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Pathogens of viral origin produce a large variety of infectious diseases in livestock. It is
essential to establish the best practices in animal care and an efficient way to stop and
prevent infectious diseases that impact animal husbandry. So far, the greatest way to
combat the disease is to adopt a vaccine policy. In the fight against infectious diseases,
vaccines are very popular. Vaccination’s fundamental concept is to utilize particular
antigens, either endogenous or exogenous to induce immunity against the antigens or
cells. In light of how past emerging and reemerging infectious diseases and pandemics
were handled, examining the vaccination methods and technological platforms utilized
for the animals may provide some useful insights. New vaccine manufacturing methods
have evolved because of developments in technology and medicine and our broad
knowledge of immunology, molecular biology, microbiology, and biochemistry, among
other basic science disciplines. Genetic engineering, proteomics, and other advanced
technologies have aided in implementing novel vaccine theories, resulting in the discovery
of new ruminant vaccines and the improvement of existing ones. Subunit vaccines,
recombinant vaccines, DNA vaccines, and vectored vaccines are increasingly gaining
scientific and public attention as the next generation of vaccines and are being seen as
viable replacements to conventional vaccines. The current review looks at the effects
and implications of recent ruminant vaccine advances in terms of evolving microbiology,
immunology, and molecular biology.

Keywords: ruminant viral vaccine, development of vaccine, attenuated vaccines, DNA vaccines, subunit vaccines,
inactivated vaccine, innate immunity and adaptive immunity, next generation vaccine technologies

INTRODUCTION

Vaccinology was founded with Edward Jenner’s discovery of the smallpox vaccine, permanently
transforming the history of medicine. He discovered that immunizing against a virus that is less
virulent yet antigenically related (Cowpox virus) protects against a virus that is more virulent
(smallpox virus) (1). The first century and a half since Jenner’s discovery was mostly devoted to
the Development and understanding of scientific fundamentals. Vaccinology’s marvels have been
shaped over the past five decades (1). The global eradication of smallpox, as well as major reductions
of other viral diseases such as polio, measles, mumps, and rubella, show that vaccination is the most
practicable and cost-effective tool for detecting, managing, and eradicating infectious diseases (2).
The usage of the “Plowright” vaccine, for example, is generally thought to have been crucial in
virtually eradicating the rinderpest virus from the globe. The Kabete O strain was passaged 90 times
in tissue culture to establish this attenuated vaccine (3, 4).
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Today’s most vaccines on the market are either inactivated
(killed) or live attenuated (weakened) (5). Many significant
veterinary diseases have been effectively addressed using
such methods. Both methods, though, have their own set
of shortcomings and future issues. Vaccines that have been
inactivated must be entirely safe and non-infectious (6).
Incomplete inactivation has been blamed in the past for
outbreaks in the area. Such issues should not happen if
the production method utilized more accurate inactivates,
inactivation processes, and innocuity checking. Furthermore,
since the production of such vaccinations necessitates the culture
of vast quantities of the infectious agent, there is a risk to
both the workers and the community (7). Vaccines made
in embryos, tissue culture, or culture medium can produce
unwanted “foreign” proteins that may reduce immunogenicity
or cause allergic reactions (8). Finally, inactivated vaccines’
presentation style and the quality of the immune response they
can evoke are restricted (7). The reaction to vaccination may
be small and short-lived, necessitating the use of adjuvants
or immunostimulants to improve overall immunogenicity and
efficacy. Attenuated vaccinations must be strictly controlled
and specified in order to have the desired level of protective
immunity without having severe disease effects in the host
animal. Also a remote possibility that the attenuated antigen
will revert to full virulence necessitates meticulous virulence
defense checks (9). Furthermore, other infectious agents could
be added to the vaccine antigen culture, which may contribute to
unintended side effects as the vaccine is used in the field. For these
and other reasons, scientists are progressively focused on new
vaccine technologies, including preventive efficacy, production
expense, and whether the infectious agent can be produced in
vitro. These vaccine technologies include split-product, subunit,
isolated protein, peptide, marker vaccine, live vector, and nucleic
acid approaches.

Vaccines for ruminants are used to accomplish a variety
of objectives. The key objectives are to provide cost-effective
methods for preventing and controlling infectious diseases in
cattle, improving animal welfare, and reducing the yield of food
animals (10). The widespread vaccination of wildlife, on the other
hand, has been remarkably regarded as a way of avoiding the
transmission of zoonoses (11). Furthermore, as a consequence
of widespread vaccine campaigns, the intake of numerous
ruminant medications has declined dramatically, reducing their
environmental influence, side effects, and contaminants in food
animal goods. To summarize, ruminant vaccinations have greatly
increased human well-being while still bolstering animal welfare.
The majority of newly licensed veterinary vaccines are either
killed or live vaccines that have been modified. Despite the
fact that widespread use of these vaccines has greatly enhanced
ruminant and public well-being around the world, they are
not without drawbacks and are far from perfect. Traditional
vaccinations are usually expensive to produce (inactivated
Vaccines), need adjuvants (inactivated Vaccines) and several
doses (live attenuated and inactivated vaccine) to cause sufficient
immunity, interfere with maternal antibodies (live attenuated,
inactivated, subunit vaccines), and have little or no protection
for newborns (12). Toxoid vaccines are created using pathogens

toxins. They provide protection against the disease rather than
the infection itself. Toxoids evoke a consistent humoral immune
response but little to no cell-mediated immunity (13, 14). Toxoid
vaccinations, in contrast to attenuated viral vaccines, do not
often last for long periods of time. Therefore, like other kinds of
immunizations, toxoid vaccines may need booster injections for
continuing protection. Depending on risk factors, revaccination
(booster) may be needed several times within a single year
(15-17). They may also trigger negative side effects as a result
of undesirable elements, such as endotoxins (18). Due to all
of these drawbacks, continuous researches are essential for the
development of vaccines and vaccination. The goal of the study
is to describe the existing methodologies used to construct
traditional ruminant vaccine, as well as the next generation
approaches for developing these vaccines. This article would not
go into great depth on vaccinations and vaccination in the global
animal health market. Still, it will aim to concentrate on ruminant
animal health of concern.

HOST DEFENSE MECHANISM

Vaccination seeks to activate the immune system in such a
way that the host can develop an efficient (and potentially
long-lasting) memory immune response that can track and
eventually eliminate the pathogen once it has invaded the
body (19). This may be accomplished by administering an
antigenic stimulation (vaccine). An effective vaccine must be
seen as a non-self agent that, ideally, activates innate immune
responses before “instructing” adaptive and memory responses.
Unlike innate immunity, adaptive immunity recognizes foreign
antigens in a very precise way (20). Adaptive immunity is mostly
humoral and cell-mediated (14). Extracellular infections may
be avoided by strengthening humoral immunity. Extracellular
pathogens, which exist and reproduce outside host cells in
alimentary, urogenital, and respiratory tracts, are avoided by
host monocytes, neutrophils, and macrophages in the process
of being phagocytosed and killed. It is the generation of
particular antibodies and activation of the complement system
that are responsible for the primary effector function of host
immunity to regulate and remove the external infection. An
intracellular defense against pathogens is a complicated process
that depends on powerful cell-mediated immune responses (21).
During infection, pathogens normally remain in the host cell and
multiply within it. The immune system may interfere with any
of these phases, which may prevent the illness. Inhibiting the
adhesion and entrance of intracellular infections may be the most
efficient way of preventing disease (22, 23). An effective humoral
immunity may prevent the host cells without Fc receptors from
being infected by pathogens (24). Moreover, antibodies may bind
to pathogens and make them easier for phagocytes carrying
Fc receptors to take up. The internalization process that is
performed by phagocytes is detrimental to most infections and
leads to the breakdown of engulfed organisms (25, 26). Following
the host cell entrance, humoral immunity is unlikely to be
effective against the pathogen, therefore a robust cell-mediated
immunity is needed to constrain and eliminate the internalized
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FIGURE 1 | The cellular cooperation in the immune response. Following vaccination, advanced phagocytes present the processed antigens to naive B or T cells,
which can be activated if co-stimulatory signals are produced (derived from the interaction of PAMPs with cellular PRRs). When lymphocytes become stimulated, they
release soluble mediators and antibodies that cause inflammatory responses. In this simplified illustration, immune systems that may protect animals from invading
viral infections are illustrated. CTL that identifies pathogen-derived epitopes presented in combination with MHC class | on infected cells or antibody-dependent lysis
or opsonization of infected cells expressing pathogen molecules. Extracellular and intracellular pathogens on their way to infect other cells, can be attacked by specific
circulating antibodies and killed by lysis or agglutination or phagocytosed by macrophages and neutrophils. Assistance is required from pathogen specific CD4 helper

T cells both for antibody and CTL induction and that are activated after interaction with pathogen-derived epitopes presented in combination with MHC class |I
molecules on the surface of MHC class IIT antigen-presenting cells. When pathogens infect antigen-presenting cells, they can be killed directly by CD4 T cells and
CD8 CTL through the induction of mediators such as interferon gamma (IFN-y), reactive oxygen and nitrogen species, and indoleamine 2,3-dioxygenase. Pathogen
toxins can be neutralized by circulating antibodies, resulting in decreased infection-related clinical symptoms.

pathogen. Inside the host cell, intracellular pathogens are
either held in membrane-bound vesicles (phagosomes) or the
cytoplasm (27).

As we see in Figurel, Antigenic determinants can be
presented to ndive (B and T) lymphocytes by infected
cells or specialized phagocytic cells (antigen-presenting cells
or APCs, such as macrophages and dendritic cells) (28,
29). As a general rule, antigens from vesicular intracellular
pathogens are processed and presented in the context of
major histocompatibility complex (MHC) class II molecules to
activate ndive or reactivate memory CD4+ T-cells (30, 31).
Antigens of cytoplasmic intracellular pathogens are processed
and delivered to CD8+ T-cells through the class I processing
and presentation pathway (32). Although it is known that
antigens that are produced outside of cells (exogenous) may be
presented through the class I pathway, it has been shown that
this may be achieved by linking antigens to various peptides,
thus influencing the presentation of an antigen by a certain
MHC molecule (33). CD4+ T-cells are powerful effectors, and
CD4 failure is connected to increased vulnerability to different
diseases. CD4+ T-cells play a crucial role in both the induction
(antigen recognition and T-cell activation) and effector stages
(cytokine production and cytosolic activity) of the immune
response (34). Additionally, they offer assistance with pathogen-
specific B-cell cloning and differentiation, and they have a large

impact on the generation of antibodies by B-cells. Additionally,
CD4 assistance is required for CTL (cytotoxic T-lymphocyte)
activity induction and in particular for maintaining CD8 T-
cell responses (35). The presence of virus-specific cytotoxic T
cells is widely acknowledged as being necessary for the immune
system to manage viral infection (CTL) (36). Dendritic cells
and other professional antigen presentation cells activate CTL
by processing viral proteins that are generated endogenously or
taken up from infected cells through apoptosis (crosspriming)
(37). Following the growth of a viral clone, the virus-specific
CTL may begin killing infected cells by using perforin- and/or
Fas-dependent pathways, thereby halting further viral particle
creation. The death of the infected cells is completed in <4h,
after the presentation of viral peptides on the MHC class I
molecules that is seen on the infected cell surface (38-40).
This assault happens in conjunction with CTLs production of
cytokines and chemokines that are antiviral. Again, in cellular-
mediated immune responses to foreign antigens, CD8+ T cells
play a crucial role (41). In vitro, it was shown that co-stimulating
pure CD8+ T cells promotes de novo CD4 molecule production
and that ligation of CD4 on this cell type regulates CD8+ T
cell activity (42-44). CD4 expression on CD8T lymphocytes
influences cytotoxic T lymphocyte activity and is necessary for
effective cell-mediated immunity against viruses and alloantigens
in vivo (45-47).
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Pathogen-associated molecular patterns (PAMPs) bind to
intracellular PRRs (Pattern recognition receptors) and trigger
phagocytic cells by inducing NFkB-mediated gene transcription
of many co-stimulatory molecules, pro-inflammatory cytokines,
and chemokines, as well as IRF-mediated gene transcription
of type-I interferons (IFNs) and other cytokines such as IL-
18 and TNF-a (48-50). NK cells express functional TLRs
specifically for detecting viral PAMPs (51). IFEN-y, which is
secreted by activated lymphocytes such as CD4 T helper cell
type-1 (Thl) cells, CD8 cytotoxic T cells, natural killer (NK)
cells, natural killer T (NKT) cells (52) can increase macrophage
phagocytic activity and antigen presentation through mature
dendritic cells (DCs), which are an important part of the innate-
adaptive immunity bridging mechanism (53). DCs’ capacity
to signal naive lymphocytes can determine whether or not
these cells are involved in fighting the virus. Vaccines based
on attenuated viruses or replicating live virus vectors take
advantage of this point rather than vaccines focused on inert
antigens. The effectiveness and severity of adaptive responses are
greatly improved when innate immune responses are triggered
(inactivated virus or subunit vaccines) (29). Owing to their
vital role in regulating the immune response, antigen targeting
of dendritic cells, or APCs, has recently become a major
priority for specific immune stimulation to improve vaccine
efficacy and other immunotherapy forms (54, 55). When naive
lymphocytes interact with DCs, clonal expansion of B and
T cells capable of recognizing the same antigen arises, the
immune response becomes more specific (56). As a result of the
vaccine activation, a pool of advanced lymphocytes including
memory and effector cells will be expanded. In response to
infection and viral antigen encounters, the secondary response
will be greatly improved, gradually contributing to protection
and long-term immunity through specific effector and memory
cells (14). B cells choose antigen experienced CD4T cells to
become memory and start an organized genetic program that
preserves memory CD4 T cells throughout life of the individual
(57). B cells collect less antigens during the clearance of an
infection, and that makes previously antigen-exposed CD4T
cells become dormant. Without antigens, the resting state with
minimal energy expenditure and multiplication keeps memory
CDA4T cells alive in mice almost indefinitely (58). Low levels of
antigen presentation may be a critical strategy for regulating CD4
memory T cell long-term survival and preventing cross-reactivity
to autoantigens, and hence autoimmunity (59). The issue of
precision is vital to a vaccine’s efficacy. It can be resolved by
choosing a suitable antigen fraction, whole antigen, or antigens
of choice, as well as remembering the memory lymphocyte pools
developed during the primary responses after vaccination (60).
Determining the correlates of protective immunity following
infection, such as related epitopes that elicit neutralizing
antibodies and primary T-cell epitopes liable for helper or
cytotoxic roles, is one of the logical methods for vaccine design
(61, 62). This knowledge would ideally come from studies on
the pathogenesis of viral infection in the target species for which
the vaccine is being developed. These experiments, on the other
hand, are much more complex to conduct than those involving
experimental animals such as rodents (mainly due to the genetic

diversity of the outbred species, the lack of reagents and markers
for cell phenotype characterization, and the limitation in the
number of animals used for experimentation). However, in
some cases, the pathogenesis of other animal models of disease
(primarily rodents) is sufficiently similar to that of the target
species to include valuable information about protective immune
mechanisms. Following the accumulation of data gathered over
decades of viral research, it is apparent that successful immuno-
prophylaxis can be accomplished by triggering an immune
response against surface antigens expressed on virions and virus-
infected cells for viruses with less complicated pathogenesis. In
order to produce an efficient immune response to a pathogenic
agent or an immunization, both the innate and adaptive immune
subsystems are required. Furthermore, successful vaccinations
must produce effector cells for the present infection and memory
cells for future infections with the pathogenic agent, resulting in
long-term activation of both the humoral and cell-mediated arms
of the adaptive system as in most viral infections induction of
both humoral and cellular immunity is important for protection
(14, 63). Some viruses (such as poxvirus, herpesvirus, and
lentivirus) have more complicated pathogenesis (i.e., persistence
activation, replication in privileged immune tissues, immune
escape processes, and recruitment of hazardous host immune
responses) and need a vaccine that elicits specific T-cell responses
in addition to neutralizing antibodies (29).

