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Pseudorabies virus (PRV) is a double-stranded, DNA-based swine virus with a genome approximating 150 kb in size. PRV has
many nonessential genes which can be replaced with genes encoding heterologous antigens but without deleterious effects on virus
propagation. Recombinant PRVs expressing both native and foreign antigens are able to stimulate immune responses. In this paper,
we review the current status of live attenuated recombinant PRVs and live PRV-based vector vaccines with potential for controlling
viral infections in animals.

1. Introduction

1.1. Background Information on PRV. Pseudorabies virus
(PRV) is a member of the family Herpesviridae, subfamily
Alphaherpesvirinae [1] and the causative agent of pseudora-
bies (PR) or Aujezsky’s disease. Infections with PRV result
in nervous disorders, respiratory distress, weight loss, young
piglet death, and abortion [2]. The virus has a double-
stranded linear DNA genome 1.43 × 105 kb in length [3] and
contains a unique long region (UL), a unique short region
(US), a terminal repeat sequence (TRS), and internal repeat
sequences (IRS) [4].

To date, at least 11 different glycoproteins of PRV (gB,
gC, gD, gE, gG, gH, gI, gK, gL, gM, or gN) have been
identified and the genes that encode these proteins have been
sequenced. The essential glycoproteins of PRV include gB
gD, gH, gL, and gK; the others are considered nonessential
[5, 6]. There are several nonstructural proteins of PRV such
as thymus kinase (TK) and protein kinase (PK), which are
associated with virulence [6, 7]; however, this subset of genes
can be replaced by heterologous genes without affecting
infectivity or virus propagation provided the essential genes
remain intact. A schematic drawing regarding common sites
for gene insertion in the PRV genome is shown in Figure 1.

The efficacy of multivalent PRV vaccines has been inves-
tigated. Herein, we review research progress using attenu-
ated recombinant PRVs (rPRVs) as vaccine candidates with
application for advancing the development of rPRV vector
vaccines.

1.2. Introduction to Live Attenuated PRV Vaccines. Recom-
binant viruses represent a particularly promising avenue of
vaccine research both for improving existing vaccines and for
developing new ones [8, 9]. In principle, the design of PRV
vector vaccines is predicated upon the genome of live PRV
being used to insert and express genes encoding protective
antigens from other pathogens including viruses, bacteria,
and parasites [10]. The expressed foreign antigens can be
used subsequently to stimulate relevant immune responses
[11]. The existence of numerous nonessential genes in the
large PRV genome permits the simultaneous insertion of
multiple foreign genes in the hope of vaccinating against
several diseases at the same time [12].

PRV Bartha-K61 is a common parental strain of rPRV. It
is an attenuated PRV which has been passaged repeatedly in
pig kidney cells, chicken eggs, and chicken embryo cells [13].
In this strain, the complete gE and part of gI genes have been
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Figure 1: Common sites in the PRVgenome for inserting exogenous
genes. The genes encoding TK, PK, gG, gD, gI, and gE are the most
common sites for inserting exogenous sequences. The TK gene is
located within the unique long region (UL), and the PK, gG, gD,
gI and gE genes are located within the unique short region (US).
IR = internal repeat sequences; TR = terminal repeat sequence. The
drawing is not to scale.

deleted [14]. Nonetheless, this construct has met with good
success in developing multivalent vaccines to control various
infectious diseases [4, 10, 15].

The common strategy for using rPRV involves construct-
ing a transfer vector harboring a portion of the PRV genome.
This vector is transfected into susceptible cells along with the
native PRV, and then the cells are screened for the presence
of the recombinant. In addition to a portion of the PRV
genome, the transfer vector also contains a promoter, the
foreign genes of interest, and a reporter gene. PRV sequences
should appear at the start and end of the vector to permit
homologous recombination between the arms of the vector
and virus genomes. One study demonstrated that the human
cytomegalovirus (CMV) promoter is more efficient than the
PRV promotor in directing viral gene synthesis [4]. As such,
the immediate early gene promoter of CMV has become
the most common promoter used in these constructs. It
can also be used for identification of rPRVs. In addition to
conventional approaches to generating recombinants, viral
genomes can be cloned into bacterial artificial chromosome
(BAC) vectors. The use of herpesvirus BACs for generating
site-directed and transposon mutagenic recombinants has
been reviewed [16].

