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Vaccination as a means of disease prevention in livestock/poultry
production is essential for an economically sound and reliable
food-animal industry. Vaccines can reduce the signs of disease,
horizontal transmission of the infectious agent, and mortality.
The reduction of horizontal transmission (herd immunity) is crit-
ical for the prevention of costly outbreaks of disease, which can
devastate animal populations and interfere with global and
national shipping and marketing. Vaccines are routinely used to
control a number of economically important pathogens, and as
new diseases emerge there is likely to be a need for the develop-
ment of new vaccines.

Vaccination and commercial animal production
The life span of commercially raised animals presents a complex
vaccination issue. In the United States, livestock maintained for
meat production have short life spans: Beef cattle go to market after
18 months, swine at 6 months, lambs at 1–6 months, and chickens
at 7–9 weeks. In order to be useful in meat-animal production, vac-
cination must not only be inexpensive but also promptly stimulate
protective immunity. In contrast, other livestock, such as brood
cows, dairy cows, breeder pigs, and racehorses, have life spans of
many years and therefore require equally effective and inexpensive
vaccines that elicit long-lasting immunity.

Usefulness of vaccines depends upon a favorable balance of effi-
cacy, safety, and cost. Efficacy is defined as the ability of a vaccine to
prevent mortality and morbidity, and to prevent replication of
microorganisms, thereby reducing shedding and spread of the dis-
ease. A vaccine is considered safe if it does not cause disease or
harmful side effects1. The cost of a vaccination is the sum of the
costs of vaccine purchase, storage, administration, and any result-
ing loss of productivity. Since roundup of range animals is expen-
sive and can result in loss of production due to stress, single-shot
vaccines for multiple diseases are highly desirable. If the benefits of
vaccination against a particular disease do not outweigh the risks
and costs, culling diseased animals may be more efficient than vac-
cination. For some diseases, vaccination may be required by animal
disease control agencies despite costs to individual producers.

Vaccines have traditionally consisted of killed microorganisms,
subunits of microorganisms, or live attenuated microorganisms.
Killed and subunit vaccines present a mass of preformed antigen
to the immune system, which results in antibody production
against components of the infectious agent. The methods used to
derive these vaccines bias the immune response to specific subsets
of immunogens that are presented to the host during a natural
infection. Killed vaccines do not provide endogenously produced

proteins needed to elicit cell-mediated immune responses and
may require multiple inoculations to provide complete protection
from infection.

Live attenuated vaccines produce immunogens in the recipient
during a limited infection. In the case of viral vaccines, this results
in production of antigens within the host animal’s cells. These vac-
cines can cause clinical disease if they are not attenuated sufficient-
ly or revert to more virulent forms. Administration of live attenuat-
ed vaccines may also be restricted in some cases, as young, preg-
nant, or immunocompromised animals cannot be vaccinated with-
out significant risk of disease. In addition, young animals may have
maternal antibodies that prevent replication of the attenuated
microorganisms, eliminating or reducing the immune response to
live attenuated vaccines. The production of large quantities of
infectious material required for preparation of live attenuated or
killed vaccines can present safety concerns due to the risk of escape
of infectious agents or incomplete inactivation, especially if the
agents are highly infectious or virulent.

The decision to vaccinate livestock/poultry depends on many
factors, including openness of population, sanitation, and local
disease threats. Currently, poultry are vaccinated against up to six
diseases including Newcastle disease and infectious bronchitis. Beef
cattle in the United States are vaccinated against as many as seven
different pathogens including infectious bovine rhinotracheitis
virus, bovine viral diarrhea virus, parainfluenza virus, and several
Clostridium strains. Other vaccines may be used to combat out-
breaks of diseases such as foot-and-mouth disease or classical
swine fever (hog cholera). Although vaccination programs can be
extremely beneficial, such as during management of epizootics or
in disease eradication programs, vaccine-induced seroconversion
can be confused with response to infection. Under these circum-
stances vaccination can complicate eradication or result in unnec-
essary condemnation. To circumvent this problem, “marker” vac-
cines have been created for several diseases (e.g., pseudorabies in
swine2) that permit differentiation between vaccinated and infected
animals.