RUMINANT VIRAL VACCINES

While in their historic function in agricultural research and
education, ruminants are considered to be essential. These
ruminants are currently also utilized in investigations in
molecular biology, genetic engineering, and biotechnology for
applications in fundamental science and agricultural research
and therapeutic usage. Public concern and curiosity in the welfare
of these species and the biology and behavior of the animals
have persisted and are reflected in updated husbandry and
management techniques. But, several viruses like Foot and mouth
disease virus (FMDYV), Peste des petits ruminants virus (PPRV),
Bovine viral diarrhea virus (BVDV), Bluetongue virus (BTV),
Bovine herpesvirus type 1 (BHV-1), Capripox virus, etc. cause
fatal diseases in ruminants having a great negative impact on
both socio and economic condition. When there are no broad-
spectrum antiviral pharmaceuticals usable, the only methods
for avoiding or managing virus infections are vaccination and
hygienic measures to reduce exposure. Some of OIE’s notifiable
diseases and their traditional vaccines are Live attenuated for
BTV, BVDV, LSDV, PPRV, SPV (64-71) and inactivated for
FMDYV, BVDV, SPV (67, 70-72).

Viruses (particularly RNA viruses) are extremely variable
consisting of large numbers of variant genomes and through
mutation they alter the nucleotide sequence of the genome. Viral
replication constantly produces mutants, and their frequency of
occurrence changes as replication progresses (73). One of the
example of this issue is Sars-CoV infection (74). Viruses evolved
several techniques to protect infected cells against CTL (cytotoxic
T-lymphocyte) assault. Interference with the peptide-presenting
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pathway and viral epitope mutation are among the reasons for
this issue (75). Viruses with multiple serotypes are responsible
for several viral infections (e.g., FMD virus, bluetongue virus,
and influenza viruses). As a consequence, many existing virus
vaccines are often unable to cope with the most current strains
in the region, necessitating the Development of new ones based
on field strains that have recently caused outbreaks. For decades,
the animal health industry has created a range of standardized
live and inactivated virus vaccines that have been used in routine
vaccine procedures for pets and livestock. The industry is seeing
an influx of rationally formulated and subunit vaccines, and
this segment will concentrate on these “second-generation” viral
vaccines (summarized in Figure 2 and Table 1).

LIVE-ATTENUATED RUMINANT VACCINE

Similar to the first human smallpox vaccination, certain live
veterinary virus vaccinations induce minor infections of live

cells from non-target hosts or are attenuated by passage across
several cell line cultures or chicken embryos (eggs) (76). Random
mutations are often used to establish attenuated viral strains,
which are then chosen for decreased virulence (77). These
vaccines can multiply and induce cellular and humoral immunity
without using an adjuvant since the live organism can also infect
target cells (78). Live drugs often benefit from being easy to
administer, whether in drinking water, intranasally, intraocularly,
or otherwise. They do, however, carry the possibility of latent
virulence and reversion to pathogenic wild forms, as well as
being a possible cause of pollution in the ecosystem. Although
current regulatory systems demand data to assure these matters,
challenges may emerge in the sector. Live virus vaccinations
were crucial in the effective prevention and eradication of
diseases (79).

Many of the Peste des petits ruminants (PPR) vaccine virus
genes have attenuating mutations, but none are sufficiently
debilitating to trigger intense pressure for reversion. The
PPR vaccine is thought to be relatively safe, with no
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TABLE 1 | OIE’s notifiable disease and licensed vaccine.

Diseases Virus acronym Host Available vaccine References
Bluetongue BTV Cattle, Sheep, Goats, Buffalo, Deer Live Attenuated (66)
Foot and mouth diseases FMDV Cloven-hoofed animal Inactivated (BEI) (72)
Bovine viral diarrhea BVDV Cattle Inactivated/Attenuated (67, 69)
Lumpy skin disease LSDV Cattle Attenuated (68)
Infection with pestedes petis ruminants virus PPRV Sheep/Goat Attenuated/Recombinant capripoxvirus (64, 65)
Sheep pox and Goat pox SPV Sheep/Goat Inactivated/attenuated (70, 71)

immunosuppressive impact on the host (80-82). While single
point mutations in the polymerase gene have been shown
to trigger sound attenuations, the high incidence of random
mutations in RNA viruses raises the likelihood of reversion
to virulence. As a result, various attenuating mutations spread
across the genome are likely to be needed for safe live viral
vaccines (83-85).

The bovine herpesvirus type 1 (BHV-1) causes contagious
bovine rhinotracheitis (IBR), infectious pustular vulvovaginitis
(IPV), and infectious balanoposthitis (IBP), as well as
conjunctivitis, encephalomyelitis, mastitis, enteritis, and
miscarriage, and vaccination is an essential part of preventive
and eradication programs (86). In multiple herpesviruses, the
thymidine kinase (TK) gene has been related to virulence,
and deletion or insertion of the TK gene results in a stable,
attenuated mutant. TK-BHV-1 vaccines, on the other hand, have
been linked to dexamethasone-induced lag and reactivation.
Attenuated vaccine strains have been generated by deleting
BHV-1 glycoproteins such as gB, gC, gD, gE, gG, and gI, which
are responsible for attachment, penetration, and cell-to-cell
contact (87). It was discovered that knocking out both TK and
gC protectagainst infection with wild-type BHV-1, and that a
single glycoprotein gG, gl, and gE, as well as a double mutant
of gl/gE, have attenuated the effect of a single glycoprotein
gG, gl, and gE. Due to the poor immunogenicity of gI and
gl/gE deleted mutants, only gG and gE deleted mutants have
been proposed as vaccine candidates (88-90). In another
research, the safety of the BHV-1 mutant with a deletion in
glycoprotein E gene in calves was demonstrated. Intranasal
inoculation of glycoprotein E gene deleted BHV-1 resulted in a
100-fold reduction in viral replication, shorter virus shedding,
and overall reduced virulence, with no impact on neutralizing
antibody production, according to immunogenicity findings
(89, 91). A vaccine candidate with multiple deleted genes was
evaluated for safety and efficacy (glycoproteins E and G and
US2). Live-attenuated marker vaccines that differentiate between
vaccinated and naturally infected animals have been developed
using gene deletion techniques (92, 93). BVDV is a ruminant
pestivirus that is very widespread. Subclinical manifestations,
malnutrition, immunosuppression and leukopenia, congenital
anomalies, infertility, and digestive tract erosions are among
the risks (mucosal disease) (94). As a result, BVDV causes
significant economic losses to the cattle industry by lowering
reproductive success and milk yield and raising the prevalence
of other infectious diseases and mortality (94). Vaccination has

been commonly used in several BVDV surveillance programs
in several nations (67). Live vaccinations have the potential to
trigger transplacental diseases in pregnant animals and can even
have immunosuppressive properties (69, 95-98).

INACTIVATED OR KILLED RUMINANT
VACCINE

In comparison to live vaccines, inactivated or killed virus
vaccines are generally more stable and may not be subject to
virulence reversion; nevertheless, their inability to enter cells
and cause cytotoxic T cells makes them less immunogenic (14,
99). As a result, strong adjuvants and multiple treatments are
normally necessary to achieve the desired level of protection,
even though they are usually mainly effective in treating clinical
signs rather than infection (100, 101). Inactivated adjuvanted
vaccinations are often more prone to induce inflammatory
illnesses, allergic conditions, and sarcomas at the injection sites.
Heat or chemicals are widely used to inactivate viruses (e.g.,
formaldehyde, thiomersal, ethylene oxide, and propriolactone)
(102). These vaccines are more costly to produce due to higher
manufacturing costs and the need for adjuvants. Inactivated viral
vaccines for a wide range of viral diseases have been available for
several decades and are still being developed for some recently
emergent diseases (103). The creation of improved adjuvanted
formulations to counteract maternal antibodies’ effects on young
animals has been the subject of much recent research in this
field (104). Inactivated vaccines for various infectious diseases
must be updated regularly to ensure that they include the correct
serotypes (105).

The wuse of cross-linking agents (e.g., formaldehyde,
glutaraldehyde, aldrithiol, or 2,2/-dithiodipyridine) for vaccine
production is plagued by two primary disadvantages. The
first is the possibility of aggregation, which may result in
antigenic epitope disruption or alteration, potentially accounting
for the vaccines’ decreased immunogenicity, which typically
requires two or three booster doses to maintain sufficient
and long-lasting levels of protective immunity (106, 107).
Another concern is the risk of insufficient inactivation, which
could lead to disease exacerbation if partially (or suboptimal)
induced immunity cooperates with infectivity through pathways
such as antibody-dependent enhancement (ADE) (108).
Virus complexed with non-neutralizing antibodies will attack
monocytes or macrophages (cells with Fc-receptors) in this

Frontiers in Veterinary Science | www.frontiersin.org

November 2021 | Volume 8 | Article 697194


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

case, a process close to those seen in dengue virus infections
(109). Finally, inactivated vaccinations face the challenge of
solving the distinction between sick and vaccinated animals
without interfering with surveillance diagnostics. Although
formaldehyde primarily modifies proteins, propiolactone (BPL)
and binary ethylenimine (BEI) primarily change DNA or
RNA so that BPL can retain high immunogenicity throughout
virus inactivation (110). However, certain amino acids, such
as cysteine, methionine, and histidine, have been documented
to trigger BPL to respond so that these protein modifications
can influence BPL vaccines immunogenicity (111). On the
other hand, BEI has been also found to bind to proteins
(112). This substance is widely used in the formulation of
vaccines to inactivate the virus that causes foot and mouth
disease (FMDV) (72, 113, 114). About this, inactivated vaccines
remain a popular type of vaccine development (for both
human and veterinary use), thanks to the efficacy of adjuvants
(primarily aluminum salts) in vaccine formulations, which help
to overcome the key problem of reduced immunity (115). In
reality, other inactivation techniques, such as hydrogen peroxide
or protonating compounds like diethylpyrocarbonate (DEPC),
can profit from this technology (29). Hydrogen peroxide can
inactivate all DNA and RNA viruses (vaccinia virus) while
causing minimal disruption to the antigenic structure, reducing
immunogenicity (116). Surprisingly, this inactivation method
enabled vaccines to elicit humoral (neutralizing antibodies)
and cellular immune responses targeted at CD8+ cytotoxic
T-cells (117). The infectivity and pathogenicity of the vesicular
stomatitis virus (VSV) was said to be eliminated when a histidine-
protonating agent like DEPC is used (118). Despite advances in
a variety of innovations for improving immune responses, the
traditional inactivation approach is still widely used to develop
most vaccines for ruminant use, in part because producers must
closely balance the costs of adapting their current production
methods to new technologies with expected profits. Other
popular physical inactivation techniques necessitate exposure
to various types of radiation, such as microwave, chemical, or
ionizing radiation. UV radiation is one of the most often used
techniques in the manufacture of human vaccines (119-121).

SUBUNIT VACCINES AND VIRUS-LIKE
PARTICLES (VLPs)

Subunit vaccines include a component of the target pathogen
which evoke an immune reaction that is unique to that
section (122). While baculovirus-expressed Rinderpest virus
(RPV) “H” and “F” proteins were used as antigens for subunit
vaccines, they did not provide protection in cattle against
virulent RPV despite eliciting a robust neutralizing antibody
response (123). However, virulent virus challenge protection
was reached when baculovirus-expressed H protein was inserted
into immunostimulating complexes (ISCOMs) (124). Given
that ISCOMs are considered to elicit a cell-mediated immune
response, it’s possible that the cell-mediated immune response is
a key factor in triggering a protective immune response against
morbilliviruses (125).

VLP vaccines are virus-like particles (VLPs) that lack
replicative genetic material but enable antigens to be presented
in a replicated, ordered sequence similar to that of a virus,
boosting immunogenicity (126, 127). Owing to their similarities
to native viruses in terms of molecular scaffolds and the lack of
genomes, VLPs can effectively trigger both humoral and cell-
mediated immune responses without the use of an adjuvant
(128). Although in some cases VLPs do not require adjuvant,
they typically necessitate the incorporation of adjuvant in the
formulation to be immunogenic (18, 101, 129). However, all
of this work has yet to be put into practice in a commercial
vaccine. Using a recombinant baculovirus that co-expresses the
PPRV (Peste des petits ruminants virus) H, N, and M proteins,
PPR virus-like particles (VLPs) may be budded from insect cell
membranes (130). These VLPs were discovered to elicit powerful
virus-specific neutralizing antibodies in mice, suggesting that a
VLP-based vaccine candidate for PPR may be created (131). It
was demonstrated that the antibodies specific to the F and H
proteins were produced in experiments on goats using PPRV
VLPs. The goats were three times immunized with 150 or 300
pg VLPs or 10° TCID50 Nigeria 75/1, while the control goats
were immunized with either PBS or alum adjuvant alone. After
the third immunization, all goats immunized with VLP and
PPRV Nigeria 75/1 produced significant levels of antibodies
against PPRV E H, and N proteins, while none of the goats
immunized with PBS or alum adjuvant alone exhibited an
immunological response. These findings indicated that VLP
immunization resulted in substantially higher levels of serum
neutralizing antibodies than PPRV Nigeria 75/1 immunization
in goats (131). Again, IL-4, IL-10 and IFN-y were measured in
goats after vaccination with 150 or 300 g VLPs and control
goats were treated with PBS or alum adjuvant alone. IL-4, IL-10,
and IFN-y were significantly higher while goats were immunized
with 300 pg VLPs than control. Interestingly, IL-4 and IL-10
levels were higher while immunized by PPRV Nigeria 75/1 than
the control animals or immunized with VLPs, whereas IFN-y
levels in animals immunized with 300 pg VLPs were substantially
lower. IFN-y concentration in VLP-immunized animal serum
were higher, suggesting that VLPs stimulated a cellular immune
response in goats. These findings show that VLPs trigger a strong
immune response against PPRV infection in small ruminants,
suggesting that PPRV VLPs may be used to develop a PPRV
vaccine (131).

Bluetongue virus (BTV) VLPs consist of VP3, VP7, VP2,
and VP5 proteins. These proteins are expressed in insect
cells using baculovirus expression (132-136). A serotype 1, 2,
10, 13, and 17 cocktails with VLPs protected against all five
serotypes and partly protected from additional serotype types
(137). Large scale sheep experiments with 50-200 sheep each
trial demonstrated protection against homologous challenges by
the VLP vaccine (138). Despite all these efforts and promising
findings, VLPs were not produced in that period. More likely,
inactivated BT vaccinations on the market are considerably
cheaper and also safe to manufacture (139). Protein and VLP
in vegetation production have become more popular and cost-
effective alternatives for artificial protein synthesis of complicated
high-value proteins (140).
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In research, E2 glycoprotein and E™® have been utilized
to develop recombinant vaccines to prevent bovine viral
diarrhea BVDV illness (98). BVDV-VLPs consisting of dimerized
viral proteins E2 and E™S, and VLPs consisted of spherical
particles of ~50nm in diameter (141). Mice vaccinated with
15 pg of ISA201-adjuvant VLPs produced increased E2-
specific antibodies such as IgG, IgG1, and IgG2a and increased
neutralizer activity in BVDV to control (142). Stimulation of
splenocytes from VLP-immunized mice resulted in substantially
higher numbers of cells of CD3TCD4"T and CD3"CDS8*T.
Furthermore, the proliferation and production of Th1-associated
IFN-y and Th2-associated IL-4 were significantly increased as
opposed to the non-stimulated control group of the splenocytes.
These results showed that BVDV-VLPs elicited BVDV-specific
humoral and cellular immune responses to mice effectively,
indicating a promising potential to create BVDV-VLP-based
vaccines for BVDV infection prevention (142). Again, a
shortened form of E2 glycoprotein (tE2) of BVDV has been
expressed in tobacco plants (143). The construct was improved
with a signal peptide to guide the protein into the plant secretory
route, Kozak consensus sequence, and KDEL retention signal.
Recombinant protein accumulated up to 20 pg of tE2 per gram
of fresh leaves. Immunization of guinea pigs with 20 pg of tE2
induced neutralizing antibodies comparable to those induced
by a whole virus vaccine (143). Transgenic alfalfa plants were
created, which express tE2 of BVDV fusion into a single-chain
antibody that aims to deliver antigen cells (APCH-tE2) (144).
APCH-tE2 was stably expressed, and the antigen accumulation
in all the clones tested was comparable. The recombinant
vaccination produced high neutralizing antibody titers (145). In
addition, the experimental vaccine was assessed with two doses
of 3 pg APCH-tE2 injected in animals. The immunogen elicited
a robust antibody reaction that was neutralizing (146). More
importantly, they demonstrated full virological protection when
animals were challenged by virulent BVDV (146).