2. The Efficacy of Live Attenuated
PRV Vaccines

To date, most of the foreign genes that have been inserted
into the PRV genome encode key antigens derived from
animal viruses. A summary of constructs developed to date
is provided in Table 1 which includes parental PRV strains,
foreign genes, and insertion sites.The examples which follow
provide a more in-depth discussion of successes using this
technology.

2.1. PRRSV/PRV Recombinant Virus Vaccines. Porcine repro-
ductive and respiratory syndrome virus (PRRSV) is an
enveloped, positive strand RNA virus which is a member of
the familyArteriviridae [17]. It causes tremendous economic
losses worldwide and is among the most important diseases
in countries where swine are intensively raised [18–20]. The
genome of PRRSV is 15 kb in length and contains nine open
reading frames (ORFs) designated ORF1a, ORF1b, ORF2a,
ORF2b,ORF3, ORF4, ORF5, ORF6, and ORF7 [21–23].

A decade ago, an attenuated rPRV, rPRV-GP5, was devel-
oped that expresses the GP5 envelope protein of PRRSV; the
GP5 protein is encoded by ORF5. The rPRV-GP5 was able to
confer significant protection against clinical symptoms and
reduce pathogenic lesions caused by PRRSV challenge in
vaccinated pigs. Pigs immunized either with rPRV or with
PRRSV inactivated vaccine remained clinically healthy before
and after challenge. Following immunization, only a short
period (3 days) of mild fever (≤41∘C), gradually improving
lung and kidney lesions, and short-term viremia (2 and 3
weeks, resp.) resulted; however, no anti-PRRSV antibody
was detected before challenge [24]. In order to improve
the protective efficacy of rPRV-GP5, a modified GP5 gene
(GP5m) was synthesized wherein a Pan DR T-helper cell
epitope (PADRE) sequence was inserted between the N-
terminus and the neutralizing GP5 epitope. The new rPRV-
GP5m elicited a higher level of PRRSV-specific neutralizing
antibodies and cellular immune responses than the rPRV-
GP5 [25].

Recently, this group generated another construct named
rPRV-GP5m-M that expresses two major membrane-
associated proteins (GP5 and M) of PRRSV within the
same vector [11]. Mice immunized with rPRV-GP5m-M
developed PRV-specific humoral immune responses and
provided complete protection against a lethal PRV challenge.
At the same time, high levels of PRRSV-specific neutralizing
antibodies and lymphocyte proliferation responses were
observed in the immunized mice. Once proof of principle
was demonstrated in mice, studies advanced to piglets.
When compared to the commercially available PRRSV killed
vaccine, rPRV-GP5m-M immunized animals generated
higher PRRSV-specific neutralizing antibodies and higher
lymphocyte proliferation responses resulting in better
protection against PRRSV.These data indicate that PRV is an
excellent vector for developing virus-based vaccines against
PRV and PRRSV.

2.2. PCV2/PRV Recombinant Virus Vaccine. Porcine cir-
covirus type 2 (PCV2) is the primary cause of postweaning
multisystemic wasting syndrome (PMWS), which is a world-
wide disease that debilitates pigs with lymphadenopathy and
interstitial pneumonia [26, 27]. PCV2 is a single-stranded
circular DNA virus and a member of the family Circoviri-
dae [28]. PCV2 has three major ORFs; ORF1 encodes two
replication-related proteins, Rep and Rep’, which are essential
for viral DNA replication [29]; ORF2 encodes the major
capsid protein of PCV2; andORF3 encodes the nonstructural
ORF3 protein [30]. A rPRV expressing a fusion protein of
ORF1 and 2 was constructed and its immunogenicity tested
in mice and pigs [10]. The rPRV-PCV2 elicited strong anti-
PRV and anti-PCV2 antibodies in BALB/c mice wherein
rPRV-PCV2 protected mice against a lethal challenge with
a virulent PRV. In pigs, rPRV-PCV2 elicited significant
immune responses against PRV and PCV2.

