates.
PLoS Pathog. 2008;4(11):e1000225.

5. Marzi A, Hanley PW, Haddock E, Martellaro C,
Kobinger G, Feldmann H. Efficacy of vesicular stoma-
titis virus-Ebola virus postexposure treatment in rhesus
macaques infected with Ebola virus Makona. J Infect
Dis. 2016;214(suppl 3):S360–S6.

6. Wertz GW, Perepelitsa VP, Ball LA. Gene rearrange-
ment attenuates expression and lethality of a
nonsegmented negative strand RNA virus. Proc Natl
Acad Sci U S A. 1998;95(7):3501–6.

7. Clarke DK, Nasar F, Lee M, Johnson JE, Wright K,
Calderon P, et al. Synergistic attenuation of vesicular
stomatitis virus by combination of specific G gene
truncations and N gene translocations. J Virol.
2007;81(4):2056–64.

8. van den Pol AN, Mao G, Chattopadhyay A, Rose JK,
Davis JN. Chikungunya, influenza, nipah, and semliki
forest chimeric viruses with vesicular stomatitis virus:
actions in the brain. J Virol. 2017;91(6):e02154-16.

9. Wang B, Yang C, Tekes G, Mueller S, Paul A, Whelan
SP, et al. Recoding of the vesicular stomatitis virus L
gene by computer-aided design provides a live,
attenuated vaccine candidate. MBio. 2015;6(2):
e00237-15.

10. Muik A, Dold C, Geiss Y, Volk A, Werbizki M,
Dietrich U, et al. Semireplication-competent vesicular
stomatitis virus as a novel platform for oncolytic
virotherapy. J Mol Med (Berl). 2012;90(8):959–70.

11. Hidaka Y, Lim CK, Takayama-Ito M, Park CH,
Kimitsuki K, Shiwa N, et al. Segmentation of the
rabies virus genome. Virus Res. 2018;252:68–75.

12. Dietzschold ML, Faber M, Mattis JA, Pak KY, Schnell
MJ, Dietzschold B. In vitro growth and stability of
recombinant rabies viruses designed for vaccination
of wildlife. Vaccine. 2004;23(4):518–24.

13. Cenna J, Hunter M, Tan GS, Papaneri AB, Ribka EP,
Schnell MJ, et al. Replication-deficient rabies virus-
based vaccines are safe and immunogenic in mice and
nonhuman primates. J Infect Dis. 2009;200
(8):1251–60.

14. McGettigan JP, David F, Figueiredo MD, Minke J,
Mebatsion T, Schnell MJ. Safety and serological
response to a matrix gene-deleted rabies virus-based
vaccine vector in dogs. Vaccine. 2014;32(15):1716–9.

15. da Fontoura BR, Hudacek A, Sawatsky B, Kramer B,
Yin X, Schnell MJ, et al. Inactivated recombinant
rabies viruses displaying canine distemper virus
glycoproteins induce protective immunity against
both pathogens. J Virol. 2017;91(8):e02077-16.

16. Wirblich C, Coleman CM, Kurup D, Abraham TS,
Bernbaum JG, Jahrling PB, et al. One-health: a safe,
efficient, dual-use vaccine for humans and animals
against Middle East respiratory syndrome coronavirus
and rabies virus. J Virol. 2017;91(2):e02040-16.

17. Willet M, Kurup D, Papaneri A, Wirblich C, Hooper
JW, Kwilas SA, et al. Preclinical development of
inactivated rabies virus-based polyvalent vaccine
against rabies and filoviruses. J Infect Dis. 2015;212
(Suppl 2):S414–24.

18. Papaneri AB, Bernbaum JG, Blaney JE, Jahrling PB,
Schnell MJ, Johnson RF. Controlled viral glycoprotein
expression as a safety feature in a bivalent Rabies-
Ebola vaccine. Virus Res. 2015;197:54–8.

19. Papaneri AB, Wirblich C, Cann JA, Cooper K,
Jahrling PB, Schnell MJ, et al. A replication-deficient
rabies virus vaccine expressing Ebola virus glycopro-
tein is highly attenuated for neurovirulence. Virology.
2012;434(1):18–26.

20. Blaney JE, Marzi A, Willet M, Papaneri AB,
Wirblich C, Feldmann F, et al. Antibody quality and
protection from lethal Ebola virus challenge in nonhu-
man primates immunized with rabies virus based biva-
lent vaccine. PLoS Pathog. 2013;9(5):e1003389.

21. Blaney JE, Wirblich C, Papaneri AB, Johnson RF,
Myers CJ, Juelich TL, et al. Inactivated or live-
attenuated bivalent vaccines that confer protection
against rabies and Ebola viruses. J Virol. 2011;85
(20):10605–16.

22. Kurup D, Wirblich C, Feldmann H, Marzi A, Schnell
MJ. Rhabdovirus-based vaccine platforms against
henipaviruses. J Virol. 2015;89(1):144–54.

23. Grigera PR, Marzocca MP, Capozzo AV,
Buonocore L, Donis RO, Rose JK. Presence of bovine

Rhabdoviruses as Vaccine Vectors for Veterinary Pathogens 147



viral diarrhea virus (BVDV) E2 glycoprotein in VSV
recombinant particles and induction of neutralizing
BVDV antibodies in mice. Virus Res. 2000;69
(1):3–15.

24. Kalhoro NH, Veits J, Rautenschlein S, Zimmer G. A
recombinant vesicular stomatitis virus replicon vac-
cine protects chickens from highly pathogenic avian
influenza virus (H7N1). Vaccine. 2009;27
(8):1174–83.

25. Halbherr SJ, Brostoff T, Tippenhauer M, Locher S,
Berger Rentsch M, Zimmer G. Vaccination with
recombinant RNA replicon particles protects chickens
from H5N1 highly pathogenic avian influenza virus.
PLoS One. 2013;8(6):e66059.

26. Halbherr SJ, Ludersdorfer TH, Ricklin M, Locher S,
Berger Rentsch M, Summerfield A, et al. Biological
and protective properties of immune sera directed to
the influenza virus neuraminidase. J Virol. 2015;89
(3):1550–63.

27. Ricklin ME, Vielle NJ, Python S, Brechbuhl D,
Zumkehr B, Posthaus H, et al. Partial protection
against porcine influenza a virus by a hemagglutinin-
expressing virus replicon particle vaccine in the
absence of neutralizing antibodies. Front Immunol.
2016;7:253.

28. Ricklin ME, Python S, Vielle NJ, Brechbuhl D,
Zumkehr B, Posthaus H, et al. Virus replicon particle
vaccines expressing nucleoprotein of influenza A virus
mediate enhanced inflammatory responses in pigs. Sci
Rep. 2017;7(1):16379.

29. Kochinger S, Renevey N, Hofmann MA, Zimmer
G. Vesicular stomatitis virus replicon expressing the
VP2 outer capsid protein of bluetongue virus serotype
8 induces complete protection of sheep against chal-
lenge infection. Vet Res. 2014;45:64.

30. Eck M, Duran MG, Ricklin ME, Locher S, Sarraseca J,
Rodriguez MJ, et al. Virus replicon particles
expressing porcine reproductive and respiratory syn-
drome virus proteins elicit immune priming but do not
confer protection from viremia in pigs. Vet Res.
2016;47:33.

31. Hummel J, Bienzle D, Morrison A, Cieplak M,
Stephenson K, DeLay J, et al. Maraba virus-vectored
cancer vaccines represent a safe and novel therapeutic
option for cats. Sci Rep. 2017;7(1):15738.

32. Guo M, Shi W, Wang Y, Wang Y, Chen Y, Li D, et al.
Recombinant infectious hematopoietic necrosis virus
expressing infectious pancreatic necrosis virus VP2
protein induces immunity against both pathogens.
Fish Shellfish Immunol. 2018;78:187–94.

33. Romero A, Figueras A, Thoulouze MI, Bremont M,
Novoa B. Recombinant infectious hematopoietic
necrosis viruses induce protection for rainbow trout
Oncorhynchus mykiss. Dis Aquat Org. 2008;80
(2):123–35.

34. Emmenegger EJ, Biacchesi S, Merour E, Glenn JA,
Palmer AD, Bremont M, et al. Virulence of a chimeric
recombinant infectious haematopoietic necrosis virus
expressing the spring viraemia of carp virus glycopro-
tein in salmonid and cyprinid fish. J Fish Dis. 2018;41
(1):67–78.

35. Rouxel RN, Merour E, Biacchesi S, Bremont
M. Complete protection against influenza virus H1N1
strain A/PR/8/34 challenge in mice immunized with
non-adjuvanted novirhabdovirus vaccines. PLoS One.
2016;11(10):e0164245.

36. Nzonza A, Lecollinet S, Chat S, Lowenski S,
Merour E, Biacchesi S, et al. A recombinant
novirhabdovirus presenting at the surface the E glyco-
protein from West Nile Virus (WNV) is immunogenic
and provides partial protection against lethal WNV
challenge in BALB/c mice. PLoS One. 2014;9(3):
e91766.

37. Rouxel RN, Tafalla C, Merour E, Leal E, Biacchesi S,
Bremont M. Attenuated infectious hematopoietic
necrosis virus with rearranged gene order as potential
vaccine. J Virol. 2016;90(23):10857–66.

38. Kim MS, Choi SH, Kim KH. Effect of G gene-deleted
recombinant viral hemorrhagic septicemia virus
(rVHSV-DeltaG) on the replication of wild type
VHSV in a fish cell line and in olive flounder
(Paralichthys olivaceus). Fish Shellfish Immunol.
2016;54:598–601.

148 G. Zimmer



Coronaviruses as Vaccine Vectors
for Veterinary Pathogens

Ding Xiang Liu, Yan Ling Ng, and To Sing Fung

Abstract

Coronaviruses (CoVs, family Coronaviridae)
are enveloped, plus-stranded RNA viruses that
can cause highly contagious upper respiratory
diseases in humans and animals with poten-
tially fatal outcomes. Typical symptoms found
in chickens infected with infectious bronchitis
coronavirus (IBV) include coughing, sneez-
ing, gasping, nasal discharge and tracheal
rales. Animal CoVs also cause local epidemics
and pandemics with high infection rates, sig-
nificantly increasing the economic burden on
the poultry and livestock industry. With the
realization that animal CoVs can be transmit-
ted to humans, these viruses are now consid-
ered a global health threat. Improvement in
technologies, such as reverse genetics, has
conferred the ability to manipulate coronaviral
genomes in the development of antiviral inter-
vention and as vaccine vectors against other
veterinary pathogens. This chapter
summarizes new information on CoV reverse
genetics and advances in vaccine
development.

Keywords
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chromosome · In vitro ligation · Vaccinia
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Learning Objectives
After reading this chapter, you should be able to:

• Explain the basic molecular biology, patho-
genesis and replication cycle of coronavirus

• Explain the working mechanisms of the four
coronavirus reverse genetics systems and com-
pare and contrast their advantages and
limitations

• Use practical examples to demonstrate how
coronavirus genomes can be manipulated to
serve as vaccine vectors for veterinary
pathogens

1 Introduction

Coronaviruses (CoVs) are a family of enveloped
viruses with non-segmented, single-stranded and
positive-sense RNA genomes. Viruses in this
family infect and cause diseases in various
domesticated and laboratory vertebrates, includ-
ing cats, dogs, pigs, chickens and mice. In addi-
tion, several CoVs are able to infect humans and
cause respiratory diseases with mild to severe
outcomes. Three recently emergent zoonotic
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CoVs, severe acute respiratory syndrome corona-
virus (SARS-CoV), Middle East respiratory syn-
drome coronavirus (MERS-CoV) and 2019 novel
coronavirus (SARS-CoV-2), have crossed the
species barrier and infected humans directly or
via intermediate hosts, causing lethal diseases in
a pandemic scale. In terms of animal CoVs, the
high mortality rates in infected young animals
and the reduction in product quality and yield
have imposed heavy economic burdens on the
global livestock industry.

Ever since the identification of the first CoV
more than 80 years ago, continuous effort has
been made to isolate and cultivate CoVs in tissue
and cell cultures with some success, but many
CoV field isolates still remain unculturable.
Meanwhile, research on the molecular virology
of CoV has revealed its highly characteristic rep-
lication mechanism, featuring by the synthesis of
a nested set of subgenomic mRNA species,
shared by other viruses belonging to the order
Nidovirales (nidus, nest). While the replication
cycle of CoV is relatively simple occurring exclu-
sively in the cytoplasm, the enormous genome
size (27–32 kb) has made the initial attempts to
establish reverse genetics systems a daunting
task. Nonetheless, several approaches have been
developed, and the ability to recover recombinant
CoVs harbouring precise deletions and mutations
proves to be invaluable in the basic and applied
research of CoV.

The large genome size and unique transcrip-
tion strategy of CoVs make them promising
candidates for the development of viral vectors
expressing heterologous genes. Studies with CoV
replicons, the autonomous replicating RNA
molecules, have led to the identification of viral
genes and the cis-acting elements indispensable
for efficient CoV replication. Meanwhile,
experiments using reporter genes, such as fluores-
cent proteins and luciferases, have demonstrated
the impacts of genomic localization, sequence
composition and transgene size on the expression
levels of the heterologous genes and the recovery
rate and stability of the recombinant viruses. Sev-
eral pioneering studies have also explored the
feasibility of using CoV-based vectors to con-
struct vaccines and evaluated their efficacies

against virulent strains of CoVs or other viruses.
In this chapter, we first review the basic knowl-
edge of CoV biology, followed by a detailed
discussion on the four CoV reverse genetic
systems. We then summarize current studies on
the construction of CoV replicons and CoV
vectors and discuss their potential application to
serve as vaccine vectors.

2 Background

2.1 Clinical Importance

Records of diseases attributable to CoVs date
back to 1931 in North Dakota, United States, in
what was described as “an apparently new respi-
ratory disease of baby chicks” known as infec-
tious bronchitis (IB) [1]. The viral nature of IB
was established 2 years later, when Bushnell and
Brandly reported a similar disease in chickens
[2]. Bacterial and toxin origins were ruled out as
the causative agent was filterable. Since then,
different CoVs have been discovered and the
symptoms they cause extend beyond the respira-
tory system. In all cases, the viral particles were
found to be between 80–150 nm, pleomorphic,
membrane-coated and decorated with widely
spaced club-shaped surface projections [3–
7]. This group of viruses, known as CoVs (corona
denoting the reminiscent of a solar corona), was
officially recognized as a new genus in 1971 [8].

CoV research hit its prime in 2002, when the
emergence of the SARS-CoV outbreak resulted in
8096 reported cases worldwide and an approxi-
mate 10% mortality rate [9]. The subsequent
occurrences of MERS-CoV epidemic in 2012
and SARS-CoV-2 pandemic in 2019 have once
again demonstrated that it is highly probable for
CoVs circulating amongst bat species and other
animals to be introduced into the human popula-
tion. This prompts the need for more research to
elucidate their replication mechanisms to identify
potential drug targets and develop vaccines,
which can be effective countermeasures
against CoVs.
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2.2 Taxonomy

CoVs are taxonomically classified under the order
of the Nidovirales, a large group of enveloped,
single-stranded, positive-sense RNA genomes
which produce a 30 co-terminal nested set of
subgenomic mRNAs during infection
[10]. CoVs were traditionally classified into four
groups based on phylogenetic clustering. How-
ever, extensive changes were made to the order in
the 2018 International Committee on Taxonomy
of Viruses (ICTV) taxonomy, in which the
nidoviruses are reorganized into seven suborders
(Fig. 1). The Coronaviridae family is now under
the suborder of Cornidovirineae and further
divided into two subfamilies, Letovirinae and
Orthocoronavirinae. The introduction of a new
subgenus rank also redistributes the alpha-, beta-,
delta- and gammaCoVs across 12, 5, 4 and
2 subgenera, respectively. Almost all alpha- and
betaCoVs have mammalian hosts, whereas
gamma- and deltaCoVs have been isolated
mainly from avian hosts.

2.3 Morphology

On negative contrast electron microscopy (EM),
CoV virions appear roughly spherical and pleo-
morphic (Fig. 2), with an average diameter of
80–150 nm [11, 12]. The virion surface is covered
with a fringe of 20 nm crown-like surface
projections consisting of trimers of spike
(S) glycoprotein. In betaCoVs, there exists a
second type of protein projections on the sur-
face, the homodimeric hemagglutinin-esterase
(HE) glycoprotein, which measures about
5–7 nm in length [13, 14].

2.4 Genome Structure
and Organization

CoVs possess the largest and most complex RNA
genome amongst established RNA viruses, with
genome sizes typically ranging between 26 and
32 kb. These viruses maintain a well-conserved

genome organization, with the essential genes
occurring in the order 50-replicase-S-E-M-N-30.
The genomic RNAs (gRNAs) contain a
methylated cap structure at the 50 termini of its
viral genomic and subgenomic RNAs (sgRNAs)
[15] and a 30 terminal polyadenylated tail
[16]. The replicase-transcriptase constitutes
about two-thirds of the virus genome and is the
only gene directly translated from the genomic
RNA upon entry into the host cell. Products of
their downstream open reading frames (ORFs) are
derived from subgenomic mRNAs.

2.5 CoV Replication Cycle

2.5.1 Attachment and Entry
Viral infection of host cells begins with receptor
recognition by CoVs, which is initiated by the
binding interaction between the S protein and its
cognate receptors (Fig. 3). Host range and tissue
tropism are mainly determined by the interaction
between the S protein and its receptor. The cellu-
lar receptor for gammaCoVs is currently
unknown, although sialic acids are thought to
serve as non-specific attachment factors [17–19].

Following receptor binding, membrane fusion
between the viral and host membrane is mediated
by conformational changes of the S protein,
largely accomplished by the S2 subunit of the S
protein. Cleavage of the S protein occurs at two
sites within the S protein, firstly at the (S1/S2) site
for separating the receptor-binding domain
(RBD) and fusion domain of the S protein and
secondly at the (S20) site for exposing the fusion
peptide [20]. The insertion of the fusion peptide
into the host membrane upon S20 cleavage then
triggers the joining of two heptad repeats (HRs) in
S2, forming an antiparallel six-helix bundle
[21]. The formation of this bundle permits mem-
brane mixing to eventually deliver the viral
genome into the cytoplasm.

2.5.2 Replicase Gene Translation
and Processing

The next step of the CoV life cycle involves the
translation of the replicase gene from the incom-
ing virion genomic RNA. The replicase gene
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Fig. 1 Current taxonomy of the order Nidovirales
according to the International Committee on Taxon-
omy of Viruses (ICTV). Coronaviruses are classified
under the subfamily of Coronavirinae in the family
Coronaviridae
The following virus name abbreviations were used: BtCoV
bat coronavirus, PEDV porcine epidemic diarrhoea virus,
HCoV human coronavirus, TGEV transmissible gastroen-
teritis virus, PRCV porcine respiratory coronavirus, FCoV
feline coronavirus,MiCoV mink coronavirus, CiCoV civet
severe acute respiratory syndrome CoV, RatCoV rat coro-
navirus, MHV murine hepatitis virus, PHEV porcine
hemagglutinating encephalomyelitis virus, BCoV bovine

coronavirus, CaCoV canine respiratory coronavirus, ECoV
equine coronavirus,DrCoV dromedary camel coronavirus,
WtDCoV white-tailed deer coronavirus, GCoV giraffe
coronavirus, AnCoV sable antelope coronavirus, WBkCoV
waterbuck coronavirus, SdCoV sambar deer coronavirus,
RabCoV rabbit coronavirus, HeCoV hedgehog coronavi-
rus, IBV infectious bronchitis virus, CMCoV common
moorhen coronavirus, WECoV wigeon coronavirus,
BuCoV bulbul coronavirus, ThCoV thrush coronavirus,
MuCoV munia coronavirus, PCoV porcine coronavirus,
WiCoV white-eye coronavirus, NHCoV night heron
coronavirus

Fig. 2 Coronavirus morphology. An electron micro-
graph image of Middle East respiratory syndrome
coronaviruses (MERS-CoV). The structural proteins of
coronaviruses that comprise the spike, membrane, nucleo-
capsid and envelop protein. The molecular weight of each

structural protein monomer is as shown. The size of an
infectious bronchitis virus virion is 82 nm. (Image source:
Cynthia Goldsmith/Maureen Metcalfe/Azaibi Tamin,
from https://www.cdc.gov/coronavirus/mers/photos.html)
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encodes two large ORFs, ORF1a and ORF1ab,
which share a small overlap and encode two large
polyproteins, pp1a and pp1ab, respectively.
Polyprotein1ab is translated by a ribosomal
frameshifting event (Fig. 4a). As demonstrated
by in vitro studies, the incidence of ribosomal
frameshifting is as high as 25%. This alternate
translation mechanism can help either to regulate
the ratio of pp1a and pp1ab proteins or to post-
pone the translation of products from the 1b cod-
ing region until sufficient products of ORF1a are
synthesized, thereby creating a suitable environ-
ment for RNA replication [22].

Following the production of pp1a and pp1ab,
the polyproteins are autoproteolytically processed
by its encoded viral proteases to form mature
protein products, termed non-structural proteins
(nsps) 1–16, except for gammaCoVs, which do
not encode nsp1 [23] (Fig. 4b). These processed
nsps will assemble to form the replication-
transcription complex (RTC), creating an envi-
ronment suitable for RNA synthesis, RNA repli-
cation and transcription of subgenomic RNAs.

2.5.3 Replication and Transcription
The expression and assembly of the RTC set the
stage for viral RNA synthesis, a process which
results in the replication of both gRNA and the
transcription of multiple sgRNAs. Each sgRNA
contains a leader RNA of 70–100 nucleotides
(nt) identical to the 50 end of the genome joined
to the body RNA identical to the 30 portions of the
genome. The fusion of the leader and body RNA
happens at short motifs on the genome, known as
transcriptional regulatory site (TRS).

There is now general consensus that this
fusion takes place through discontinuous exten-
sion of the negative-stranded RNA [24]. As a
result, the negative-stranded sgRNAs in a partial
duplex with the positive-stranded gRNA are now
used as templates for the synthesis of the
corresponding multiple positive-stranded RNAs.
In addition to the formation of gRNA and
sgRNAs, CoVs can undergo homologous and
non-homologous RNA recombination
[25, 26]. The ability of these CoVs to recombine
may play a prominent role in viral evolution and

Fig. 3 Infectious bronchitis virus (IBV) replicase gene
and processing scheme of replicase protein products.
(a) Ribosomal frameshifting elements of IBV replicase
gene. Pseudoknot stems are indicated as S1 and S2, and
loops are indicated as L1 and L3. (b) Translation of the
replicase genes ORF1a and ORF1b begins following the

release of the viral genome into the host cytoplasm via
ribosomal frameshifting, into polyprotein (pp) 1a and 1ab.
Pp1a and pp1ab will then be autoproteolytically cleaved at
cleavage sites by papain-like protease (PLpro) (in red
triangles) and main protease (Mpro) (in orange triangles)
into 15 non-structural proteins
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in preventing the accumulation of deleterious
mutations.

2.5.4 Assembly and Egress
With the replication and transcription of the
gRNA and sgRNAs, the next step of the replica-
tion cycle is to enable the translation of the struc-
tural and accessory proteins, which help to direct
the assembly of progeny viruses. The S, mem-
brane (M) and envelope (E) proteins are trans-
lated and inserted into the endoplasmic reticulum
(ER), where they transit along the secretory path-
way into the site of virion assembly – the
ER-Golgi intermediate compartment (ERGIC)
[27, 28]. Here, the viral genomes encapsulated
by the nucleocapsid (N) protein coalesce, in addi-
tion with the envelope components, will bud into
the ERGIC and translocated to the Golgi to form
mature virions [29].

Following assembly and budding, the virions
are exported from the infected cells in vesicles
and are released by exocytosis. A portion of the S
protein, which is not assembled into virions, will
translocate to the plasma membrane, where it
mediates cell-cell fusion between neighbouring
uninfected cells. This leads to the formation of
large, multinucleated cells, which promote virus

spread within an organism without being detected
by virus-specific antibodies.