It was investigated that Foot and mouth disease virus (FMDV)
type O/IND/R2/75 polyprotein genes encoded recombinant
FMD virus like particles (VLPs) expressed in Sf9 cells and
adjuvanted with CpG and Poly I:C induced protective immune
responses in guinea pigs via FMDV (147, 148). Guinea pigs
vaccinated with VLP + CpG had significantly higher cell
mediated immunity (CMI) than traditional vaccine groups as
evident from higher I1gG2 levels than IgGl. Although in VLP
+ CpG vaccine, humoral response was less than conventional
vaccines, but VLP 4 CpG had a greater lymphocyte stimulation
index than conventional VLP and VLP + Poly I:C. The challenge
tests with 28 and 56 dpv showed 75% protection in VLP +
CpG vaccinated guinea pigs primary and boosted animals, while
50 and 62% protection in primary and boosted animals in
VLP + Poly I:C, respectively (149-151). Again, a recombinant
baculovirus clone encoding P1-2A-3C coding sequences of foot-
and-mouth disease virus (FMDV) serotype O (1) Manisa was
generated. FMDV structural proteins were expressed in Sf9
cells together with 3C protease, and the generation of virus-
like particles (VLP) was investigated. The recombinant protein
was prepared as a vaccine using an oil adjuvant, ISA 206,
and the vaccine’s potency was evaluated in cattle (152-154).

The potency value of the vaccine [PD (50)] was 5.01, and most
inoculated animals developed neutralizing antibody titers after
two vaccinations. CpG adjuvant in eliciting protection in VLP-
based FMD vaccinations was shown to be higher, followed by
ISA206 and Poly I:C in guinea pigs (155).

Development of chimeric virus-like particles (VLPs) with
FMDV epitopes has shown significant humoral responses in
the vaccinated pigs but only limited protection against the
homologous challenge. Recombinant adenovirus expressing the
highly conserved non-structural FMDV 3D protein and its ability
to elicit particular T-cell responses in a mouse model were
developed (156). Rangel G also presented two distinct prime-
boost methods—FMDV serotype C-specific chimeric VLP and
mice immunogenicity analysis (157).

Unfortunately, there is no commercially available ruminant
vaccine. Still, in the veterinary field, only porcine circovirus type
2 (PCV2) VLP-based vaccine is commercially available (Porcilis
PCV-manufactured by Intervet International, The Netherlands)
(158, 159). Some ruminant VLP vaccines are in clinical trials,
such as FMDV (152, 155, 157, 160), BTV (161, 162), and
RVEFV (163).

DIVA (DIFFERENTIATING INFECTED FROM
VACCINATED ANIMALS) VACCINE

Even though effective conventional vaccines are available for a
few ruminant viral diseases, they cannot be utilized. Because they
would interfere with disease monitoring based on serological
testing and may cause a country to lose its disease-free status.
A classic example is FMD in sheep. Including the fact that
inactivated FMD vaccinations have been around for a long time
and are very good at controlling clinical illness (164). They are
not used in FMD-free countries because doing so will jeopardize
their position and trigger foreign commerce to be disrupted.
Conventional vaccinations, on the other hand, also decreased
epidemic incidence in enzootic regions, and vaccination was
used to monitor the disease’s dissemination in a outbreak in
the Netherlands (165). The vaccinated livestock, on the other
hand, were slaughtered to enable the country to rapidly recover
its FMD-free status. The ability to recognize and selectively
remove genes from a pathogen has contributed to the creation
of “marker vaccines” that, when paired with adequate diagnostic
assays, can distinguish infected from vaccinated animals (DIVA)
by distinguishing antibody responses induced by the vaccine (no
antibodies produced to deleted genes) from those induced during
wild-type virus infection. DIVA vaccinations and screening
testing are now available or in progress for a variety of diseases,
including infectious bovine rhinotracheitis (IBR) and FMD. IBR,
which is triggered by BHV-1 infection in livestock, has been listed
as a candidate for eradication from national herds around the
world, prompting DIVA to improve vaccinations and diagnostics.
The need for a marker (DIVA) vaccine for IBR in Europe was
fulfilled by the synthesis of a glycoprotein E (gE)-deleted vaccine
using traditional methods (166). Although the gE protein is not
necessary for viral replication, it is critical for viral intercellular
dissemination, especially in nerve cells. Basic diagnostic tests
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dependent on gE deletion have been developed using both
gE-blocking enzyme-linked immunosorbent assay (ELISA) and
PCR amplification techniques (167, 168). Because there are
serious concerns about the long-term viability of “stamping-
out” strategies in regions with high animal population density,
there is a lot of money being invested in DIVA vaccines for
FMD (169, 170). Since subunit antigen vaccines only offer a
limited number of epitopes to the immune system of the species,
they have been relatively unsuccessful, and several antigens
are normally needed for defense. The aim of current research
is to establish responsive tests (ELISA) for antibodies against
non-structural proteins and combinations of capsid proteins,
such as empty capsid delivered by different expression systems
(170). Bluetongue virus in sheep, Peste des petits ruminants,
and bovine viral diarrhea are only a few of the diseases for
which a DIVA solution is extremely beneficial but still in the
works (171-173).

VECTORED VACCINE

The discovery of new prophylactic and therapeutic vaccine
candidates has been aided by antigen/gene delivery systems (115).
A vector is used to transmit defensive protein(s) to the vaccinated
host’s immune system in vector vaccine technology (174). A wide
variety of vector types, both replicating (Adenovirus, Measles
virus, Pox virus-Vaccinia, Vesicular stomatitis virus) and non-
replicating (Adenovirus, Alphavirus, Herpesvirus, Pox virus-
NYVAC, Pox virus -MVA, Pox virus-ALVAC, and Pox virus-
FPV) are available (175). The proper vaccination for a given
situation will rely on the biology of the target pathogen, the
quantity and amount of gene inserts, and whether the vaccine
is to be used to prevent infection or provide protection to
those already infected. In certain instances, these vectors are
immunogenic and may present several antigens (176).

There are recombinant vaccines in which BTV antigen-
specific genes are carried by recombinant viruses and expressed
in the host. Since the viral vectors (carrier viruses) used for
this reason have been attenuated, they are deemed safe (177).
Furthermore, they have BTV antigen-specific genes (transgenes)
but neglect the parental BTV’s molecular regulatory elements. As
a result, the chance of gene segment reassortment with field BTV
strains is significantly reduced (178). Viruses that may express
the BTV VP2 gene, such as capripox, canarypox, vaccinia, and
herpes virus, have been used to make recombinant viral vector
vaccines with differing degrees of effectiveness (179, 180). Again,
Poxviruses replicate in the cytoplasm of infected cells, effectively
eliminating the possibility of genomic incorporation and viral
survival in the host DNA. It is also possible to accommodate large
pieces of foreign DNA. Any Poxviridae family members, such
as canarypox, capripox, and vaccinia viruses, have been used to
express BTV antigens (179, 181).

Herpesviruses have a dsDNA genome, which allows for a
massive transgene insert scale. Using an equine herpes viruses
construct, recombinant-vectored vaccines against BTV8s VP2
and VP5 genes were developed. In experimental vaccination in
IFNAR (—/—) mice, these vaccinations only offered limited safety

during the challenge (182). Similarly, the BTV VP2 gene was
expressed in a non-pathogenic bovine herpes virus 4 (BoHV4)
strain, and recombinant BoHV4 -VP2 construct was created. The
experimental model- the IFNAR (—/—) mouse, showed limited
protection against the BOHV4 -VP2 construct (183).

Recombinant adenovirus vectors are being used as vaccine
candidates for a variety of viral diseases since they can trigger
T cell immunity. Replication-defective recombinant human
adenovirus serotype 5 (Ad5) expressing VP2, VP7, or NS3 BTV
proteins were given to IFNAR(-/-) mice and sheep. As evidenced
by humoral and cellular immune responses (BT V-specific CD8+
and CD4+ T cells), mice vaccinated with different rAd5 showed
full protection against BTV challenge (184). Sheep had mild
disease signs and lower viremia after vaccination with Ad5-BTV-
VP2 and Ad5-BTV-VP7, or only with Ad5-BTV-VP7 followed
by BTV challenge. Sheep were inoculated Ad5-BTV-VP7 formed
ample BTV-specific CD8+ T cells but there were no neutralizing
antibodies (185).

Another study used the VP7 core protein of BTV2 to cause
an immune response in sheep using a non-replicative canine
adenovirus type 2 (Cav-VP7 RO) or a leporipoxvirus (SG33-
VP7). Both recombinant antigens elicited a humoral immune
response in cattle. Only Cav-VP7 RO elicited an important
antigen-specific CD8+ cell response, whereas both SG33-VP7
and Cav-VP7 RO elicited an adequate antigen-specific CD4+
response. Sheep given the Cav-VP7 RO vaccine is later exposed
to either homologous serotype BTV2 or heterologous serotype
BTVS8. As determined by real-time PCR in plasma, the immune
response caused by Cav-VP7 RO was insufficient to provide
protective immunity against BTV (Bouet-Cararo) (186). It only
gave homologous serotypes partial immunity. It implies that
the function of BTV core proteins in cross-protective immune
responses should be explored further (186).

Animals, including sheep, goats, and cattle, were protected
against a fatal challenge by receiving a single dose of a
recombinant adenovirus expressing the surface glycoproteins of
Rift Valley fever virus (RVFV) (187). Sheep were vaccinated two
recombinant replication-defective human adenoviruses serotype
5 (Ad5) expressing either the highly immunogenic fusion
protein (F) or hemagglutinin protein (H) from Peste des
petits ruminants virus (PPRV) by intramuscular inoculation.
PPRV-specific B- and T-cell responses were induced by both
recombinant adenovirus vaccinations. As a result, neutralizing
antibodies were detected in serum from vaccinated sheep (188).
In 2012, the United States Department of Agriculture (USDA)
approved conditional licensing to the Adt.A24 FMD vaccination
to protect cattle. The replication deficient Adt.A24 vaccine uses
a human adenovirus construct as a vector to deliver empty
capsids of A24 FMD strain to induce an immune response (189).
Previous investigations in bovine have demonstrated that the
Adt.A24 vaccine prevents FMD and FMD viremia 7 days after
first immunization, and combined with the ENABL® adjuvant
being the most effective (190, 191). This vaccine does not have
a tendency to become virulent again, it doesn’t shed from
vaccinated animals to naive ones, and it doesn’t provide a dairy
cow the ability to excrete the vaccine via her milk, thus it has a
64% effectiveness rate in clinical FMD (192, 193).
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DNA AND RNA VACCINE

Antigen production is induced in the host by DNA vaccines.
A plasmid containing a viral gene that can be expressed in
mammalian cells or a gene encoding a mammalian protein
that can be expressed in mammalian cells is known as a
DNA (or RNA) vaccine (121). The requisite genetic elements,
such as solid eukaryotic promoters for transcriptional control,
a polyadenylation signal sequence for stable and effective
translation, and a bacterial replication origin, are integrated into
a plasmid (194, 195). The plasmid is transfected into host cells
and transcribed into mRNA, which is then encoded, causing
the host cellular machinery to produce an antigenic protein
(196). The host immune system recognizes the expressed proteins
as foreign, resulting in the formation of cellular and humoral
immune responses (197, 198). Immunizing animals with naked
DNA encoding protective viral antigens would be useful for viral
vaccines in some situations (199) because it overcomes the safety
problems associated with live vaccines and vector immunity
while still allowing cytotoxic T cells to trigger and express the
antigens intracellularly (120, 200).

Early studies propose using a gene producing the VP4
protein of bovine rotavirus (BRV), which has been shown
to be efficient in generating a Thl-like immune response, to
combat viral infections in cattle (201). Later, it was found that
the plasmid expressing the envelope glycoprotein gp51 and
transmembrane glycoprotein gp30 of the bovine leukemia virus
(BLV) could generate an efficient cellular immune response (202).
Furthermore, researchers have discovered that the DNA vaccine
encoding fusion (F) gene from bovine respiratory syncytial virus
(BRSV) is capable of providing calf immunity against the disease
(203). It was reported that DNA immunization with gC gene
of bovine herpes virus-1 (BHV-1) may lead to neutralization
antibody and lympho-proliferative responses in cattle (204,
205). Furthermore, BHV-1 gB and IL-12 have been proposed
to improve CTL responses. Plasmid-based suppositories that
include the gD gene of BHV-1 help promote mucosal immunity
and also improve the immune responses of bovine CD 154 co-
stimulatory molecules connected to the gD gene (206, 207).
Additionally, it has been suggested that the gD gene is more
protective than the gC gene. In addition, the capacity of BHV-
1 VP22 protein to affect intracellular trafficking has been used
to enhance the effectiveness of a DNA vaccine expressing gD
gene (208). Another nucleic acid vaccine is now available that is
expected to prevent cattle from contracting bovine viral diarrhea
virus (BVDV). BVDV type 1 glycoprotein E2-expressing plasmid
DNA elicited virus-specific neutralizing antibodies (209). One
possible approach to BVD vaccine development is using the non-
structural protein NS3 to promote humoral protection (210).
It was reported that compared to the administration of DNA
or protein vaccines alone, the DNA prime boost regimens
were efficacious in the prevention of BVD in cattle (211). The
development of vaccinations for foot and mouth disease is being
advanced through the use of VP1-based DNA vaccines (113,
212). Plasmid DNA encoding the FMDV VP1 protein, followed
by boosting with a VP1 peptide conjugate, resulted in high
titers of neutralizing antibodies, indicating that the prime-boost

approach may be a critical component in the development of a
DNA vaccine against FMD (213). A microparticulate-based DNA
vaccine that codes for the T and B cell epitopes of the FMDV’s
VP1I has recently been produced (214).

VACCINE DELIVERY SYSTEMS

A successful vaccination is dependent on effective vaccine
administration. Most vaccinations are injected into the body
through subcutaneous (SC) or intramuscular (IM) routes. The
delivery of a hypodermic injection is linked with suffering and
agony, which may lead to a patients non-compliance and the
need for specialized staff. They are linked to the spread of
disease owing to the danger of needle-stick injuries or re-use of
infected needles. Problems may arise when mass immunization is
required because of insufficient vaccine availability or limitations
in vaccine manufacturing (215, 216). Most vaccinations now
are administered into the subcutaneous fat or under the skin’s
muscle. Only a little amount of vaccinations are injected into
the viable skin (epidermis and dermis) (217-219). Dendritic
cells (DCs) in the tissues take up the antigen, digest it, and
deliver it to T lymphocytes in the draining lymphoid organs
via each of these routes of application. While DCs are sparse in
subcutaneous fat and muscular tissue, the dermis and epidermis
are heavily inhabited by various subsets of DCs. Therefore, by
using hypodermic injection, antigen delivery will avoid the skin’s
immune cells, which will result in a less effective vaccination.
As a result, the skin is an ideal site for vaccine administration
since vaccination at this site will evoke strong immune responses
at much lower doses of antigen than intramuscular vaccine
(220). Recent research shows that the nasal mucosa and the
gastrointestinal system may potentially be good sites for vaccine
delivery (221, 222). These alternative routes of delivery have
the potential to elicit immune responses that are qualitatively
different from those elicited by injected vaccines, or to stimulate
immune responses at these mucosal sites, allowing for more
effective defense against pathogens that enter through these
routes e.g., oral or nasal (18, 223). Disabled infectious single
cycle (DISC) viruses use alternative routes of delivery and these
routes have the potential to elicit immune responses that are
qualitatively different from those elicited by injected vaccines, or
to stimulate immune responses at these mucosal sites, allowing
for more effective defense against pathogens that enter through
these routes (224).