A second rPRV was constructed expressing only the
ORF2 gene that was also used to immunize piglets. Results
showed that the rPRV-ORF2 elicited significant humoral



Journal of Immunology Research 3

immune responses to both PRV and PCV2 wherein PCV2-
specific lymphocyte proliferation responses could be detected
by 49 days after immunization [31]. The rPRV-ORF2 was
better at eliciting protective immune responses in piglets
than rPRV expressing both ORF1 and 2. These findings
demonstrate that rPRV-PCV2 may be a suitable bivalent
vaccine against PRV and PCV2 and that multiplicity is not
always the optimal approach to vaccine development.

2.3. FMDV/PRV Recombinant Virus Vaccine. Foot-and-
mouth disease virus (FMDV) is highly contagious and affects
all cloven-hoofed domestic animals including cattle, sheep,
goats, pigs, and buffalo [32]. It is a positive single-stranded
RNA virus approximately 8.5kb in length and belongs to the
family Picornaviridae. The FMDV capsid precursor P1-2A
is cleaved and released from the polyprotein by L protease
and processed by viral protease 3C to form four structural
proteins, VP1, VP2, VP3, and VP4 [33]. FMDV has seven
serotypes, A, O, C, Asia1, SAT1, SAT2, and SAT3, each of
which contains multiple subtypes [34–37].

Using PRV as a vector, the VP1 gene was fused to the
PRV genome. The immunogenicity of the recombinant
product was tested in 15 FMDV seronegative white pigs.
Although the antibody levels were lower than those induced
by commercially available FMDV vaccines and protection
against virulent FMDV was not observed, the rPRV-VP1
construct still alleviated clinical symptoms in infected pigs
[38]. To improve the immune response, another rPRV was
generated that expresses P1-2A of FMDV; its protective
effects were evaluated in white pigs [39]. In contrast to the
earlier version, these pigs exhibited high levels of neutralizing
antibodies to both FMDV and PRV and further showed
strong CTL responses against FMDV antigen activation.
Following challenge, replication of FMDV was significantly
lower in pigs vaccinated with the new rPRV construct when
compared to the commercially available vaccine.

Recently, another rPRV which coexpresses P1-2A and the
viral protease 3C was developed and tested in piglets [40].
These results showed that rPRV-P12A3C induced a high level
of neutralizing antibodies and FMDV-specific lymphocyte
proliferative responses. Relative to the inactivated FMDV
vaccine which provided 100% protection, the rPRV-P12A3C
induced only 60% protection in challenged piglets but was
able to reduce pathogenic lesions. These findings suggest
that rPRV-P12A3C was better at protecting piglets than the
previous constructs and support further development of
vaccines against both FMDV and PRV.Workmust now focus
on targeting other serotypes of FMDV with the hope of
finding one vaccine with good efficacy against all or most
serotypes.

2.4. PPV/PRV Recombinant Virus Vaccine. Porcine par-
vovirus (PPV) is an important cause of reproductive failure
in swine. It is characterized by fetal death, mummification,
stillbirth, and prolonged farrowing intervals [41]. PPV is
a single-strand DNA virus, which is a member of the
familyParvoviridae. Its genome is 5kb is size and contains two
large ORFs; the left ORF encodes the nonstructural protein

NS1 and the right ORF encodes three capsid proteins [42].
One of the three capsid proteins, VP2, can self-assemble
into virus-like particles (VLPs) that are immunologically
indistinguishable from inactivated whole-virus vaccines [43].