2.6 CoV Genetics and Reverse
Genetics

In the past, CoV genetics are broadly restricted to
the analysis of three types of mutants. The first
were naturally arising deletion mutants, which
offered clues to some of the phenotypic changes
found in various pathogenic strains. The second
were defective RNA templates, which depend on
replicase proteins provided in trans by a helper
virus [30–33]. The last were temperature-
sensitive (ts) mutants isolated from MHV and
IBV using chemical mutagenesis and by adapta-
tion to different culture temperatures [34–
37]. Reversible and easy to use, ts mutants
quickly became powerful tools for studying
gene function after natural mutants. However, a
great deal of efforts must be expended to produce
a comprehensive collection of mutants
representing the possible complementation
groups of cistrons encoded in the CoV genome,
consequently limiting their use in CoV genetics.

Fig. 4 Coronavirus replication cycle
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Reverse genetics for CoVs were developed as
early as the 1990s, when the large size of the CoV
genome and expression of specific CoV cDNA
sequences in bacterial cloning systems became
major impediments in the generation of recombi-
nant CoVs using classical genetic techniques
[38]. Here, we review four approaches developed
for building CoV infectious cDNAs using IBV,
FIPV and TGEV as models and how each of these
systems has been extended to the generation of
CoV replicon RNAs and CoV-based vaccine
vectors.

3 Construction of the CoV
Vectors

3.1 Reverse Genetics Systems
for CoV

3.1.1 Homologous RNA Recombination
Targeted RNA recombination was the first
reverse genetics method developed when it was
not clear if the construction of full-length infec-
tious cDNA clones would ever be feasible
[39]. This system was originally designed for
MHV, which harnesses on the intrinsic property
of the CoV replication machinery to recombine
RNA molecules. It involves generation of a chi-
meric RNA donor bearing the desired mutations
being transfected into cells, which have been
infected with a parental virus presenting certain
characteristics (i.e. ts or host range-based selec-
tion) that can be selected against [40–42]. Recom-
binant CoVs generated by targeted RNA
recombination can then be isolated by counter-
selection of the parental virus and purified.

Despite the existence of RNA recombination
since the 1990s, attempts at recombining IBV
RNA molecules have proved to be unsuccessful
until recently, when van Beurden and colleagues
established a targeted RNA recombination
reverse genetics system on IBV H52 (Fig. 5)
[43]. Using this approach, the IBV donor plas-
mid, pIBV, was constructed as stepwise ligation
of fragments derived from five plasmids. Each of
these five plasmids contains gene fragments of
various IBV structural and accessory genes. To

construct a recombinant chimeric murinized
(m) IBV intermediate (mIBV) donor plasmid,
the ectodomain of MHV A59 spike gene was
amplified by PCR and ligated into a plasmid to
produce p-MHV-S [44–48]. Targeted RNA
recombination of IBV proceeds in two steps.
Construction of the recombinant chimeric mIBV
was the first step. In the next step, the recombi-
nant IBV (rIBV) was generated by exchanging
the IBV S ectodomain back into the mIBV
genome.

With this method, manipulating the 30

one-third of the CoV genome, which consists of
the structural and accessory genes as well as the 30

UTR, has been successful in FIPV [49], TGEV
[50] and most recently, in IBV [43]. However,
despite its value, there are clear drawbacks in this
system. For technical reasons, this method cannot
be expanded to the 50 two-thirds of the genome,
where the replicase is located due to the require-
ment of these gene products for virus passage. As
such, to get around the barriers presented by the
huge size of the replicase gene and the instability
of key regions propagated in bacterial clones,
three other methods were developed to overcome
these challenges, namely, construction of the full-
length cDNA clones in bacterial artificial
chromosomes (BACs), in vitro ligation and prop-
agation of full-length cDNAs in vaccinia virus-
based vectors.

3.1.2 Bacterial Artificial Chromosomes
(BACs)

The BAC system is based on Escherichia coli and
its single-copy F vector, which follows a strictly
controlled replication to produce only one or two
copies per cell. Amongst bacterial cloning
systems, BAC has been chosen for reverse genet-
ics as it has been shown to be capable of
maintaining large DNA fragments from various
genomic sources with high structural stability
even after generations of serial growth [51]. The
first full-length cDNA-based reverse genetics sys-
tem for CoVs using the BAC approach was devel-
oped for TGEV in 2000 (Fig. 6) [52, 53]. In this
system, the full-length cDNA copy of the TGEV
genome was assembled in a synthetic low-copy-
number BAC pBeloBAC11, downstream of a
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cytomegalovirus (CMV) promoter [54]. Down-
stream of the 30 end of the genomic RNA are
also a poly(A) tail, the hepatitis delta virus
(HDV) ribozyme and a bovine growth hormone
(BGH) termination and polyadenylation sequence
to ensure that the synthetic RNAs produced con-
tain the genuine 30 end sequence of the genome.
The infection is initiated from the transcription of
the transfected cDNA by using the host RNA
polymerase II [55]. This method is advantageous
in avoiding the potential limitations of in vitro
capping and transcription of genomic RNA. More

recently, modified BAC approaches have been
used to generate the full-length cDNA clone of
SARS-CoV Frankfurt-1 under the control of a T7
RNA polymerase promoter instead of the CMV
promoter, to prevent mRNA splicing after tran-
scription of the full-length cDNA by host RNA
polymerase II in the nucleus [56].

BAC clones can also be modified into E. coli
cells by homologous recombination, using the red
recombination system and homing endonuclease
I-Scel, for counter-selection [57]. This method
employs a sequence bearing the desired

Fig. 5 Targeted RNA recombination. An interspecies
chimeric murinized IBV containing an MHV S domain
(mIBV) is generated via a single recombination event

between the IBV genomic RNA with the synthetic donor
plasmid (p-IBV synthetic RNA) bearing a mutation (star)
in the spike (S)

Fig. 6 Assembly of full-length TGEV cDNA clone
using bacterial artificial chromosome (BAC) method.
To construct the complete cDNA of the TGEV genome, a
plasmid containing a cDNA encoding TGEV-derived DI
(pDI-C) was used. As pDI-C RNA contains three deletions
across the genome, a set of cDNAs encoding the fragments
of the missing regions were generated by RT-PCR

(highlighted in yellow boxes). The final TGEV cDNA
was flanked by a CMV promoter at the 50 end and a
24 bp poly(A) tail at the 30 end, followed by the hepatitis
delta virus ribozyme (HδR) and bovine GH termination
(BGH) and polyadenylation sequences (Adapted from
[52])
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modifications and allows an accurate and efficient
introduction of modifications to a BAC clone in a
“scarless” fashion.

The BAC system poses several advantages.
First, manipulation of the BAC clones follows
standard cloning protocols, such as selecting suit-
able restriction sites and ligating cDNA fragments
into the vector, making it relatively easy and
essentially similar to molecular manipulation of
a conventional plasmid [51]. Likewise, the high
stability of the exogenous DNA sequences
provided by the BACs permitted infinite cDNA
production in the cell. Together with the high
transfection efficiency of BACs in mammalian
cells, this system quickly becomes an attractive
tool for CoV reverse genetics [58] and has been
successfully employed to study the role of various
viral proteins in replication and pathogenesis as
well as for the production of genetically
attenuated viruses that are potential vaccine
candidates for SARS-CoV [59–61] and MERS-
CoV [62].

3.1.3 In Vitro Ligation of Full-Length
Genomic cDNA

The third system constructs a full-length genomic
cDNA through the systematic assembly of
smaller cloned cDNA fragments via in vitro liga-
tion [44]. Using this approach, each smaller clone
was ligated in a directed manner using asymmet-
ric restriction sites and then transfected to permis-
sive host cells. The full-length cDNA was in vitro
transcribed to generate a capped, full-length RNA
transcript, from which infectious viruses can be
rescued after co-transfection with a capped N
gene RNA transcript. This method has been suc-
cessfully used to recover clones of many CoV,
including TGEV [44], MERS-CoV [63], MHV
[46], SARS-CoV [47] and IBV [64–66].

This in vitro cDNA assembly approach is
proven to be simple and straight forward, as it
allows rapid mutagenesis of independent cDNA
fragments in parallel using conventional
techniques and is compatible with other reverse
genetics methods, such as BAC and vaccinia
vectors. However, the initial application of this
approach met two potential caveats: one was the

generation of premature T7 transcription termina-
tion signals during in vitro transcription of the
full-length viral RNA, and another was the lack
of restriction enzymes that provide a unique over-
hang that does not randomly self-assemble. To
overcome the first problem, several mutations
were inserted into the genome to avoid potential
T7 transcription termination signals. To over-
come the second caveat, a variation of the
approach was initially developed to engineer the
MHV infectious cDNA by utilizing type IIs
restriction enzymes, such as BsaI and SapI at the
ends of each cDNA fragments [46]. These
enzymes recognize asymmetrical sites and leave
behind 1–4 nt overhangs that could be ligated
in vitro using standard protocols without chang-
ing the viral sequence. Through cleavage and
ligation of these fragments, the added restriction
sites are removed, leaving the exact viral
sequence at the junction, allowing one to generate
cDNA clones without introducing mutations to
the viral genome sequence. Additionally, it is
possible to introduce mutations to the CoV
genome at any position by designing primers,
which incorporate a type IIs restriction site and
mutation of interest to the viral genome [46, 67].

By using this strategy, the construction of a
full-length cDNA clone derived from a Vero cell-
adapted IBV Beaudette strain was obtained by
in vitro assembly of five cDNA fragments span-
ning the entire IBV genome (Fig. 7) [64]. Each of
these fragments was generated by RT-PCR using
specific primers that introduced BsmBI or BsaI
into the 50 and 30 ends of the fragments. These
cDNA fragments were digested and systemati-
cally and unidirectionally assembled into a full-
length cDNA by in vitro ligation. Following
in vitro transcription, the genome-length
transcripts were electroporated into Vero cells
and used to recover the infectious viruses
[63, 68].

This approach has been used with success at
identifying and evaluating promising zoonotic
vaccine candidate strains for SARS-CoV [69]
and developing a recombination safe vaccine
platform by rewiring the viral TRSs [70].
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3.1.4 Vaccinia Virus-Based Vectors
The last system involves the use of vaccinia virus
cloning vector to generate full-length CoV
genome [71, 72]. This system represents a basic
approach to CoV genetics and was first reported
for the generation of human CoV 229E (HCoV-
229E) and, soon after, extended to FIPV [73, 74],
IBV [45] and MHV-A59 [75]. Vaccinia virus
vectors were attractive reverse genetics tools for
several reasons. First, vaccinia virus has the
capacity to accommodate at least 25 kb of foreign
DNA sequence, allowing recombinant vaccinia
viruses to replicate in cell culture without
compromising on viral titer when compared to
non-recombinant virus [76]. Second, vaccinia
virus vectors have been designed for foreign
DNA insertion by in vitro ligation, negating the
need to generate plasmid intermediates to carry
the entire cDNA insert [77]. Finally, the cloned
cDNA insert is open to mutagenesis through vac-
cinia virus-mediated homologous recombination
[78, 79].

The generation of a reverse genetics system for
IBV will be described to illustrate the vaccinia
virus-based system (Fig. 8) [45]. In principle, the
procedure can be divided into two parts: genera-
tion of a full-length IBV cDNA and the recovery
of the infectious rIBV. Firstly, three plasmids

(pFRAG-1, pFRAG-2 and pFRAG-3) which con-
tain the contiguous regions of the IBV genome
were constructed for the final assembly of the
full-length cDNA. The assembly of the full-
length cDNA clone, which encompasses the
entire IBV genome downstream of the T7 pro-
moter, was achieved via a two-step in vitro liga-
tion method. Secondly, the in vitro ligation
products, comprising the full-length IBV cDNA
with dephosphorylated Bsp102I ends, were
ligated to the NotI arm present in the genomic
DNA of the vaccinia virus vector vNotI/tk. The
ligation products were then transfected into CK
cells, which were previously infected with a
fowlpox virus (FPV) expressing T7 polymerase
as a helper to recover the recombinant IBV
[80]. A second plasmid, pCi-Nuc under the con-
trol of both the CMV and T7 RNA polymerase
promoter, was also co-transfected to express IBV
N [81]. FPV was selected as a helper virus,
because of the abortive FPV infection in the
mammalian cells together with the rarity of
recombination events between two poxviruses
[71, 82].

Two recombination methods have also been
developed based on the sequential use of E. coli
guanine-phosphoribosyl transferase gene (gpt) as
both a positive and negative selection marker

Fig. 7 Assembly of an IBV full-length cDNA clone by
in vitro ligation.A full-length cDNA of Vero cell-adapted
IBV Beaudette strain was assembled by in vitro ligation of
five contiguous cDNA fragments (A to E) spanning the
entire viral genome, which were flanked by native or
engineered BsmBI and BsaI restriction sites. The

assembled full-length cDNA contained a T7 RNA poly-
merase promoter (T7) at the 50 end and poly(A) tail at the
30 end, allowing for the in vitro transcription of a full-
length, capped polyadenylated transcripts. The viral genes
and relevant restriction sites are indicated (Adapted from
[64])
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[72, 83]. In the first method, the CoV region of
interest in the recombinant vaccinia virus was
substituted with the gpt gene in a plasmid, and
the gpt gene was flanked by CoV sequences to
facilitate a double recombination event. The sec-
ond method, known as transient dominant selec-
tion [79, 83], requires the modified CoV cDNA
region to be inserted into a plasmid containing the
gpt selective marker under the control of a vac-
cinia virus promoter. The complete sequence of
the plasmid (including the CoV genome) was
then transiently integrated into the vaccinia virus
by homologous recombination with a single
crossover event. The recombinant vaccinia virus
containing the modified CoV cDNA region was
then gpt-positively selected.

Collectively, it is possible to genetically mod-
ify CoV genomes at desirable positions using
these approaches. Recombinant CoVs with gene
inactivation, deletions or attenuation
modifications can now be generated to study the
role of specific gene products in viral replication
and pathogenesis. Most importantly, attenuated
viruses can be potential vaccine candidates, and

modified CoV genomes have been developed as
eukaryotic, multigene expression vectors [84].

3.2 Construction of CoV Replicons

In line with the development of viral vectors
based on CoVs, previous studies have also
explored the possibilities of constructing CoV
replicons. Replicons are autonomous replicating
RNAs encoding all viral proteins and cis-acting
elements required for RNA replication and are
considered as a safe alternative to full-length
viral genomes as they lack structural genes to
produce infectious virus particles. In order to
construct CoV replicons, it is important to iden-
tify viral genes and sequence elements that are
indispensable for efficient CoV replication. By
analogy to other positive-stranded RNA viruses,
it was assumed that the replicase gene and cis-
acting elements at the 50 and 30 termini would be
sufficed for efficient CoV replication and tran-
scription. However, reverse genetics analyses
revealed a role of CoV N proteins for efficient
CoV replication [85, 86]. Therefore, the basic

Fig. 8 Assembly of an IBV full-length cDNA clone in
the vaccinia virus genome. Three contiguous cDNA
fragments (pFRAG1 to pFRAG3) spanning the entire
viral genome of IBV Beaudette CK strain was cloned in
vaccinia virus DNA (V) by in vitro ligation. pFRAG1
contained a T7 RNA polymerase promoter (T7) at the 50

end and pFRAG3 fragment a 28 nt poly(A) tail at the 30

end. The assembly of the full-length IBV cDNA and its
insertion into the vaccinia virus genome is shown with the
final orientation of the cDNA in the vaccinia genome.
(Adapted from [45]). AP dephosphorylated ends, T7ψ T7
promoter, T7φ T7 terminator, HδR hepatitis delta
antigenome ribozyme
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units of a CoV replicon include (i) the replicase
gene, (ii) the 50 and 30 genomic termini containing
the cis-acting elements required for replication
and transcription and (iii) the nucleocapsid gene.

CoV replicons have been constructed for many
animal CoVs using reverse genetics approaches
[85, 87] and are currently being used as a
non-infectious system to analyze CoV replication
and transcription [88–90]. This system is particu-
larly useful if the corresponding virus grows
poorly in tissue culture or if the pathogenicity of
the virus is a matter of concern. Several replicon
versions have also been reported to include a
variety of reporter genes such as green fluorescent
protein (GFP), firefly luciferase (FLuc) or Renilla
luciferase (RLuc) alone or in combination with
antibiotic resistance genes [91–93]. In the case of
SARS-CoV, these replicons are particularly use-
ful in the identification of viral and host factors
involved in CoV RNA synthesis [94] and
antiviral drug testing [89].

With reverse genetics, the generation of CoV
replicons can be derived from replication-
competent, propagation-defective viruses, as in
the case for TGEV which lacked an E gene
[87, 95] as well as MERS-CoV [62]. The ratio-
nale behind this approach is to generate CoV
replicons through deletion of one or more struc-
tural genes and to express the missing structural
gene(s) in trans. In a study reporting the construc-
tion of a replicon for HCoV-229E, all the struc-
tural genes (including N) and accessory genes
were removed, while three reporter genes (chlor-
amphenicol acetyltransferase (CAT), FLuc and
GFP) were incorporated, each located down-
stream of an HCoV-229E TRS [84]. Expression
of the reporter genes could be detected in
BHK-21 cells transfected with the replicon, but
the packaging of the replicon genome into a virus-
like particle (VLP) required simultaneous trans-
fection of the replicon RNA, a helper HCoV-
229E full-length genomic RNA, and the mRNA
for the N gene. However, the availability of VLPs
produced in this study was low, and a substantial
amount of helper virus was found in VLP
stocks [84].

In order to improve the biosafety standard of
such vectors, safety guards must be introduced to

work in a BSL2 containment facility. Reconstitu-
tion of wild-type constructs using vectors
containing rearranged structured genes [96] or
rewiring of the CoV transcription circuit [70]
may be used. In this line, SARS-CoV replicons
contain changed TRS elements, which resulted in
an incompatibility of recombinant and wild-type
TRS elements [70].

3.3 Expression of Heterologous
Genes by Recombinant CoV or
CoV Replicons

Several approaches to incorporate heterologous
genes into the genomes or replicons have been
tested for various animal coronaviruses. These
include (1) insertion of a transcriptional cassette
containing a TRS upstream of the gene of interest,
(2) replacement of the coding sequence for one or
more accessory genes with that of a heterologous
gene, (3) expression of heterologous genes fused
with coronavirus structural gene, and (4) insertion
of heterologous genes between non-structural
proteins encoded by the replicase gene.

Using reporter genes, such as EGFP and FLuc,
the expression efficiency of a heterologous gene
and the genetic stability of various recombinant
viruses were investigated using IBV as a vector.
When the EGFP preceded by a TRS from IBV
ORF5 was inserted after the M or N gene or when
EGFP was fused to the C-terminal region of the S
gene, infectious recombinant viruses expressing
EGFP could be recovered [97]. However, these
recombinant viruses were only genetically stable
up to passage 5, after which the inserted EGFP
gene was lost [97]. On the other hand, when the
accessory genes 3a and 3b were replaced with
FLuc gene, the recombinant IBV exhibited stable
expression of luciferase activity up to passage
15 [97]. In sharp contrast, the insertion of
TRS-FLuc cassette after the M or N gene resulted
in highly unstable viruses. Using the same sys-
tem, two viral proteins (SARS-CoV ORF6 and
DENV1 core) and a host protein (eIF3f) were also
expressed [97]. While the genomic location is a
critical determinant for successful heterologous
gene insertion in the CoV vector, the sequence
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composition and size of the inserted gene also
have major impacts on the expression level and
stability of the recombinant virus.

It is also possible to express heterologous
genes by modifying the replicase gene. This has
been demonstrated for HCoV-229E-based repli-
con RNA, where a selectable marker, the neomy-
cin resistance (neo) gene, has been inserted
between nsp1 and nsp2 [88]. Since the
C-terminus of nsp1 and the N-terminus of nsp2
are released by proteolytic processing in the wild-
type context, a “2A-like” autoprocessing peptide
has been used to liberate a slightly modified nsp1
C-terminus. The neo gene was cloned down-
stream of the 2A-like element followed by an
IRES that drives the translation of nsp2-nsp16.
This selection cassette, composed of the 2A-like
element, the neo gene and the IRES element, has
been used to generate stable replicon-containing
cell lines using conventional G418 selection after
transfection of the replicon RNA into eukaryotic
cells. An attractive application for these
non-infectious replicon cell lines is the identifica-
tion and evaluation of CoV replicase inhibitors
[88, 89].

The nsp2 is dispensable for the replication of
MHV and SARS-CoV [98]. In one study, the
coding sequence for nsp2 was deleted in the
MHV genome, and a reporter gene (GFP or
FLuc) was fused to nsp3 at the N-terminus,
resulting in the recovery of recombinant virus
MHV-Δ2-GFP/FFL3 [99]. Meanwhile, the cod-
ing sequence for GFP or FLuc was fused at the
N-terminus of nsp2, and a cleavage site was
introduced to allow proteolytic cleavage between
nsp1 and GFP/FFL-nsp2, resulting in the recov-
ery of recombinant virus MHV-GFP/FFL2
[96]. Compared with wild type control, replica-
tion of MHV-Δ2-GFP/FFL3 was delayed and the
virus titer reduced by 1-log10, whereas replication
of MHV-GFP/FFL2 was not significantly
affected. MHV-GFP/FFL2 was genetically stable
up to passage 5 [96]. Subsequent studies have
also used the same approach to express nsp2
proteins fused with APEX2 ascorbate peroxidase
for electron microscopy or BirAR118G biotin
ligase for proximity labelling studies [100].

4 Application of Recombinant
CoVs as Vaccine Vectors

4.1 Recombinant CoVs as Vaccine
Vectors

The observation that accessory genes are dispens-
able for coronavirus replication allows for the
replacement of these genes by heterologous
genes. In principle, CoV vectors have room for
the insertion of large heterologous genes and
expression of multiple genes is feasible
[84]. CoV reverse genetic systems are therefore
used to assess the efficacy of CoV-based expres-
sion vectors for producing large amounts of het-
erologous proteins or as immunogenic vectors in
the context of vaccine development and immuno-
therapy. The extraordinary large genome and
unique transcription strategy make CoVs
promising candidates for the development of
multigene expression vectors [101, 102].

Based on the following three facts, CoVs
would be promising vectors for vaccine develop-
ment [103]. First, some of CoV accessory genes
are amenable to deletion and can be used to
produce attenuated viruses. Second, CoV host
tropism can be altered by manipulating the S
protein. Finally, heterologous genes can be
expressed by inserting into CoV genomes with
appropriate CoV transcription signals.

4.2 CoV Vaccines Against Virulent
Strains by the Replacement
of S Gene

S protein is the major determinant of host and
tissue tropisms for coronaviruses. Using the vac-
cinia virus approach, Godeke and colleagues
identified 64 residues comprising the endodomain
and transmembrane domain of the MHV S pro-
tein to be critical in packaging into MHV VLPs
[104]. This information was then used to generate
recombinant viruses expressing a chimeric S pro-
tein made up of the C-terminal 64 residues of
MHV fused to the ectodomain of FIPV S protein
[105]. The recombinant virus, fMHV, lost the

Coronaviruses as Vaccine Vectors for Veterinary Pathogens 161



ability to infect murine cells but can now infect
feline cells, demonstrating that the chimeric spike
protein conferred a switch in species tropism.
Similar studies have been conducted on TGEV
and IBV, providing the evidence that the cell
tropism of these viruses is correlated with the S
protein expressed by the recombinant viruses
[50, 106–108].

In one earlier attempt, the ectodomain of the S
protein of an apathogenic Beaudette strain of IBV
(Beau-R) was replaced with that from the patho-
genic M41 strain to produce a recombinant IBV
BeauR-M41(S) [106]. The replacement changed
the cell tropism of the virus in vitro, but no
significant differences in pathogenicity were
observed between the recombinant BeauR-M41
(S) and the apathogenic parent Beau-R. Remark-
ably, BeauR-M41(S) induced much greater pro-
tection (77%) against challenge with M41
compared with Beau-R (11%). Therefore, the S
gene exchange between apathogenic and patho-
genic strains may be a new direction in IBV
vaccine development.