MOLECULAR BIOLOGY TECHNIQUES
AND BIOINFORMATICS ANALYSIS ARE
BEING USED IN THE PRODUCTION OF
NEXT GENERATION VACCINES

Pathogen genomic research and increased knowledge of
pathogenesis pathways have led to the discovery of new antigens
and the creation of recombinant veterinary vaccines. Viruses,
prokaryotes, and eukaryotes viruses have also been exposed
to whole-genome and draft sequencing (225, 226). These
advancements have also improved antigen discovery and
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heterogeneity classification amongst viral pathogens, which
generally have fewer than 10 genes, and eukaryotic pathogens,
which typically have >10,000 genes (227-229). Since relevant
antigenic structures may identify and produce recombinant
vaccines containing only the antigen needed to elicit protective
immunity, genome sequencing technologies, and methods for
screening a pathogen’s genome and proteome have greatly
improved antigen discovery performance. Whole-genome
fragments and the whole repertoire of encoding proteins
are often used in genomic repositories, allowing for vaccine
screening (106, 230).

Genetic sequencing and bioinformatics have led to a huge
quantity of genetic data on pathogens and their characteristics.
To match phenotypic characteristics to their genetic origin,
reverse genetics (RG) may be utilized. Genetic perturbations
are introduced into a gene of interest using different methods,
and the effects are studied utilizing phenotypic and functional
studies. In recent years, the technologies used in RG have
quickly developed from traditional techniques to the utilization
of clustered regularly interspaced short palindromic repeat
(CRISPR)/associated protein 9 (Cas9) technology, which is
revolutionizing genome editing procedures. RG has contributed
to the understanding of viral replication, transcription and
translation, assembly and budding, virus-host cell protein
interactions, identification and characterization of viral fitness
determinants, and investigation of the mechanisms by which
viruses counter host antiviral defenses. In the field of vaccine
production, recombinant DNA techniques and RG have allowed
targeted genetic changes in viral genomes aimed at attenuating
or neutralizing viral pathogenicity, as well as producing DIVA
vaccines to aid disease monitoring and epidemiological research.
Infectious clones of the transmissible gastroenteritis virus were
developed using RG and were able to produce immunity in
infectious bovine rhinotracheitis (231). RG has also been used
to develop vaccines against FMD (232) and the bluetongue virus
(233). Another use of RG is to create viruses that lack a critical
gene and therefore cannot replicate themselves in vaccinated
hosts, known as disabled infectious single cycle (DISC) viruses
(234). These viruses, upon entrance into a host cell, can
reproduce just once, triggering the host’s immune response and
making traditional infection impossible. The strategy has been
used in the development of bluetongue virus vaccines (224).

A reverse vaccinology (RV) method uses algorithms to analyze
the whole genome of pathogens, synthesizes their protein and
peptide antigens, and then performs in vitro research on them
prior to doing in vivo investigations (230, 235, 236). This program
and many others that identify T-cell and B-cell epitopes all need
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a central software package, namely, epitope mapping software
(237-240). Vaxign is a web-based software for mapping both
MHC class I and class II restricted antigens that is publicly
accessible (www.violinet.org/vaxign/) (241). Other web-based
software that predicts MHC-I (http://tools.iedb.org/mhci) and
MHC-II (http://tools.iedb.org/mhcii) epitopes are also publicly
available (242). A total of 5-15 years of development time
was required for traditional vaccination methods, while the
RV method has reduced that time to 1-3 years. In an early
stage study, vaccine candidates were developed using RV for
Histophilus somni which is associated with the bovine respiratory
disease (BRD) complex and for which the available vaccines are
suboptimal (243).

CONCLUSION

Infectious diseases will continue to pose a major challenge to
the global economy and public health in the years ahead, as
shown by the spread of microbial pathogens such as FMDYV,
PPRV, and BTV, as well as the emergence of drug-resistant
pathogens and the threat to bioterrorism. Ruminant vaccine
development programs have been given high priority due to
the huge economic losses caused by various ruminant diseases.
More oriented approaches for developing more protective
vaccines have benefited from the advent in molecular genetics
and better understanding of infectious disease immunobiology.
Identification of virulence factors and immunogenic antigens has
been important in the production of new vaccine generations,
which has been augmented by rapid advances in recombinant
vectors. A combination of these factors will almost certainly allow
for the Development and production of vaccines that are less
costly, more potent, safer, and simpler to administer.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to conception and
design, acquisition of data, analysis and interpretation of data,
took part in drafting the article or revising it critically for
important intellectual content, agreed to submit to the current
journal, gave final approval of the version to be published, and
agree to be accountable for all aspects of the work.

FUNDING

This work was supported by a grant from the National Natural
Sciences Foundation of China (no. 31602037) and the Key
Technologies R&D Program of Gansu Province (19ZDNAO001).

3. King S, Rajko-Nenow P, Ropiak HM, Ribeca P, Batten C, Baron MD.
Full genome sequencing of archived wild type and vaccine rinderpest
virus isolates prior to their destruction. Sci Rep. (2020) 10:6563.
doi: 10.1038/541598-020-63707-z

4. Holzer B, Hodgson S, Logan N, Willett B, Baron MD. Protection of
cattle against rinderpest by vaccination with wild-type but not attenuated
strains of peste des petits ruminants virus. J Virol. (2016) 90:5152-62.
doi: 10.1128/JV1.00040-16

Frontiers in Veterinary Science | www.frontiersin.org

11

November 2021 | Volume 8 | Article 697194


http://www.violinet.org/vaxign/
http://tools.iedb.org/mhci
http://tools.iedb.org/mhcii
https://doi.org/10.1080/08998280.2005.11928028
https://doi.org/10.1098/rstb.2013.0433
https://doi.org/10.1038/s41598-020-63707-z
https://doi.org/10.1128/JVI.00040-16
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Francis MJ. Recent advances in vaccine technologies. Vet Clin North Am

Small Anim Pract. (2018) 48:231-41. doi: 10.1016/j.cvsm.2017.10.002

. Amanna IJ, Sliftka MK. Wanted, dead or alive: new viral vaccines. Antiviral

Res. (2009) 84:119-30. doi: 10.1016/j.antiviral.2009.08.008

. Rauch S, Jasny E, Schmidt KE, Petsch B. New vaccine technologies to

combat outbreak situations. Front Immunol. (2018) 9:1963. doi: 10.3389/
fimmu.2018.01963

. National Center for I Respiratory D. General recommendations on

immunization—recommendations of the Advisory Committee
Immunization Practices (ACIP). MMWR Recomm Rep. (2011) 60:1-64.

on

. Brisse M, Vrba SM, Kirk N, Liang Y, Ly H. Emerging concepts and

technologies in vaccine development. Front Immunol. (2020) 11:583077.
doi: 10.3389/fimmu.2020.583077

Donadeu M, Nwankpa N, Abela-Ridder B, Dungu B. Strategies to increase
adoption of animal vaccines by smallholder farmers with focus on
neglected diseases and marginalized populations. PLoS Negl Trop Dis. (2019)
13:0006989. doi: 10.1371/journal.pntd.0006989

Monath TP. Vaccines against diseases transmitted from animals to
humans: a one health paradigm. Vaccine. (2013) 31:5321-38. doi: 10.1016/
j.vaccine.2013.09.029

Saso A, Kampmann B. Vaccine responses in newborns.
Immunopathol. (2017) 39:627-42. doi: 10.1007/s00281-017-0654-9
Tanner R, Villarreal-Ramos B, Vordermeier HM, McShane H. The humoral
immune response to BCG vaccination. Front Immunol. (2019) 10:1317.
doi: 10.3389/fimmu.2019.01317

Clem AS. Fundamentals of vaccine immunology. J Glob Infect Dis. (2011)
3:73-8. doi: 10.4103/0974-777X.77299

Slifka MK, Amanna I. How advances in
insight into improving vaccine efficacy. Vaccine. (2014) 32:2948-57.
doi: 10.1016/j.vaccine.2014.03.078

Ariza-Heredia EJ, Chemaly RF. Practical review of immunizations in
adult patients with cancer. Hum Vaccin Immunother. (2015) 11:2606-14.
doi: 10.1080/21645515.2015.1062189

Herve C, Laupeze B, Del Giudice G, Didierlaurent AM, Tavares Da Silva F.
The how’s and what’s of vaccine reactogenicity. NPJ Vaccines. (2019) 4:39.
doi: 10.1038/s41541-019-0132-6

Mohan T, Verma P, Rao DN. Novel adjuvants & delivery vehicles for vaccines
development: a road ahead. Indian ] Med Res. (2013) 138:779-95.

Chauhan G, Madou MJ, Kalra S, Chopra V, Ghosh D, Martinez-Chapa SO.
Nanotechnology for COVID-19: therapeutics and vaccine research. ACS
Nano. (2020) 14:7760-82. doi: 10.1021/acsnano.0c04006

Takahashi H. Antigen presentation in vaccine development. Comp Immunol
Microbiol Infect Dis. (2003) 26:309-28. doi: 10.1016/S0147-9571(03)00017-1
Chaplin DD. Overview of the immune response. | Allergy Clin Immunol.
(2010) 125(2Suppl.2):53-23. doi: 10.1016/j.jaci.2009.12.980

Wilson JW, Schurr MJ, LeBlanc CL, Ramamurthy R, Buchanan KL,
Nickerson CA. Mechanisms of bacterial pathogenicity. Postgrad Med J.
(2002) 78:216-24. doi: 10.1136/pmj.78.918.216

Eisenreich W, Rudel T, Heesemann J, Goebel W. How viral and intracellular
bacterial pathogens reprogram the metabolism of host cells to allow
their intracellular replication. Front Cell Infect Microbiol. (2019) 9:42.
doi: 10.3389/fcimb.2019.00042

Tay MZ, Wiehe K, Pollara J. Antibody-dependent cellular phagocytosis
Front (2019) 10:332.

Semin

immunology provide

in antiviral immune responses. Immunol.
doi: 10.3389/fimmu.2019.00332

Gustafson HH, Holt-Casper D, Grainger DW, Ghandehari H. Nanoparticle
uptake: the phagocyte problem. Nano Today. (2015) 10:487-510.
doi: 10.1016/j.nantod.2015.06.006

Mosser DM, Zhang X. Measuring opsonic phagocytosis via Fcgamma
receptors and complement receptors on macrophages. Curr Protoc Immunol.
(2011) 14:im1427s95. doi: 10.1002/0471142735.im1427s95

Thakur A, Mikkelsen H, Jungersen G. Intracellular pathogens: host
immunity and microbial persistence strategies. J Immunol Res. (2019)
2019:1356540. doi: 10.1155/2019/1356540

Mori ], Vranac T, Smrekar B, Cernilec M, Serbec VC, Horvat S, et al.
Chimeric flagellin as the self-adjuvanting antigen for the activation of
immune response against Helicobacter pylori. Vaccine. (2012) 30:5856-63.
doi: 10.1016/j.vaccine.2012.07.011

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

diseases:
1349:1-24.

Brun A. Vaccines and vaccination for
a general overview. Methods Mol
doi: 10.1007/978-1-4939-3008-1_1

Holling TM, Schooten E, van Den Elsen PJ. Function and regulation of MHC
class II molecules in T-lymphocytes: of mice and men. Hum Immunol. (2004)
65:282-90. doi: 10.1016/j.humimm.2004.01.005

Marino J, Paster ], Benichou G. Allorecognition by T lymphocytes
and allograft rejection. Front Immunol. (2016) 7:582. doi: 10.3389/
fimmu.2016.00582

Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu
Rev Immunol. (2013) 31:443-73. doi: 10.1146/annurev-immunol-032712-0
95910

Kim DT, Mitchell DJ, Brockstedt DG, Fong L, Nolan GP, Fathman CG,
et al. Introduction of soluble proteins into the MHC class I pathway by
conjugation to an HIV tat peptide. ] Immunol. (1997) 159:1666-8.

Cookson BT, Cummings LA, Rassoulian Barrett SL. Bacterial antigens elicit T
cell responses via adaptive and transitional immune recognition. Curr Opin
Microbiol. (2001) 4:267-73. doi: 10.1016/S1369-5274(00)00201-0

Swain SL, McKinstry KK, Strutt TM. Expanding roles for CD4(+)
T cells in immunity to viruses. Nat Rev Immunol. (2012) 12:136-48.
doi: 10.1038/nri3152

Rosendahl Huber S, van Beek ], de Jonge ], Luytjes W, van Baarle D, T. cell
responses to viral infections - opportunities for Peptide vaccination. Front
Immunol. (2014) 5:171. doi: 10.3389/fimmu.2014.00171

van Montfoort N, van der Aa E, Woltman AM. Understanding MHC
class T presentation of viral antigens by human dendritic cells as a basis
for rational design of therapeutic vaccines. Front Immunol. (2014) 5:182.
doi: 10.3389/fimmu.2014.00182

Lucas M, Karrer U, Lucas A, Klenerman P. Viral escape mechanisms-
escapology taught by viruses. Int ] Exp Pathol. (2001) 82:269-86.
doi: 10.1046/j.1365-2613.2001.00204.x

Upton JW, Chan FK. Staying alive: cell death in antiviral immunity. Mol Cell.
(2014) 54:273-80. doi: 10.1016/j.molcel.2014.01.027

Stanekova Z, Vareckova E. Conserved epitopes of influenza A virus inducing
protective immunity and their prospects for universal vaccine development.
Virol J. (2010) 7:351. doi: 10.1186/1743-422X-7-351

Lauvau G, Goriely S. Memory CD8+ T cells: orchestrators and
key players of innate immunity? PLoS Pathog. (2016) 12:¢1005722.
doi: 10.1371/journal.ppat.1005722

Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance
and autoimmunity. Immunol Rev. (2010) 236:219-42. doi: 10.1111/
j.1600-065X.2010.00923.x

Ostroumov D, Fekete-Drimusz N, Saborowski M, Kuhnel E, Woller N. CD4
and CD8 T lymphocyte interplay in controlling tumor growth. Cell Mol Life
Sci. (2018) 75:689-713. doi: 10.1007/s00018-017-2686-7

Lucca LE, Dominguez-Villar M. Modulation of regulatory T cell function
and stability by co-inhibitory receptors. Nat Rev Immunol. (2020) 20:680-93.
doi: 10.1038/s41577-020-0296-3

Kitchen SG, Whitmire JK, Jones NR, Galic Z, Kitchen CM, Ahmed R, et al.
The CD4 molecule on CD8+ T lymphocytes directly enhances the immune
response to viral and cellular antigens. Proc Natl Acad Sci USA. (2005)
102:3794-9. doi: 10.1073/pnas.0406603102

Hu Z, Molloy M]J, Usherwood EJ. CD4(+) T-cell dependence of
primary CD8(+) T-cell response against vaccinia virus depends upon
route of infection and viral dose. Cell Mol Immunol. (2016) 13:82-93.
doi: 10.1038/cmi.2014.128

Bhat P, Leggatt G, Waterhouse N, Frazer IH. Interferon-gamma derived from
cytotoxic lymphocytes directly enhances their motility and cytotoxicity. Cell
Death Dis. (2017) 8:¢2836. doi: 10.1038/cddis.2017.67

Choudhury SKM, Ma X, Abdullah SW, Zheng H. Activation and inhibition
of the NLRP3 inflammasome by RNA viruses. ] Inflamm Res. (2021) 14:1145-
63. doi: 10.2147/JIR.S295706

Dorrington MG, Fraser IDC. NF-kappaB signaling in macrophages:
dynamics, crosstalk, and signal integration. Front Immunol. (2019) 10:705.
doi: 10.3389/fimmu.2019.00705

Javaid N, Yasmeen E Choi S. Toll-like receptors and relevant emerging
therapeutics with reference to delivery methods. Pharmaceutics. (2019)
11:90441. doi: 10.3390/pharmaceutics11090441

veterinary viral
Biol.  (2016)