A rPRV was constructed to express the VP2 gene of
PPV [44]. Piglets vaccinated with rPRV-VP2 elicited PRV-
and PPV-specific humoral immune responses and generated
complete protection against a lethal dose of PRV.This finding
lends further support to the development of bivalent vaccines
and in particular, against PRV and PPV.

2.5. FMDV/PPV/PRV Recombinant Virus Vaccine. A rPRV
coexpressing P1-2A of FMDV and VP2 of PPV was con-
structed and used to vaccinate BALB/c mice [12]. Both total
antibody and neutralizing antibody levels to PRVwere equiv-
alent to the commercially available PRV vaccine. Protection
to FMDV or PPV was >60% when compared to inactivated
vaccines. Neutralizing antibody titers induced by the rPRV
construct against FMDV or PPV were 50% of the level
induced by their respective inactivated vaccines.

Unlike previous constructs, this vaccine candidate dem-
onstrated the feasibility of using rPRV to develop trivalent
vaccines, in particular against PRV, FMDV, and PPV. Future
work should be performed in swine to test the utility of such
vaccine in the natural host for these viruses.

2.6. CSFV/PRV Recombinant Virus Vaccine. Classical swine
fever virus (CSFV) is a significant impediment to global trade
in swine products and results in considerable financial loss
[45]. CSFV is an enveloped, positive, single-stranded RNA
virus which belongs to the genus Pestivirus of the family
Flaviviridiae [46, 47]. Its genome, which is 12.3 kb long,
encodes a single glycoprotein [48], glycoprotein El (later
called E2), which is highly immunogenic and capable of
inducing protective immune responses [49, 50].

A bivalent rPRVwas synthesized that was gD/gE negative
and that expressed glycoprotein E2. Vaccination of piglets
exhibited strong protection against both Aujeszky’s disease
and CSFV [51] supporting the use of rPRV-based bivalent
vaccines against CSFV.

2.7. SIV/PRV Recombinant Virus Vaccine. Swine influenza
virus (SIV) is a type A virus, which is enveloped and consists
of negative single-stranded RNA. It is a member of the
family Orthomyxoviridaeand its genome encodes 10 viral
proteins. RNA segment 4 contains the gene encoding the
large hemagglutinin (HA) glycoprotein which is the major
surface glycoprotein. It is also a major immunogen which
induces subtype-specific protective cellular and humoral
immune responses in animals [52, 53]. Segment 5 encodes the
nucleoprotein (NP) gene [54]

A rPRV expressing the HA gene of serotype H3N2
subtype SIV (A/Swine/Inner Mongolia/547/2001) was con-
structed [55] and its immunogenicity was tested in mice.
Upon challenge, no virus could be isolated from the vacci-
natedmice; however,mild pathological lesionswere observed
in the lungs. At the same time, the rPRV-HA construct
protected mice from challenge using a heterologous virulent
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SIV (A/Swine/Heilongjiang/74/2000) as well. The rPRV-HA
vaccine represents a candidate vaccine against SIV. Recently,
Klingbeil et al. [56] used BAC technology to generate a HA-
based vaccine derived from the swine H1N1 virus cloned into
PrV. The resulting virus showed little difference from the
parental strain. Pigs given a single injection of the vaccine
produced high levels of antibody directed at the H1N1-
derived HA protein and were protected from clinical signs of
infection when challenged.

2.8. Other rPRV Vaccines. PRV has a wide range of hosts
including swine, sheep, cattle, and dogs [3]. As such, the PRV
vector has been used to develop recombinant vaccines in
other hosts and in systems unrelated to viral protection, that
is, protozoan parasites.