In a more recent study, the S ectodomain of a
Vero cell-adapted Beaudette strain of IBV (p65)
was replaced with that from the H120 vaccine
strain [109]. The resulting recombinant IBV
retained the ability to replicate in Vero cells and
induced the production of specific antibodies
for S, M and N proteins in the immunized
chickens. It also induced protection (80%) against
challenge with the virulent M41 strain. In a sepa-
rate study, the entire S gene of H120 strain was
replaced with that of the cell-adapted p65 strain
[110]. The recombinant R-H120-p65(S) virus
thus acquired the ability to grow in Vero cells,
while in vivo pathogenicity remained similar to
the parental H120 strain. The R-H120-p65
(S) also induced protection (80%) against chal-
lenge with the virulent M41 strain. These studies
demonstrated that by partial or complete replace-
ment of the S gene, recombinant coronaviruses
can be generated that exhibit desirable
neutralizing epitopes and/or acquire cell
culturability, providing new insights for the
development of novel recombinant vaccines.

4.3 CoV as Vaccine Vectors
Expressing Heterologous Viral
Proteins

The potential to express heterologous genes in
CoV-based vaccine vectors has been well
demonstrated in studies using TGEV [111]. To
increase the cloning capacity, ORF3a and ORF3b
were deleted in the parental virus (rPUR-MAD-
SC11), resulting in the generation of the rTGEV-
Δ3 vector. The heterologous GFP gene, followed
by TRS of 3a, was then inserted to replace the
deleted ORF3a and ORF3b, yielding rTGEV-Δ3-
TRS3a-GFP. Both rTGEV-Δ3 and rTGEV-Δ3-
TRS3a-GFP showed similar replication kinetics
to those of the parental virus in cell culture,
although slightly attenuated in infected animals.
Importantly, rTGEV-Δ3-TRS3a-GFP stably
expressed GFP (>40 μg/106 cells) for up to
20 passages. Immunization of pregnant sows
with recombinant virus demonstrated that
GFP-specific antibodies were detected in the
immunized sows and their progeny, as well as in
the colostrum from day 1 of lactation. This study
was amongst one of the early attempts to demon-
strate that promising potential of using CoV as
vaccine vectors.

Using the same system, engineered TGEV
vectors expressing antigens from porcine repro-
ductive and respiratory syndrome virus (PRRSV)
were constructed. Currently, live PRRSV
vaccines only provide partial protection against
clinical disease and sometimes revert to viru-
lence, while killed PRRSV vaccines are generally
less effective. Previous studies have shown that
GP5 and M proteins are involved, respectively, in
the induction of neutralizing antibodies and cellu-
lar immune response during PRRSV infection
[112]. To express PRRSV GP5 and M, a
bicistronic expression cassette was adopted to
replace the ORF3a/ORF3b expression cassette
in TGEV. Both proteins were efficiently
expressed in the infected cells and tissues from
infected piglets. When 1-week-old piglets were
immunized with this recombinant TGEV
(rTGEV), antibodies specific for PRRSV GP5
and M were produced, but the immune response
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was limited against challenge with a virulent
European PRRSV strain [109]. This is likely
due to the low level of neutralizing antibodies
induced by the rTGEV vector.

Presumably, due to the toxicity of GP5,
rTGEV vectors expressing PRRSV GP5 and M
were not fully stable, and GP5 expression was
lost after 8–10 passage in cell culture. In order to
promote induction of neutralizing antibodies, a
point mutation was introduced into a glycosyla-
tion site near the epitope critical for neutraliza-
tion, resulting in the generation of rTGEV-GP5-
N46S-M virus. Piglets immunized with killed or
live virus of this rTGEV vector produced a higher
level of anti-GP5 and neutralizing antibodies and
exhibited less severe disease upon challenge,
although the immune response was not strong
enough for full protection.

Because the full-length GP5 protein was not
stably expressed, rTGEV expressing a truncated
version of GP5 consisting of its N-terminal
domain without the signal peptide was
constructed [113]. Additionally, rTGEVs
expressing a smaller domain containing
neutralizing epitopes of the minor envelope pro-
tein GP3 and GP4 were also created. In yet
another rTGEV, the PRRSV M protein was used
as a scaffold to express the GP3 neutralizing
epitope in the N-terminal region. The truncated
PRRSV GP3, GP4 and GP5 fragments were sta-
ble up to passage 16 of the rTGEV vectors. These
four rTGEVs together with one that expresses
PRRSV M protein were used to immunize
12-days-old piglets. Compared with the
non-immunized group inoculated with empty
rTGEV vector, the immunized group exhibited
less severe clinical symptoms and lower levels
of lung inflammation when challenged with the
virulent PRRSV Olot91-like strain. PRRSV titre
was also slightly lower in the immunized group
with a higher humoral response against GP5,
suggesting that the rTGEV vectors expressing
PRRSV antigens indeed provided partial protec-
tion against PRRSV infection.

5 Future Directions and Other
Potential Applications

The high mortality posed to livestock and domes-
tic animals by animal CoVs and the lack of spe-
cific antivirals and vaccines have greatly
motivated investigators to understand this family
of viruses at the molecular level, in order to deci-
pher its interactions with the host and to develop
strategies to prevent and control CoV infections.
To this end, structural and molecular genetics
analyses of the CoV genome have been enabled
by reverse genetics. Previous caveats faced in the
development of infectious cDNA clones, such as
the large size of the CoV genome and the insta-
bility of its cDNA sequences in bacterial systems
have now triumphed over, thanks to new creative
approaches in four reverse genetics systems.
These reverse genetics approaches based on
homologous recombination, full-length cDNA
clones in BACs, in vitro ligation and vaccinia
virus vectors made CoV full-length infectious
clones available for the study of CoV replication,
virus-host interactions and pathogenesis, as well
as for antiviral drug screening. It would accelerate
the development of vaccines and may be used as a
vaccine vector for veterinary pathogens without
the need for manipulating infectious viruses. Nev-
ertheless, it should be kept in mind that reverse
genetics has its own limitations. For instance, full
elucidation of viral gene functions that are essen-
tial for RNA synthesis by reverse genetics has
proved to be difficult. For example, research
aimed at investigating the functions of replicase
genes by introducing mutations/insertion at cer-
tain positions of the viral genome, rendering no
recovery of infectious virus. To overcome these
pitfalls, individual gene functions may be studied
using bioinformatics or structural means. Knowl-
edge deduced from these studies may give
insights into the CoV RNA synthesis while
exploiting the full potential of CoV reverse
genetics.

An important prerequisite for viral vaccine
vectors is the delivery efficiency of genetic mate-
rial to specific target cells, such as targeting of
viral vaccine vectors to antigen-presenting cells
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(APCs). In the case of MHV, its cognate receptor
carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1) is expressed on murine
DCs, and given the abundance of CEACAM1 on
the DC surface, MHV-based VLPs containing
MHV-based vector RNAs may be used to trans-
duce murine DCs [114]. Along with well-
established immunological techniques in inbred
and transgenic mice, recombinant MHV vectors
in the murine model may guide the development
of CoV vaccine vectors and pave the way for
CoV-based vaccine in livestock and domestic
animals [114, 115].

Self-replicative mRNA vaccines, which have
been developed with certain RNA viruses, would
offer an alternative strategy. For instance, recom-
binant alphavirus replicon particles are created
exclusively from the structural proteins of the
donor alphavirus, but the genomic RNAs
contained in these particles are chimeric. In this
case, the structural proteins of alphavirus are
replaced by those from heterologous viruses.
Using a similar strategy, a PEDV vaccine was
developed using the Venezuelan equine encepha-
litis virus replicons expressing the PEDV S gene
[116]. With a better functional understanding of
the CoV replicase gene, a similar approach may
be viable to establish mRNA vaccine vectors
based on CoV.

6 Summary

The large genome size and unique transcription
strategy of CoVs make them promising
candidates for the development of vaccine
vectors. Other characteristics that make them
ideal for use as vaccine vectors include the ability
to manipulate their genome leading to the genera-
tion of attenuated viruses and change their cell
tropism as well as the ability to use them to create
multigene expressing vectors. Further under-
standing of genes such as the replicase gene is
required to further develop CoV as an efficacious
veterinary vaccine vector.
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Alphavirus-Based Vaccines

Kenneth Lundstrom

Abstract

Alphavirus vectors based on Semliki Forest
virus, Sindbis virus, and Venezuelan equine
encephalitis virus have been widely applied for
vaccine development. Naked RNA replicons,
recombinant viral particles, and layered DNA
vectors have been subjected to immunization in
preclinical animal models with antigens for viral
targets and tumor antigens. Moreover, a limited
number of clinical trials have been conducted in
humans. Vaccination with alphavirus vectors has
demonstrated efficient immune responses and
has showed protection against challenges with
lethal doses of virus and tumor cells, respec-
tively. Moreover, vaccines have been developed
against alphaviruses such as Chikungunya virus,
which have caused epidemics.

Keywords

Alphavirus replicon vectors · Immunization ·
Viral vaccines · Cancer vaccines · Protection

Learning Objectives
After reading this chapter, you should be able to:

• Define and explain how self-replicating
alphavirus vectors generate large quantities of
recombinant RNA molecules providing effi-
cient translation of recombinant proteins

• Explain how alphavirus vectors can be deliv-
ered as RNA replicons, recombinant viral
particles, or DNA/RNA layered plasmid
vectors and are considered safe for use in pre-
clinical animals studies and human clinical
trials

• Characterize the immune responses generated
by alphavirus vectors (i.e., strong cellular and
humoral immune responses)

• Explain how vaccination with alphavirus
vectors provides protection against challenges
with lethal doses of infectious agents and
tumor cells

1 Introduction

Alphaviruses belong to the family Togaviridae
consisting of a positive-sense single-stranded
RNA (ssRNA) genome encapsulated in a capsid
protein covered by a membrane envelope struc-
ture [74]. Alphaviruses are geographically present
as the OldWorld viruses including Semliki Forest
virus (SFV) and Sindbis virus (SIN) in Europe,
Asia, Africa, and Australia, while the origin of the
New World viruses such as Venezuelan equine
encephalitis virus (VEE) and eastern equine
encephalitis virus (EEE) is in North and South
America [22]. Arthropod-borne alphaviruses are
commonly spread by mosquitoes [74] although
SIN and EEE are also found in mites and lice [9,
70]. Alphaviruses use birds as primary vertebrate
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hosts supported by findings of a South American
strain of EEE in the blood of migrating birds in
the Mississippi delta [10]. Several alphaviruses
can act as pathogens in both domestic animals
and humans [57, 59, 61]. In this context, EEE
and western equine encephalitis virus (WEE)
infections have caused fever, anorexia, depres-
sion, and clinical signs of encephalomyelitis
even leading to fatal encephalitis in humans in
North and South America [4]. Furthermore, VEE
has caused epidemics in both horses and humans
in South America [82]. Similarly, both SFV and
SIN have been associated with fever epidemics in
Africa [50, 54], and natural SIN variants have
caused painful polyarthritis in Northern Europe
[55]. More recently, Chikungunya virus (CHIK)
has been responsible for outbreaks in the Repub-
lic of Congo [33], the island of Reunion [31], and
Brazil [62]. Due to the potential pathogenicity of
alphaviruses, avirulent laboratory strains with no
association with disease have been applied for the
engineering of expression systems [24].

2 Alphavirus Structure, Genome,
and Life Cycle

The alphavirus icosahedral nucleocapsid
surrounded by glycoproteins in an icosahedral
lattice has been confirmed by X-ray crystallogra-
phy and cryo-electron microscopy for SFV and
SIN [12, 25, 56]. The alphavirus envelope
contains the E1 and E2 membrane proteins
although translated as the precursor PE (SIN)
and p62 (SFV) polyprotein, respectively, where
the cleaved off SFV E3 remains associated with
mature viral particles [41].

The 11.7 kb alphavirus ssRNA genome
contains the nonstructural protein (nsP1–4)
genes responsible for RNA replication activ-
ity and the structural protein (capsid-E2-E2-6K-
E1) genes [44]. During RNA replication, a minus-
strand copy serves as a template for full-length
genomic RNA production and transcription of
subgenomic RNA responsible for the translation
of structural proteins [73].

Related to the life cycle of alphaviruses, there are
significant differences to persistent lifelong infec-
tion and presence in arthropod host and the acute
short-term infection in vertebrates leading to apo-
ptosis and rapid cell death [74]. The broad host
range of both invertebrates (mosquitoes, other
hematophagous insects) and vertebrates (mammals,
birds, amphibians, reptiles) relates to the various
host cell receptors targeted by alphaviruses
[11]. For instance, neurovirulent and avirulent SIN
strains do not compete for the same receptor [72],
and several host cell receptors such as MHC,
HLA-A, and HLA-B have been suggested for
SFV [28]. Furthermore, studies on monoclonal
antibodies revealed that SIN target laminin
receptors [79]. Additionally, it has been
demonstrated that two laboratory strains of SFV
and SIN can target heparan receptors [8]. Once a
host cell receptor has been identified, the alphavirus
envelope fuses through a highly conserved hydro-
phobic domain of the E1 glycoprotein with the
cellular membrane, releasing the nucleocapsid into
the cytoplasm [35]. The entrance occurs through
endocytosis in clathrin-coated vesicles followed by
transfer to endosomes due to conformational reor-
ganization of E1-E2 heterodimers caused by a low
pH [26]. Studies have also indicated that
alphaviruses can infect cells by direct fusion to the
cell surface [27, 29]. The nucleocapsid disassembly
releases the RNA genome for the initial replication
of a minus-strand copy of full-length and 26S
subgenomic RNA [84]. The replicase complex
formed by individual nsP1–4 proteins cleaved
from the polyprotein nsP1234 provides efficient
RNA replication and translation [11, 73]. Assembly
of nucleocapsids occurs by recognition of the pack-
aging signal in the SIN nsP1 [34] and SFV nsP2
[85], respectively, whereas while serologically
related to SIN, the packaging signal of Aura virus
is located in the 26S region [67]. The alphavirus
envelope proteins are folded in the endoplasmic
reticulum (ER) and transported to the Golgi com-
plex, and viral particle assembly occurs on the
plasma membrane followed by budding of mature
alphavirus particles [15, 42, 74]. The released virus
particles are then capable of infecting a broad range
of mammalian and nonmammalian cells.
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3 Alphavirus Expression Vector
Systems

The most common alphavirus expression systems
are based on SFV [38], SIN [88], and VEE
[14]. More recently, vector systems have been
developed for CHIK [78] and the SIN-like
XJ-160 virus [91]. Moreover, the naturally
oncolytic M1 alphavirus has been engineered for
cancer therapy [39].

Basically, three types of expression systems
have been engineered [89] (Fig. 1). All three
expression systems rely on the alphavirus repli-
con, based on the replicase complex composed of
the nsP1–4 proteins, which generates an
extreme number of RNA copies immediately
available for translation in the cytoplasm. The
system based on alphavirus expression and helper
vectors generates replication-deficient recombi-
nant replicon particles, which are capable of
delivering transgenes for expression in infected
host cells without generating any further viral
progeny. In contrast, replication-competent
recombinant replicon particles comprise the
full-length alphavirus genome plus the gene of
interest downstream of a second subgenomic pro-
moter. Infection of host cells results in high levels
of transgene expression, but also production of
new viral infectious particles. In the third expres-
sion system, a mammalian host cell-compatible
eukaryotic RNA polymerase II type promoter
such as CMV has been inserted upstream of the
replicon genes, creating the DNA/RNA layer
replicon system for direct plasmid DNA transfer
[16]. In addition to the abovementioned expres-
sion systems, alphavirus vectors can be delivered
in the form of naked RNA replicons [40].

Plenty of attention has been dedicated to the
engineering of modified improved alphavirus
vectors. For instance, point mutations in the
nsP2 and nsP4 regions of SFV [49] and SIN [2]
have provided reduced cell cytotoxicity resulting
in prolonged and enhanced transgene expression.
Moreover, alphavirus vector systems based on
avirulent strains such as the SFV A7(74) can
also provide higher levels and extension of the
duration of transgene expression both in vitro

[19] and in vivo [79]. Another approach has
been to insert the translation enhancement signal
of the SFV capsid protein in the expression vec-
tor, which generated 5–20-fold higher expression
levels [63]. In attempts to improve biosafety and
reduce the production of wild-type alphavirus
particles, point mutations were introduced in the
p62 in the SFV helper vector rendering only
conditionally infectious SFV particles [7]. Fur-
thermore, SFV [71] and SIN [68] split helper
systems accommodating the capsid and envelope
protein genes on separate helper vectors reduced
the wild-type virus production to theoretical
levels.

During the last 25 years, alphavirus vectors have
frequently been applied for the expression of topo-
logically different recombinant proteins in mamma-
lian cell lines [38], primary cells [18], and in vivo
[48]. In particular, integral membrane proteins
expressed from SFV vectors have been subjected
to structural and functional studies in support of
drug discovery [45]. Related to vaccines, numerous
immunization studies with alphavirus-based
vectors have elicited strong cellular and humoral
responses in animal models and also provided pro-
tection against challenges with lethal doses of
infectious agents and tumor cells [47].

4 Application of Alphavirus
Vectors

Alphavirus vectors have been frequently applied
for immunization studies in animal models
targeting a large number of infectious diseases
and various cancers (Table 1). One advantage of
alphavirus-based immunization is the flexibility
of using recombinant replicon particles, naked
RNA replicons, or DNA/RNA layered plasmid
vectors as delivery vehicles. There is no clear
indication of which delivery approach is best,
and it seems that the rank order varies from one
case to another. Most of the immunizations
conducted so far for both preclinical and clinical
applications relate to targeting human disease.
However, this review focuses on veterinary
vaccines as described in Table 1 and below.
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In the context of influenza A virus Hong Kong
isolate, the hemagglutinin (HA) gene was
expressed from a VEE vector and immunization
with VEE viral replicon particles (VRPs)
was evaluated in chicken embryos and young
chicks [69]. Immunization in ovo or at 1 day of
age provided partial protection against challenges
with lethal doses of influenza A/HK/156/97 virus.
However, a single dose of VEE VRPs was suffi-
cient to give complete protection to 2-week-old
birds. In another study, 1-day-old chicks
immunized with SFV-LacZ particles elicited sig-
nificantly higher β-gal antibody levels than
animals immunized with SFV-based DNA
replicons or conventional plasmid DNA vectors
[58]. Moreover, immunization with SFV particles
expressing the VP2 protein or the VP2/VP4/VP3
polyprotein of infectious bursal disease virus
(IBDV) generated specific antibodies in all
animals but neutralizing antibodies in only some
birds. Recombinant SFV particles expressing the

prME and NS1 proteins of louping ill virus (LIV)
were subjected to immunization of sheep, which
resulted in complete protection against subcuta-
neous challenges with LIV and partial protection
after intranasal LIV administration [52]. In
another study, the major envelope proteins (GL

and M) of equine arteritis virus (EAV) were
expressed from VEE vectors for evaluation in
horses [6]. Immunization with VEE particles
expressing both EAV GL and M as a heterodimer
elicited neutralizing antibodies and only mild
equine viral arteritis (EVA) after intranasal or
intrauterine challenges with the virulent EAV
KY84 strain. In contrast, immunization with
only VEE-GL or VEE-M did not protect the
animals from severe EVA.

Related to simian immunodeficiency virus
(SIV), a triple-vector approach based on intrader-
mal priming with DNA, followed by two subcu-
taneous injections with recombinant SFV
particles and a final intramuscular administration
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Fig. 1 Alphavirus expression systems. (a) Replication-
deficient particles. The expression vector comprises the
replicase genes (nsP1–4) and the gene of interest (GoI)
introduced downstream of the 26S subgenomic promoter.
The helper vector provides the alphavirus structural pro-
tein genes. In vitro transcribed RNA from the SP6 RNA
polymerase promoter followed by co-electroporation of
RNA from both expression and helper vectors resulting

in replication-deficient “suicide” particles. (b) Replica-
tion-competent particles. The GoI can be inserted down-
stream of either the structural or nonstructural genes for
in vitro transcription of RNA generating replication-
competent viral progeny. (c) DNA/RNA layer replicon
vector. Replacement of the SP6 RNA polymerase pro-
moter with a CMV promoter allows direct DNA transfec-
tion for recombinant protein expression
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of a recombinant modified vaccinia virus Ankara
(rMVA) strain, was established [51]. Each vector
expressed the Gag, Pol, Tat, Rev, Nef, and Env
proteins of SIV. Vaccination of cynomolgus
monkeys elicited T-helper proliferative responses
and challenges with pathogenic SIVmac251
resulted in full protection in three of four animals.

In another approach, a prime-boost vaccination
strategy against the lethal pseudorabies virus
(PRV) was investigated in pigs [17]. A
SIN-based DNA vector expressing the PRV
glycoproteins gC and gD was applied for immu-
nization of pigs followed by boosting with an Orf
(ORFV) expressing gC and gD. The vaccination

Table 1 Examples of alphavirus-based veterinary vaccines

Disease Vector Target Response References

Influenza VEE-VRPs Influenza HA Protection against challenges in chicks [69]
IBDV SFV-VRPs VP2/VP4/VP3 Specific antibodies in birds [58]
LIV SFV-VRPs prME, NS1 Protection against LIV in sheep [52]
EVA VEE-VRPs EAV GL, M Protection against EAV in horses [6]
SIV SFV-VRPs +

DNA + MVA
Gag, pol, tat, rev., nef,
env

Protection against SIV in monkeys [51]

PRV SIN-DNA gC, gD Survival of pigs after PRV challenge [17]
SVDV SFV-DNA 1BCD Protection against SVDV in pigs [75]
DHV-1 SFV-DNA VP1 Protection against DHV-1 in ducklings [20]
CSFV SFV-DNA E2 Protection against CSFV in rabbits and

pigs
[36]

SFV-DNA E2 Reduced dose, no clinical symptoms [37]
SFV-DNA E2 rAdV boost enhanced titers [76]
rAdV-SFV E2 Improved protection with BG adjuvant [87]

HCC SFV-VRPs IL-12 Tumor regression in woodchucks [64]
STs SFV-RCPs EGFP No adverse events in dogs [5]
FMD SFV-VRPs FMDV P1-2A Protection against FMDV in cattle [23]

FMDV 3Cpro
BVDV SFV-VRPs E2 Some protection against BVDV in

calves
[43]

DTMUV SFV-DNA DTMUV E Protection against DTMUV in
ducklings

[77]

IAV-S VEE-VRPs HA Protection against challenges in pigs [1]
HPAI VEE-VRPs HA Protection against challenges in birds* [32]

Conditional drug approval in the
United States

PRRSV BV-SFV Gp5, M Specific antibodies [86]
HCV XJ-160 VRPs E1, E2 Humoral and cellular immune

responses
[91]

Bladder
CA

M1-VRPs M1 Tumor regression, prolonged survival [30]

VEE IRES-VEE VEE Protection against challenges in mice [65]
Protection against challenges in
macaques

[66]

*Prime-boost regimen with recombinant turkey herpes virus; BVDV bovine viral diarrhea virus, BV-SFV baculovirus-
pseudotyped SFV replicon, FMDV 3Cpro FMDV 3C protease, DHV-1 duck hepatitis virus-1, EAV equine arteritis virus,
EVA equine viral arteritis, FMD foot-and-mouth disease, FMDV foot-and-mouth disease virus, HA hemagglutinin, HCC
hepatocellular carcinoma, HCV hepatitis C virus,HPAI H5 avian influenza virus, IAV-S influenza A virus in swine, IBDV
infectious bursal disease virus, IL-12 interleukin-12, IRES internal ribosomal entry site, LIV louping ill virus, MVA
modified vaccinia virus Ankara, PRRSV porcine reproductive and respiratory syndrome virus, PRV pseudorabies virus,
SFV Semliki Forest virus, RCPs replication-competent particles, SIV simian immunodeficiency virus, ST spontaneous
tumors, SVDV swine vesicular disease virus, VEE Venezuelan equine encephalitis virus, VRPs viral replicon particles
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induced strong humoral and cellular-like
PRV-specific immune responses, and immunized
pigs survived lethal challenges with PRV.
Related to swine vesicular disease virus
(SVDV), the 1BCD gene was expressed from an
SFV DNA vector [75]. Three intramuscular
injections in guinea pigs and swine elicited anti-
SVDV antibodies and neutralizing antibodies.
Moreover, half of the animals were protected
against challenges with SVDV. In another study,
SFV DNA replicon-based expression of the duck
hepatitis virus type 1 (DHV-1) VP1 gene was
applied for immunization in ducklings [20]. Two
intramuscular injections at 14 days intervals
elicited anti-DHV-1 antibodies and protected
ducklings against challenges with wild-type
DHV-1.