Frontiers in Veterinary Science | www.frontiersin.org

12

November 2021 | Volume 8 | Article 697194


https://doi.org/10.1016/j.cvsm.2017.10.002
https://doi.org/10.1016/j.antiviral.2009.08.008
https://doi.org/10.3389/fimmu.2018.01963
https://doi.org/10.3389/fimmu.2020.583077
https://doi.org/10.1371/journal.pntd.0006989
https://doi.org/10.1016/j.vaccine.2013.09.029
https://doi.org/10.1007/s00281-017-0654-9
https://doi.org/10.3389/fimmu.2019.01317
https://doi.org/10.4103/0974-777X.77299
https://doi.org/10.1016/j.vaccine.2014.03.078
https://doi.org/10.1080/21645515.2015.1062189
https://doi.org/10.1038/s41541-019-0132-6
https://doi.org/10.1021/acsnano.0c04006
https://doi.org/10.1016/S0147-9571(03)00017-1
https://doi.org/10.1016/j.jaci.2009.12.980
https://doi.org/10.1136/pmj.78.918.216
https://doi.org/10.3389/fcimb.2019.00042
https://doi.org/10.3389/fimmu.2019.00332
https://doi.org/10.1016/j.nantod.2015.06.006
https://doi.org/10.1002/0471142735.im1427s95
https://doi.org/10.1155/2019/1356540
https://doi.org/10.1016/j.vaccine.2012.07.011
https://doi.org/10.1007/978-1-4939-3008-1_1
https://doi.org/10.1016/j.humimm.2004.01.005
https://doi.org/10.3389/fimmu.2016.00582
https://doi.org/10.1146/annurev-immunol-032712-095910
https://doi.org/10.1016/S1369-5274(00)00201-0
https://doi.org/10.1038/nri3152
https://doi.org/10.3389/fimmu.2014.00171
https://doi.org/10.3389/fimmu.2014.00182
https://doi.org/10.1046/j.1365-2613.2001.00204.x
https://doi.org/10.1016/j.molcel.2014.01.027
https://doi.org/10.1186/1743-422X-7-351
https://doi.org/10.1371/journal.ppat.1005722
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1007/s00018-017-2686-7
https://doi.org/10.1038/s41577-020-0296-3
https://doi.org/10.1073/pnas.0406603102
https://doi.org/10.1038/cmi.2014.128
https://doi.org/10.1038/cddis.2017.67
https://doi.org/10.2147/JIR.S295706
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.3390/pharmaceutics11090441
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Adib-Conquy M, Scott-Algara D, Cavaillon JM, Souza-Fonseca-Guimaraes
F. TLR-mediated activation of NK cells and their role in bacterial/viral
immune responses in mammals. Immunol Cell Biol. (2014) 92:256-62.
doi: 10.1038/icb.2013.99

Castro F, Cardoso AP, Goncalves RM, Serre K, Oliveira MJ. Interferon-
gamma at the crossroads of tumor immune surveillance or evasion. Front
Immunol. (2018) 9:847. doi: 10.3389/fimmu.2018.00847

Cook KD, Waggoner SN, Whitmire JK. NK cells and their ability to
modulate T cells during virus infections. Crit Rev Immunol. (2014) 34:359—
88. doi: 10.1615/CritRevImmunol.2014010604

Alvarez B, Poderoso T, Alonso F, Ezquerra A, Dominguez ], Revilla C.
Antigen targeting to APC: from mice to veterinary species. Dev Comp
Immunol. (2013) 41:153-63. doi: 10.1016/j.dci.2013.04.021

Apostolopoulos V, Thalhammer T, Tzakos AG, Stojanovska L. Targeting
antigens to dendritic cell receptors for vaccine development. J Drug Deliv.
(2013) 2013:869718. doi: 10.1155/2013/869718

Baldin AV, Savvateeva LV, Bazhin AV, Zamyatnin AA Jr. Dendritic cells in
anticancer vaccination: rationale for ex vivo loading or in vivo targeting.
Cancers. (2020) 12:30590. doi: 10.3390/cancers12030590

Kaji T, Hijikata A, Ishige A, Kitami T, Watanabe T, Ohara O, et al. CD4
memory T cells develop and acquire functional competence by sequential
cognate interactions and stepwise gene regulation. Int Immunol. (2016)
28:267-82. doi: 10.1093/intimm/dxv071

Welsh RA, Song N, Sadegh-Nasseri S. How does B cell antigen presentation
affect memory CD4 T cell differentiation and longevity? Front Immunol.
(2021) 12:677036. doi: 10.3389/fimmu.2021.677036

Horst AK, Kumashie KG, Neumann K, Diehl L, Tiegs G. Antigen
presentation, autoantibody production, and therapeutic targets in
autoimmune liver disease. Cell Mol (2021) 18:92-111.
doi: 10.1038/s41423-020-00568-6

Gustafson CE, Kim C, Weyand CM, Goronzy JJ. Influence of immune
aging on vaccine responses. J Allergy Clin Immunol. (2020) 145:1309-21.
doi: 10.1016/j.jaci.2020.03.017

Jeyanathan M, Afkhami S, Smaill F, Miller MS, Lichty BD, Xing Z.
Immunological considerations for COVID-19 vaccine strategies. Nat Rev
Immunol. (2020) 20:615-32. doi: 10.1038/s41577-020-00434-6

Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine
Immunol. (2010) 17:1055-65. doi: 10.1128/CV1.00131-10

Pulendran B, Ahmed R. Immunological mechanisms of vaccination. Nat
Immunol. (2011) 12:509-17. doi: 10.1038/ni.2039

Caufour P, Rufael T, Lamien CE, Lancelot R, Kidane M, Awel D, et al.
Protective efficacy of a single immunization with capripoxvirus-vectored
recombinant peste des petits ruminants vaccines in presence of pre-existing
immunity. Vaccine. (2014) 32:3772-9. doi: 10.1016/j.vaccine.2014.05.025
Chen W, Hu S, Qu L, Hu Q, Zhang Q, Zhi H, et al. A goat
poxvirus-vectored peste-des-petits-ruminants vaccine induces long-lasting
neutralization antibody to high levels in goats and sheep. Vaccine. (2010)
28:4742-50. doi: 10.1016/j.vaccine.2010.04.102

Coetzee P, Guthrie AJ, Ebersohn K, Maclachlan JN, Ismail A, van Schalkwyk
A, etal. Complete genome sequences of virus strains isolated from bottle A of
the South African live attenuated bluetongue virus vaccine. Microbiol Resour
Announc. (2020) 9:20. doi: 10.1128/ MRA.00310-20

Greiser-Wilke I, Grummer B, Moennig V. Bovine viral diarrhoea
eradication and control programmes in Europe. Biologicals. (2003) 31:113-8.
doi: 10.1016/S1045-1056(03)00025-3

Hamdi J, Boumart Z, Daouam S, El Arkam A, Bamouh Z, Jazouli M, et al.
Development and evaluation of an inactivated lumpy skin disease vaccine for
cattle. Vet Microbiol. (2020) 245:108689. doi: 10.1016/j.vetmic.2020.108689
Meyer G, Deplanche M, Roux D, Moulignie M, Picard-Hagen N, Lyazrhi E,
et al. Fetal protection against bovine viral diarrhoea type 1 virus infection
after one administration of a live-attenuated vaccine. Vet J. (2012) 192:242-5.
doi: 10.1016/j.tvjl.2011.05.011

Sun Z, Liu L, Zhang H, Li Y, Wei E Li Z, et al. Expression and functional
analysis of Brucella outer membrane protein 25 in recombinant goat pox
virus. Mol Med Rep. (2019) 19:2323-9. doi: 10.3892/mmr.2019.9868

Wolft ], King J, Moritz T, Pohlmann A, Hoffmann D, Beer M, et al
Experimental infection and genetic characterization of two different

Immunol.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

capripox virus isolates in small ruminants. Viruses. (2020) 12:101098.
doi: 10.3390/v12101098

Gardos G, Cole JO. Maintenance antipsychotic therapy: is the cure worse
than the disease? Am J Psychiatry. (1976) 133:32-6. doi: 10.1176/ajp.133.1.32
Domingo E, Perales C. Viral quasispecies. PLoS Genet. (2019) 15:¢1008271.
doi: 10.1371/journal.pgen.1008271

Jary A, Leducq V, Malet I, Marot S, Klement-Frutos E, Teyssou E, et al.
Evolution of viral quasispecies during SARS-CoV-2 infection. Clin Microbiol
Infect. (2020) 26:1560 el-4. doi: 10.1016/j.cmi.2020.07.032

Ahmed A, Siman-Tov G, Hall G, Bhalla N, Narayanan A. Human
antimicrobial peptides as therapeutics for viral infections. Viruses. (2019)
11:80704. doi: 10.3390/v11080704

Minor PD. Live attenuated vaccines: historical successes and current
challenges. Virology. (2015) 479-80:379-92. doi: 10.1016/j.virol.2015.03.032
Bull JJ. Evolutionary reversion of live viral vaccines: can genetic engineering
subdue it? Virus Evol. (2015) 1:vev005. doi: 10.1093/ve/vev005

Di Pasquale A, Preiss S, Tavares Da Silva F Garcon N. Vaccine
adjuvants: from 1920 to 2015 and beyond. Vaccines. (2015) 3:320-43.
doi: 10.3390/vaccines3020320

Larsson DG. Antibiotics in the environment. Ups ] Med Sci. (2014) 119:108-
12. doi: 10.3109/03009734.2014.896438

Kumar N, Barua S, Riyesh T, Tripathi BN. Advances in peste
des petits ruminants vaccines. Vet Microbiol. (2017) 206:91-101.
doi: 10.1016/j.vetmic.2017.01.010

Kumar N, Maherchandani S, Kashyap SK, Singh SV, Sharma S, Chaubey
KK, et al. Peste des petits ruminants virus infection of small ruminants: a
comprehensive review. Viruses. (2014) 6:2287-327. doi: 10.3390/v6062287
Eloiflin R], Boyer M, Kwiatek O, Guendouz S, Loire E, Servan de Almeida
R, et al. Evolution of attenuation and risk of reversal in peste des
petits ruminants vaccine strain Nigeria 75/1. Viruses. (2019) 11:80724.
doi: 10.3390/v11080724

Yeh MT, Bujaki E, Dolan PT, Smith M, Wahid R, Konz J, et al. Engineering
the live-attenuated polio vaccine to prevent reversion to virulence. Cell Host
Microbe. (2020) 27:736-51 e8. doi: 10.1016/j.chom.2020.04.003

Warmbrod KL, Patterson EI, Kautz TE Stanton A, Rockx-Brouwer D,
Kalveram BK, et al. Viral RNA-dependent RNA polymerase mutants
display an altered mutation spectrum resulting in attenuation in
both mosquito and vertebrate hosts. PLoS Pathog. (2019) 15:e1007610.
doi: 10.1371/journal.ppat.1007610

Hanley KA. The double-edged sword: how evolution can make or
break a live-attenuated virus vaccine. Evolution (N Y). (2011) 4:635-43.
doi: 10.1007/s12052-011-0365-y

Nuotio L, Neuvonen E, Hyytiainen M. Epidemiology
eradication of infectious bovine rhinotracheitis/infectious pustular
vulvovaginitis (IBR/IPV) virus in Finland. Acta Vet Scand. (2007) 49:3.
doi: 10.1186/1751-0147-49-3

Xie Y, Wu L, Wang M, Cheng A, Yang Q, Wu Y, et al. Alpha-herpesvirus
thymidine kinase genes mediate viral virulence and are potential therapeutic
targets. Front Microbiol. (2019) 10:941. doi: 10.3389/fmicb.2019.00941

Lin J, Li Z, Feng Z, Fang Z, Chen ], Chen W, et al. Pseudorabies
virus (PRV) strain with defects in gE, gC, and TK genes protects piglets
against an emerging PRV variant. ] Vet Med Sci. (2020) 82:846-55.
doi: 10.1292/jvms.20-0176

Petrini S, Iscaro C, Righi C. Antibody responses to bovine alphaherpesvirus
1 (BoHV-1) in passively immunized calves. Viruses. (2019) 11:10023.
doi: 10.3390/v11010023

Atasoy MO, Rohaim MA, Munir M. Simultaneous deletion of virulence
factors and insertion of antigens into the infectious laryngotracheitis virus
using NHE]J-CRISPR/Cas9 and Cre-Lox system for construction of a stable
vaccine vector. Vaccines. (2019) 7:40207. doi: 10.3390/vaccines7040207
Chowdhury SI, Pannhorst K, Sangewar N, Pavulraj S, Wen X, Stout RW, et al.
BoHV-1-vectored BVDV-2 subunit vaccine induces BVDV cross-reactive
cellular immune responses and protects against BVDV-2 challenge. Vaccines.
(2021) 9:10046. doi: 10.3390/vaccines9010046

Frantz PN, Teeravechyan S, Tangy F. Measles-derived vaccines to
prevent emerging viral diseases. Microbes Infect. (2018) 20:493-500.
doi: 10.1016/j.micinf.2018.01.005

and

Frontiers in Veterinary Science | www.frontiersin.org

13

November 2021 | Volume 8 | Article 697194


https://doi.org/10.1038/icb.2013.99
https://doi.org/10.3389/fimmu.2018.00847
https://doi.org/10.1615/CritRevImmunol.2014010604
https://doi.org/10.1016/j.dci.2013.04.021
https://doi.org/10.1155/2013/869718
https://doi.org/10.3390/cancers12030590
https://doi.org/10.1093/intimm/dxv071
https://doi.org/10.3389/fimmu.2021.677036
https://doi.org/10.1038/s41423-020-00568-6
https://doi.org/10.1016/j.jaci.2020.03.017
https://doi.org/10.1038/s41577-020-00434-6
https://doi.org/10.1128/CVI.00131-10
https://doi.org/10.1038/ni.2039
https://doi.org/10.1016/j.vaccine.2014.05.025
https://doi.org/10.1016/j.vaccine.2010.04.102
https://doi.org/10.1128/MRA.00310-20
https://doi.org/10.1016/S1045-1056(03)00025-3
https://doi.org/10.1016/j.vetmic.2020.108689
https://doi.org/10.1016/j.tvjl.2011.05.011
https://doi.org/10.3892/mmr.2019.9868
https://doi.org/10.3390/v12101098
https://doi.org/10.1176/ajp.133.1.32
https://doi.org/10.1371/journal.pgen.1008271
https://doi.org/10.1016/j.cmi.2020.07.032
https://doi.org/10.3390/v11080704
https://doi.org/10.1016/j.virol.2015.03.032
https://doi.org/10.1093/ve/vev005
https://doi.org/10.3390/vaccines3020320
https://doi.org/10.3109/03009734.2014.896438
https://doi.org/10.1016/j.vetmic.2017.01.010
https://doi.org/10.3390/v6062287
https://doi.org/10.3390/v11080724
https://doi.org/10.1016/j.chom.2020.04.003
https://doi.org/10.1371/journal.ppat.1007610
https://doi.org/10.1007/s12052-011-0365-y
https://doi.org/10.1186/1751-0147-49-3
https://doi.org/10.3389/fmicb.2019.00941
https://doi.org/10.1292/jvms.20-0176
https://doi.org/10.3390/v11010023
https://doi.org/10.3390/vaccines7040207
https://doi.org/10.3390/vaccines9010046
https://doi.org/10.1016/j.micinf.2018.01.005
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Delva JL, Nauwynck HJ, Mettenleiter TC, Favoreel HW. The attenuated
pseudorabies virus vaccine strain Bartha Ké61: a brief review on the
knowledge gathered during 60 years of research. Pathogens. (2020) 9:110897.
doi: 10.3390/pathogens9110897

Khodakaram-Tafti A, Farjanikish GH. Persistent bovine viral diarrhea virus
(BVDV) infection in cattle herds. Iran | Vet Res. (2017) 18:154-63.