DNA vaccines: Another step in vaccine development
Other vaccine production strategies that include alternative meth-
ods to produce subunits, attenuate microorganisms, and develop
attenuated microorganisms that serve as “vectors” to deliver sub-
unit immunogens of other pathogens have been developed3. This
latter type of vaccine strategy has been used to develop new live-
stock/poultry vaccines, although it has some limitations due to
host immunity to the vector (including maternal antibodies) and
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its potential for causing disease. The demonstration that recombi-
nant genes can be used to immunize animals in the absence of a
biological vector (i.e., DNA vaccination) shows great promise as it
provides many of the benefits of live attenuated vaccines without
some of the risks and limitations.

The use of DNA as a vaccine was first proposed in 1990 in a
report demonstrating that purified bacterial plasmid DNA
(“naked” DNA) injected into the muscle of a mouse resulted in the
expression of an encoded reporter gene4. These experiments sug-
gested that a simple, “vectorless” vaccine could be created using a
plasmid containing a cassette that included a eukaryotic promoter
and a gene or genes encoding a protective antigen. When a DNA
vaccine plasmid enters a eukaryotic cell, the proteins it encodes are
transcribed and translated within the cell (Fig. 1). In the case of
viral pathogens, these proteins are presented to the immune system
in their native form, mimicking the presentation of antigens during
a natural infection. However, the immune response to the expres-
sion of vaccine-encoded antigen may be affected by the location
and type of cell expressing the antigen and the response may be
manipulated by the addition of immunomodulator genes that are
coexpressed with the vaccine plasmid.

Early DNA vaccine experiments used plasmids that encoded
either the human growth hormone or the human a1-antitrypsin

gene under the control of either the human b-actin promoter or
the cytomegalovirus (CMV) promoter. Mice inoculated with these
plasmids developed antibodies against the encoded proteins5.
Another early DNA vaccine encoded a hemagglutinin (HA) type 7
gene of influenza A virus under the control of the avian leucosis
virus promoter. This vaccine was able to protect 50% of the inocu-
lated chickens from lethal virus challenge6. The gene encoding a
different influenza A polypeptide, the nucleocapsid protein, has
also been inserted into DNA vaccine plasmids under the control of
either the Rous sarcoma virus promoter or the CMV promoter.
Following challenge, mice immunized with these plasmids showed
increased survival rates, lowered lung virus titers, and reduced
weight loss compared with unvaccinated controls7. Since these early
reports, research on DNA vaccines has shown that the approach
can be applied to many different pathogens and that there are mul-
tiple methods to alter and improve the immune response to these
vaccines8–17. Despite concerns that DNA vaccines may not be as
effective as existing vaccines18, approximately a dozen DNA vac-
cines directed against a range of human diseases from AIDS to T-
cell lymphoma are now in phase 1 clinical trials17.

DNA vaccines have several features that make them especially
appealing (Table 1). They do not require cultivation of the infec-
tious agent for their manufacture, so there is no danger of incom-
plete attenuation or of partial inactivation, as with live attenuated
and killed vaccines. Furthermore, there is no risk of an agent
mutating back to a virulent form or of causing disease in an
immunocompromised animal. Therefore, DNA vaccines have the
potential to be safer to use than existing inactivated or live attenu-
ated vaccines. Moreover, DNA vaccine strategies may succeed for
microorganisms that are difficult to cultivate or attenuate. The
cost of producing plasmid DNA in bacteria is relatively low com-
pared with the cost of producing infectious agents used for con-
ventional vaccine manufacture. Once produced, DNA prepara-
tions are stable at room temperature, making these vaccines sim-
pler and cheaper to store than many currently used vaccines.
Significant production cost savings may also be possible for man-
ufacturers making multiple vaccines because all DNA vaccines are
likely to have similar production protocols. If DNA vaccines can
be developed for multiple agents, it seems likely that they could
be coadministered in a single dose, providing additional savings
to users. As it appears likely that DNA vaccines will not pose any
special threat to young or immunocompromised animals and
that their immunogenicity will not be decreased by maternal
antibodies, further flexibility in administration of these vaccines
may be possible.

State of development of DNA vaccines for 
commercial animals
Livestock/poultry provide challenges in evaluation and develop-
ment of vaccines due to the absence of well-characterized inbred

1326 NATURE BIOTECHNOLOGY  VOLUME 16  DECEMBER 1998

REVIEW

Table 1. Advantages of DNA vaccines.