2.8.1. Toxoplasma gondii/PRV Recombinants. A rPRV was
constructed expressing SAG1 from the protozoan parasite, T.
gondii [57]. The SAG1 protein domain belongs to a group
of glycosylphosphatidylinositol (GPI)-linked proteins with
SAG1 related sequences that can be found on the surface
of the parasite. The protective character of the rPRV-SAG1
construct was tested in BALB/c mice. All mice vaccinated
with the rPRV-SAG1 developed high levels of specific anti-
bodies againstT. gondii lysate antigen (TLA) and neutralizing
antibodies. In addition, they observed an increase in the
splenocyte proliferative response, IFN-𝛾 and IL-2 and strong
cytotoxic T lymphocyte responses. When the mice were
challenged with the highly virulent RH strain of T. gondii,
the rPRV-SAG1 construct induced partial protection (60%).
This is likely related to the significantly complex life cycle
of protozoan parasites and the stage specificity of SAG1
expression.

In order to improve the protective response, two addi-
tional rPRVs expressing SAG1 or the micronemal protein
MIC3 (rPRV-MIC3) were developed and used to immunize
BALB/c mice separately and simultaneously [58]. All mice
vaccinated with the rPRVs induced high levels of antibodies
to T. gondii lysate antigen, splenocyte proliferation, IFN-𝛾,
and IL-2. Further experiments indicated that rPRVs stimu-
lated humoral and cellular immune responses in vivo. The
vaccinatedmice survived a lethal challenge with T. gondii RH
strain; however, protection was not complete.

These results support previous studies showing the utility
of expressing T. gondii protective antigens in PRV as a novel
approach for developing vaccine candidates against pseu-
dorabies and toxoplasmosis; however additional research is
needed to increase the survivability of host animals to parasite
challenge. One approach is to make a multivalent vaccine
that targets more than one stage of infection or to test
other parasite antigens. Unlike viruses, parasites are far more
complex both biologically and genetically which complicates
the approach to recombinant vaccine development.

2.8.2. Schistosoma japonicum/PRV Recombinants. Three
rPRVs expressing S. japonicum glutathione S-transferase
(Sj26GST), fatty acid binding protein (SjFABP), or both were
constructed and named rPRV/Sj26GST, rPRV/SjFABP, and

rPRV/Sj26GST-SjFABP, respectively [59]. Their abilities to
protect mice and sheep against S. japonicum challenge were
evaluated.The results showed that all rPRVs induced specific
antibody responses against total worm extracts, increased
splenocyte proliferation, and elevated IFN-𝛾 and IL-2 levels
in the immunizedmice. However, better immune stimulation
was observed in animals given rPRV/Sj26GST-SjFABP than
in those given either rPRV/Sj26GST or rPRV/SjFABP.
Further, in all immunized sheep, the treatment was deemed
safe and the worm and egg burdens were demonstrably
reduced following challenge.

These results indicated that the multivalent rPRV-based
vaccines for S. japonicum can produce significant protection
and are capable of preventing infection from protozoan
parasites. However, less than 100% protection, which is very
common among putative parasite vaccines, has hindered
acceptance and further development.

2.8.3. JEV/PRV Recombinants. A rPRV expressing the NS1
protein of Japanese encephalitis virus (JEV) was constructed
[60]. Both BALB/c mice and pigs were immunized. A test
using 106 pfu, in mice, piglets, and pregnant sows indicated a
good safety profile for the rPRV. Animals given the rPRV-NS1
virus developed JEV-specific humoral and cellular immune
responses and protected the animals from a lethal challenge
with the virulent PRV Ea strain. These experiments pro-
vided evidence that the rPRV may serve as a candidate for
generating a novel vaccine that can be used for controlling
pseudorabies and Japanese encephalitis.

2.8.4. Rabies Virus/PRV Recombinants. A rPRV expressing
the rabies virus glycoprotein was constructed [61]. This
recombinant virus was deemed safe for dogs by oral and
intramuscular inoculation routes and induced protective
immune responses against both rabies and pseudorabies.
Neutralizing antibody titers against rabies and pseudorabies
were demonstrably elevated by 5 weeks after vaccination and
remained as such for at least 6 months. This experiment
indicates that constructs designed herein survived well in the
host such that the immune profile of vaccinated animals was
long-lived.