Evans CA, Pinior B, Larska M, Graham D, Schweizer M, Guidarini C,
et al. Global knowledge gaps in the prevention and control of bovine
viral diarrhoea (BVD) virus. Transbound Emerg Dis. (2019) 66:640-52.
doi: 10.1111/tbed.13068

Health EPoA, Welfare, More S, Botner A, Butterworth A, Calistri P, et al.
Assessment of listing and categorisation of animal diseases within the
framework of the Animal Health Law (Regulation (EU) No 2016/429):
bovine viral diarrhoea (BVD). EFSA J. (2017) 15:e04952. doi: 10.2903/
j.efsa.2017.4952

Moennig V, Becher P. Control of bovine viral diarrhea. Pathogens. (2018)
7:10029. doi: 10.3390/pathogens7010029

Riitho V, Strong R, Larska M, Graham SP, Steinbach F. Bovine pestivirus
heterogeneity and its potential impact on vaccination and diagnosis. Viruses.
(2020) 12:101134. doi: 10.3390/v12101134

Sanders BP, Edo-Matas D, Custers JH, Koldijk MH, Klaren V, Turk M,
et al. PERC6((R)) cells as a serum-free suspension cell platform for the
production of high titer poliovirus: a potential low cost of goods option
for world supply of inactivated poliovirus vaccine. Vaccine. (2013) 31:850-6.
doi: 10.1016/j.vaccine.2012.10.070

Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immunity
to work. Immunity. (2010) 33:492-503. doi: 10.1016/j.immuni.2010.
10.002

Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat
Med. (2013) 19:1597-608. doi: 10.1038/nm.3409

Astill J, Alkie T, Yitbarek A, Taha-Abdelaziz K, Bavananthasivam J, Nagy
E, et al. Examination of the effects of virus inactivation methods on the
induction of antibody- and cell-mediated immune responses against whole
inactivated H9N?2 avian influenza virus vaccines in chickens. Vaccine. (2018)
36:3908-16. doi: 10.1016/j.vaccine.2018.05.093

Rappuoli R, De Gregorio E, Del Giudice G, Phogat S, Pecetta S, Pizza M,
et al. Vaccinology in the post-COVID-19 era. Proc Natl Acad Sci USA. (2021)
2021:118. doi: 10.1073/pnas.2020368118

Arvin AM, Fink K, Schmid MA, Cathcart A, Spreafico R, Havenar-Daughton
C, et al. A perspective on potential antibody-dependent enhancement of
SARS-CoV-2. Nature. (2020) 584:353-63. doi: 10.1038/s41586-020-2538-8
National Vaccine Advisory C. Protecting the public’s health: critical
functions of the Section 317 Immunization Program-a report of the
National Vaccine Advisory Committee. Public Health Rep. (2013) 128:78-95.
doi: 10.1177/003335491312800203

Saylor K, Gillam E Lohneis T, Zhang C. Designs of antigen structure and
composition for improved protein-based vaccine efficacy. Front Immunol.
(2020) 11:283. doi: 10.3389/fimmu.2020.00283

Liu C, Zhou Q, Li Y, Garner LV, Watkins SP, Carter L], et al. Research
and development on therapeutic agents and vaccines for COVID-19
and related human coronavirus diseases. ACS Cent Sci. (2020) 6:315-31.
doi: 10.1021/acscentsci.0c00272

Wan Y, Shang J, Sun S, Tai W, Chen J, Geng Q, et al. Molecular mechanism
for antibody-dependent enhancement of coronavirus entry. J Virol. (2020)
94:19. doi: 10.1128/JV1.02015-19

Ayala-Nunez NV, Hoornweg TE, van de Pol DP, Sjollema KA, Flipse J,
van der Schaar HM, et al. How antibodies alter the cell entry pathway of
dengue virus particles in macrophages. Sci Rep. (2016) 6:28768. doi: 10.1038/
srep28768

Khalifa ME, El-Deeb AH, Zeidan SM, Hussein HA, Abu-El-Naga HI.
Enhanced protection against FMDV in cattle after prime- boost vaccination
based on mucosal and inactivated FMD vaccine. Vet Microbiol. (2017)
210:1-7. doi: 10.1016/j.vetmic.2017.08.014

She YM, Cheng K, Farnsworth A, Li X, Cyr TD. Surface modifications
of influenza proteins upon virus inactivation by beta-propiolactone.
Proteomics. (2013) 13:3537-47. doi: 10.1002/pmic.201300096
Uittenbogaard JP, Zomer B, Hoogerhout P, Metz B. Reactions of beta-
propiolactone with nucleobase analogues, nucleosides, and peptides:

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

implications for the inactivation of viruses. J Biol Chem. (2011) 286:36198-
214. doi: 10.1074/jbc.M111.279232

Singh RK, Sharma GK, Mahajan S, Dhama K, Basagoudanavar SH, Hosamani
M, et al. Foot-and-mouth disease virus: immunobiology, advances in
vaccines and vaccination strategies addressing vaccine failures-an Indian
Perspective. Vaccines. (2019) 7:30090. doi: 10.3390/vaccines7030090
Hardham JM, Krug P, Pacheco JM, Thompson J, Dominowski P, Moulin V,
et al. Novel foot-and-mouth disease vaccine platform: formulations for safe
and DIVA-compatible FMD vaccines with improved potency. Front Vet Sci.
(2020) 7:554305. doi: 10.3389/fvets.2020.554305

Schijns V, Fernandez-Tejada A, Barjaktarovic Z, Bouzalas I, Brimnes J,
Chernysh S, et al. Modulation of immune responses using adjuvants
to facilitate therapeutic vaccination. Immunol Rev. (2020) 296:169-90.
doi: 10.1111/imr.12889

Amanna IJ, Raue HP, Slifka MK. Development of a new hydrogen peroxide-
based vaccine platform. Nat Med. (2012) 18:974-9. doi: 10.1038/nm.2763
Ewer KJ, Barrett JR, Belij-Rammerstorfer S, Sharpe H, Makinson R, Morter
R, et al. T cell and antibody responses induced by a single dose of
ChAdOx1 nCoV-19 (AZD1222) vaccine in a phase 1/2 clinical trial. Nat Med.
(2021) 27:270-8. doi: 10.1038/s41591-020-01194-5

Da Poian AT, Carneiro FA, Stauffer F. Viral inactivation based on inhibition
of membrane fusion: understanding the role of histidine protonation
to develop new viral vaccines. Protein Pept Lett. (2009) 16:779-85.
doi: 10.2174/092986609788681823

Pardi N, Hogan M], Porter FW, Weissman D. mRNA vaccines -
a new era in vaccinology. Nat Rev Drug Discov. (2018) 17:261-79.
doi: 10.1038/nrd.2017.243

Nascimento IP, Leite LC. Recombinant vaccines and the development
of new vaccine strategies. Braz ] Med Biol Res. (2012) 45:1102-11.
doi: 10.1590/S0100-879X2012007500142

Zhang C, Maruggi G, Shan H, Li]. Advances in mRNA vaccines for infectious
diseases. Front Immunol. (2019) 10:594. doi: 10.3389/fimmu.2019.00594
Lofano G, Mallett CP, Bertholet S, O’Hagan DT. Technological approaches to
streamline vaccination schedules, progressing towards single-dose vaccines.
NPJ Vaccines. (2020) 5:88. doi: 10.1038/s41541-020-00238-8

Brun A, Albina E, Barret T, Chapman DA, Czub M, Dixon LK,
et al. Antigen delivery systems for veterinary vaccine development.
Viral-vector based delivery systems. (2008)  26:6508-28.
doi: 10.1016/j.vaccine.2008.09.044

Hohdatsu T, Yamato H, Ohkawa T, Kaneko M, Motokawa K, Kusuhara
H, et al. Vaccine efficacy of a cell lysate with recombinant baculovirus-
expressed feline infectious peritonitis (FIP) virus nucleocapsid
protein against progression of FIP. Vet Microbiol. (2003) 97:31-44.
doi: 10.1016/j.vetmic.2003.09.016

Bergmann M, Freisl M, Hartmann K, Speck S, Truyen U, Zablotski Y,
et al. Antibody response to canine parvovirus vaccination in dogs with
hyperadrenocorticism treated with trilostane. Vaccines. (2020) 8:30547.
doi: 10.3390/vaccines8030547

Mohsen MO, Gomes AC, Vogel M, Bachmann MF. Interaction of viral
capsid-derived virus-like particles (VLPs) with the innate immune system.
Vaccines. (2018) 6:30037. doi: 10.3390/vaccines6030037

Lopez-Macias C. Virus-like particle (VLP)-based vaccines for pandemic
influenza: performance of a VLP vaccine during the 2009 influenza
pandemic. Hum Vaccin Immunother. (2012) 8:411-4. doi: 10.4161/hv.18757
Rynda-Apple A, Patterson DP, Douglas T. Virus-like particles as antigenic
nanomaterials for inducing protective immune responses in the lung.
Nanomedicine. (2014) 9:1857-68. doi: 10.2217/nnm.14.107
Cimica V, Galarza JM. Adjuvant formulations for
particle (VLP) based vaccines. (2017)
doi: 10.1016/j.clim.2017.08.004

Liu E Wu X, Zou Y, Li L, Wang Z. Peste des petits ruminants
virus-like particles induce both complete virus-specific antibodies and
virus neutralizing antibodies in mice. J Virol Methods. (2015) 213:45-9.
doi: 10.1016/j.jviromet.2014.11.018

Yan E Banadyga L, Zhao Y, Zhao Z, Schiffman Z, Huang P, et al.
Peste des petits ruminants virus-like particles induce a potent humoral
and cellular immune response in goats. Viruses. (2019) 11:100918.
doi: 10.3390/v11100918

Vaccine.

virus-like

Clin  Immunol. 183:99-108.

Frontiers in Veterinary Science | www.frontiersin.org

November 2021 | Volume 8 | Article 697194


https://doi.org/10.3390/pathogens9110897
https://doi.org/10.1111/tbed.13068
https://doi.org/10.2903/j.efsa.2017.4952
https://doi.org/10.3390/pathogens7010029
https://doi.org/10.3390/v12101134
https://doi.org/10.1016/j.vaccine.2012.10.070
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1038/nm.3409
https://doi.org/10.1016/j.vaccine.2018.05.093
https://doi.org/10.1073/pnas.2020368118
https://doi.org/10.1038/s41586-020-2538-8
https://doi.org/10.1177/003335491312800203
https://doi.org/10.3389/fimmu.2020.00283
https://doi.org/10.1021/acscentsci.0c00272
https://doi.org/10.1128/JVI.02015-19
https://doi.org/10.1038/srep28768
https://doi.org/10.1016/j.vetmic.2017.08.014
https://doi.org/10.1002/pmic.201300096
https://doi.org/10.1074/jbc.M111.279232
https://doi.org/10.3390/vaccines7030090
https://doi.org/10.3389/fvets.2020.554305
https://doi.org/10.1111/imr.12889
https://doi.org/10.1038/nm.2763
https://doi.org/10.1038/s41591-020-01194-5
https://doi.org/10.2174/092986609788681823
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1590/S0100-879X2012007500142
https://doi.org/10.3389/fimmu.2019.00594
https://doi.org/10.1038/s41541-020-00238-8
https://doi.org/10.1016/j.vaccine.2008.09.044
https://doi.org/10.1016/j.vetmic.2003.09.016
https://doi.org/10.3390/vaccines8030547
https://doi.org/10.3390/vaccines6030037
https://doi.org/10.4161/hv.18757
https://doi.org/10.2217/nnm.14.107
https://doi.org/10.1016/j.clim.2017.08.004
https://doi.org/10.1016/j.jviromet.2014.11.018
https://doi.org/10.3390/v11100918
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Belyaev AS, Roy P. Development of baculovirus triple and quadruple
expression vectors: co-expression of three or four bluetongue virus proteins
and the synthesis of bluetongue virus-like particles in insect cells. Nucleic
Acids Res. (1993) 21:1219-23. doi: 10.1093/nar/21.5.1219

Stewart M, Bhatia Y, Athmaran TN, Noad R, Gastaldi C, Dubois E, et al.
Validation of a novel approach for the rapid production of immunogenic
virus-like particles for bluetongue virus. Vaccine. (2010) 28:3047-54.
doi: 10.1016/j.vaccine.2009.10.072

Stewart M, Dovas CI, Chatzinasiou E, Athmaram TN, Papanastassopoulou
M, Papadopoulos O, et al. Protective efficacy of Bluetongue virus-like
and subvirus-like particles in sheep: presence of the serotype-specific VP2,
independent of its geographic lineage, is essential for protection. Vaccine.
(2012) 30:2131-9. doi: 10.1016/j.vaccine.2012.01.042

Stewart M, Dubois E, Sailleau C, Breard E, Viarouge C, Desprat A, et al.
Bluetongue virus serotype 8 virus-like particles protect sheep against virulent
virus infection as a single or multi-serotype cocktail immunogen. Vaccine.
(2013) 31:553-8. doi: 10.1016/j.vaccine.2012.11.016

Rybicki EP. Plant-made vaccines for humans and animals. Plant Biotechnol
J. (2010) 8:620-37. doi: 10.1111/j.1467-7652.2010.00507.x

Perez de Diego AC, Athmaram TN, Stewart M, Rodriguez-Sanchez B,
Sanchez-Vizcaino JM, Noad R, et al. Characterization of protection
afforded by a bivalent virus-like particle vaccine against bluetongue
virus serotypes 1 and 4 in sheep. PLoS ONE. (2011) 6:26666.
doi: 10.1371/journal.pone.0026666

Roy P. Genetically engineered structure-based vaccine for bluetongue
disease. Vet Ital. (2004) 40:594-600.

Feenstra F, van Rijn PA. Current and next-generation bluetongue vaccines:
requirements, strategies, and prospects for different field situations. Crit Rev
Microbiol. (2017) 43:142-55. doi: 10.1080/1040841X.2016.1186005

Chen Q, Lai H. Plant-derived virus-like particles as vaccines. Hum Vaccin
Immunother. (2013) 9:26-49. doi: 10.4161/hv.22218

Callens N, Brugger B, Bonnafous P, Drobecq H, Gerl M]J, Krey T,
et al. Morphology and molecular composition of purified bovine
viral diarrhea virus envelope. PLoS Pathog. (2016) 12:¢1005476.
doi: 10.1371/journal.ppat.1005476

Wang Z, Liu M, Zhao H, Wang P, Ma W, Zhang Y, et al. Induction
of robust and specific humoral and cellular immune responses by
bovine viral diarrhea virus virus-like particles (BVDV-VLPs) engineered
with baculovirus expression vector system. Vaccines. (2021) 9:40350.
doi: 10.3390/vaccines9040350

Nelson G, Marconi P, Periolo O, La Torre J, Alvarez MA. Immunocompetent
truncated E2 glycoprotein of bovine viral diarrhea virus (BVDV)
expressed in Nicotiana tabacum plants: a candidate antigen for
new generation of veterinary vaccines. Vaccine. (2012) 30:4499-504.
doi: 10.1016/j.vaccine.2012.04.068

Perez Aguirreburualde MS, Gomez MC, Ostachuk A, Wolman F, Albanesi
G, Pecora A, et al. Efficacy of a BVDV subunit vaccine produced in
alfalfa transgenic plants. Vet Immunol Immunopathol. (2013) 151:315-24.
doi: 10.1016/j.vetimm.2012.12.004

Ruiz V, Mozgovoj MV, Dus Santos M]J, Wigdorovitz A. Plant-produced viral
bovine vaccines: what happened during the last 10 years? Plant Biotechnol J.
(2015) 13:1071-7. doi: 10.1111/pbi.12440

Pecora A, Malacari DA, Perez Aguirreburualde MS, Bellido D, Nunez MC,
Dus Santos MJ, et al. Development of an APC-targeted multivalent E2-based
vaccine against Bovine Viral Diarrhea Virus types 1 and 2. Vaccine. (2015)
33:5163-71. doi: 10.1016/j.vaccine.2015.07.106

Xiao Y, Zhang S, Yan H, Geng X, Wang Y, Xu X, et al. The high immunity
induced by the virus-like particles of foot-and-mouth disease virus serotype
O. Front Vet Sci. (2021) 8:633706. doi: 10.3389/fvets.2021.633706