Several vaccine studies have targeted classical
swine fever virus (CSFV) due to significant losses
CSFV causes for the pig industry [36]. Immuniza-
tion of rabbits and pigs with an SFV DNA repli-
con expressing the CSFV E2 glycoprotein
(pSFV1CS-E2) elicited CSFV-specific
neutralizing antibodies and provided protection
against challenges with lethal doses of CSFV.
Moreover, application on lower doses and fewer
inoculations (twice) with 100 μg of pSFV1CS-E2
generated high titers of specific neutralizing
antibodies against CSFV and demonstrated no
clinical symptoms after challenges with the viru-
lent CSFV Shimen strain [37]. In another study, a
prime-boost strategy in pigs with the pSFV1CS-
E2 DNA vaccine and recombinant adenovirus
(rAdV-E2) elicited significantly higher titers of
CSFV-specific neutralizing antibodies in compar-
ison with double immunizations with rAdV-
E2 [76]. No clinical symptoms or viremia was
detected in vaccinated pigs challenged with the
virulent CSFV Shimen strain. In another
approach, the adenovirus-delivered SFV replicon
(rAdV-SFV-E2) was evaluated in pigs together
with a Salmonella enteritidis-derived bacterial
ghost adjuvant (BG) [87]. Two intramuscular
injections of 105 median tissue culture infective
doses (TCID50) of rAdV-SFV-E2 combined with
1010 colony forming units (CFU) of BG, 105 or
106 TCID50 rAdV-SFV-E2 alone, or 1010 CFU
BG alone were administered to pigs and

challenged with the highly virulent CSFV Shimen
strain. Pigs immunized with 105 TCID50 rAdV-
SFV-E2 plus BG or 106 TCID50 rAdV-SFV-E2
alone were completely protected against lethal
challenges with CSFV. In contrast, only partial
or no protection was obtained for immunizations
with 105 TCID50 rAdV-SFV-E2 or BG alone.

In another approach, application of the
SFV-enh vector containing the capsid translation
enhancement signal [63] for the expression of
interleukin-12 (IL-12) in intratumorally injected
woodchucks with implanted hepatocellular carci-
noma (HCC) xenografts demonstrated high levels
of cytokine secretion into serum [64]. Moreover,
a dose-dependent partial tumor remission was
observed in five of six immunized woodchucks
with reductions in tumor volume up to 80%. In
preparation for veterinary applications of
alphavirus replicon vectors, the nonpathogenic
replication-competent SFV VA7-EGFP vector
was assessed for canine tumor cell lines and in
laboratory beagle dogs [5]. The SFV-VA7-EGFP
demonstrated the replication and killing of
Abrams and D17 canine tumor cell lines. More-
over, the safety was evaluated in two adult beagle
dogs after a single intravenous injection of
2 � 105 pfu of SFV-VA7-EGFP. Neither adverse
events nor infective viruses were detected.

Foot-and-mouth disease (FMD) presents one
of the most economically problematic global
infectious diseases for the veterinary field
[23]. SFV vectors expressing the foot-and-
mouth disease virus (FMDV) capsid protein pre-
cursor (P1-2A) alone or together with the FMDV
3C protease (3Cpro) have been evaluated as
vaccines in cattle. Co-expression of FMDV
P1-2A and 3Cpro generated empty capsid
particles in infected cells. Although anti-FMDV
antibodies were elicited in cattle after immuniza-
tion with SFV-FMDV vectors alone, no protec-
tion against FMDV challenges was obtained. In
contrast, primary vaccination with SFV-FMDV
followed by boosting with empty FMDV capsid
particles provided protection against FMDV
challenges. The reverse immunization strategy
of priming with empty FMDV capsid particles
followed by SFV-FMDV was significantly less
efficient. Another important viral pathogen in
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cattle is bovine viral diarrhea virus (BVDV),
which has been addressed for vaccine develop-
ment by immunization with VEE particles
expressing the BVDV E2 glycoprotein
[43]. Immunization of calves elicited neutralizing
antibodies and high-dose vaccinations provided
some protection against challenges with BVDV
and significantly reduced leukopenia caused by
viral infection.

Related to the Chinese poultry industry, the
duck Tembusu virus (DTMUV) causes huge eco-
nomic losses and has therefore been the target of
vaccine development. An SFV DNA vector
expressing the DTMUV E glycoprotein was
applied for immunization of ducklings [77]. Intra-
muscular administration elicited robust humoral
and cellular immune responses in ducklings
providing protection for all vaccinated ducklings
against challenges with the virulent DTMUV
AH-F10 strain. Another important pathogen
comprises the influenza A virus in swine
(IAV-S) for which immunization studies with
VEE expressing the IAV-S HA gene have been
conducted [1]. Immunization with monovalent
and bivalent VEE-HA formulations provided effi-
cient protection against challenges with IAV-S
viruses with matched and mismatched HA,
although in one mismatched HA challenge
group, protection was reduced. Another influenza
virus-related target relates to the epidemic in
poultry in North America in 2014–2015, which
caused the death of more than 47 million poultry
due to the exposure to the highly pathogenic clade
2.3.4.4 H5 avian influenza (HPAI) virus
[32]. Three different vaccines are based on
inactivated reverse genetic virus encoding a
clade 2.3.4.4 H5 HA gene (rgH5), recombinant
turkey herpes virus encoding a clade 2.2. H5 HA
(rHVT-AI), and recombinant replication-deficient
alphavirus particles expressing the 2.3.4.4 H5 HA
(RP-H5). All vaccines increased the survival rates
in young birds, although immunization with
rHVT-AI or RP-H5 alone did not provide 100%
protection. However, a prime-boost regimen with
rHVT-A1 and RP-H5 provided complete protec-
tion against challenges with lethal doses of H5N2
HPAI. Based on these results, the United States
Department of Agriculture (USDA) granted

conditional approval for the use of recombinant
vaccines in turkeys.

In an interesting approach, a pseudotyped
baculovirus vector was engineered to contain a
hybrid cytomegalovirus (CMV) promoter and an
SFV replicon for co-expression of the GP5 and M
proteins of porcine reproductive and respiratory
syndrome virus (PRRSV) (BV-SFV-5m6) [86].
Compared to a CMV-driven pseudotyped
baculovirus (BV-CMV-5m6) immunization of
BALB/c demonstrated a stronger immune
response for the baculovirus vector containing
the SFV replicon eliciting GP5-specific
antibodies and neutralizing antibodies.

In addition to the commonly used alphavirus
vectors based on SFV, SIN, and VEE, the
SIN-like XJ-160 has been applied for immuniza-
tion studies [91]. In this context, the XJ-160
overexpressing the hepatitis C virus (HCV)
glycoproteins E1 and E2 was subjected to a
prime-boost regimen comprising intramuscular
vaccination with XJ-E1E2 combined with
Freund’s incomplete adjuvant. The outcome was
strong humoral and cellular immune responses
against HCV E1 and E2 glycoproteins. Moreover,
the oncolytic M1 alphavirus has demonstrated
selective targeting and killing of zinc-finger
antiviral protein (ZAP)-deficient cancer cells
in vitro, in vivo, and ex vivo [39]. As ZAP is
commonly deficient in human cancers, M1
alphaviruses provide the opportunity to promote
personalized cancer therapy. In another study, it
was demonstrated that M1 alphaviruses selec-
tively kill bladder cancer cells without causing
damage to normal cells [30]. This was confirmed
by tail vein injections of orthotopic mice showing
significant inhibition of tumor growth and
prolonged survival time. Moreover, the antitumor
effect of M1 was stronger than first-line treatment
with cisplatin.

Finally, as alphaviruses such as VEE are
responsible for epidemics in both horses and
humans, they have been targets for vaccine devel-
opment. In this context, an IRES-based VEE vac-
cine candidate was demonstrated to provide
complete protection against challenges with a
lethal IE subtype VEE in mice [65]. In another
study, the IRES-VEE vaccine elicited robust
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neutralizing antibodies and offered protection
against febrile disease in cynomolgus
macaques [66].

5 Summary

In summary, numerous studies have
demonstrated that alphavirus vectors can elicit
strong antibody responses in a variety of
immunized animals including rodents, birds,
pigs, sheep, and primates. In several cases, pro-
tection against challenges with lethal doses of
infectious agents and tumor cells has been
obtained. Several clinical trials have been
conducted to develop vaccines against, for exam-
ple, HIV [83] and breast, colorectal, and pancre-
atic cancer [53]. Similarly, alphavirus vectors
have found numerous applications in the field of
veterinary vaccines as described above and listed
in Table 1. The promising outcome of a study on
avian influenza virus resulted in the USDA
granting a conditional approval for the tested
vaccine in turkeys [32].

The self-amplifying nature of the alphavirus
RNA replicon generates large quantities of cyto-
plasmic RNA, which can be immediately trans-
lated in the cytoplasm. It also ensures high
biosafety as the RNA cannot be integrated into
the host genome. Moreover, the flexibility of
delivery methods including RNA replicons, lay-
ered DNA/RNA vectors, and recombinant
replication-deficient and replication-competent
viral particles is a great asset. However, as for
all drug and vaccine development, there are
possibilities for improvement. In this context,
different modes of vector targeting have been
considered. For example, it was demonstrated
that a single point mutation in the SIN E2 glyco-
protein was responsible for providing dendritic
cell (DC) tropism [21]. In this context, SIN repli-
con particles were shown to infect skin-resident
mouse DCs in vivo. Moreover, SIN particles
expressing HIV Gag elicited strong Gag-specific
T-cell responses in vitro and in vivo. In another
targeting approach, the human papillomavirus
type 16 (HPV-16) E7 was evaluated for immuno-
genicity by engineering three constructs

comprising a cytosolic/nuclear protein (E7), a
secreted protein (Sig/E7), and an endosomal/lyso-
somal compartment-targeting protein (Sig/E7/
LAMP-1) (lysosome-associated membrane pro-
tein 1) [13]. The Sig/E7/LAMP-1 fusion
generated the highest E7-specific T-cell-mediated
immune responses and antitumor effects. More-
over, it was demonstrated that SIN-transfected
apoptotic cells were taken up by bone marrow-
derived DCs. Alphavirus vectors have also been
targeted to tumors by encapsulation of SFV
particles in liposomes [46]. Intraperitoneal
administration of encapsulated SFV-LacZ
particles demonstrated the accumulation of
β-galactosidase expression in tumors of mice
with LNCaP xenografts. Moreover, intravenous
administration of encapsulated SFV-IL-12
particles (LipoVIL12) in melanoma and kidney
carcinoma patients in a phase I clinical trial
resulted in 5–10-fold increase in IL-12 plasma
levels. The treatment triggered no adverse events
and due to the protection of viral particles being
recognized by the host immune system, allowed
repeated LipoVIL12 administration. In another
study, the oncolytic M1 alphavirus was
encapsulated in liposomes (M-LPO) in attempts
to reduce the immunogenicity and immune clear-
ance in vivo [80]. Intravenous administration of
M-LPO demonstrated clearly reduced production
of M1-neutralizing antibodies compared to deliv-
ery of naked M1 virus, suggesting reduced immu-
nogenicity and improved anticancer therapy.

One approach that will serve future vaccine
development relates to the establishment of a
vaccine platform based on the utilization of VEE
particles for the expression of recombinant viral
proteins demonstrated for noroviruses and
coronaviruses as model systems [3]. Employment
of the attenuated VEE strain 3526 allowed pack-
aging of recombinant particles under biosafety
level 2 (BSL2) for rapid generation of candidate
vaccines against emerging infectious agents.
Another issue which needs to be addressed to
improve the process for alphavirus-based
vaccines relates to the engineering of an efficient
packaging cell line. Efforts made in the late 1990s
generated a panel of packaging cell lines for SIN
and SFV although providing moderate titers in
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the range of 107 infectious units (IU)/ml [60].
More recently, a BHK packaging cell line for
XJ-160 also applicable to SFV has been
engineered [90]. However, the titers were rela-
tively low, in the range of 5–9 x 106 IU/ml,
which stresses the need for more efficient pack-
aging systems.

Overall, the published findings and current
progress in alphavirus-based vaccine develop-
ment including the capacity and flexibility for
rapid and high-level transient antigen expression
combined with targeting antigen-presenting cells
and tumors, suggest that alphaviruses may play
an important role in future gene therapy and vac-
cine approaches.
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Manufacturing and Control of Viral
Vectored Vaccines: Challenges
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Abstract

The manufacturing of veterinary viral vector
vaccines follows the same principles of pro-
duction of live veterinary vaccines. It includes
upstream and downstream production of the
active ingredient, as well as formulation,
freeze-drying and/or packaging. The process
development is key to allow robust production
of high-quality, potent, safe and stable batches
of vaccine at an acceptable cost. Potency test is
generally based on virus titre, but additional
specific analysis may be required to evaluate
the potency of vector vaccines. Production
processes of HVT, poxvirus and adenovirus
vectors are summarized. Once the process
and quality control are established for a partic-
ular vector vaccine, they can be reused for
future products based on the same vector

speeding up the process development and out-
line of production acceptance by the regu-
latory authorities. Process improvements
include the use of continuous cell lines in
suspension and in medium without substances
of animal origin or chemically defined, using
single-use technology, automatization, digita-
lization, data management and artificial
intelligence.
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QC quality control
SPF specific pathogen-free
SUT single-use technology
WCB working cell bank
WSV working seed virus

Learning Objectives
After reading this chapter, you should be able to:

• Recognize that the manufacturing of viral vec-
tor vaccines follows the same principles of live
vaccine manufacturing

• Relate that the quality of viral vector vaccines
is the quality of the process

• Explain how the same process may be applied
to several vector vaccines using the same
vector

• Recognize that a key challenge is to develop a
process allowing the production of a vaccine
with sufficient quality, safety and efficacy and
within an acceptable cost of good (COG)

1 Introduction

Viral vectored vaccines are live viruses that carry
at least one gene coding for a protein able to
induce a protective immune response against a
pathogen agent. This “protective protein” will be
expressed in vivo, in the infected cells of the
vaccinated animal. The manufacturing of viral
vectored vaccines is aiming to produce and pre-
serve an adequate amount of this infectious virus.
It does not differ fundamentally from that of live
conventional vaccines. They both follow the
same principles which are well summarized in
the Chapter 1.1.8 of the OIE Terrestrial Manual
(http://www.oie.int/fileadmin/Home/eng/Health_
standards/tahm/1.01.08_VACCINE_PRODUC
TION.pdf). The current chapter includes an over-
view in the process development and current
production practices in veterinary vaccine
manufacturing as well as specificities for a few
chosen vector examples, including avipoxvirus,
herpesvirus of turkey (HVT) and human adenovi-
rus production. This chapter is also covering key

challenges when developing and commercializing
veterinary vaccines as well as future improvements
in vaccine production. It is based on both authors
experience and literature review.

2 Vector Vaccine Manufacturing
Process Development

The process definition and optimization are criti-
cal steps in the development of vector vaccines
leading to market authorization. Table 1 gathers
different steps of process development. The cell
substrate (i.e. the cells used to manufacture the
viral vector) needs first to be selected. It could be
primary cells or cell lines and, among the latter,
classical cell lines or genetically modified cell
lines. Cells could be grown in a monolayer (roller
bottles (Fig. 1), cell factory) or in a bioreactor
(on micro-carriers, fixed-bed or suspension cul-
ture; Fig. 2). When working with cell lines, mas-
ter and working cell banks (MCB and WCB,
respectively) will have to be established during
development to ensure a reliable and consistent
supply of cells. The MCB and, in a lesser extent,
the WCB (depending on the local regulatory
guidance) will be fully controlled and
characterized both in vitro and in vivo (mainly
for avian targets) prior to use for production (see
Table 1 for more details). Both MCB and WCB
will be stored in vapour or liquid phase of liquid
nitrogen in at least one secure place (two for
MCB) since the loss of MCB will mean the loss
of the product (as based on a seed lot system). The
MCB and WCB production and testing is a long
and costing process.

Similar to MCB, a master seed virus (MSV)
will have to be produced with the chosen vector
vaccine candidate. Extensive testing will have to
be done on this MSV to prove its purity and
identity. In addition, many safety studies will be
done with the MSV to prove that it has no residual
pathogenicity, that it does not revert to virulence,
that its tropism, shedding and eventual spreading
are not changed compared to the parental virus.
The genetic and phenotypic (transgene expres-
sion) stability will have to be assessed after
passages. Similar to MCB, MSV is securely
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Table 1 Different steps in the development of production process and of quality control of veterinary vector vaccines

General step Includes

Cells Selection of cells for virus production
Selection of media
Definition of optimal conditions for cell production
Production of master cell bank (MCB), working cell bank (WCB)
and end of production cell bank (EPC) usually corresponding to
MCB + 20 passages
Testing of the MCB, WCB and EPC:
Identity testing
Sterility/mycoplasmas
Extraneous agents (depending on the guidelines)
Karyotype (MCB, EPC)
Tumorigenicity (MCB)

Electronic microscopy (MCB, WCB)
Virus seed Selection of best viral vector candidate

Production of master seed virus (MSV)
Testing of the MSV:
Identity testing
Sterility/mycoplasmas
Extraneous agents
Genetic structure
Phenotypic and genotypic stability
Safety and in vivo biological properties (including reversion to

virulence, tissue tropism, shed and spread, safety for target and
non-target species, recombination potential)

Raw materials Definition of specifications and source for all product ingredients
with particular attention to substances of animal origin.

Virus seed lot process development and working
seed virus production and control

Definition and optimization of process
Working seed virus (WSV) production and storage
WSV control

Vaccine process development and production of
R&D batch(es)

Definition and optimization of:
Upstream active ingredient (AI) production
Downstream active ingredient (AI) production
Formulation
Freeze-drying
Filling
Packaging

Production, quality control, and stability follow-up of vaccine
batch(es) for development studies

Development and validation of analytical tools Development and validation of analytical tools
To test MSV and WSV
To test active ingredient
To test vaccine batches
To evaluate stability

Transfer of process from R&D to manufacturing
and production of pre-license serials

Definition of the process capability
Definition of detailed outline of production
Transfer and validation of production process
Transfer and validation of quality control tools
Production, QC, and stability follow-up of three consecutive
pre-license serial batches for validation
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stored under defined conditions usually at�70 �C
or � 40 �C, in aliquots of uniform composition.
One or more of these aliquots will be used to
produce working seed virus (WSV) that will
then be used for the production of the viral vector,
as the active ingredient of the vaccine.

The optimal medium allowing the cell growth
and/or viral production will have to be defined.
All the raw materials used for the preparation of
these seed lot systems (cell and virus) and the
active ingredient should be qualified and avoid
wherever possible components of animal origin.

The definition and optimization of the
upstream and downstream process for active
ingredient production is time-consuming and
requires testing of many different culture
conditions. Most of the live viral vectored
vaccines are presented in a freeze-dried form
and must be kept under refrigerated conditions.
The lyophilisation stabiliser will have to be ade-
quately defined as well as the optimal freeze-
drying conditions. This step is critical to assure
good stability and so long shelf life of such live
vaccines. There are also vector vaccines
presented in liquid form (for instance, canarypox
vector for horses or vaccinia vector for wildlife
vaccination (see below)) or as frozen live infected
cells (for instance, herpesvirus of turkey (HVT;

Meleagrid herpesvirus 1) vector for chickens; see
below). The type of container (usually glass vials),
labelling and secondary packaging will need to be
defined too.

In parallel to the development of the process,
analytical tools will have to be developed to sup-
port process development and to test the seed lots,
the active ingredient and the final vaccine. One
key test is the potency test that will have to be
carefully validated. For live viral vaccines, the
potency test is often based on the viral infectious
titre since it usually correlates with the protection.
Efficacy studies will have to establish the mini-
mum protective dose. The minimum release dose
will have to be set up to assure that the vaccine at
the end of the shelf life still contains the minimum
dose required for protection. For vaccines where
vector itself is a vaccine, such as HVT vector
vaccines, a viral titre for both the vector and the
insert may have to be measured. This is classi-
cally done by titration of the vector in a plaque
assay and of the insert by staining the plaques
with a monoclonal antibody recognizing the
expressed foreign gene product(s). This test may
be used as an identity test as well; alternative
identity tests can be developed using specific
molecular tools such as polymerase chain
reaction.

Fig. 1 Production of viral
vaccines in monolayers in
roller bottles
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Once process outline, control testing, active
ingredient (AI) and vaccine specifications are
defined, activities will have to be transferred to
production and quality control (QC) departments.
The personnel will have to be trained and quali-
fied on the production process and analytical
tools. The process will be validated in the
manufacturing department by producing success-
fully three consecutive batches (called
pre-license serials in some countries). These
batches are typically used in the field clinical

trials implemented during the development of
new vaccines.

More and more the process development tends
to reach the “Quality by Design” (QbD) principles.
QbD identifies and scientifically understands
characteristics during the whole process from
raw materials to the release of the final product
that are critical to the quality of the vaccine for
the patient and setting up the right controls,
quality assurance and risk management at criti-
cal production steps.

Fig. 2 Production of viral
vaccines in stainless steel
bioreactor
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3 Vector Vaccine Industrial
Production

3.1 Manufacturing Vaccines is
the Monitoring of a Complex
Process

A veterinary vector vaccine is a biological prod-
uct. Basically, it is a medicinal product of which
the quality is reproducible over the time through a
controlled process of production designed to
ensure its robustness. In some countries, the
application of current good manufacturing
practices (cGMP) is mandatory. The vaccine is a
product that results of a chain of several produc-
tion steps (see Table 2) involving biological pro-
cesses where live material is handled and
physico-chemical processes where specifically
engineered equipment is used to perform different
tasks (for instance, mixing, heating, cooling,
transferring, freeze-drying and filling). It requires
from the production personnel the control of each
step to ensure its reliability. It requires also that
the quality control personnel performs the appro-
priate tests to ensure the product complies with
the quality specifications at each step and for the
finished product, basically, its purity, its safety
and its efficacy.

The reliability of vaccine manufacturing can
be defined as the probability of the finished prod-
uct to be released. The manufacturing process is
as a chain of steps from the raw materials enforce-
ment to the finished product dispensing (see
Table 2).

The reliability of the whole process Rfinal is the
product of the reliability of each process steps R1;
R2; . . .; Rn. As a result, the failure of the reliability
in at least one process step will impact the whole
process reliability. Furthermore, when consider-
ing the complexity of a combo vaccine that brings
about several antigens, the probability of the fin-
ished product release is the product of the proba-
bility of each antigen release as each antigen is an
independent variable of the control process with
its own testing. As a result, the failure in the
release of at least one antigen regarding its own
quality specifications in the combo vaccine will

prevent the release of the whole finished product.
It would imply very serious economic losses for
the vaccine manufacturing companies. As a con-
sequence, the whole set of vaccine manufacturing
process will be designed, developed and validated
at the industrial scale in order to ensure the maxi-
mum reliability and the maximum probability of
release at each production step and for each anti-
genic component. That is the reason why, most of
the time, the following sentence is considered in
the vaccine industry: “The quality of a vaccine is
the quality of the process”.

3.2 Manufacturing Vaccines Is Built
on Barriers Aimed to Prevent
the Entropy and the Butterfly
Effect

Following the second principle of thermodynam-
ics, entropy is the measure of the disorder. In a
given closed system, the transformation of mate-
rial always implies the increase of the entropy.
Entropy is also the measure of uncertainty in a
given system. The less the information is avail-
able regarding an event, the less its known proba-
bility of occurrence, the highest is the entropy.
Entropy is unavoidable in a given manufacturing
system that is transformed over time: machine
ageing and attrition, personnel turnover, supplier
missing, raw material changes, knowledge loss
and so on. When considering the concept of
entropy with the vaccine manufacturing
processing, the natural trends to loss information
and process robustness over the time is critical to
be controlled and prevented. That’s the reason
why a whole set of barriers against entropy are
designed, developed and transferred to the indus-
trial scale. For instance:

– The raw materials, the seeds and the product at
each step of manufacturing are controlled
through a defined set of reference test
techniques.

– The reference test techniques are in compli-
ance with various regulatory guidelines.

– The genetic and/or phenotypic identity of the
different seeds, cells and virus are
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characterized as accurately as possible and
checked at the critical steps of manufacturing.