3. Other Virus Vectors

Clearly, there are other viral genomes that can serve as vaccine
vectors such as adenovirus, poxvirus, and baculovirus.These
have all been tested as delivery vehicles for exogenous
antigens that had been previously expressed in PRV vectors.
Adenoviruses are currently one of the most applied systems
for gene delivery. As vectors, they have a high capacity for the
insertion of foreign genes (5–36 kb), are able to transduce a
broad range of cell types [62], and are commercially available
in kit form for subsequent genetic modification.

Poxviruses are the largest known group of animal DNA
viruses. They have been extensively used as expression vec-
tors for vaccination, expression of large foreign genes, and
induction of cellular and humoral immune responses [63].
Among the more common poxviruses are modified vaccinia
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Table 1: General information of recombinant PRVs.

Insertion sites in PRV
genome Parental PRV strains Foreign Genes [references]

TK gene Bartha-K61 strain GP5 of PRRSV [24]
TK gene Bartha-K61 strain The HA gene of H3N2 subtype SIV [55]

Between PK and gG gene Bartha-K61 strain The major immunodominant surface antigen 1
(TgSAG1) of the protozoan parasite, T. gondii [57]

Between PK and gG gene Bartha-K61 strain The glycoprotein of rabies virus [61]

Between PK and gG gene Bartha-K61 strain
The glutathione S-transferase (Sj26GST) and the fatty
acid binding protein (SjFABP) of Schistosoma
japonicum [59]

gG gene TK-/gG-/LacZ + strain The VP1 gene of FMDV [38]
gG gene TK-/gG-/LacZ + strain The capsid precursor encoding regions of [39]

gG gene TK-/gG-/EGFP + strain The main surface antigen 1 (SAG1) and the micronemal
protein MIC3 of the protozoan parasite, T. Gondii [58]

gG gene TK-/gG-/LacZ + strain The NS1 gene of Japanese encephalitis virus [60]
gD gene gE-/gD-strain The envelope glycoprotein E2 of CSFV [51]
gI gene TK-/gE-/gI-strain The VP2 gene [44]

Between gE and gI gene TK-/gE-/gI-/LacZ + strain
Two major membrane-associated proteins (GP5 and/or
M) (GP5 contains a native GP5 and a modified GP5) of
PRRSV [11]

Between gE and gI gene TK-/gE-/LacZ + strain ORF1 and partial ORF2 gene/ ORF2 gene of PCV2
[10, 31]

Between gE and gI gene TK-/gE-/gI-strain The capsid precursor polypeptide P12A and
nonstructural protein 3C of FMDV [40]

Between gE and gI gene TK-/gE-/LacZ + strain The protein precursor P1-2A of FMDV and VP2 protein
of PPV [12]

gE gene TK-/gE-/LacZ + strain The modified GP5 [25]

virus Ankara (MVA), fowlpox virus, and orf virus. MVA has
been a smallpox vaccine for many years and more recently
it has been used as a viral vector for preventing both cancer
and infectious diseases [64]. Other examples include the use
of a canarypox-based recombinant containing the PrM and
E genes of the West Nile Virus (WNV) to induce protection
in cats and dogs. This study resulted in the expression of the
WNV genes and the induction of protective immunity [65].
The orf virus has been used to generate protective immunity
against CSV using the E2 gene [66] and pseudorabies in pigs
[67]. Inasmuch as the orf virus rarely causes system infections
and has a narrow infection host range; it is a logical choice for
developing multivalent viral vaccines.

Baculovirus is an excellent tool to overexpress recombi-
nant proteins in insect cells. Its host specificity was originally
thought to be restricted to cells derived from arthropods;
however, recent studies have shown that baculoviruses carry-
ing mammalian cell-active promoters are capable of transfer-
ring and expressing foreign genes in a variety of mammalian
cell types as well as in animal models [68]. Baculovirus
systems have been very popular because like adenoviruses,
they also are available commercially and in kit form for easy
genetic modification.