Nunez JI, Molina N, Baranowski E, Domingo E, Clark S, Burman A, et al.
Guinea pig-adapted foot-and-mouth disease virus with altered receptor
recognition can productively infect a natural host. J Virol. (2007) 81:8497-
506. doi: 10.1128/JV1.00340-07

Liu Y, Wen Z, Carrion R Jr, Nunneley J, Staples H, Ticer A, et al. Intradermal
immunization of EBOV VLPs in guinea pigs induces broader antibody
responses against GP than intramuscular injection. Front Microbiol. (2020)
11:304. doi: 10.3389/fmicb.2020.00304

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Khodai T, Chappell D, Christy C, Cockle P, Eyles J, Hammond D,
et al. Single and combination herpes simplex virus type 2 glycoprotein
vaccines adjuvanted with CpG oligodeoxynucleotides or monophosphoryl
lipid A exhibit differential immunity that is
protection in animal models. Clin Vaccine Immunol. (2011) 18:1702-9.
doi: 10.1128/CVI.05071-11

Martins KAO, Cooper CL, Stronsky SM, Norris SLW, Kwilas SA, Steffens
JT, et al. Adjuvant-enhanced CD4T cell responses are critical to durable
vaccine immunity. EBioMedicine. (2016) 3:67-78. doi: 10.1016/j.ebiom.2015.
11.041

Porta C, Xu X, Loureiro S, Paramasivam S, Ren ], Al-Khalil T, et al. Efficient
production of foot-and-mouth disease virus empty capsids in insect cells
following down regulation of 3C protease activity. J Virol Methods. (2013)
187:406-12. doi: 10.1016/j.jviromet.2012.11.011

Newman ], Rowlands D], Tuthill T]. An engineered maturation cleavage
provides a recombinant mimic of foot-and-mouth disease virus capsid
assembly-disassembly. Life. (2021) 11:60500. doi: 10.3390/life11060500
Belsham GJ. Towards improvements in foot-and-mouth disease
vaccine performance. Acta Vet Scand. (2020) 62:20. doi: 10.1186/
513028-020-00519-1

Mohana Subramanian B, Madhanmohan M, Sriraman R, Chandrasekhar
Reddy RV, Yuvaraj S, Manikumar K, et al. Development of foot-and-
mouth disease virus (FMDV) serotype O virus-like-particles (VLPs)
vaccine and evaluation of its potency. Antiviral Res. (2012) 96:288-95.
doi: 10.1016/j.antiviral.2012.09.019

Liu X, Fang Y, Zhou P, Lu Y, Zhang Q, Xiao S, et al. Chimeric virus-
like particles elicit protective immunity against serotype O foot-and-mouth
disease virus in guinea pigs. Appl Microbiol Biotechnol. (2017) 101:4905-14.
doi: 10.1007/s00253-017-8246-0

Rangel G, Martin V, Barcena J, Blanco E, Alejo A. An adenovirus
vector expressing FMDV RNA polymerase combined with a chimeric VLP
harboring a neutralizing epitope as a prime boost strategy to induce FMDV-
specific humoral and cellular responses. Pharmaceuticals. (2021) 14:70675.
doi: 10.3390/ph14070675

Mena JA, Kamen AA. Insect cell technology is a versatile and robust
vaccine manufacturing platform. Expert Rev Vaccines. (2011) 10:1063-81.
doi: 10.1586/erv.11.24

Crisci E, Barcena ], Montoya M. Virus-like particle-based vaccines
for animal viral infections. Inmunologia. (2013)  32:102-16.
doi: 10.1016/j.inmuno.2012.08.002

Cao Y, Lu Z, Sun ], Bai X, Sun P, Bao H, et al. Synthesis of empty
capsid-like particles of Asia I foot-and-mouth disease virus in insect cells
and their immunogenicity in guinea pigs. Vet Microbiol. (2009) 137:10-7.
doi: 10.1016/j.vetmic.2008.12.007

Roy P, Urakawa T, Van Dijk AA, Erasmus BJ. Recombinant virus
vaccine for bluetongue disease in sheep. ] Virol. (1990) 64:1998-2003.
doi: 10.1128/jvi.64.5.1998-2003.1990
Roy P, French T, Erasmus BJ.
like particles for bluetongue disease.
doi: 10.1016/0264-410X(92)90415-G
Naslund J, Lagerqvist N, Habjan M, Lundkvist A, Evander M, Ahlm
C, et al. Vaccination with virus-like particles protects mice from
lethal infection of Rift Valley Fever Virus. Virology. (2009) 385:409-15.
doi: 10.1016/j.virol.2008.12.012
Doel TR. FMD  vaccines.
doi: 10.1016/S0168-1702(02)00261-7
Pluimers FH. Foot-and-Mouth disease control using vaccination: the Dutch
experience in 2001. Dev Biol. (2004) 119:41-9.

van Oirschot JT, Kaashoek M]J, Rijsewijk FA. Advances in the development
and evaluation of bovine herpesvirus 1 vaccines. Vet Microbiol. (1996)
53:43-54. doi: 10.1016/S0378-1135(96)01233-3

Wong CL, Yong CY, Ong HK, Ho KL, Tan WS. Advances in the
diagnosis of foot-and-mouth disease. Front Vet Sci. (2020) 7:477.
doi: 10.3389/fvets.2020.00477

Yoshida Y, Horii K, Sakai N, Masuda H, Furuichi M, Waga I. Antibody-
specific aptamer-based PCR analysis for sensitive protein detection. Anal
Bioanal Chem. (2009) 395:1089-96. doi: 10.1007/500216-009-3041-0

not correlated to

Protective
Vaccine.

efficacy of virus-
(1992) 10:28-32.

Virus  Res. (2003)  91:81-99.

Frontiers in Veterinary Science | www.frontiersin.org

15

November 2021 | Volume 8 | Article 697194


https://doi.org/10.1093/nar/21.5.1219
https://doi.org/10.1016/j.vaccine.2009.10.072
https://doi.org/10.1016/j.vaccine.2012.01.042
https://doi.org/10.1016/j.vaccine.2012.11.016
https://doi.org/10.1111/j.1467-7652.2010.00507.x
https://doi.org/10.1371/journal.pone.0026666
https://doi.org/10.1080/1040841X.2016.1186005
https://doi.org/10.4161/hv.22218
https://doi.org/10.1371/journal.ppat.1005476
https://doi.org/10.3390/vaccines9040350
https://doi.org/10.1016/j.vaccine.2012.04.068
https://doi.org/10.1016/j.vetimm.2012.12.004
https://doi.org/10.1111/pbi.12440
https://doi.org/10.1016/j.vaccine.2015.07.106
https://doi.org/10.3389/fvets.2021.633706
https://doi.org/10.1128/JVI.00340-07
https://doi.org/10.3389/fmicb.2020.00304
https://doi.org/10.1128/CVI.05071-11
https://doi.org/10.1016/j.ebiom.2015.11.041
https://doi.org/10.1016/j.jviromet.2012.11.011
https://doi.org/10.3390/life11060500
https://doi.org/10.1186/s13028-020-00519-1
https://doi.org/10.1016/j.antiviral.2012.09.019
https://doi.org/10.1007/s00253-017-8246-0
https://doi.org/10.3390/ph14070675
https://doi.org/10.1586/erv.11.24
https://doi.org/10.1016/j.inmuno.2012.08.002
https://doi.org/10.1016/j.vetmic.2008.12.007
https://doi.org/10.1128/jvi.64.5.1998-2003.1990
https://doi.org/10.1016/0264-410X(92)90415-G
https://doi.org/10.1016/j.virol.2008.12.012
https://doi.org/10.1016/S0168-1702(02)00261-7
https://doi.org/10.1016/S0378-1135(96)01233-3
https://doi.org/10.3389/fvets.2020.00477
https://doi.org/10.1007/s00216-009-3041-0
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Balamurugan V, Kumar RM, Suryanarayana VV. Past and present vaccine
development strategies for the control of foot-and-mouth disease. Acta Virol.
(2004) 48:201-14.

Grubman M]J. Development of novel strategies to control foot-and-mouth
disease: marker vaccines and antivirals. Biologicals. (2005) 33:227-34.
doi: 10.1016/j.biologicals.2005.08.009

Saminathan M, Singh KP, Khorajiya JH, Dinesh M, Vineetha S, Maity M,
et al. An updated review on bluetongue virus: epidemiology, pathobiology,
and advances in diagnosis and control with special reference to India. Vet Q.
(2020) 40:258-321. doi: 10.1080/01652176.2020.1831708

Pasick J. Application of DIVA vaccines and their companion diagnostic tests
to foreign animal disease eradication. Anim Health Res Rev. (2004) 5:257-62.
doi: 10.1079/AHR200479

van Rijn PA. Prospects of next-generation vaccines for bluetongue. Front Vet
Sci. (2019) 6:407. doi: 10.3389/fvets.2019.00407

Kyriakidis NC, Lopez-Cortes A, Gonzalez EV, Grimaldos AB, Prado
EO. SARS-CoV-2 vaccines strategies: a comprehensive review of phase 3
candidates. NPJ Vaccines. (2021) 6:28. doi: 10.1038/s41541-021-00292-w
Robert-Guroff M. Replicating and non-replicating viral vectors
for vaccine development. Curr Opin Biotechnol. (2007) 18:546-56.
doi: 10.1016/j.copbio.2007.10.010

Matthews QL. Capsid-incorporation of antigens into adenovirus capsid
proteins for a vaccine approach. Mol Pharm. (2011) 8:3-11. doi: 10.1021/
mp100214b

Jimenez-Cabello L, Utrilla-Trigo S, Calvo-Pinilla E, Moreno S, Nogales
A, Ortego J, et al. Viral vector vaccines against bluetongue virus.
Microorganisms. (2020) 9:10042. doi: 10.3390/microorganisms9010042
Shaw AE, Ratinier M, Nunes SE, Nomikou K, Caporale M, Golder M, et al.
Reassortment between two serologically unrelated bluetongue virus strains
is flexible and can involve any genome segment. J Virol. (2013) 87:543-57.
doi: 10.1128/JVI1.02266-12

Teffera M, Babiuk S. Potential of using capripoxvirus vectored vaccines
against arboviruses in sheep, goats, and cattle. Front Vet Sci. (2019) 6:450.
doi: 10.3389/fvets.2019.00450

McVey DS, MacLachlan NJ. Vaccines for prevention of bluetongue and
epizootic hemorrhagic disease in livestock: a North American Perspective.
Vector Borne Zoonotic Dis. (2015) 15:385-96. doi: 10.1089/vbz.2014.1698
Conrad §J, Liu J. Poxviruses as gene therapy vectors: generating poxviral
vectors expressing therapeutic transgenes. Methods Mol Biol. (2019)
1937:189-209. doi: 10.1007/978-1-4939-9065-8_11

Calvo-Pinilla E, Castillo-Olivares J, Jabbar T, Ortego J, de la Poza F, Marin-
Lopez A. Recombinant vaccines against bluetongue virus. Virus Res. (2014)
182:78-86. doi: 10.1016/j.virusres.2013.11.013

Franceschi V, Capocefalo A, Calvo-Pinilla E, Redaelli M, Mucignat-
Caretta C, Mertens P, et al. Immunization of knock-out alpha/beta
interferon receptor mice against lethal bluetongue infection with a BoHV-
4-based vector expressing BTV-8 VP2 antigen. Vaccine. (2011) 29:3074-82.
doi: 10.1016/j.vaccine.2011.01.075

Martin V, Pascual E, Avia M, Pena L, Valcarcel F, Sevilla N. Protective
efficacy in sheep of adenovirus-vectored vaccines against bluetongue virus
is associated with specific T cell responses. PLoS ONE. (2015) 10:e0143273.
doi: 10.1371/journal.pone.0143273

Chang J. Adenovirus vectors: excellent tools for vaccine development.
Immune Netw. (2021) 21:e6. doi: 10.4110/in.2021.21.e6

Bouet-Cararo C, Contreras V, Caruso A, Top S, Szelechowski M,
Bergeron C, et al. Expression of VP7, a Bluetongue virus group specific
antigen by viral vectors: analysis of the induced immune responses and
evaluation of protective potential in sheep. PLoS ONE. (2014) 9:e111605.
doi: 10.1371/journal.pone.0111605

Warimwe GM, Gesharisha J, Carr BV, Otieno S, Otingah K, Wright D, et al.
Chimpanzee adenovirus vaccine provides multispecies protection against rift
valley fever. Sci Rep. (2016) 6:20617. doi: 10.1038/srep20617

Rojas JM, Moreno H, Valcarcel F, Pena L, Sevilla N, Martin V. Vaccination
with recombinant adenoviruses expressing the peste des petits ruminants
virus F or H proteins overcomes viral immunosuppression and induces
protective immunity against PPRV challenge in sheep. PLoS ONE. (2014)
9:€101226. doi: 10.1371/journal.pone.0101226

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

208.

Medina GN, Montiel N, Diaz-San Segundo F, Sturza D, Ramirez-Medina
E, Grubman M]J, et al. Evaluation of a fiber-modified adenovirus vector
vaccine against foot-and-mouth disease in cattle. Clin Vaccine Immunol.
(2015) 23:125-36. doi: 10.1128/CV1.00426-15

Barrera J, Schutta C, Pisano M, Grubman MJ, Brake DA, Miller T, et al. Use
of ENABL(R) adjuvant to increase the potency of an adenovirus-vectored
foot-and-mouth disease virus serotype A subunit vaccine. Vaccine. (2018)
36:1078-84. doi: 10.1016/j.vaccine.2018.01.026

Schutta C, Barrera ], Pisano M, Zsak L, Grubman M], Mayr GA, et al.
Multiple efficacy studies of an adenovirus-vectored foot-and-mouth disease
virus serotype A24 subunit vaccine in cattle using homologous challenge.
Vaccine. (2016) 34:3214-20. doi: 10.1016/j.vaccine.2015.12.018

Barrera J, Brake DA, Kamicker BJ, Purcell C, Kaptur R Jr, Schieber T, et al.
Safety profile of a replication-deficient human adenovirus-vectored foot-
and-mouth disease virus serotype A24 subunit vaccine in cattle. Transbound
Emerg Dis. (2018) 65:447-55. doi: 10.1111/tbed.12724

Neilan JG, Schutta C, Barrera J, Pisano M, Zsak L, Hartwig E, et al. Efficacy
of an adenovirus-vectored foot-and-mouth disease virus serotype A subunit
vaccine in cattle using a direct contact transmission model. BMC Vet Res.
(2018) 14:254. doi: 10.1186/s12917-018-1582-1

Williams JA, Carnes AE, Hodgson CP. Plasmid DNA vaccine vector design:
impact on efficacy, safety and upstream production. Biotechnol Adv. (2009)
27:353-70. doi: 10.1016/j.biotechadv.2009.02.003

Williams JA. Vector design for improved DNA vaccine efficacy, safety and
production. Vaccines. (2013) 1:225-49. doi: 10.3390/vaccines1030225

Liu MA. A comparison of plasmid DNA and mRNA as vaccine technologies.
Vaccines. (2019) 7:20037. doi: 10.3390/vaccines7020037

Zhao LS, Qin S, Zhou TY, Tang H, Liu L, Lei B]. DNA-based vaccination
induces humoral and cellular immune responses against hepatitis B virus
surface antigen in mice without activation of C-myc. World ] Gastroenterol.
(2000) 6:239-43. doi: 10.3748/wjg.v6.i2.239

Shedlock DJ, Weiner DB. DNA vaccination: antigen presentation and the
induction of immunity. J Leukoc Biol. (2000) 68:793-806.

Redding L, Weiner DB. DNA vaccines in veterinary use. Expert Rev Vaccines.
(2009) 8:1251-76. doi: 10.1586/erv.09.77

Bolhassani A, Yazdi SR. DNA immunization as an efficient strategy for
vaccination. Avicenna ] Med Biotechnol. (2009) 1:71-88.

Suradhat S, Yoo D, Babiuk LA, Griebel P, Baca-Estrada ME, DNA.
immunization with a bovine rotavirus VP4 gene induces a Th1-like immune
response in mice. Viral Immunol. (1997) 10:117-27.