– The manufacturing steps of each antigen are
rigorously detailed in the manufacturing
instructions.

– The manufacturing operations for each batch
are finely tracked in the batch records.

– The raw material suppliers are audited for the
quality of their control and for the robustness
of their own raw material quality and their
manufacturing processes.

– The manufacturing and the quality control per-
sonnel are trained on a regular basis in order to
maintain their professional skills.

– The knowledge of product development and
production is managed through an expert
network.

The butterfly effect is known as a popular
metaphor for sensitive dependence on initial
conditions of a given system conceived by the
mathematician E. Lorentz in 1972. It was
demonstrated by the chaos theory that, for a
non-linear system depending on several variables,
the impact of a small change in the value of one of
the system parameters could be very critical. Con-
sidering the vaccine manufacturing process sys-
tem, it is well-known that it is typically a
non-linear system with a tremendous number of
variables. As a consequence, a minor change in
the quality of a raw material or in the process
could lead to a non-satisfactory finished product
regarding its quality, safety and efficacy. This
kind of change could imply very long
troubleshooting, trying to find the event root
causes and serious economic losses for a vaccine

Table 2 Different steps in the manufacturing and quality control of an industrial batch of vector vaccine

General step Includes

Media Raw materials sourcing and testing
Media preparation and sterilization

Cell cultures Cell culture initiation from the thawed WCB
Cell culture expansion

Active ingredient (AI) production upstream
and downstream processes

Upstream process:
Cell infection and incubation
Virus harvest

Downstream process (variable):
Cell disintegration
Clarification (centrifugation, filtration)
Concentration
Storage

Vaccine formulation Mixing of one or more AI with freeze-drying stabilizer
Filling in vials
Freeze-drying
Capping of vials

Labelling Labelling
Secondary packaging

Quality control (AI and vaccine) Physico-chemical (such as pH) and visual aspects
Titration (potency test)
Identity test
Sterility and mycoplasma testing
Extraneous agent testing

Documentation, quality assurance and
vaccine release

Detailed records of all steps and personnel
Dossier constitution with production and QC raw data
Data audit
Release of vaccine by a qualified person (QP if cGMP are applied)
based on the specifications in the dossier
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manufacturer through destruction of unsatisfac-
tory products and market back-orders. As quoted
above, “the quality of the vaccine is the quality of
the process”. That’s the reason why a whole set of
barriers against the butterfly effect are designed,
developed and transferred to the industrial scale.
For instance:

– The determination of the critical parameters
defined as the parameters where a minor
change of value could imply a
non-satisfactory product

– The risk analysis based on literature and on the
expert experiences

– The determination of the robustness of the
process in its limits of control set-up during
the development for each critical parameter

– The set-up and the systematic use of control
charts following the rules of the statistical con-
trol of the process

– The validation of the control techniques and at
each renewal of the control reagents

– The product quality reviews on a regular base

All of these ways of risk mitigation constitute
barriers to the butterfly effect and people are
committed in their implementation and rigorous
follow-up. It will avoid the consequences that
such events have on the vaccine manufacturing
companies like an unsafe or under-efficacious
batch that may lead to stopping the production
or the withdrawal of the batch or even product
from the market upon demand by the regulatory
authorities.

3.3 Manufacturing Vaccines Relies
on People

The commitment of the team (including people
from development, production, quality control
and quality assurance) is required for ensuring
the quality of the vaccines placed on the market.
Although artificial intelligence may support the
process, it will not replace the knowledge, the
talent and the shrewdness of the people involved
in the vaccine manufacturing industry. People are
the warrants that the quality of the process makes

the quality of the vaccine. But all these skills have
to be maintained through training. Basically,
training has to be set up and performed on the
workplace for the core knowledge. Qualification
grids help to plan and to track the training imple-
mentation. A tutorial process is set up to ensure
that the newcomers are trained by skilled long-
knowing employees considered as experts in their
domain, themselves trained for running training.
This allows setting a system of routine human
control in the workshops where the team can
prevent or repair immediately the failure or the
human error of one.

The organization of the manufacturing
resources is most of the time under the monitoring
of a manufacturing execution system (MES) in
order to rationalize the operation sequences and
operation execution times. The most modern
MES today captures the production data and
guides the operation sequence roll-out by direct
digital computing system where the workers are
helped for keeping the manufacturing
instructions.

These measures for risk mitigation regarding
the human and organizational factors are today
more and more favoured by the authorities in their
regulatory guidance and during inspections that
are performed on a regular basis in order to ensure
the compliance of the vaccines produced and
distributed on the markets.

4 Manufacturing of Poxvirus
Vectors

Attenuated poxviruses are excellent vectors for
prophylactic and therapeutic vaccines. Vaccinia,
fowlpox and canarypox viruses have successfully
been developed as veterinary vaccine vectors for
wildlife, poultry and companion animals (horse,
dog, cat and ferret) [1–10]. The acquired expertise
on recombinant fowlpox and canarypox vector
vaccines for multiple species facilitates the rapid
generation, development and manufacturing of
new candidates. At the industrial level, the same
manufacturing process is used for the various
avipoxvirus vector vaccines ensuring batch-to-
batch consistency [3]. As an example, the
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manufacturing process of the canarypox vector
will be described.

Seeds and active ingredients are produced in
sterile disposable plastic flasks and/or roller
bottles (Fig. 1) seeded with primary chicken
embryo fibroblast (CEF). CEF cells are produced
by enzymatic digestion of chicken embryo from
specific pathogen-free (SPF) hens. Viral inocula-
tion is performed on CEF monolayer, and the
viral culture is incubated a few days until a clear
cytopathogenic effect is visible; the number of
days depends in part on the multiplicity of infec-
tion (MOI) used at viral inoculation. The
harvested cell lysates may be centrifuged and
sonicated to favour virus release from cell debris
before clarification and filtration. The addition of
a stabilizer allows more stability of AI during
storage at �40 �C or colder. Once the AI batch
is titrated and controlled, it can be formulated and
possibly freeze-dried into sterile vials before cap-
ping, labelling and packaging. Some canarypox-
based vaccines are presented as a liquid viral
suspension and may contain carbomer, a polymer
primarily made from acrylic acid as an adjuvant.
For the vaccinia vector developed to vaccinate
wildlife against rabies, the vaccine is in a liquid
form in a bag packaged in baits that are released
in the field [10]. Each batch/serial of the final
product is submitted to QC tests before release.
The potency test is based on the infectious viral
titre; the titration may include the detection of the
foreign gene product using specific monoclonal
antibody and immunofluorescence.

In contrast to the fowlpox vector which is fully
replicative in chickens, the canarypox vector is
non-replicative in mammals. After vaccination,
the canarypox virus will enter into mammalian
cells and start its replication cycle during which
the foreign gene will be expressed; however, the
replication cycle is not complete; no infectious
virus will be generated from this infected cell.
The minimum protective dose (and, conse-
quently, the minimum release dose) of a
canarypox vector in mammals is therefore much
higher than that of a fowlpox in poultry. It is
therefore important to optimise the canarypox
virus production in order to reach a high titre at
an acceptable cost. Improvement of the process

may include the use of a permissive continuous
cell line, bioreactor and chemically defined media
[11–13].

5 Manufacturing of Herpesvirus
Vectors

The main virus that has been developed as a
vector for poultry is the Meleagrid herpesvirus 1
(Marek’s disease virus serotype3), also known as
herpesvirus of turkey (HVT). The HVT virus is
non-oncogenic and is used as a vaccine against
Marek’s disease since the 1970s [14]. It was
developed as a vector for different avian diseases
including infectious bursal disease [15],
Newcastle disease [16, 17], infectious
laryngotracheitis disease [18] and avian influenza
[19]. HVT vectors with two inserted genes were
also recently launched.

The HVT virus shares similar characteristics in
terms of in vivo [20] and in vitro [21] replication
with Gallid herpesvirus 2, the Marek’s Disease
Virus (MDV). Thus, they share similar produc-
tion platform and technologies. In vitro, HVT and
its vectored derivatives are generally cultivated in
adherent primary avian cells like CEF, leading to
the use of monolayer technology for upstream
process. The Marek’s disease viruses are cell-
associated, and therefore, the vaccine AI is the
living infected cells formulated and frozen with
liquid nitrogen under controlled conditions. No
further downstream process is required. At an
industrial scale, plastic or glass roller bottles
(Fig. 1), as well as multilayer culture flasks, are
used as culture vessels. Vaccine storage and dis-
tribution require liquid nitrogen tanks.

The different steps of production of HVT vec-
tor vaccines are described below:

1. Primary CEF preparation and cell culture: CEF
are prepared by enzymatic digestion of
embryos from specific pathogen-free (SPF)
eggs as for canarypox virus production (see
above). Roller bottles are seeded with the
cells in a suitable medium.

2. Viral inoculation, culture and harvest: The
inoculums used are composed of living
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infected cells coming from freshly harvested
culture or infected cells stored in liquid nitro-
gen. After several passages from MSV or
WSV, inoculation of cells is performed. AI
production can be realized in one or several
passages. The post-inoculation culture dura-
tion depends on the MOI applied. The infected
cells are harvested by treating the monolayer
with an enzymatic solution. The infected cells
are concentrated by centrifugation and
resuspended using freezing media for storage
in liquid nitrogen.

3. Freezing and storage: The cell suspension is
distributed in glass ampoules which are sealed
and frozen using an adapted freezing cycle
before to be stored in a liquid nitrogen tank. A
glass vial contains enough infected cells to vac-
cinate 1000 or several thousands of chickens.

4. Quality control: HVT-vectored vaccine is
mainly tested like an HVT Marek’s disease
vaccine. The difference is in the identity test
that needs to identify specifically the vector
vaccine and its foreign gene. It may be done
by immunofluorescence detecting the foreign
gene expression or by a specific polymerase
chain reaction (PCR). The potency test is
based on the viral titre. The HVT titration is
evaluated by counting the plaque forming unit,
and when required, the titration for the foreign
gene is usually performed by immunofluores-
cence with a specific monoclonal antibody.

5. Transport and vaccine preparation: The vac-
cine is transported in liquid nitrogen Dewar
tanks to the hatcheries where the vaccine is
used. Glass ampoules are thawed in a water
bath, and infected cells are resuspended in a
bag of diluent. The vaccine administration
may be done by the in ovo to 18–19-day-old
embryos or by the subcutaneous route to
1-day-old chicks. Vaccine administration
should be done within the hour following vac-
cine preparation.

This process of production is complex and is
facing many difficulties relative to:

1. Cell substrate: Primary CEF cells need to be
used since there is today no suitable cell line

available. Hence, the egg quality and supply
will have a direct impact on vaccine supply
and sustainability. In addition, it is challenging
to handle embryonated eggs in a controlled
environment.

2. Culture vessels: It has not been possible to
adapt HVT production in bioreactor so far
due to the replication mechanism requiring
high-density cell layer and the necessity to
harvest live cells. The use of roller bottles or
other alternative culture vessels may lead to
multiple open-phase operations during differ-
ent stages of production and inevitable heavy
labour, which cause high contamination risks
and limitations on productivities.

3. Infected cell freezing and storage: The cell-
associated nature of HVT requires conserving
live infected cells in liquid nitrogen. HVT
virus may also be freeze-dried, but this cell-
free-based vaccine has been shown to be less
efficacious and more sensitive to maternally
derived antibodies than the cell-associated
vaccine [22]. The liquid nitrogen requirement
complicates the storage and distribution of
such vaccine. Break in the cold chain will
have quickly an impact on the viral titre [23]
and, so, on efficacy.

6 Manufacturing of Adenovirus
Vectors

Two types of adenovirus vectors have been devel-
oped for animals: a replicative human adenovirus
type 5 for oral vaccination of wildlife against
rabies [24, 25] and a non-replicative human ade-
novirus type 5 (hAd5) for cattle vaccination to
protect against foot and mouth disease (FMD)
[26, 27]. The latter is the most recent condition-
ally licensed vaccine for animal health utilizing
capsid and 3C protease-coding regions of FMD
virus to protect cattle for a potential outbreak of
the disease in the United States. Although
conceptually interesting, examples of
replication-competent adenovirus vector pro-
duced from a target species for bivalent protection
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in the same species were not able to overcome
interfering antibodies in subsequent vaccinations
or protect via the preferred route of oral adminis-
tration [28]. Primarily non-replicative adenovirus
vectors (such as those based on hAd5) are used
for today’s evaluations which may require
modified cell lines for vector production or
sequence “switches” to up- or downregulate a
gene encoded. Vaccine design gives a hint to the
complexity of the upstream, downstream, formu-
lation and testing of adenovirus vector vaccines.
This is a subsequent challenge in the case of
vaccines targeting disease outbreaks or multi-
dose presentations in which expensive raw
materials, industrialization scale or antigen load
for protection can be cost-prohibitive. Adenovi-
rus vaccines have been shown to be effective with
or without adjuvants and/or immunomodulators
depending on the target disease. Combinations of
multiple serotypes in one formulation and use in
prime-boost regimes continue to be a strong area
of focus for veterinary research.

The production and formulation of adenovirus
vectors have been reviewed in detail by Altaras
et al. [29] and Vellinga et al. [29, 30]. A summary
of steps of production of adenovirus vector
vaccines are described below:

1. Cells and media: Cell lines used to produce
adenovirus vector vaccines are usually
HEK293, PerC6 or A549 derivatives. All can
be grown in adherent cultures for testing
purposes and preferably suspension-based in
serum-free media without animal origin
components for the production of active
ingredients. Cell density effect described with
HEK293 at high densities greater than one
million cells/ml can have a detrimental impact
on vector productivity without proper analysis
of cell health and supplementation. Many
commercial serum-free mediums are available
in liquid and powder formulation or develop-
ment of custom media formulation. Cell
growth is optimized in a medium to reach
reproducible densities and doubling time in
the fewest number of manipulations. Working
cell banks are frozen in liquid nitrogen at

regular passage intervals, with adequate
densities, in ampules or cryobags.

2. Cell passaging: HEK293 derivatives are
expanded from frozen cell banks with atten-
tion to recovery from liquid nitrogen, cell
counts, imaging and trending of doubling
time. Additional data points can be acquired
with online sampling and metabolite analysis.
Cells can be prompted into specific physiolog-
ical phases for infection utilizing monitoring
or media changes prior to the infection
process.

3. Viral infection and harvest: Once viral work-
ing seed lots are produced, an optimal MOI for
the adenovirus vector is established over a
series of passages. The medium is usually
changed prior to infection. In the cases of
non-replicative vector, induction may be
required ahead of infection and media change
using hollow fibres or perfusion after infection
depending on the vector design. Set points for
bioreactor production conditions such as tem-
perature, pH, dissolved oxygen and time of
harvest should be optimized.

4. Downstream processing: At the time of har-
vest, cells may be lysed by mechanical
methods or detergent. Endonucleases such as
benzonase may be used to treat lysate prior to
clarification. Concentration and/or diafiltration
in selected buffers prior to sterile filtration and
storage may occur.

5. Formulation with or without adjuvant follows
and serials are tested accordingly.

6. In-process testing and quality control: As for any
vaccine, each serial or sub-serial must satisfacto-
rily meet specification requirements described in
the marketing authorization. Potency is devel-
oped in parallel with the new product. Vector
and gene product characterization can be com-
plex for in-process and release testing. It is criti-
cal to test the genetic stability of the construct,
the ratio of viral particles to infectious unit (P/I),
the presence of defective particles and replication-
competent adenoviruses (generated by recombi-
nation between the vector and the homologous
E1 sequences present in the manufacturing cell
line) by different titration methods.
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Commercialization is used to be the major
concern for adenovirus vector veterinary
vaccines, and platforms that have proven cost-
effective approaches can be achieved although
areas of challenge still exist. Care needs to be
taken in development to consistently producing
a large number of doses using conventional stain-
less or single-use stirred-tank bioreactors, feed or
perfusion approaches to reach high vector pro-
ductivity per culture volume in a minimal
manufacturing footprint. With regard to testing,
parallel tracks for test development and process
development are important due to the complexity
of the monoclonal antibodies, reagents and anal-
ysis needed for a well-characterized final product.

7 Future Directions and Potential
for Other Applications

The state of the art in vaccine manufacturing has
advanced tremendously over the years. The
blooming biopharmaceutical industry created the
opportunity for researchers and manufacturers to
explore more robust and cost-effective production
methods to express protein therapeutics and
antibodies in fermentation and cell culture pro-
cesses. These efforts have benefited the vaccine
industry that adapted the significant bioprocess
technology breakthroughs to fit the viral produc-
tion processes. Future trends in vector vaccine
production are described below for each step of
the process.

7.1 Upstream Bioprocessing: Viral
Antigen Production

With the development of molecular biology tools,
improved microbial/mammalian expression
efficiencies and advancement of single-use
processing systems, the application of recombi-
nant viral vector technology in vaccine develop-
ment has progressed significantly over the years.
The current technology wave in biologics
manufacturing offers solutions to the industria-
lisation of viral vector vaccines at an affordable
cost with high product quality. Below are some

examples of recent improvement and future
directions:

1. Raw Materials: Cell adaptations to suspen-
sion and serum-free attempts have been widely
explored in the vaccine production industry.
The dependency of virus propagation on
serum and animal origin raw materials has
been a difficulty to vaccine manufacturers.
The variability in quality, the supply and the
regulations on the use of animal origin
materials and its viral purity are currently the
drivers to adapt production processes to
serum-free, chemically defined media and the
use of recombinant enzymes [31, 32]. Simulta-
neous attempts to adapt cells to suspension for
high-cell-density application with perfusion
systems have gained much attention to
increasing the antigen yield for a more effi-
cient process [33]. Removing the use of
microcarriers and associated trypsin treatment
process during cell expansion further
simplifies the process and decreases the pro-
duction cost, time and risks. The increasing
awareness on the impacts of antibiotics resis-
tance issue to the environment and public
health also spurns manufacturers from using
antibiotics in vaccine production, especially as
a preservative in the final product. Much con-
sideration is put into research and develop-
ment of new products to produce viral
constructs free of antibiotic-resistant gene,
removal/alternatives to antibiotics in vaccine
production and controlled treatment of produc-
tion waste.

2. Continuous Cell Line: The requirement for
the fermentation and cell culture process has
increased with more demanding regulations
enforced for biologics. Efforts on cell line
development for vaccine production using
continuous cell expression systems have
changed the vaccine production industry sig-
nificantly. Antigens are more and more pro-
duced using microbial, mammalian or insect
cell cultures instead of primary cell lines and
embryonic cultures [34, 35]. This reduces the
risk of potential extraneous agents’ contamina-
tion and overcomes the supply chain issues
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with unstable quantity and quality supply of
the embryos.

3. Bioreactors Cultivation System: The use of
continuous cell line production allows the
move from static vessel cultures such as roller
bottles to bioreactor production vessels.
Although the conventional roller bottle pro-
duction is still practised for several atypical
viruses such as HVT in poultry vaccine pro-
duction, the advancement of bioreactor tech-
nology has penetrated the industry to replace
the laborious and high-contamination-risk pro-
duction method. Hollow fibres and fixed-bed
bioreactors with large surface area for cell
attachment and controlled aeration are com-
monly used to replace roller bottles to improve
cell growth and viral propagation [36]. Adher-
ent cells are also grown on microcarriers,
suspended in the bioreactor system that
provides better scalability as well as process
controls as compared to static bioreactor
cultures [32, 37–40]. Vaccines were primarily
manufactured in stainless steel bioreactors.
The stainless steel set-up offers flexibility in
the bioreactor design that allows manipulation
of the bioreactor parts to fit different processes.
However, they are progressively replaced by
single-use technology.

4. Single-Use Technology (SUT): SUT offers
solution to overcome the stainless steel
drawbacks with increase in production effi-
ciency and capability, fast turnover rate
between batches, absence of complex cleaning
validations, reduced manufacturing footprints
and reduced capital expenditure investment
and COGs. Introduction of SUT in vaccine
development gives light to the possibility of
single-use end-to-end production with a con-
tinuous closed production system reducing the
risks of contamination. The single-use systems
such as wave bags and bioreactors are
designed differently with respective
advantages and have demonstrated compara-
ble efficiency if not better than the stainless
steel systems [37, 41]. High-cell-density inoc-
ulum is viable with the application of perfu-
sion technology coupled with bioreactor

system, replacing the tedious and time-
consuming cell expansion prior to bioreactor
inoculation [42]. Research and development
are working on media development, and feed-
ing strategy using the advanced single-use
high-throughput miniature bioreactors coupled
with analytical tools to support bioprocess
design of experiments and to accelerate the
product development stages. Supplying suffi-
cient essential media component and nutrient
supplementation at cell growth and viral prop-
agation stages are imperative to support the
high-cell-density continuous system
[43, 44]. These high-throughput lab-scale
single-use platforms for development studies
have demonstrated scalability to pilot and pro-
duction scales. The SUT also comes with sev-
eral challenges, including the integrity of
materials and risk of bag leakage and
contamination.

5. Continuous Bioprocessing: The current
manufacturing trend is to implement
integrated processing systems for continuous
flow modular automation from upstream to
downstream processing, equipped with online
process monitoring and feedback controls.
Such technology is however not easy to set
up for viral production.

6. Analytical Tools: Manufacturing control with
process analytical technologies, pump systems
and sensors is being developed. Raman spec-
trometry, biomass probe and mass spectrome-
try are examples of analytical tools that are
useful in providing real-time biomass and
bioprofile measurements for immediate feed-
back controls and analysis of production data.

7.2 Downstream Bioprocessing

The innovation in downstream purification is
driven by the increasing demand to meet the
upstream high titres as well as the stringent
regulations governing the safety and efficacy of
vaccines. The biggest hurdle in downstream
bioprocessing is to develop cost-effective
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processes to develop high-quality products with
short processing time, which is especially chal-
lenging in the animal health vaccine industry that
deals with very low selling price per dose of
vaccine. A big advantage of vector vaccines is
that their production usually does not require
complex downstream processing. The purifica-
tion processes (including chromatography)
aiming to remove host cell proteins, nucleic
acids, toxins and various adventitious agents
may not be needed for vector vaccine
manufacturing. Progresses in purification tech-
nology over several decades have shown vast
improvement in overall process capacity, chroma-
tography efficiency and capability, robust mem-
brane technology, disposable technology and
high-throughput process and analytics
developments. Some improvements are described
below:

1. Harvest and Clarification: Cell lysis process
by chemical or physical treatment (freeze-
thaw, sonication) is typically carried out prior
to clarification when dealing with cell-
associated viruses or inefficient extracellular
secretion of viral particles to release the anti-
gen from the host cells. Clarification of the
bulk harvest is carried out to remove cell
debris and large aggregates, usually by centri-
fugation and/or filtration to ensure the effi-
ciency of the subsequent purification steps.
The commercially available dead-end depth
filters and microfilters are now well designed
to support adequate clarification of bulk har-
vest with different degree of turbidity and vis-
cosity. Very often, the clarification step is
carried out as the purification step prior to
formulation in animal livestock live vector
vaccines due to cost restrictions.

2. Concentration and Purification: The
clarified supernatant may be concentrated and
purified by ultrafiltration and/or diafiltration.
The current advancement of membrane tech-
nology enables improved uniformity, con-
trolled pore size and customization capability
to enhance yield, purity, efficiency and
affordability.

7.3 Formulation and Delivery

Viral vectored vaccines are generally freeze-dried
as the lyophilisation process is well known to
preserve the infectivity and stability of the
vaccines. However, freeze-drying capability is
one of the biggest bottlenecks in vaccine
manufacturing as it involves low turnover rate
due to the long freeze-drying cycle and turnover
maintenance time. Improvements in formulation
(stabilizers) and pharmaceutical processing tech-
nology are areas of research for many vaccine
developers. Future perspectives in the alternative
formulation include microencapsulation and
nanotechnology that may allow mucosal admin-
istration and induction of mucosal immune
response which are necessary for some pathogens
[45–47]. However, attempts to formulate live
viruses including viral vectors with polymer
matrices to form microspheres, nanoparticles
and hydrogels have been relatively scarce [48–
50]. In particular, nanoparticle-vector hybrid
delivery strategy utilises the advantage of both,
the viral and nanomaterials to complement each
other’s drawbacks [50, 51]. Increasing the ther-
mal stability of live vector vaccines is also an
important area of research; it may be obtained
with additives as shown for hAd5 [52].