• They do not require cultivation of dangerous infectious agents
• There is no risk of an attenuated vaccine strain mutating back to a 

virulent form
• They will not pose any special threat to young or immunocompromised

animals, and immunogenicity will not be decreased by maternal 
antibodies

• They may be successful against microorganisms that are difficult to
cultivate or attenuate

• There is a potential for low-cost production and administration
• They are inexpensive to store because they are stable at room 

temperature
• Vaccines can be developed for multiple agents and could be coadmin-

istered in a single shot

Figure 1. Schematic representation of steps required for immune
response to DNA-encoded antigens. DNA plasmid enters cells of the
inoculated animal and is transported into the nucleus. Transcribed
RNA is translocated to the cytoplasm and translated, producing the
protein antigen. The antigen is then presented to the immune system
by several mechanisms. (A) The antigen is processed intracellularly
and the resulting peptides are presented on the cell surface bound to
major histocompatibility (MHC) class I molecules, where they serve
in selection of cytotoxic T lymphocytes. (B) Protein is released (or
secreted) from the cell where it can serve in selection of B cells. (C)
Secreted protein is taken up by specific antigen presenting cells
(including B cells), degraded, and its peptides are presented on the
cell surface bound to MHC class II molecules, where they stimulates
T-helper cells.
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animal populations and the limited number of immunological
reagents. In addition, livestock and poultry are more expensive and
more difficult to work with than experimental laboratory animals.
Despite these difficulties, encouraging progress has been made in
the development of DNA vaccines for commercial animals.

As with DNA vaccines tested in laboratory animals, DNA vac-
cines in livestock/poultry have yielded various levels of protec-
tion from disease (Table 2). Several studies have tested the ability
of pseudorabies virus (PrV) glycoprotein D (gD) to protect
neonatal swine from Aujeszky’s disease. These studies failed to
show protection, and surprisingly, they have shown that
colostrum-derived antibodies can reduce immune responses to
DNA vaccines19–21.

Gerdts et al.22 tested two different DNA vaccines for Aujeszky’s
disease, one encoding the PrV envelope glycoprotein C (gC) and
the other encoding gD. Using vaccines delivered intramuscularly,
they found that the gC construct partially protected swine from
lethal challenge whereas the gD-expressing construct did not.
Further tests with the gC-based DNA vaccine showed that intrader-
mal delivery with an injector gun was better than either intrader-
mal injection or intramuscular injection. Moreover, pigs vaccinat-
ed three times using the intradermal injector were protected from
challenge with lethal doses of PrV, and specific antibodies could be
detected 9 months after vaccination.

Kodihalli et al.23 have developed a DNA vaccine that is superior
to a conventional product in immunizing chickens against influen-
za. In their study, chickens were given two doses of either conven-
tional (inactivated) influenza vaccine or a DNA vaccine encoding
the HA (H5) protein under control of the cytomegalovirus pro-
moter. Vaccinated birds were challenged with a homologous virus
or antigenic variants. Both vaccines conferred similar high levels of
protection from disease caused by homologous virus; however, the
DNA vaccine conferred higher levels of protection from disease
caused by heterologous virus.

Future challenges
There are several hurdles that need to be overcome on the road to
the use of DNA vaccines on the farm. These include the technical
challenges of improving delivery and/or potency so low doses of
DNA can achieve the efficacy of conventional vaccines.

Use of DNA vaccines in commercial animals will also require

the development of new regulations for their testing and use. The
Center for Veterinary Biologics of the USDA and other regulatory
agencies have begun to draft such guidelines to ensure the safety
and efficacy of these vaccines. One of the safety issues surrounding
the use of DNA vaccines is the potential for DNA integration into
the genome of the host. To date, no experimental evidence has
shown that integration can occur after DNA vaccination in mice24.
DNA is routinely administered to humans and animals as a natu-
rally occurring contaminant in many traditional vaccines.
However, the specific introduction of large quantities of DNA has
only been tested in a relatively small number of animals and even
fewer humans. Another safety concern regarding use of DNA vac-
cines is the inadvertent stimulation of anti-DNA antibodies,
which could cause autoimmune disease. Investigations into this
issue have found no evidence of production of such antibodies25.
During the testing of a potential DNA vaccine against bovine her-
pesvirus 1, there were no anti-DNA antibodies detected 8 months
after vaccination26. These findings provide a level of confidence
that DNA vaccines will be safe to use in animals with a longer life
span than laboratory mice. However, numerous other concerns
must be answered before DNA vaccines can gain wide acceptance.

DNA vaccines hold great promise for improving food-animal
production, especially in areas where pathogens have eluded tradi-
tional vaccine or therapeutic intervention. Improved efficacy, dri-
ven by continued research, and wide public acceptance will be
required for the potential of DNA vaccines to be fully realized.
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