Brillowska A, Dabrowski S, Rulka J, Kubis P, Buzala E, Kur J.
Protection of cattle against bovine leukemia virus (BLV) infection could
be attained by DNA vaccination. Acta Biochim Pol. (1999) 46:971-6.
doi: 10.18388/abp.1999_4121

Taylor G, Bruce C, Barbet AF, Wyld SG, Thomas LH. DNA vaccination
against respiratory syncytial virus in young calves. Vaccine. (2005) 23:1242—
50. doi: 10.1016/j.vaccine.2004.09.005

Biswas S, Bandyopadhyay S, Dimri U, Patra PH. Bovine herpesvirus-
1 (BHV-1) - a re-emerging concern in livestock: a revisit to its
biology, epidemiology, diagnosis, and prophylaxis. Vet Q. (2013) 33:68-81.
doi: 10.1080/01652176.2013.799301

Lemaire M, Weynants V, Godfroid J, Schynts F, Meyer G, Letesson JJ,
et al. Effects of bovine herpesvirus type 1 infection in calves with maternal
antibodies on immune response and virus latency. J Clin Microbiol. (2000)
38:1885-94. doi: 10.1128/JCM.38.5.1885-1894.2000

Loehr BI, Rankin R, Pontarollo R, King T, Willson P, Babiuk LA, et al.
Suppository-mediated DNA immunization induces mucosal immunity
against bovine herpesvirus-1 in cattle. Virology. (2001) 289:327-33.
doi: 10.1006/viro.2001.1143

. Manoj S, Griebel PJ, Babiuk LA, van Drunen Littel-van den Hurk

S. Modulation of immune responses to bovine herpesvirus-1 in cattle
by immunization with a DNA vaccine encoding glycoprotein D as
a fusion protein with bovine CD154. Immunology. (2004) 112:328-38.
doi: 10.1111/.1365-2567.2004.01877.x

Zheng C, Babiuk LA, van Drunen Littel-van den Hurk S. Bovine herpesvirus
1 VP22 enhances the efficacy of a DNA vaccine in cattle. J Virol. (2005)
79:1948-53. doi: 10.1128/JV1.79.3.1948-1953.2005

Frontiers in Veterinary Science | www.frontiersin.org

16

November 2021 | Volume 8 | Article 697194


https://doi.org/10.1016/j.biologicals.2005.08.009
https://doi.org/10.1080/01652176.2020.1831708
https://doi.org/10.1079/AHR200479
https://doi.org/10.3389/fvets.2019.00407
https://doi.org/10.1038/s41541-021-00292-w
https://doi.org/10.1016/j.copbio.2007.10.010
https://doi.org/10.1021/mp100214b
https://doi.org/10.3390/microorganisms9010042
https://doi.org/10.1128/JVI.02266-12
https://doi.org/10.3389/fvets.2019.00450
https://doi.org/10.1089/vbz.2014.1698
https://doi.org/10.1007/978-1-4939-9065-8_11
https://doi.org/10.1016/j.virusres.2013.11.013
https://doi.org/10.1016/j.vaccine.2011.01.075
https://doi.org/10.1371/journal.pone.0143273
https://doi.org/10.4110/in.2021.21.e6
https://doi.org/10.1371/journal.pone.0111605
https://doi.org/10.1038/srep20617
https://doi.org/10.1371/journal.pone.0101226
https://doi.org/10.1128/CVI.00426-15
https://doi.org/10.1016/j.vaccine.2018.01.026
https://doi.org/10.1016/j.vaccine.2015.12.018
https://doi.org/10.1111/tbed.12724
https://doi.org/10.1186/s12917-018-1582-1
https://doi.org/10.1016/j.biotechadv.2009.02.003
https://doi.org/10.3390/vaccines1030225
https://doi.org/10.3390/vaccines7020037
https://doi.org/10.3748/wjg.v6.i2.239
https://doi.org/10.1586/erv.09.77
https://doi.org/10.18388/abp.1999_4121
https://doi.org/10.1016/j.vaccine.2004.09.005
https://doi.org/10.1080/01652176.2013.799301
https://doi.org/10.1128/JCM.38.5.1885-1894.2000
https://doi.org/10.1006/viro.2001.1143
https://doi.org/10.1111/j.1365-2567.2004.01877.x
https://doi.org/10.1128/JVI.79.3.1948-1953.2005
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Choudhury et al.

Ruminant Viral Vaccine Development

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

222.

223.

224.

225.

226.

227.

El-Attar LMR, Thomas C, Luke ], Williams JA, Brownlie J. Enhanced
neutralising antibody response to bovine viral diarrhoea virus (BVDV)
induced by DNA vaccination in calves. Vaccine. (2015) 33:4004-12.
doi: 10.1016/j.vaccine.2015.06.017

Young NJ, Thomas CJ, Thompson I, Collins ME, Brownlie J. Immune
responses to non-structural protein 3 (NS3) of bovine viral diarrhoea virus
(BVDV) in NS3 DNA vaccinated and naturally infected cattle. Prev Vet Med.
(2005) 72:115-20. doi: 10.1016/j.prevetmed.2005.08.013

. Liang R, van den Hurk ]V, Babiuk LA, van Drunen Littel-van den Hurk S.

Priming with DNA encoding E2 and boosting with E2 protein formulated
with CpG oligodeoxynucleotides induces strong immune responses and
protection from Bovine viral diarrhea virus in cattle. ] Gen Virol. (2006)
87:2971-82. doi: 10.1099/vir.0.81737-0

Lee MJ, Jo H, Park SH, Ko MK, Kim SM, Kim B, et al. Advanced foot-
and-mouth disease vaccine platform for stimulation of simultaneous cellular
and humoral immune responses. Vaccines. (2020) 8:20254. doi: 10.3390/
vaccines8020254

Jin H, Kang Y, Xiao C, Zhu K, Ma Y, Xie Q, et al. DNA prime followed
by protein boost enhances neutralization and Thl type immunity against
FMDV. Viral Immunol. (2005) 18:539-48. doi: 10.1089/vim.2005.18.539
Wang F He XW, Jiang L, Ren D, He Y, Li DA, et al. Enhanced
immunogenicity of microencapsulated multiepitope DNA vaccine encoding
T and B cell epitopes of foot-and-mouth disease virus in mice. Vaccine.
(2006) 24:2017-26. doi: 10.1016/j.vaccine.2005.11.042

Hegde NR, Kaveri SV, Bayry J. Recent advances in the administration
of vaccines for infectious diseases: microneedles as painless delivery
devices for mass vaccination. Drug Discov Today. (2011) 16:1061-8.
doi: 10.1016/j.drudis.2011.07.004

Koutsonanos DG, del Pilar Martin M, Zarnitsyn VG, Sullivan SP,
Compans RW, Prausnitz MR, et al. Transdermal influenza immunization
with vaccine-coated microneedle arrays. PLoS ONE. (2009) 4:e4773.
doi: 10.1371/journal.pone.0004773

Nicolas JE, Guy B. Intradermal, epidermal and transcutaneous vaccination:
from immunology to clinical practice. Expert Rev Vaccines. (2008) 7:1201-14.
doi: 10.1586/14760584.7.8.1201

Warger T, Schild H, Rechtsteiner G. Initiation of adaptive immune
responses by transcutaneous immunization. Immunol Lett. (2007) 109:13-
20. doi: 10.1016/j.imlet.2007.01.007

Stoitzner P, Sparber E Tripp CH. Langerhans cells as targets for
immunotherapy against skin cancer. Immunol Cell Biol. (2010) 88:431-7.
doi: 10.1038/icb.2010.31

Zhang L, Wang W, Wang S. Effect of vaccine administration modality
on immunogenicity and efficacy. Expert Rev Vaccines. (2015) 14:1509-23.
doi: 10.1586/14760584.2015.1081067

. Yusuf H, Kett V. Current prospects and future challenges for

nasal vaccine delivery. Hum Vaccin Immunother. (2017) 13:34-45.
doi: 10.1080/21645515.2016.1239668

Vela Ramirez JE, Sharpe LA, Peppas NA. Current state and challenges
in developing oral vaccines. Adv Drug Deliv Rev. (2017) 114:116-31.
doi: 10.1016/j.addr.2017.04.008

Su E Patel GB, Hu S, Chen W. Induction of mucosal immunity through
systemic immunization: Phantom or reality? Hum Vaccin Immunother.
(2016) 12:1070-9. doi: 10.1080/21645515.2015.1114195

Celma CC, Boyce M, van Rijn PA, Eschbaumer M, Wernike K, Hoffmann
B, et al. Rapid generation of replication-deficient monovalent and
multivalent vaccines for bluetongue virus: protection against virulent virus
challenge in cattle and sheep. J Virol. (2013) 87:9856-64. doi: 10.1128/JVI.
01514-13

Bambini S, Rappuoli R. The use of genomics in microbial vaccine
development. Drug Discov Today. (2009) 14:252-60. doi: 10.1016/j.drudis.
2008.12.007

Seib KL, Dougan G, Rappuoli R. The key role of genomics in modern
vaccine and drug design for emerging infectious diseases. PLoS Genet. (2009)
5:¢1000612. doi: 10.1371/journal.pgen.1000612

Casanova JL, Abel L. The human genetic determinism of life-threatening
infectious diseases: genetic heterogeneity and physiological homogeneity?
Hum Genet. (2020) 139:681-94. doi: 10.1007/s00439-020-02184-w

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242,

243.

Vitorino LC, Bessa LA. Technological microbiology: development and
applications. Front Microbiol. (2017) 8:827. doi: 10.3389/fmicb.2017.00827
Balloux E van Dorp L. Q&A: what are pathogens, and what have they done
to and for us? BMC Biol. (2017) 15:91. doi: 10.1186/s12915-017-0433-z

Sette A, Rappuoli R. Reverse vaccinology: developing vaccines in the era of
genomics. Immunity. (2010) 33:530-41. doi: 10.1016/j.immuni.2010.09.017
Kerkhofs P, Renjifo X, Toussaint JE Letellier C, Vanopdenbosch E,
Wellemans G. Enhancement of the immune response and virological
protection of calves against bovine herpesvirus type 1 with an inactivated
gE-deleted vaccine. Vet Rec. (2003) 152:681-6. doi: 10.1136/vr.152.22.681

Li P, Bai X, Sun P, Li D, Lu Z, Cao Y, et al. Evaluation of a genetically
modified foot-and-mouth disease virus vaccine candidate generated by
reverse genetics. BMC Vet Res. (2012) 8:57. doi: 10.1186/1746-6148-8-57
Boyce M, Celma CC, Roy P. Development of reverse genetics systems
for bluetongue virus: recovery of infectious virus from synthetic RNA
transcripts. J Virol. (2008) 82:8339-48. doi: 10.1128/JVI.00808-08

Nogales A, Baker S, Domm W, Martinez-Sobrido L. Development and
applications of single-cycle infectious influenza A virus (scilAV). Virus Res.
(2016) 216:26-40. doi: 10.1016/j.virusres.2015.07.013

Oli AN, Obialor WO, Ifeanyichukwu MO, Odimegwu DC, Okoyeh JN,
Emechebe GO, et al. Immunoinformatics and vaccine development: an
overview. Immunotargets Ther. (2020) 9:13-30. doi: 10.2147/ITT.S241064
He Y, Rappuoli R, De Groot AS, Chen RT. Emerging vaccine informatics.
] Biomed Biotechnol. (2010) 2010:218590. doi: 10.1155/2010/218590

Tung CH, Chang YS, Chang KP, Chu YW. NIgPred: class-specific
antibody prediction for linear B-cell epitopes based on heterogeneous
features and machine-learning approaches. Viruses. (2021) 13:81531.
doi: 10.3390/v13081531

Sanchez-Trincado JL, Gomez-Perosanz M, Reche PA. Fundamentals and
Methods for T- and B-cell epitope prediction. J Immunol Res. (2017)
2017:2680160. doi: 10.1155/2017/2680160

Singh J, Malik D, Raina A. Immuno-informatics approach for B-cell and
T-cell epitope based peptide vaccine design against novel COVID-19 virus.
Vaccine. (2021) 39:1087-95. doi: 10.1016/j.vaccine.2021.01.011

Zargaran FN, Akya A, Rezaeian S, Ghadiri K, Lorestani RC, Madanchi H,
et al. B Cell epitopes of four fimbriae antigens of Klebsiella pneumoniae: a
comprehensive in silico study for vaccine development. Int J Pept Res Ther.
(2020) 2020:1-12. doi: 10.1007/s10989-020-10134-3

He Y, Xiang Z, Mobley HL. Vaxign: the first web-based vaccine design
program for reverse vaccinology and applications for vaccine development.
] Biomed Biotechnol. (2010) 2010:297505. doi: 10.1155/2010/297505

Fleri W, Paul S, Dhanda SK, Mahajan S, Xu X, Peters B, et al
The immune epitope database and analysis resource in epitope
discovery and synthetic vaccine design. Front Immunol. (2017) 8:278.
doi: 10.3389/fimmu.2017.00278

Madampage CA, Rawlyk N, Crockford G, Wang Y, White AP, Brownlie
R, et al. Reverse vaccinology as an approach for developing Histophilus
somni vaccine candidates. Biologicals. (2015) 43:444-51. doi: 10.1016/
j.biologicals.2015.09.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Choudhury, Ma, Dang, Li and Zheng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Veterinary Science | www.frontiersin.org

November 2021 | Volume 8 | Article 697194


https://doi.org/10.1016/j.vaccine.2015.06.017
https://doi.org/10.1016/j.prevetmed.2005.08.013
https://doi.org/10.1099/vir.0.81737-0
https://doi.org/10.3390/vaccines8020254
https://doi.org/10.1089/vim.2005.18.539
https://doi.org/10.1016/j.vaccine.2005.11.042
https://doi.org/10.1016/j.drudis.2011.07.004
https://doi.org/10.1371/journal.pone.0004773
https://doi.org/10.1586/14760584.7.8.1201
https://doi.org/10.1016/j.imlet.2007.01.007
https://doi.org/10.1038/icb.2010.31
https://doi.org/10.1586/14760584.2015.1081067
https://doi.org/10.1080/21645515.2016.1239668
https://doi.org/10.1016/j.addr.2017.04.008
https://doi.org/10.1080/21645515.2015.1114195
https://doi.org/10.1128/JVI.01514-13
https://doi.org/10.1016/j.drudis.2008.12.007
https://doi.org/10.1371/journal.pgen.1000612
https://doi.org/10.1007/s00439-020-02184-w
https://doi.org/10.3389/fmicb.2017.00827
https://doi.org/10.1186/s12915-017-0433-z
https://doi.org/10.1016/j.immuni.2010.09.017
https://doi.org/10.1136/vr.152.22.681
https://doi.org/10.1186/1746-6148-8-57
https://doi.org/10.1128/JVI.00808-08
https://doi.org/10.1016/j.virusres.2015.07.013
https://doi.org/10.2147/ITT.S241064
https://doi.org/10.1155/2010/218590
https://doi.org/10.3390/v13081531
https://doi.org/10.1155/2017/2680160
https://doi.org/10.1016/j.vaccine.2021.01.011
https://doi.org/10.1007/s10989-020-10134-3
https://doi.org/10.1155/2010/297505
https://doi.org/10.3389/fimmu.2017.00278
https://doi.org/10.1016/j.biologicals.2015.09.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Recent Development of Ruminant Vaccine Against Viral Diseases
	Introduction
	Host Defense Mechanism
	Ruminant Viral Vaccines
	Live-Attenuated Ruminant Vaccine
	Inactivated or Killed Ruminant Vaccine
	Subunit Vaccines and Virus-Like Particles (VLPs)
	Diva (Differentiating Infected From Vaccinated Animals) Vaccine
	Vectored Vaccine
	DNA and RNA Vaccine
	Vaccine Delivery Systems
	Molecular Biology Techniques and Bioinformatics Analysis Are Being Used in the Production of Next Generation Vaccines
	Conclusion
	Author Contributions
	Funding
	References