Automatization, digitalization, data manage-
ment and artificial intelligence can be applied at
each step of vector vaccine production to secure
production, minimize downtime, and
reduce COGs.

8 Summary

The development of production process is a key
step before the licensing and commercialization
of veterinary vector vaccines. The process devel-
opment may be the cause of R&D project failure
if it does not allow to produce the vector vaccine
at acceptable quality, safety, potency and, last but
not least for veterinary vaccines, cost. The quality
of the process will impact the quality and supply
of the vaccine. However, once a process for a
particular vector is well established, it can be
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reused for the production of other products based
on the same vector. Challenges in process devel-
opment include the selection of continuous cell
line allowing the production of vector viruses
without the substance of animal origins and
antibiotics and growing in suspension in
bioreactors that may now be of single use.
Freeze-drying is also a delicate and time-
consuming step in the manufacturing of live vec-
tor vaccines, and any alternative formulation
solutions allowing the production of a stable vac-
cine in another form are needed.
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Regulatory Strategies and Factors
Affecting Veterinary Viral Vector
Development

Michel Bublot, Virginie Woerly, Qinghua Wang, and Hallie King

Abstract

The development of a vector vaccine starts
after the establishment of the proof of concept
in the research phase. It includes process and
analytical tools development, safety, and effi-
cacy testing required to build the dossier that is
submitted to regulatory authorities to get mar-
ket authorization (MA). Licensing
requirements depend on the country in which
MA is requested. The basics of the licensing
process in the USA, European Union, and
China are reviewed. Critical factors taken
into consideration for the quality part include
the ability to produce the vaccine at an accept-
able level of quality and cost of goods and with
minimal or absence of replication-competent
virus for replication-defective vectors. Critical
factors linked to safety taken into
considerations are the genetic stability, shed
and spread, reversion to virulence,

recombination with vaccine or wild-type
strains, and changes in tropism. A risk assess-
ment of potential impact on human health and
environment is built based on data obtained
with the vaccine candidate and scientific liter-
ature on the vector and inserted sequences.
Critical efficacy factors include the minimum
protective dose and the potential interference
of previous passive (maternally derived immu-
nity) or active immunity and/or that of
coadministration with other vaccines. The
market authorization decision is based on a
risk/benefit balance analysis.
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Learning Objectives
After reading this chapter, you should be able to:

1. State that the regulatory requirements for vec-
tor vaccine licensing depends on the country in
which the vaccine is being licensed

2. Explain that the registration dossier contains
three major parts: the quality (including pro-
cess of production, quality control, and
specifications), safety, and efficacy

3. Explain how results of numerous safety stud-
ies will allow to make a risk assessment of
potential impact of the vector vaccine on the
environment (including other animals) and
human health that will be a key component
on the risk/benefit analysis of the vaccine

4. Recognize that the developed process should
allow the consistent release of a vaccine of
adequate quality and at a titer above the

minimum release dose, which is derived from
the minimum protective dose

5. Recognize that anti-vector and/or anti-insert
antigens passive and active immunity may
potentially interfere with vector vaccine
efficacy

1 Introduction

The generation and testing of many veterinary
vector vaccines have been published, but only a
very few were successfully licensed and reached
the market. Once the proof of concept of a vector
vaccine candidate is demonstrated at the research
level, the development work starts. Results of
development studies are compiled in the vaccine
dossier that will be evaluated by regulatory
authorities. The vaccine dossier contains basically
three parts: [1] quality including the process of
production, in-process control, quality control
(QC), and specifications, [2] safety including a
risk assessment, and [3] efficacy. The dossier is
submitted to the regulatory authorities to get mar-
ket authorization (MA). Requirements for licens-
ing depend on the country in which the dossier is
applied; differences between European Union,
the USA, and China are outlined. Failures in
development may occur at different stages. Key
points to take into consideration in the develop-
ment and the building of the dossier to license
veterinary vector vaccines are described. The pro-
cess and QC development have already been cov-
ered in the chapter entitled “Manufacturing and
Control of Viral Vectored Vaccines: Challenges,”
and therefore, this chapter will mainly focus on
regulatory, safety, and efficacy requirements.

2 Regulatory Requirements

The use and licensing of vector vaccines depend
on two main regulatory requirements: the first one
linked to the contained use and deliberate release
into the environment of genetically modified
organisms (GMO) and the second one to the
licensing process of veterinary vaccines to get
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the MA. The regulatory requirements and
procedures vary from country to country. How-
ever, there is a trend at harmonizing technical
requirements for veterinary product registration
by the International Cooperation on
Harmonisation of Technical Requirements for
Registration of Veterinary Medicinal Products
(VICH), which is a trilateral (EU-Japan-USA)
program officially launched in April 1996
(https://www.vichsec.org/en/). General and spe-
cific requirements for veterinary vaccines may
also be found in the World Organization for Ani-
mal Health (Office International des Epizooties)
Manual of Diagnostic Tests and Vaccines for
Terrestrial animals (https://www.oie.int/en/stan
dard-setting/terrestrial-manual/). The basic
principles and process of registration in three
major countries or regions are explained below.

2.1 United States of America

The Animal and Plant Health Inspection Service
(APHIS), which is part of the United States
Department of Agriculture (USDA), regulates
veterinary biologics including vaccines. The eval-
uation is performed by APHIS Center for Veteri-
nary Biologics (CVB). Standard requirements for
licensing veterinary vaccines are outlined in the
Title 9 of the Code of Federal Regulations
(9CFR). In addition, Veterinary Services
Memoranda and CVB Notices provide guidance
and details regarding specific aspects of 9CFR
requirements. The proposed manufacturing and
testing facilities must also meet the requirements
as outlined in the 9CFR. The licensing process of
veterinary vector vaccines in the USA involves a
continuous exchange of information between the
applicant and an assigned CVB licensing
reviewer. First, a license application package is
submitted by the applicant; it includes a brief
description of the vaccine, a preliminary outline
of production, blueprints, and pivotal safety and
efficacy protocols that will be reviewed prior to
initiating licensing studies. CVB will assign a
product code and official name for the vaccine,
which they send to the applicant along with any
comments on the study protocols. Studies are

conducted by the applicant or external partners,
and each time a report is finalized, it can be
submitted to the CVB reviewer for approval. A
Summary Information Format (SIF) document
that details the GMO design, construction, and
biological properties is created and used to assess
the risk associated with the manufacturing and
release of the biological organism(s). Live vector
vaccines are biotechnology-derived biologics
belonging to Category III. The SIF contains mul-
tiple sections that can be submitted separately.
Documents containing Parts I (general informa-
tion and objective for the use of the proposed
product) and II (description of the regulated
biological agent) must be submitted prior to
conducting animal testing needed for licensure.
Parts I and II will be evaluated by CVB in order to
get approval from their Institutional Biosafety
Committee (IBC) to work with the GMO in the
CVB laboratory and to recommend an appropri-
ate containment for the safety and efficacy studies
performed by the applicant. The master seed virus
(MSV) is then submitted to CVB for confirmatory
testing of identity and purity. Once all safety
studies are completed, Part III of the SIF includ-
ing the biological properties or virulence for the
regulated biological agent used for MSV is added
to the initial document. Part III includes a risk
assessment (RA) conducted using data obtained
with the construct as well as information coming
from peer-reviewed scientific literature on similar
agents. The proposal to conduct experimental
vaccination under field study conditions is also
included. This detailed SIF + RA will support the
documentation required for publication of a Fed-
eral Register Notice of availability of an RA and
an environmental assessment for public com-
ment. This publication and assessment of public
comments occur before issuing the Finding of No
Significant Impact (FONSI) for release of the
vector vaccine in the environment, which is
required before starting field safety trials. Once
CVBMSV confirmatory control is completed and
considered satisfactory, authorization is given to
move MSV to the production facility. Seed lots
and three successive prelicensing serials (batches)
are then produced and quality controlled. These
three batches are submitted to CVB with
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appropriate SOPs and reagents for confirmatory
testing. Once all laboratory safety, efficacy, and
potency test validation reports are accepted, the
three prelicensing serials are released and can be
used in the field trial. After all the required
documents including the field trial report have
been approved by CVB, MA can be obtained
usually within a few weeks. Recently, a possibil-
ity to be granted a “categorical exclusion” for
vector vaccines has been outlined in APHIS
Memorandum 800.215. This may be applicable
for well-characterized vectors for which at least
two products are already licensed by the applicant
that differ only in the insertion of genetic
sequence coding for another pathogen’s immuno-
gen and that have high safety records. This proce-
dure may allow the issuance by CVB of a FONSI
based on the SIF with RA without having the
notice published in the Federal Register. The pro-
cess to get field trial authorization will therefore be
faster. Licensed veterinary biological product
information is available online (https://www.
aphis.usda.gov/aphis/ourfocus/animalhealth/veteri
nary-biologics/ct_vb_licensed_products).

2.2 European Union

The contained use of genetically modified
microorganisms (GMMs) is regulated in the EU
by Directive 2009/41/EC. The new GMMs need
to be declared to the National Authority, in the
country where they are manipulated, who will
then evaluate the user assessment of the contained
uses as regards to the risks to human health and
the environment that those contained use may
pose. This assessment shall result in the final
classification of the contained use in one of the
four classes (one to four; see Table 1). The classi-
fication establishes the minimum biosafety level
of containment for this GMM use in notified
confined laboratory or animal facility premises.
The deliberate release into the environment of
GMOs is regulated by Directive 2001/18/EC. A
notification is submitted by the applicant to the
competent authority of the Member State where
such a GMO is to be tested for the first time (field
trial). This notification contains information

relating to the GMO, to the conditions of release
and the receiving environment, and to the
interactions between the GMO and the environ-
ment. It also includes an environmental RA
evaluating the risk to human health and the envi-
ronment, which the deliberate release of the GMO
may pose. The RA is based on internal data
generated with the GMO and literature review.
Labelling, specific conditions of use and
handling, information to the public and safeguard
clause, monitoring plan, control, waste treatment,
and the emergency response plans are part of the
notification. An independent national body (for
instance in France, the High Council for Biotech-
nology) will evaluate the notification in regard to
the scientific information as well as other aspects
such as ethical and possibly societal and econom-
ical aspects.

European veterinary vaccine registration
requirements are described in different official
texts such as the European Pharmacopoeia, EU
Rules governing the veterinary medicinal
products (for instance, Directive 2001/82/EC
and its amendments, Directives 2004/28/EC and
2009/9/EC), EMA Guidelines (for instance,
EMEA/CVMP/004/04 relative to live recombi-
nant vector vaccines for veterinary use), as well
as national regulations. New or updated
documents are published on a regular basis, in
particular Regulation (EU) 2019/6 on veterinary
medicinal products that will repeal Directive
2001/82/EC in 2022. Today, veterinary vector
vaccines, as products derived from biotechnol-
ogy, are licensed in the EU using the so-called
centralized procedure. The major advantage of
this procedure is that there is one single regu-
latory registration assessment that allows valid
MA for the 27 European Commission
(EC) Member States, as well as Iceland, Norway,
and Liechtenstein. The registration is managed
administratively by the European Medicines
Agency (EMA) located in Amsterdam. The sci-
entific evaluation is performed by the Committee
for Medicinal Products for Veterinary Use
(CVMP) with the help of designated rapporteur
and co-rapporteur from two different European
countries. The general principle of registration in
Europe, contrary to the USA, for example, is to
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submit to the agency the entire dossier once
completed. Following the dossier review led by
the rapporteur and co-rapporteur, the CVMP
sends a list of questions to the applicant. The
applicant then submits corresponding answers,
and after CVMP review, a second list of questions
may evolve needing further clarification. If major
points need to be clarified, CVMP may request
the applicant to provide further explanation at an
oral hearing. If satisfied by the written answers
and/or oral hearing, the CVMP gives a positive
opinion leading to MA decision by the EC. The
entire regulatory process from dossier submission
to market authorization usually takes 18 months.
Summary of product characteristics and European
public assessment reports of licensed vector vac-
cine in the EU are available online (https://www.
ema.europa.eu/en).

2.3 China

The Chinese process is the longest of the three
regulatory processes. Like in the USA and the
EU, the development of vector vaccines in
China has two main parts: one linked to the use
of genetically modified organism (GMO) and the
other linked to the licensing of veterinary
vaccines. The GMO Safety Certificate needs to
be obtained first before starting the official veteri-
nary vaccine registration process that will lead to
the MA. Whereas the veterinary vaccine registra-
tion process depends on different bodies includ-
ing the Institute of Veterinary Drug Control
(IVDC), the GMO evaluation process depends

on the Science Technology and Education
Bureau. Both agencies belong to the Ministry of
Agriculture and Rural Affairs (MARA) of
People’s Republic of China (China).

The GMO process applicable to veterinary
vector vaccines is the same as for any live GMO
such as genetically modified crop; it includes
three stages (Tier 1, 2, and 3) of safety field
testing after the initial safety testing under labora-
tory conditions. The GMO information and
reports of safety lab testing are submitted together
with a first field trial protocol to get the authori-
zation to conduct the Tier 1 field trial. Once the
authorization is obtained, this field trial is
implemented, and reported results are then sub-
mitted with the protocol proposal for the Tier
2 trial and subsequently of similar manner for
the Tier 3 trial. The number of animals involved
increases in these successive trials. Once all trials
are completed and reported, the GMO Safety
Certificate may be applied. However, for veteri-
nary vector vaccines, the Tier 3 and even Tier
2 trials may be skipped if the GMO has good
records of safety. During the GMO safety evalua-
tion process, the GMO and parental virus (nega-
tive control) are submitted together with the
GMO identification analytical tool to the compe-
tent lab for eventual confirmatory testing. The
process is quite time-consuming since it will
take around 3–5 years and sometimes longer to
get the GMO Safety Certificate, once the labora-
tory studies are completed.

If the product is developed in China by a local
R&D team, the vaccine lab efficacy and safety
studies for new veterinary vaccine registration

Table 1 EU classification of the contained uses of GMMs in four classes, which will result in the assignment of
containment levels (based on Directive 2009/41/EC)

Class Description

1 Activities of no or negligible risk, that is to say activities for which level 1 containment is appropriate to protect
human health and the environment

2 Activities of low risk, that is to say activities for which level 2 containment is appropriate to protect human
health and the environment

3 Activities of moderate risk, that is to say activities for which level 3 containment is appropriate to protect
human health and the environment

4 Activities of high risk, that is to say activities for which level 4 containment is appropriate to protect human
health and the environment
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purpose can be initiated at the same time as the
GMO process. However, for registration of
imported product, the GMO Safety Certificate
needs to be obtained before going to the registra-
tion step. The normal process of vaccine registra-
tion is quite slow, but there are faster tracks such
as the “green channel” if the developed vaccine
protects against one of the 16 first priority
diseases and if it allows the distinction between
vaccine and wild-type infection or if it
corresponds to an urgent need or the “emerging
case” in the case of outbreak of a critical
devastating disease such as African swine fever
(http://www.moa.gov.cn/nybgb/2017/201711/201
802/t20180201_6136237.htm). The dossier is
submitted to the Center of Veterinary Drug Eval-
uation (CVDE), which is part of MARA/IVDC. It
is then reviewed by several regulatory bodies
including the Committee for Evaluation for Veter-
inary Drugs (CEVD). In parallel, three batches of
vaccine samples need to be tested by IVDC. The
dossier is frequently rejected and needs to be
resubmitted several times with additional
requested information. Once the dossier is submit-
ted, the registration time is very variable, but it is
rarely shorter than 20 months and often longer
than 3 years.

3 Information on the Vector
Genetic Construct Generation,
Control, and Master Seed
Production

Whatever the country (USA, EU, or China), full
information on the origin and production of the
parental virus, the cloning and construction of
plasmids or other cloning vehicles used to gener-
ate the construct, and the details on its generation,
testing, and passage history up to the MSV level
are required (see, for instance, EMEA/CVMP/
004/04 guideline).

Each genetic component such as the foreign
gene and expression signals (promoter,
polyadenylation signal, or other) needs to be
described in details. The sequence of the entire

vector virus genome is usually not requested, but
the one corresponding to the inserted sequence
and flanking vector sequences is required. In
addition, the techniques such as polymerase
chain reaction, Southern blotting, sequencing,
Western blotting, and/or immunostaining used
to characterize and identify the construct need to
be detailed. In the USA, the MSV is submitted to
the official laboratory (CVB) for confirmatory
testing. In China, seed lots, MSV, and WSV are
submitted to IVDC for archiving before getting
the registration approval. No virus/product sub-
mission is required for licensing in EU. The
genetic and phenotypic (foreign gene expression)
stability analysis is reported after cell culture
passages and after passing in target animals. The
genomic part analyzed for stability is usually the
foreign inserted sequence as well as neighbor
vector sequences, but authorities may request a
deeper whole genome analysis. The in vitro
genetic stability is a key factor investigated early
in development (or even in the research phase).

4 Quality: Manufacturing
Process, Quality Control,
Specifications

The development of the production process is
described in detail in the chapter entitled
“Manufacturing and Control of Viral Vectored
Vaccines: Challenges.” The registration dossier
contains the outline of production describing in
detail the raw/starting materials, cells and virus
seeds and methods to produce and control inter-
mediate passage stocks (such as working seed
virus), active ingredient, and final product.

Specifications are a key component of the pro-
duction file since they contain a list of tests,
references to analytical procedures, and appropri-
ate acceptance criteria, which are numerical
limits, ranges, or other criteria for the tests
described. They establish the set of criteria, to
which the vector vaccine testing results should
comply, to be considered acceptable for its
intended use on the market. These ranges of
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values are determined during development and
determined by the safety, efficacy, analytical
technique validation and stability data
[1]. Specifications are critical quality standards
that are proposed and justified by the manufac-
turer and approved by regulatory authorities as
conditions of approval.

Three successive prelicensing batches of vec-
tor vaccine active ingredient and finished product
need to be successfully produced and released
based on specifications to verify the batch-to-
batch consistency. In China, the active ingredient
is formulated immediately after production. Con-
firmatory testing of the three batches is performed
by authorities in the USA and in China, but not in
the EU. The stability of both the active ingredient
(not for China) and finished product is followed
to confirm the specifications. Stability of final
product needs to be proven for an additional
3 months after the claimed shelf life.

A key factor that may affect vector vaccine
development is the cost of goods sold (COGS)
for a vaccine dose that may be compatible with a
reasonable selling price, especially for production
animals for which return on investment of vacci-
nation is taken into account by customers. The
minimum release dose is usually calculated from
the minimum protective dose, taking into account
the potential loss during stability and the
variability of the potency test analytical technique
(viral titration). This minimum release dose and
consequently the COGS of replication-defective
vectors are generally higher than that of
replication-competent vectors. Thus, the latter
are typically licensed for low-cost production
animals such as chickens. A maximum release
dose is also set up in the EU and China. This
dose will define the dose to be tested in safety
studies. As an example, for replication-deficient
vectors such as E1-deleted human adenovirus
5 grown in complementing 293 cells, the absence
in a batch of replication-competent adenovirus
above a certain threshold (for instance, 1 in
3 � 1010 particles based on FDA guidelines for
Ad5 vectors) is key to guarantee the safety and

avoid the risk of spread and shed [2]. The use of
another cell line may alleviate this risk [3].

5 Safety Evaluation

The safety testing of vector vaccines involves
both in vivo and in vitro testing. Some key studies
and areas of investigation are detailed below.

5.1 Residual Virulence of the Seed
and Vaccine Safety Testing
in Target Species

Most safety studies are performed in specific
pathogen-free (SPF) target species if available. It
includes testing of the residual virulence of the
construct, which is usually performed with ten
times dose of the MSV or an early passage from
MSV. Testing conditions vary depending on the
vector backbone virus as described in documents
specific for a type of virus, such as in Pharmaco-
poeia or 9CFR, or according to approved test
protocols. For instance, in EU, for Marek’s dis-
ease virus (MDV)-based vector vaccines, the
evaluation is performed during 120 days after
administration by the recommended route, at the
end of which no Marek’s disease gross lesions
should be present, thus demonstrating absence of
residual pathogenicity of the strain.

The safety of the final vaccine is evaluated
using the maximum release dose administered
by each recommended route to animals of the
minimum age of administration. Animals are
observed daily for local and systemic reactions
for at least 14 days after administration. The
safety of the administration of an overdose
(at least ten times the maximum release dose)
needs to be evaluated similarly. If the vaccination
scheme includes booster vaccination, the safety of
repeated dose(s) is tested as well. If the vaccine is
recommended for use in pregnant animals or lay-
ing birds, its impact on reproductive performance
and/or pregnancy is investigated. For constructs
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that may affect the immunological functions, the
impact on immune response must be tested.

Safety studies of some vector vaccines may
potentially be performed in animals with anti-
vector maternally derived antibodies (MDA) as
well since such MDA have been shown to be
harmful in some cases such as adenovirus-
vectored HIV vaccine candidate [4].

At the end of development, field safety trials
are conducted in the target animals to confirm the
safety in future use conditions. Requirements for
field trials vary depending on the regulatory
agency and the country. Field trials are conducted
with batches (at least three in China and two in the
USA) produced according to the manufacturing
process described in the MA application. In the
USA, only safety field trials are requested, but in
Europe and China, both field efficacy and safety
may be investigated in the same or different field
trials.

5.2 Reversion to Virulence

Five successive passages of the strain (usually
MSV) are performed in target animals (most sen-
sitive class, age, sex, and serological status), and
no evidence of increase of virulence must be seen.
Virus isolation is performed at each passage to
confirm the presence of virus. The safety of the
virus recovered at the last passage is evaluated in
comparison with the initial inoculum for at least
21 days. The genetic/phenotypic stability of the
vector vaccine candidate after in vivo passages is
usually performed on recovered viruses from this
study. Non-replicative vectors could become
undetectable after the first or second passage; if
so, a repeat of the passage is needed to confirm
the loss of the GMO. This is a critical study to
perform early in development, especially for
replicating vectors, since viruses passed many
times in cell culture have a tendency of regaining
in vivo fitness and possibly virulence after suc-
cessive passages in animals and thus not appro-
priate for the market [5]. Vector vaccine
attenuation by virulence gene deletion and/or
codon de-optimization [6] or codon pair bias [7]
may decrease the risk of reversion to virulence.

5.3 Tissue Tropism or Internal
DisseminationWithin Vaccinated
Animal

The tropism or bio-distribution of vector vaccine
may be modified by the expression of the foreign
gene, especially if the gene product is expressed
at the surface of the virion or if an immunomodu-
lator is expressed. Such insert-induced changes in
tropism and/or virulence have been documented
at least for herpesvirus [8] and poxvirus [9–12]
vectors. The deletion of a vector gene may also
potentially increase the virulence as observed
with equine herpesvirus 1 [13, 14] and vaccinia
virus [15]. It is therefore important to compare the
distribution and persistence of the vector vaccine
in different tissues of the host animal in parallel to
that of the parental vector in order to identify
potential tropism changes brought by the genetic
modification of the parental virus.

5.4 Shed and Spread

One key component of replicative vector vaccine
safety that will have a major impact on the RA of
the GMO is its ability to shed into the environ-
ment and to spread to other animals. Studies
looking at virus shedding from the different
mucosal tissues and skin are conducted in the
target species. Unvaccinated sensitive animals
are raised in close contacts to vaccinated animals
in order to evaluate horizontal transmission. Ver-
tical transmission may be investigated as well if
recommended for use in breeders. To our knowl-
edge, no vector vaccine able to easily spread from
vaccinated to naïve contact animals have been
licensed so far in Europe and in the USA.
Newcastle disease virus (NDV) readily spreads
to naïve birds, and thus, it can be assumed that
NDV vector vaccines against influenza licensed
for chickens in China and in Mexico may proba-
bly spread to unvaccinated chickens. Shed and
spread studies may also need to be performed in
non-target species that are known to be suscepti-
ble to the vector virus. The case of herpesvirus of
turkey (HVT) vector for chickens is an interesting
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example since HVT does not easily spread from
vaccinated to unvaccinated chickens, but it may
potentially spread from vaccinated chickens to
naïve turkeys and from infected turkeys to naïve
turkeys. However, it does not spread from
vaccinated chickens to HVT-infected turkeys,
and since HVT infection is widely distributed in
turkey flocks, the risk of transmission of the HVT
vector from chickens to turkeys is considered
extremely low. Additional studies in target- and
non-target-susceptible (domestic or wild) species
sharing the same ecosystem as vaccinated
animals may sometimes be needed to support
the RA of the vaccine for environment, especially
with new vectors not already licensed. Finally,
the risk of transmission from vaccinated target
animals to humans needs to be assessed using
scientific literature and eventually appropriate
animal models. The shed and spread of
replication-abortive vectors should be low
and/or absent.