Above-mentioned viruses have also been used to develop
recombinant live viruses bearing components of PRRSV,

PCV2, FMDV, CSFV, and SIV. A comparison of key immuno-
logical efficacies among these many virus vectors is shown in
Table 2.

4. Concluding Remarks

Past successes of rPRV as a vector for expressing exogenous
antigens has resulted in new rPRVs being constructed that
are less pathogenic.There aremany advantages of rPRV. First,
live attenuated PRV has a large genome wherein half of the
genome is considered nonessential thus permitting modifi-
cation without affecting key characters such as infectivity.
Although some of these genes are associated with virulence,
their deletion and replacement by foreign genes has no
adverse effects on the propagation of PRV [31]. Representative
information regarding common insertion sites in parental
viruses is summarized in Table 1. The benefits of viral vectors
are that they not only express their own protective antigens,
but any inserted exogenous genes as well. Inasmuch as they
use host machinery to replicate and express proteins, the
resultant exogenous gene products have a higher probability
of being correctly modified or folded posttranslationally,
something which is lacking in bacterial systems. As such,
products derived from rPRVs are more likely to mimic native



6 Journal of Immunology Research

Table 2: Comparisons of immunological efficacies among different virus vectors.

Viruses and vectors Inserted gene Host Neutralizing Ab Other responses Reference
PRRSV

Canine adenovirus type 2 GP5 and M Mouse

Appeared at 14 days post
immunization (dpi)
peaked at 42 dpi
maximum titer = 16

Anti-PRRSV Ab appeared
at 14 dpi; CTL appeared at
28 dpi

[7]

Adenovirus GP5 and M Mouse
Appeared at 14 dpi
peaked at 56 dpi,
maximum titer = 102

Specific lymphocyte
proliferation responses
appeared at 28 dpi; CTL
appeared at 28 dpi

[69]

MVA (Poxvirus) GP5 and M Mouse
Appeared at 14 dpi
peaked at 70 dpi
maximum titer = 8.12

High IFN-𝛾 (72.6 pg/mL) [60]

Baculovirus GP5 and M Mouse
Appeared at 21 dpi
peaked at 42 dpi
maximum titer = 8

High IFN-𝛾 (147.84 pg/mL) [52]

PRV GP5 and M Mouse
Appeared at 42 dpi
peaked at 70 dpi
maximum titers = 21.3

[11]

GP5m and M Piglets
Appeared at 42 dpi
peaked at 84 dpi
maximum titer = 160

Anti-PRRSV Ab appeared
at 28 dpi

PCV2

Adenovirus ORF2 Piglets Titers = 1 : 36 (27 dpi)
and 1 : 48 (37 dpi)

Specific Ab appeared at
10 dpi; protection = 60% [55]

Baculovirus ORF2 Mouse
Appeared at 21 dpi
peaked at 42 dpi
maximum titer = 16

Specific Ab appeared at
21 dpi; high IFN-𝛾
(286 pg/mL)

[70]

PRV ORF2 Piglets Appeared at 21 dpi
PCV2 Ab not detected

Specific Ab appeared at
21 dpi; PCV2-specific
lymphocyte proliferation
appeared at 49 dpi (low)

[71]

FMDV

Adenovirus
whole capsid and
non-structural
protein 3C

Piglets non-detected Protection = 75%
low FMDV Ab [72]

Fowlpox virus (Poxvirus)
whole capsid and
non-structural
protein 3C

Mouse Specific Ab appeared at
10 dpi

Piglets Peaked at 30 dpi
decreased by 49 dpi

Specific Ab appeared at
10 dpi; protection = 75% [21]

Pseudotype baculovirus
whole capsid and
non-structural
protein 3C

Mouse Titer = 13 (21 dpi)
Titer = 35 (49 dpi) High IFN-𝛾 (1917 pg/mL) [73]

PRV
whole capsid and
non-structural
protein 3C

Piglets Appeared at 21 dpi
(variable)

Virus-specific lymphocyte
and non-proliferative
responses higher than
recombinant; protection =
60%

[63]

CSFV

Adenoviruses E2 glycoprotein Rabbits Titer = 13.8 (21 dpi)
Titer = 218.8 (35 dpi) [43]

Piglets Antibody level was at
90% inhibition rate Protection = 40%

Orf virus (Poxvirus) E2 glycoprotein Piglets Appeared at 21 dpi
Titer = 37 (49 dpi) Protection = 100% [74]

PRV E2 glycoprotein Piglets Appeared at 42 dpi
Titer = 37 Protection = 100% [6]
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Table 2: Continued.