5.5 Recombination/Reassortment

The potential for intratypic or intertypic recombi-
nation and/or reassortment with other vaccine
strains or with wild-type pathogenic strains must
be investigated thoroughly. An assessment of this
issue has been recently published by the Brighton
Collaboration [15, 16]. Reassortment is an
exchange of viral genomic segments that occurs
in a cell coinfected by at least two viruses leading
to new viruses that may have biological
properties different from the parental viruses. It
is an issue for RNA viruses with segmented
genome such as those belonging to Arenaviridae,
Birnaviridae, Bunyavirales, Orthomyxoviridae,
Picobirnaviridae, and Reoviridae. These viruses
are not favored candidates for vector develop-
ment. Recombination is an exchange of genome
sequences of variable length that may naturally
occur when two different viruses are infecting the
same cell in vitro or in vivo. Some viruses (DNA
viruses, retroviruses, positive stranded RNA
viruses) are more prone to recombination than
others (negative strand RNA viruses). Once cells
are coinfected with two viruses from the same

species, the percentage of intratypic recombinant
viruses may be quite high as observed for
herpesviruses [17] and, to a lesser extent,
poxviruses [18]. Although much less frequent,
intertypic recombination may occasionally occur
[19–22]. The probability of occurrence of recom-
bination between vector vaccine and circulating
wild-type or conventional live vaccine viruses has
to be assessed. Indeed, since recombination natu-
rally occurs among and between some live vac-
cine and wild-type viruses, it may likely also
happen with some vector vaccines. An important
part of the RA will focus on possible outcomes of
such recombination. The major issue is if the
recombination generates a hybrid virus that has
undesirable properties affecting transmission or
virulence [16]. Recombination events between
conventional live vaccine and wild-type virulent
viruses were detected by sequence analysis [23],
but to our knowledge, there is no report of creat-
ing a more virulent or transmissible hybrid virus
than the parental wild-type virus. In contrast,
recombination between two attenuated strains
generating a virulent hybrid virus has been
reported at least for herpes simplex [24, 25],
pseudorabies virus [26–30], and infectious
laryngotracheitis virus [31]. Indeed, when two
attenuated strains have attenuated mutations/
deletions/insertions located in different parts of
their genome, recombination events can recreate
a hybrid virus with genome similar to virulent
virus. This critical issue needs to be carefully
discussed in the RA especially when replicative
vectors have intrinsic recombination properties
and when live vaccines based on the same species
of virus are widely used in the same target species
population. For instance, a vaccine based on a
herpesvirus vector genetically attenuated by the
deletion of a gene playing a key role in virulence
but nonessential for its replication (the Meq gene
of MDV would be a good example [32–34]) may
potentially revert to virulence by acquiring the
missing gene by recombination with another vac-
cine strain. The RA will therefore take into con-
sideration the presence of such vaccine strain in
the environment, including possibly in the
vaccinated animals, and the possible outcome of
recombination with the vector vaccine.
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Additional experimental in vitro and/or in vivo
studies may sometimes be needed to support the
risk assessment as it was done with the yellow
fever vector (ChimeriVax) platform [35]. This
issue of recombination is a critical factor for vec-
tor vaccine development and should be assessed
early in development and even in research when
choosing and generating the vector vaccine can-
didate. Ways to decrease such risk include the
choice of a vector with lower intrinsic recombi-
nation properties of the parental virus, attenuation
by codon deoptimization [6] or codon pair bias
[7] to decrease sequence relatedness of vector and
wild-type virus, the choice of a non-replicative
vector such as canarypox virus or human adeno-
virus 5, and/or the choice of a vector with
restricted host range and its use in a target species
not naturally infected or vaccinated with similar
viruses (e.g., canarypox for mammals).

5.6 Safety in Non-target Species

The safety of vector vaccines is assessed in
non-target species that share the same ecosystem
as vaccinated animals or that may be accidentally
vaccinated. Scientific knowledge on the vector
host range will orient the design of in vitro
and/or in vivo studies to be performed to evaluate
this risk. As described above for HVT, shed and
spread of a vector able to infect different species
should be studied in non-target species as well.
The choice of a vector with a narrow host range
will facilitate the RA in non-targeted species. For
viruses with a known wide tropism such as vac-
cinia, it is preferable to delete genes responsible
for this broad host range and/or to use replication-
incompetent vaccinia [36].

5.7 Survival in the Environment

The persistence of infectivity of the vaccine in the
environment is based on scientific publications on
the vector, but it may also require in vitro testing
to support the RA. For instance, in vitro testing is
required in the USA to confirm survivability has
not been altered by the genetic modification.

5.8 Ecotoxicity Evaluation, Risk
Assessment

A risk assessment (RA) quantifying the risk for
human health and environment is necessary. The
RA is used to evaluate the overall risk/benefit
ratio on which regulatory authorities base their
decisions to authorize the deliberate release in
field trials and for licensing such new vector
vaccines. Data of safety studies performed with
the candidate as well as scientific knowledge on
the vector virus are key to support the
RA. Information required to perform the RA
includes details on the GMO construct, its gener-
ation and biological properties, characteristics
affecting GMO survival, multiplication and dis-
semination, interactions with the environment
including safety in target and non-target species,
genetic transfer capability, genetic stability, resid-
ual virulence, possibility to revert to virulence,
and competitive advantage in relation to parental
virus. GMOmonitoring techniques used to follow
the released GMO, measures to limit GMO
spread, and emergency response plans in case of
unexpected spread or adverse reactions are
described in the submitted document. RA will
be based on this information and is defined as
the likelihood of an adverse event occurring and
the consequences if that adverse event occurs. An
adverse event is defined as safety hazards to
animals, public health, or the environment. A
safety hazard is defined as a danger, risk, or
peril; absence of predictability associated with
an event; or an expected or unpredicted event.
RA is made by identifying the different hazards
and evaluating the likelihood and consequences
of each hazard occurring. The final assessment is
made using a matrix in which the likelihood and
consequence of hazard are scored. Each regu-
latory authority may have its own matrix; the
rating of degree of certainty is also taken into
consideration in the USA APHIS matrix. Risk
management recommendations are based on the
RA and determine means of reducing or
eliminating safety risks to animals, public health,
or the environment. As an example, key
considerations for a risk/benefit assessment of
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vector vaccine based on the vesicular stomatitis
virus have been published [37].

6 Efficacy Evaluation

The first pivotal efficacy studies to perform are
those aiming to establish minimum protective
dose (MPD) against the target disease and from
which the minimum release dose will be derived
as explained before. They are performed in SPF
animals vaccinated with different doses of a rep-
resentative vaccine batch by each targeted admin-
istration route using the challenge model
described in the most relevant pharmacopoeia or
9CFR documents, if existing. These studies may
set up the onset of immunity for diseases targeted
by the insert and possibly also by the vector, if the
vector itself is also providing protection against a
disease. Back-titration of the vaccine at the time
of vaccination and challenge virus at the time of
challenge is required by 9CFR. An indirect
(by serology on serum sampled before challenge)
or direct (vaccine virus isolation or nucleic acid
detection) proof of vaccine take may be required
(Europe and China). For recombinant vector
vaccines for which no claim is made for the
vector, the anti-vector immune response induced
after vaccination may need to be documented
(Europe). Additional studies with a later chal-
lenge may be performed to determine the duration
of immunity/protection allowed by the vaccine.

The possibility to boost the induced immunity
against the vector antigen and/or the foreign anti-
gen(s) within a claimed/intended vaccination
schedule should be investigated if booster
vaccinations are deemed necessary. The effect of
preexisting immunity to the vector and/or the
foreign antigen(s) expressed by the vector should
be studied for licensing in the EU and in China,
but not necessarily in the USA. The minimum
release dose can be calculated taking into account
the MPD, precision of titration technique
(potency test), and stability data for the claimed
shelf life (+ 3 months). In the USA, for some
vectors, including HVT, there is a standard over-
age applied that is three times the MPD at release.

Interference of the following factors on the
immunogenicity of vector vaccines may need to
be investigated: maternally derived (passive)
immunity, active immunity, and coadministration
with other vaccines. The impact of maternally
derived immunity (mostly MDA) is requested to
be evaluated for the EU and China licensing,
especially if the vaccine is targeted for newborn
or young animals. For vector vaccines, both anti-
vector and anti-insert MDA interferences are typ-
ically investigated. For replicative poxvirus [38]
and paramyxovirus [39] vectors in poultry, the
anti-insert interference was shown to be more
severe than the anti-vector one, but it may not
be the case for other vectors such as those based
on adenovirus [40]. The level of MDA interfer-
ence may depend on the type of vector and the
immunization route. Immunogenicity of
persisting vectors such as herpesvirus of turkey
(HVT) is less affected than non-persisting vectors
such as Newcastle disease virus (NDV) vector
[41]. Mucosal administration route with a
replication-competent vector may better over-
come MDA interference than parenteral one but
not systematically [42]. The anti-insert MDA
impact may be observed in the lower antibody
response induced after the first vector vaccine
administration; however, rapid and high humoral
response increase after a boost with another vac-
cine or the same vector vaccine (in case of
non-replicative vector) clearly shows that the
immune system has been primed by the first vec-
tor vaccine administration despite MDA presence
[38, 43]. Since the humoral immune response is
usually impacted but not necessarily the protec-
tion, vaccination/challenge studies may be
needed to study MDA interference with vector
vaccines. A lower protection in animals with
MDA does not necessarily mean that the vaccine
is not licensable, especially if the MDA interfer-
ence is not worse when compared to that of a
classical live or inactivated benchmark vaccine
[44, 45].

Active immunity against the vector may inter-
fere on vector vaccine immunogenicity. This was
demonstrated, for instance, for replicative
fowlpox virus vector: previous vaccination of
chicken with fowlpox decreases the avian
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influenza (AI) protection induced by a fowlpox-
vectored AI vaccine [46]; this has been
demonstrated with HVT vector as well [47]. For
non-replicative vector that must be administered
several times in the same animal to get optimal and
long-term immunity, the anti-vector induced by
the first administration may potentially interfere
with subsequent administration, as shown with
adenovirus vectors [40]. Interestingly, no such
interference has been observed with the canarypox
ALVAC vector; this may be due to the absence of
detectable neutralizing antibodies after administra-
tion [44]. Active immunity against the insert
before vector vaccine administration usually has
no negative impact; in contrast, the vector vaccine
will induce a boosted immune response in a
primed immune system [48–50].

There may also be interference when a vector
vaccine is administered with the empty vector
(when the vector is itself a vaccine) or when two
vector vaccines based on the same vector but
targeting two different diseases are coadministered
[51–53]. The vector vaccine may be part of a
vaccination program in which other vaccines may
be administered at the same time. Lack of interfer-
ence studies will need to be conducted to verify
compatibility with these other vaccines.

To be successful, the route of administration of
a vector vaccine needs to be convenient. For
poultry, it should be applicable at the hatchery
(in vivo, subcutaneously or by spray) or using a
mass administration (spray or drinking water) in
the farms. Intramuscular route is the easiest route
for ruminants, swine, and horses. Intranasal
administration to dogs and cats is not easy to
perform; parenteral or oral vaccination should be
preferred.

7 Future Directions

As explained in this chapter, regulatory
requirements depend on the licensing country or
region. Although harmonization is ongoing via
VICH on specific topics, progresses are slow,
but further changes toward harmonized
requirements are expected in the future.

In addition to regulatory requirements, the
widely admitted concept to reduce, refine, or
replace animals (3Rs) is increasingly applied to
the development and quality control of veterinary
vaccines, especially for release test of vaccine
batches. Indeed, safety testing is usually
performed by administering an overdose of each
produced batch in the most sensitive target spe-
cies. Some authorities like in the EU allow waiv-
ing the batch safety test when consistency of
production is well established. Similarly, in vitro
methods to test for extraneous viruses in vaccines
may replace in the future the currently used
in vivo methods [54]. Similar initiative is ongoing
in the USA, for instance, with the 2017 USDA
update on Veterinary Services Memorandum
800.116. The development of new vaccines
should include the 3Rs principles.

In certain situations, vector vaccine may not be
efficacious enough to be licensed as a stand-alone
vaccine. However, the priming with a vector vac-
cine followed by a heterologous boost with a
classical or another vector vaccine may some-
times be highly immunogenic [38, 55]. There is
today a lack of guidelines from the authorities on
how to license such a combination, but specific
rules may come in the future to allow licensing of
vector vaccine as priming and/or boosting
vaccination.

When the same vector has already been
licensed against different diseases, there should
be a simplified way of licensing new vaccines
based on the same vector. This trend is already
in place in the USA with the categorical exclusion
possibility (see above), and this approach could
be applied in the future in other countries or
regions.

8 Summary

The development of veterinary viral vector
vaccines is a long process that requires expertise
in many different fields (regulatory affairs, clini-
cal testing, process and analytical development,
manufacturing and quality control, quality assur-
ance, molecular biology) and has a non-negligible
cost. It is therefore important to initiate early in
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development the key and most challenging stud-
ies for the vector vaccine candidate to satisfy the
regulatory requirements for quality, safety, and
efficacy at an acceptable cost of production.
Conducting studies in this manner allows a rapid
increase to the probability of success of
development.
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Emerging Viral-Vectored Technology:
Future Potential of Capripoxvirus
and African Swine Fever Virus as Viral
Vectors

Shawn Babiuk

Abstract

The ability to generate recombinant viruses
allows for the development of more effective
live-attenuated vaccines. Furthermore, these
vaccines can also be used a viral vector to
induce immune responses against expressed
protective antigens to generate multivalent
vaccines. Capripoxviruses and African swine
fever virus are becoming increasingly impor-
tant due to their spread into new regions. This
chapter will describe these viruses, the clinical
disease they cause, and the impact of the dis-
ease as well as how recombinant viruses are
constructed. The current state of the art for
capripoxvirus and African swine fever viruses
as vaccines and viral vectors will be presented.
Finally, future areas of research for improving
capripoxvirus and African swine fever virus
vectors will be discussed.
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Learning Objectives

After reading this chapter, you should be able to:

• Describe the importance of capripoxvirus and
African swine fever virus

• Explain how recombinant DNA viruses can be
generated

• Describe features that are important for a viral
vector

• Discuss the rationale for the development of
multivalent vaccines

• Explain the principle of Differentiating
Infected from Vaccinated Animals (DIVA)

1 Chapter Introduction

1.1 Background of Capripoxviruses

Sheep pox, goat pox, and lumpy skin disease
virus are the three members of the genus
Capripoxvirus in the family Poxviridae.
Capripoxviruses have similar morphology to
orthopoxviruses, which have closed hairpin
loops at their termini and share many similar
genes. Capripoxviruses are double-stranded
DNA viruses with genome sizes of approximately
150 kbp which encode 147 putative genes for
sheep pox and goat pox with lumpy skin disease
having an additional nine genes which are
disrupted and nonfunctional in sheep pox and
goat pox [1, 2]. There are no serotypes of
capripoxviruses due to their genetic similarity.
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Capripoxviruses are thermostable similar to other
poxviruses which allows the virus to contaminate
the environment for prolonged periods of
time [3].

Sheep pox and goat pox viruses have been
observed since ancient times and are endemic
throughout most of Central and Northern Africa
with the absence of goat pox in Morocco. Sheep
pox and goat pox are endemic throughout the
Middle East and Turkey with outbreaks reported
in Greece and Bulgaria between 2013 and 2015.
The disease is endemic in many parts of Asia,
including Russia, Mongolia, Kazakhstan,
Kyrgyzstan, Afghanistan, Pakistan, India,
Bangladesh, Nepal, China, Vietnam, and Chinese
Taipei [4]. The determination of sheep pox and
goat pox is based on the host that the virus has
been isolated from. Many isolates of sheep pox
and goat pox demonstrate a host preference; how-
ever, there are some isolates which can infect both
species [5].

Lumpy skin disease virus was historically
defined as a disease affecting cattle in Africa.
Lumpy skin disease virus has a limited host
range of cattle and water buffalo. There has
been one occurrence where lumpy skin disease
virus infected sheep and was misidentified as
sheep pox; since at the time when it was isolated,
there was no molecular methods available to
properly identify the virus as lumpy skin disease
[6]. It was first identified in 1929 in sub-Saharan
Africa, where it has spread throughout most of
Africa, including Madagascar, with exception of
the Northern African countries of Libya, Tunisia,
Algeria, and Morocco. Before 2012, lumpy skin
disease virus only caused sporadic outbreaks in
the Middle East, which did not lead to lumpy skin
disease virus to become endemic. A lumpy skin
disease outbreak was reported in the Golan
Heights bordering Syria in 2012. From 2013 to
2015, the disease spread in Israel, Lebanon,
Jordan and into new bordering regions including
Turkey, Saudi Arabia, Kuwait, Iraq, Iran,
Azerbaijan, and Cyprus. In 2015, lumpy skin
disease was reported in Greece as well as the
Caucasus region of Russia, Dagestan, and
Chechnya [4]. In 2016, lumpy skin disease virus
spread into Bulgaria, Serbia, Montenegro,

Republic of Macedonia, Kosovo, Albania,
Georgia, Kazakhstan, and further into regions of
Russia [7].

1.2 Clinical Importance
of Capripoxviruses

Sheep pox and goat pox affect sheep and goats,
respectively, and the virus generally demonstrates
a host preference for either sheep or goats
although some isolates can infect both species.
The disease is spread by contact with infected
animals or premises. The clinical signs of sheep
pox and goat pox are similar, causing a severe
disease characterized by fever, nasal discharge,
and skin lesions as well as lesions on internal
organs such as the lung and gastrointestinal tract
[8]. The disease causes significant economic
losses to farmers due to reduced productivity
from decreased weight gain, milk production,
and damage to wool and hides. The morbidity
and mortality rates can approach 100% in naïve
animals causing a major loss to producers.
Because of the high morbidity and mortality,
sheep pox and goat pox devastate the livelihoods
of poor small-scale farmers in endemic regions.

Lumpy skin disease virus causes variable mor-
bidity around 50% with mortality usually not
exceeding 1–3%. The main mode of transmission
of lumpy skin disease is through mechanical
transmission by insects and ticks. The disease,
following experimental infection, is also variable,
with the clinical signs observed in cattle similar to
what is observed with the natural infection in the
field [9]. Production losses include lower repro-
ductive rates due to abortions and infertility as
well as reduced weight gain due to long-term
morbidity. Losses from damage to hides caused
by the scars from the skin lesions as well as
reduction in draft power contribute to overall
economic losses from lumpy skin disease.
Lumpy skin disease virus infection also decreases
milk production and can lead to complications of
mastitis [7].

An outbreak of any capripoxvirus disease in a
non-endemic country causes major issues with
trade. With sheep pox and goat pox viruses, the
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disease can be brought under control through a
slaughter policy to stamp out the disease. Unfor-
tunately, for lumpy skin disease virus, stamping
out is not effective, and vaccination must be done
to control the disease [10]. This is due to the
spread of lumpy skin disease being transmitted
by vectors through mechanical transmission. Fol-
lowing vaccination, it is difficult to demonstrate
freedom of disease. This is illustrated in European
countries which have not yet demonstrated free-
dom of disease for trade purposes years following
the outbreak since live-attenuated vaccines
are used.

1.3 Construction of Capripoxvirus
Vectors

There are several different capripoxviruses which
can be used as viral vectors. The most commonly
used capripoxvirus vectors are existing
capripoxvirus vaccines which are already
attenuated. However, attenuation can be further
enhanced but more importantly better controlled
by deleting specific genes. There are many poten-
tial different genes and/or combinations of genes
that could be used to attenuate capripoxviruses.
This is illustrated by the multitude of different
capripoxvirus vaccines developed in different
countries and laboratories through serial passage
of the virus. These genes can potentially be
identified by full genome sequencing of virulent
capripoxviruses and attenuated capripoxvirus
vaccines, followed by genetic comparison
between vaccines and virulent isolates. Due to
the genetic similarities between capripoxviruses,
it has been proposed that a single vaccine could
be developed to protect sheep, goats, and cattle
from sheep pox, goat pox, and lumpy skin disease
virus [11]. While this is theoretically true, for
lumpy skin disease virus, vaccines based on
lumpy skin disease virus seem to be most effec-
tive for controlling lumpy skin disease, but
vaccines based on goat pox vaccines have
demonstrated to provide protection against
lumpy skin disease [12]. In contrast, sheep
pox-based vaccines are not as effective for
lumpy skin disease virus in cattle [13]. For

sheep pox and goat pox, there are a variety of
sheep pox and goat pox vaccines that can protect
sheep and goats. In addition, vaccines derived
from lumpy skin disease virus can also protect
sheep and goats as illustrated by the KS-1 sheep
and goat pox vaccine, which was developed from
a lumpy skin disease virus isolated from a sheep
[6]. Additionally, an IL-10 gene-deleted lumpy
skin disease virus has been demonstrated to pro-
tect sheep and goats from virulent sheep pox and
goat pox [14].

The choice of capripoxvirus to be used is
determined by the geographic region where the
vaccine will be used. The reason for this is that
lumpy skin disease virus-vectored vaccines or
sheep pox- or goat pox-vectored vaccines would
not be used in regions where these viruses are not
endemic. The generation of capripoxvirus vectors
is done using homologous recombination to
either insert a gene of interest or delete a specific
viral gene to attenuate the virus. This is done
using a plasmid which encodes the flanking
sequences of the regions where the homologous
recombination will occur and will result in the
insertion of an enhanced green fluorescent protein
(EGFP) reporter gene for visualization of recom-
binant virus, as well as the E. coli guanine
phosphoribosyl transferase (gpt) gene as a posi-
tive selection marker. If a specific antigen
encoding gene is desired to be expressed, this
gene is also placed in the plasmid between the
flanking regions for insertion with a vaccinia
virus promoter to allow its expression. In order
to remove the selection markers, they will be
flanked by two vaccinia 7.5 K early/late
promoters, which upon removal of selective pres-
sure will enable their removal through recombi-
nant deletion [15]. Different insertion sites such
as the thymidine kinase [16], IL-10 gene homo-
logue [14], and interferon-gamma receptor-like
gene [17] have been demonstrated to be useful
insertion sites for foreign genes. Following infec-
tion of susceptible cells such as OA3.ts with the
capripoxvirus of interest and transfection with the
transfer plasmid with the reporter and selection
genes as well as a foreign antigen gene or genes,
viruses undergo homologous recombination with
display GFP and be able to grow under selection
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media. These viruses are then plaque purified and
grown for three rounds of selection and evaluated
for the presence of wild-type virus. This is done
using PCR with primers designed to differentiate
between wild-type and recombinant viruses on
plaque-purified viruses. Once it is determined
that the plaque-purified virus is the recombinant
virus of interest and is free from wild-type virus,
the removal of the selection markers can be
achieved by propagating the virus in
non-selection media. This will allow homologous
recombination to occur and remove the marker
genes, allowing plaque purification of the recom-
binant virus which does not have the marker
genes. The recombinant virus is then sequenced
to confirm the genes are correctly inserted, and
the virus is evaluated for the expression of the
inserted antigen genes using immunostaining or
Western blotting.

An additional system used to generate recom-
binant poxviruses is the Cre (Cyclization Recom-
bination Enzyme)/LoxP system that allows the
selection markers to be easily removed through
the Cre/loxP site-specific recombination system
[18]. In order to increase the efficacy of
generating recombinant capripoxviruses, Clus-
tered Regularly Interspaced Short Palindromic
Repeats associated nuclease 9 system (CRISPR-
Cas9) could be used; although CRISPR-Cas9 has
not been demonstrated for capripoxviruses at this
time, it has been used in orthopoxvirus genome
editing [19].