Viruses and vectors Inserted gene Host Neutralizing Ab Other responses Reference
SIV

Adenoviruses HA gene of type
H3N2 Mouse Appeared at 14 dpi

HA inhibiting (HI) Ab
appeared at 14 dpi
peaked at 35 dpi
Titer = 8;
Maximum titer = 32
Protection = 83.3%

[31]

PRV HA gene of type
H3N2 Mouse

HI Ab appeared at 21 dpi
Peaked at 42 dpi
Titer = 2
Maximum titer = 4
Protection = 80%.

[9]

immunogens and correctly induce humoral and/or cellular
responses in immunized animals. As shown above, one can
target multiple diseases within a single vector construct. Sec-
ond, there is minimal risk using PRV gene-deletion vaccines.
PRV vaccine strains have been used for decades and exhibit
high safety and efficacy profiles in vivo. Third, PRV has a
broad host range including pigs, cattle, goats, and dogs among
others. This makes it possible to target animal diseases in
multiple hosts without resorting tomultiple vector constructs
to express the antigens. Fourth, native PRV induces cellular
immunity and causes latent infection. Therefore, rPRVs can
be maintained for long periods in a given host thereby
providing constant stimulation of the protective immune
responses. Finally, PRV can be propagated in various cell lines
including SPF chicken embryo fibroblast cells. This permits
simplifying virus production and keeping manufacturing
costs under control.

Other points to consider when developing PRV-based
vector vaccines are that this vector system requires a strong
promoter to maintain high and stable expression levels.
Also, selection of nonessential genes in the PRV genome
to be replaced with the foreign genes of interest can
affect optimizing the immune response. Given competing
interests between vector-derived and exogenous protein-
derived immune responses, recombinant constructs should
be characterized with respect to optimal inoculation dosage.
For development of effective rPRV vaccines, the pathogenic
features, protective mechanisms, and the epidemiology of
diseases must be taken into account in all future work.

Many of the rPRV vaccine candidates that have been
reported here either have not been further pursued or are
not yet commercially available. In general, there are factors
that complicate advancing these products to the marketplace.
First, optimizing viral infection and replication are required
to produce efficient and safe vaccines suitable for release into
the environment. To this end, identifying more appropriate
nonessential regions within the virus is needed to enhance
expression of exogenous genes particularly when multivalent
rPRVs are being developed. This is not a trivial task in
view of the large genome size of PRV and the interplay
between essential regions and exogenous genes that can
affect viral virulence and replication. Second, modifications

to the parent PRV in generating a rPRV are often required
to eliminate or replace existing marker genes or important
regulatory elements to make the construct more suitable
for clinical application. Third, plans are needed to transi-
tion between available vaccinations and those derived from
rPRVs. Concurrent or overlapping vaccinations of the two
will have a significant and deleterious impact on the efficacy
and propagation of subsequent rPRV-based immunizations.
Finally, many of the studies using rPRVs have not been
advanced to the natural host, that is, swine. Problemswith the
high cost of clinical trials, manufacturing sufficient amounts
to advance these studies and releasing biologicals into the
environment are often limiting factors. Yet these studies
are necessary to get a more comprehensive picture of the
immunogenicity of the expressed genes, the persistence of the
viral infection, and longevity of the stimulation in the natural
host and to study the potential for tumorigenesis when using
uniquely modified rPRV-based vectors.
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