It is likely possible that capripoxvirus vectors
can be generated using synthetic biology similar
to how horsepox virus was generated through
gene synthesis and rescue using Shope fibroma
virus (SFV) [20]. The advantage of using a syn-
thetic approach is that it is possible to generate a
viral vector construct with multiple genomic
changes simultaneously or to generate several
different combinations of genomic changes in
the viral vector including multiple gene inserts
to code for multiple antigens. This approach
could provide a vector to protect against a wide
array of diseases.

1.4 Application of Capripoxvirus
Vectors

One of the greatest benefits of using
capripoxvirus vectors is that these vectors can
elicit immunity using only a single vaccination.
The principle that capripoxviruses could be used
to deliver protective antigens from other
pathogens was first demonstrated in 1994 using
the hemagglutinin (H) protein from rinderpest
inserted into the thymidine kinase gene of the
KS-1 (LSDV) vaccine which was able to protect
cattle against a rinderpest challenge [21]. The
KS-1 vaccine expressing the H rinderpest protein
and an additional construct expressing the fusion
(F) gene of rinderpest were both able to protect
goats against the related peste des petits
ruminants virus [22]. The duration of immunity
elicited by a KS-1 (LSDV) vaccine expression,
both the F and H proteins, from rinderpest was
evaluated in cattle, and protection against rinder-
pest was approximately 50% after 2 years,
demonstrating the duration of immunity against
expressed antigens is suitable for vaccines
[23]. The F [24] and H [25] proteins from peste
des petits ruminants in the KS-1 vaccine were
able to protect goats against a virulent peste des
petits ruminants challenge. The KS-1 vaccine
expressing bluetongue virus (BTV) antigens,
including VP7 [26] VP2, NS1, and NS3 provided
partial protection following challenge in sheep
and goats [27]. The Rift valley fever
glycoproteins Gn and Gc have been expressed in
the KS-1 vector and demonstrated to elicit both
humoral and cellular immunity and partial protec-
tion against Rift valley fever virus in cattle
[28]. A similar KS-1 construct with Gn and Gc
demonstrated neutralizing antibodies and protec-
tion in sheep against Rift valley fever challenge
[29]. The role of preexisting immunity was
evaluated using a KS-1-vectored peste des petits
ruminants F and H constructs. The results
demonstrated that preexisting immunity against
capripoxvirus decreased the efficacy of the vec-
tored vaccines resulting in partial protection
against peste des petits ruminants [30].
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The Chinese AV41 capripoxvirus (goat pox)
vaccine expressing either the F or H proteins from
peste des petits ruminants was evaluated in sheep
and goats to induce neutralizing antibodies
against peste des petits ruminants. The results of
these studies demonstrated that AV41 vaccine
expressing the H protein was able to generate
neutralizing antibodies and that the antibody
responses could be enhanced using a second vac-
cination. In addition, the role of preexisting
capripoxvirus immunity was evaluated, and it
was observed that preexisting immunity
decreased the efficacy of the AV41-vectored vac-
cine; however, the impact of preexisting immu-
nity can be overcome by using a secondary
immunization [31]. Further evaluation of the
AV41 vector comparing constructs with the
peste des petits ruminants proteins F, H, and
combination of F and H demonstrated that the
combination of both F and H conferred better
protection compared to F or H antigens alone
[32]. The brucella outer membrane protein
25 has been expressed in the goat-pox AV41
vaccine, and immunity was demonstrated in
mice [33]. The Echinococcus granulosus EG95
antigen has also been expressed in the goat pox
AV41 vaccine, although it has not been evaluated
for protection in animal studies [34].

There have been a few studies which have
demonstrated attenuation of capripoxviruses
through gene deletion of different genes. The
sheeppox-019 Kelch like protein gene was
deleted from a virulent sheep pox virus isolated
in Kazakhstan, and this deletion was
demonstrated to attenuate the sheep pox virus in
sheep [35]. Further attenuation of the AV41 vac-
cine has been demonstrated through deletion of
the TK as well as open reading frames 8–18,
demonstrating that large regions of capripoxvirus
can be deleted while still allowing the virus to
replicate in vitro while still being an effective
vaccine in goats against a virulent AV40
challenge [36].

Using a virulent lumpy skin virus, the open
reading frame 005 IL-10 gene as well as the open
reading frame 008 interferon-gamma receptor
genes were deleted and evaluated in cattle, and
although improved immunity was generated by

these constructs, there were severe postvaccinal
reactions observed, and two cattle inoculated with
the interferon-gamma receptor-deleted lumpy
skin disease virus developed skin lesions
[17]. These results indicated that the IL-10 gene
deletion was able to partially attenuate lumpy skin
disease virus in cattle; however, the virus is not
attenuated enough to be a useful vector in cattle.
The same IL-10 gene-deleted lumpy skin disease
virus was demonstrated to be safe and protect
against virulent sheep pox and goat-pox in sheep
and goats [14]. The F protein from peste des petits
ruminants and Gn/Gc glycoproteins from Rift
Valley fever virus were inserted in this lumpy
skin disease virus [36] and evaluated for protec-
tion against peste des petits ruminants in sheep as
well as Rift valley fever virus in sheep and goats.
This construct was able to protect against peste
des petits ruminants as well as Rift Valley fever
virus, with neutralizing antibodies against Rift
Valley fever virus observed following vaccina-
tion (manuscript in preparation).

1.5 Summary of the Application
of Capripoxvirus Vectors

Currently, the only licensed vaccines used against
sheep pox, goat-pox, and lumpy skin disease
virus are different live-attenuated capripoxvirus
vaccines. There have been no viral vectors
encoding capripoxvirus antigens that have been
demonstrated to be effective against any
capripoxvirus. This is due to the complexity of
the capripoxvirus proteome and the lack of under-
standing of the protective antigens for
capripoxvirus. Due to the large geographic distri-
bution of capripoxviruses and the use of live-
attenuated vaccines to control these diseases, it
makes economic sense to use capripoxvirus-
vectored vaccines to control several different
diseases in sheep and goats as well as in cattle.
Since capripoxviruses are genetically stable DNA
large viruses, they have the ability to be used as
viral vectors since large and/or multiple genes can
be inserted into their genome. Multivalent
capripoxvirus vaccines have benefits of being
thermostable, allowing their distribution in
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regions without a cold chain. In addition, they
have bene demonstrated to be effective using a
single dose with an annual revaccination [37].

1.6 Future Directions and Potential
for Other Applications
for Capripoxviruses as Vectors

Since capripoxviruses are foreign animal diseases
in many regions, vaccines based on capripoxvirus
would not be used in countries free from these
viruses. Since different geographic regions have
different capripoxviruses, it is required to develop
capripoxvirus vectors based on which virus
(es) are present. For this reason, a viral vector
platform using lumpy skin disease virus as well
as sheep pox viral vectors is required. Although
currently used, live-attenuated lumpy skin disease
virus and sheep pox and goat pox vaccines are
considered generally safe and effective, their
safety profile could be improved. This is espe-
cially the case with lumpy skin disease vaccines
where they can cause injection site reactions. It is
known that intradermal inoculation of virulent
sheep pox, goat pox, and lumpy skin disease
viruses into their natural hosts will result in very
large severe skin lesions. It has been
demonstrated that deletion of the catalytically
inactive homologs of cellular Cu-Zn superoxide
dismutase (SOD1) gene in Shope fibroma virus
can decrease the injection site reactions in rabbits
[38]. The role of SOD1 in capripoxvirus has not
been evaluated in sheep, goats, and cattle; how-
ever, it is possible that SOD1 deletion could
decrease injection site reactions.

Even though capripoxvirus-vectored vaccines
have been demonstrated to be effective following
a single immunization to both capripoxviruses
and the vaccine-encoded antigen, the antibody
responses measured are low. This is likely due
to the strong cellular immunity generated by
poxviruses as well as the numerous immunomod-
ulatory proteins encoded by the viruses which
influence immune responses generated by the
vector and encoded antigens. It may be possible
to enhance antibody responses in capripoxvirus

vectors by deleting possible immunomodulatory
proteins.

For capripoxvirus-vectored vaccines to be
used in non-endemic countries, a vaccine that
can Differentiate Infected from Vaccinated
Animals (DIVA) would need to be developed.
Having a DIVA vaccine would also be a useful
tool for endemic countries so they could run
serological epidemiology studies to understand
and reduce the disease burden as well as to
develop an effective eradication campaign, lead-
ing to eventually acquire disease-free status. Cur-
rently, there are no capripoxvirus vaccines that
have DIVA capability. A DIVA vaccine can be
generated by simply deleting a gene from the
virus and then developing a companion diagnos-
tic serology test which can identify animals which
have been infected as these animals will develop
antibodies against the viral protein found in the
wild-type virus but not from the vaccine.
Although the principle of DIVA is simple, imple-
mentation of the DIVA can be difficult. In order
to improve the chance of developing a DIVA
vaccine, it is best to start with the diagnostic
serological test. The reason for this is that there
is no point in generating gene-deleted viruses
where the deleted gene will not be useful for a
serological test. Even if an antigen is identified to
be a useful antigen for a diagnostic ELISA, it is
possible that the antigen is an essential protein for
the viral vector. If this is the case, it will be
impossible to generate the gene deletion in the
vector. Currently, there is a double-core antigen
ELISA which can detect antibodies following
capripoxvirus infections [39]. Unfortunately,
these antigens are essential proteins for the virus
and not suitable candidates to generate a DIVA
vaccine. Capripoxviruses generate neutralizing
antibodies, and an ELISA has been developed
using inactivated whole virus as antigen [40],
demonstrating that there are other antigens pres-
ent which could be used in an ELISA. Further
work is required to identify a suitable antigen to
generate a DIVA vaccine for capripoxviruses.

Several of the previously described
capripoxvirus-vectored vaccines would be a
DIVA vaccine for the disease against the inserted
protective antigens. For example, with peste des
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petits ruminants, the capripoxvirus-vectored vac-
cine would generate antibodies against the H anti-
gen which could be used to evaluate vaccine
efficacy. Animals following vaccination would
have antibodies against H antigen and, following
infection with peste des petits ruminants, would
generate antibodies against nucleoprotein
(N) antigen. By using two diagnostic ELISA
tests, one specific for H and one specific for N,
it could determine if animals have been
vaccinated and not infected or vaccinated and
infected. The same principle can be used for Rift
valley fever virus where animals vaccinated using
a capripoxvirus-vectored Gn/Gc vaccine would
elicit antibodies against Gn/Gc but not to nucleo-
protein. Following infection with Rift valley
fever, antibodies would be elicited against
nucleoprotein.

Capripoxviruses have a great potential to be
used as multivalent vaccines. Currently, for sheep
and goats, it has been demonstrated that a combi-
nation of sheep pox, goat pox, Rift valley fever,
and peste des petits ruminants vaccine can be
effective in sheep and goats (manuscript in prep-
aration). Further demonstration of additional pro-
tective antigens for other diseases would further
increase the utility of capripoxvirus-vectored
vaccines. It is currently unknown how many dif-
ferent antigens can be expressed in a
capripoxvirus vector while still being able to elicit
protective immunity. It is likely that more than
two different antigens can be expressed to gener-
ate an effective multivalent vaccine. Further work
to evaluate the duration of immunity of
capripoxvirus-vectored vaccines is required.

Since sheep pox and goat pox are transmitted
through contact with infected animals and the
environment and shed virus at mucosal sites, it
is possible that capripoxvirus vectors could be
administered by intranasal administration. Unfor-
tunately, there have been no studies with
capripoxvirus-vectored vaccines that have
evaluated the intranasal route for administration.

Even through capripoxviruses have been
demonstrated to be a useful vector experimen-
tally, currently, there are no commercially avail-
able capripoxvirus-vectored vaccines despite the
use of several different live-attenuated vaccines

for lumpy skin disease, sheep pox, and goat pox.
Since these diseases primarily affect farmers in
developing regions, there are little economic
incentives to develop these vaccines. The major
issue in getting these vaccines to be used in the
field is the lack of vaccine companies willing to
spend the required resources for licensing of these
vaccines.

2 Chapter Introduction

2.1 Background of African Swine
Fever Virus

African swine fever virus is the sole member of
family Asfarviridae genus Asfivirus which has a
double-stranded DNA virus with a genome rang-
ing from 170 to 194 kbps with hairpin loops and
encoding over 160 proteins [41]. There have been
23 genotypes characterized based on the p72 gene
[42, 43]. African swine fever virus is a
non-zoonotic disease with host specificity for
suids. The natural hosts for African swine fever
virus are wild pigs in Africa including warthogs,
bush pigs, and giant forest hogs which can have
unapparent infections. African swine fever virus
can be transmitted through soft ticks of the
Ornithodoros genus which maintain the reservoir
of African swine fever virus in their natural hosts.
Domestic pigs and wild boars are highly suscep-
tible to African swine fever virus [44]. The virus
is spread through the oral/nasal route by direct
and indirect contact with infected pigs or pig
products. This is due to the stability of African
swine fever virus which can persist on
contaminated boots, clothing, and equipment as
well as in the meat of infected animals and pork
products, such as sausages and cured meats
[45]. In Europe, African swine fever virus is
primarily spread through the movement of
infected wild boar [46].

African swine fever virus was first described in
Kenya in 1921 and identified warthogs as carriers
of the virus which do not display clinical disease
[47]. African swine fever virus has subsequently
been reported in most sub-Saharan African
countries where the disease was recognized to
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be present in the natural hosts in East and South-
ern Africa. African swine fever virus has spread
into central, West Africa, and Madagascar.

African swine fever virus was a disease of
Africa until it was introduced into Portugal in
1957 and rapidly eradicated. In 1960, ASF was
reintroduced into Portugal and spread into Spain
where it was widely present during the 1970s and
1980s and resulted in outbreaks in France (1964,
1967, 1977), Belgium (1985), the Netherlands
(1986), and Italy (1967, 1980). African swine
fever virus caused outbreaks in the Western
Hemisphere from feeding ASF-contaminated
food waste to pigs in Cuba (1971, 1978–1980),
the Dominican Republic (1978–1981), Haiti
(1979–1984), and Brazil (1978–1981) [48]. The
disease was eradicated following all of these
outbreaks, with the exception of Sardinia where
ASF remains endemic today [49].

In 2007, ASF spread into Georgia where
delays in the control of the disease resulted in
the spread of ASF to neighboring regions such
as Armenia and Azerbaijan and into Russia. Afri-
can swine fever virus continued to spread into
Ukraine (2012); Belarus (2013); Latvia,
Lithuania, Estonia, and Poland (2014); Romania
and Czech Republic (2017); Hungary, Belgium,
and China (2018); and Vietnam (2019) [50].

2.2 Clinical Importance of African
Swine Fever Virus

The clinical signs of African swine fever are high
fever, weakness, loss of appetite, hemorrhages in
the skin, internal bleeding, vomiting and diarrhea,
and death. High viral loads can be found in the
blood as well as oral and nasal secretions
[51]. There are different levels of virulence with
African swine fever viruses having peracute,
acute, subacute, and chronic forms [52]. Mortality
from highly virulent African swine fever viruses
can approach 100% leading to severe losses for
producers. The disease spreads rapidly in back-
yard farms with low biosecurity. The ASF epi-
demic in China is causing catastrophic
consequences on national pork production since

China is the largest pork producer in the
world [53].

Although it has been previously demonstrated
that African swine fever virus can be eradicated, it
remains difficult to eradicate the disease once
established in a region. The establishment of Afri-
can swine fever in wild boars throughout Europe,
Russia, and China is making the control of the
disease more difficult. Similar to capripoxvirus, a
disease outbreak of African swine fever virus in a
non-endemic country causes major issues with
trade.

2.3 Construction of African Swine
Fever Virus Vectors

The generation of recombinant African swine
fever viruses is very similar to the generation of
recombinant capripoxviruses. These viruses are
generated using homologous recombination to
insert and remove genes. Differences with Afri-
can swine fever virus and recombinant viruses are
generated in susceptible cells such as primary
swine macrophages or COS-1 cells. In addition,
the transfer plasmid will also be different using
the flanking regions of the African swine fever
virus as well as the P72 promoter from African
swine fever virus used for selection markers and
foreign antigen gene insertions. Selection of
recombinant African swine fever virus is done
using either plaque purification or successive
rounds of limiting dilution purification, similar
to the generation of recombinant capripoxviruses.
Unfortunately, homologous recombination is not
highly efficient with homologous recombination
occurring at less than one recombinant virus for
every 106 wild-type viruses. The use of CRISPR-
Cas9 to generate recombinant African swine fever
viruses has been demonstrated to be much more
efficient compared to homologous recombination
at approximately one recombinant virus for every
102 wild-type viruses [54].

It will be more difficult to generated African
swine fever virus vectors compared to
capripoxviruses using synthetic biology since it
would be difficult or impossible to identify a
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helper virus to rescue the synthetic genome since
they are the sole member of their genus.

2.4 Application of African Swine
Fever Virus Vectors

Currently, there is no licensed vaccine for African
swine fever virus. African swine fever virus live-
attenuated vaccines generated by serial passage in
primary bone marrow or blood macrophage cell
cultures were first used in Portugal and Spain in
the 1960s. These vaccines caused unacceptable
postvaccination reactions as well as chronic forms
of African swine fever and are no longer used
[55]. However, their use first demonstrated the
proof of principle that it is possible to develop a
vaccine against African swine fever virus despite
the fact that these vaccines were not completely
safe. Further evaluation of naturally attenuated
African swine fever virus NHV/P68 was
demonstrated to be able to protect pigs from viru-
lent L60 African swine fever virus [56]. The nat-
urally attenuated African swine fever virus
OURT88/3 followed by administration of viru-
lent OURT88/1 virus conferred protection against
Benin 97/1 isolate and Uganda 1965 isolate
[57]. These studies provided the concept that
protective immunity could be generated using
live attenuated African swine fever viruses.
Attenuation of African swine fever virus occurs
when the virus is propagated in Vero cells leading
to major deletions since the genome is not stable
in these cells [58].

Currently, there are several different
attenuated African swine fever viruses created
through gene deletion described. Deletion of the
thymidine kinase gene of the Georgia 2007
resulted in attenuation of the virus. However,
this gene-deleted virus was not able to protect
against ASF challenge [59]. The DP148R gene
deleted in the Benin 97/1 virus caused mild clini-
cal signs in pigs following administration and was
able to protect against homologous challenge
[60]. Deletion of MGF360 and MGF530/505
gene families in Benin 97/1 attenuated the virus,
and protection was demonstrated against homol-
ogous challenge following two immunizations

[61]. The MGF360 and MGF505 genes deleted
in Georgia 2007 resulted in attenuation. This
virus was able to protect against homologous
challenge following a single intramuscular
administration of 102 or 104 50% hemadsorbing
doses (HAD50) [62]. African swine fever virus
gene-deleted 9GL Georgia 2007 is attenuated and
can protect pigs; however, the difference in the
dose between a lethal infection and attenuation is
only two logs [63]. This vaccine is therefore not
considered safe and cannot be used. To further
attenuate the 9GL gene-deleted virus, additional
genes were deleted and evaluated for attenuation
and protection. An African swine fever virus with
deleted 9GL and MGF360/505 genes in Georgia
2007 was demonstrated to be highly attenuated in
swine but did not confer protection against ASF
[64]. A double gene-deleted African swine fever
virus with the 9GL and UK genes in Georgia
2007 was attenuated and able to provide protec-
tion against homologous ASF challenge [65]. A
live-attenuated CD2v gene deleted from the
BA71 African swine fever virus (BA71ΔCD2)
was generated in COS-1 cells. This BA71ΔCD2
virus was demonstrated to be attenuated and able
to protect against homologous BA71 and heterol-
ogous Georgia 2007/1 challenge [66]. Several
gene-deleted African swine fever viruses were
constructed using the low-virulent NH/P68 virus
deleting the A238L, A224L, A276R, and EP153R
genes. The NH/P68ΔA238L, NH/P68ΔA224L,
and NH/P68ΔEP153R protected against homolo-
gous Lisbon 60 challenge but not Arm07
challenge [67].

2.5 Summary of the Application
of African Swine Fever Virus
Vectors

African swine fever virus is in the early stages of
development as a vaccine vector. Although it has
not been yet demonstrated to be useful as a vac-
cine vector, African swine fever virus has several
characteristics which would make it a useful vec-
tor. Similar to capripoxviruses, it is likely that a
live-attenuated African swine fever virus would
be a useful vaccine. Immunity following a single
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administration with low doses of an attenuated
African swine fever virus had been demonstrated.
The large DNA genome in African swine fever
virus allows the ability to insert large and/or mul-
tiple genes similar to capripoxviruses. The ther-
mostability of African swine fever virus is an
important feature of these viruses, and the natural
routes of infection make oral delivery for vacci-
nation a possibility to elicit mucosal immunity to
the vaccine. These features make African swine
fever virus a potentially useful vector to control
important diseases of swine.

2.6 Future Directions and Potential
for Other Applications
for African Swine Fever
as Vectors

The development of a safe and effective live-
attenuated African swine fever virus vaccine is
still in early stages although proof of principle has
been demonstrated. Improvements in the safety
and efficacy of live-attenuated African swine
fever virus are being attempted through gene
deletion of different virulence genes either by a
single deletion or a combination of deletions. The
complexity of the virus makes it difficult to deter-
mine which genes are critical for attenuating the
virus while still being able to elicit a protective
immune response. Several different research
groups are currently evaluating different gene-
deleted African swine fever viruses as potential
vaccines.

Once a live-attenuated African swine fever
virus vaccine has been developed, this could
potentially be used to elicit immune responses to
a protective antigen from a different virus
generating a multivalent vaccine. It has not cur-
rently been demonstrated that protective antigens
can be expressed in an African swine fever virus
vector and that these antigens can elicit protective
immunity. For instance, the protective antigen E2
protein from classical swine fever virus [68]
could be used in an African swine fever viral
vector to protect swine from African swine fever
virus and classical swine fever virus. The physical
properties of African swine fever virus have many

features of a useful viral vector. These features
include the ability for large/multiple genes to be
expressed. African swine fever virus has a very
narrow host range of members of the family
Suidae, making these vectors safe since they
will not infect humans or other animal species.
The thermostability of the African swine fever
virus is an additional positive feature to allow
vaccine distribution without a cold chain. Since
African swine fever virus can be transmitted
through the oral/nasal route, this potentially
would allow African swine fever virus vectored
vaccines to be administered by either the oral or
intranasal route allowing for the induction of
mucosal immunity. The ability to deliver a vec-
tored vaccine orally is critical for being able to
administer vaccines to wild boars as illustrated by
the classical swine fever vaccination program
[69]. Live-attenuated African swine fever viruses
are able to generate immunity following a single
immunization at reasonable doses of virus
10 [2]. The duration of immunity elicited by
live-attenuated African swine fever virus-
vectored vaccines to African swine fever virus
as well as the expressed antigen requires further
study.

For African swine fever virus-vectored
vaccines to be used in non-endemic countries, a
DIVA vaccine would need to be developed. Cur-
rently, there has been no proof of principle of a
DIVA vaccine for African swine fever virus. As
discussed in the previous section with
capripoxviruses, to generate a DIVA vaccine, it
is best to start with a validated diagnostic assay.
For African swine fever virus, there are several
validated/candidate indirect and competitive
ELISA assays based on different viral antigens
P72, P54, and P30 as well as others in develop-
ment [70]. It is likely that P72, P54, and P30
antigens are essential antigens for African swine
fever virus; however, this has not been
demonstrated. If these antigens are essential
proteins, it may be possible to modify the protein
epitope which binds to the monoclonal antibody
in the diagnostic ELISA. This virus would then
have DIVA capability since it would not generate
antibodies that would be detected by the diagnos-
tic test. Since African swine fever virus is a

226 S. Babiuk



complicated virus with many antigens, there are
likely several other antigens that could be nones-
sential antigens for African swine fever virus that
could be developed into a diagnostic assay.

The greatest impediment for African swine
fever virus-vectored vaccines will likely be how
to commercially produce these vaccines. Unfor-
tunately, currently, there is no cell line that can be
used to propagate African swine fever virus with-
out adaptation. Hence, for diagnostic isolation
protocols, use either primary porcine alveolar
macrophages or monocyte and macrophage
cultures. The development of a cell line to pro-
duce the African swine fever virus vectors is a
major hurdle for African swine fever virus
vaccines and the use of African swine fever
virus as a vector.
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