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DNA vaccination is a promising alternative strategy for developing new human and animal vaccines. The
massive efforts made these past 25 years to increase the immunizing potential of this kind of vaccine are
still ongoing. A relatively small number of studies concerning poultry have been published. Even though
there is a need for new poultry vaccines, five parameters must nevertheless be taken into account for their
development: the vaccine has to be very effective, safe, inexpensive, suitable for mass vaccination and
able to induce immune responses in the presence of maternal antibodies (when appropriate). DNA vacci-

gﬁ:’s;‘iﬁne nation should meet these requirements. This review describes studies in this field performed exclusively
Avian on birds (chickens, ducks and turkeys). No evaluations of avian DNA vaccine efficacy performed on mice

as preliminary tests have been taken into consideration. The review first describes the state of the art for
DNA vaccination in poultry: pathogens targeted, plasmids used and different routes of vaccine adminis-
tration. Second, it presents strategies designed to improve DNA vaccine efficacy: influence of the route
of administration, plasmid dose and age of birds on their first inoculation; increasing plasmid uptake by
host cells; addition of immunomodulators; optimization of plasmid backbones and codon usage; asso-
ciation of vaccine antigens and finally, heterologous prime-boost regimens. The final part will indicate
additional properties of DNA vaccines in poultry: fate of the plasmids upon inoculation, immunological
considerations and the use of DNA vaccines for purposes other than preventing infectious diseases.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

There is a need to develop new, alternative vaccines for poul-
try. First, some conventional inactivated or attenuated vaccines
are difficult to produce, store or distribute widely [1-3] or are
costly [2,4]. Some of these conventional vaccines are not fully effi-
cient due, for example, to the presence of maternal antibodies in
young birds [5,6] or to the existence of multiple pathogenic strains
and/or the emergence of new strains [7-10]. Furthermore, there
is a risk with some conventional vaccines of reversion to viru-
lence in certain cases [3,11] or of adverse reactions, especially in
young birds [2,12,13]. Several vaccines offer no way of differentiat-
ing infected from vaccinated animals (DIVA) [ 13]. DNA vaccination
is a suitable alternative to conventional treatments. It consists in
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inoculating plasmid DNA encoding the vaccine antigen that will be
produced directly within the injected animal, the vaccine inducing
humoral and cellular immune responses [14]. DNA vaccines can
be suited to mass vaccination and are non-infectious, safe, inex-
pensive and DIVA. They can integrate multi-epitopes or modified
epitopes and can be stably stored for several weeks or months, even
at room temperature [15]. Furthermore, DNA vaccination may be
used toreplace drug treatment against coccidiosis to limit chemical
residues in the meat [2,16,17].

2. Early and ongoing interest in poultry DNA vaccination

In 1990, Wolff et al. showed that injecting DNA plasmid in
mouse muscle resulted in a significant expression of the protein
encoded by the plasmid [18]. This was the first step in DNA vac-
cination. Studies were then carried out to develop DNA vaccines
for humans and animals, including avian species. Progress in this
field has resulted in the marketing of four mammalian or fish DNA
vaccines or plasmid-related products since 2005 (West Nile Inno-
vator, Canine Melanoma Vaccine, Apex-IHN and Life Tide-SW5).
However, despite some of the first reports on DNA vaccination were
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Fig. 1. Relative proportion of DNA vaccine studies performed in chickens, ducks and
turkeys.

describing vaccines against avian influenza virus (AIV) in chickens
[19] and huge, constant, effort made until now, no poultry DNA
vaccine has reached the commercial development stage.

3. Different poultry DNA vaccination models

About 75% of poultry DNA vaccine studies in the literature were
performed in chickens, 20% in ducks and the remainder are in
turkeys (Fig. 1). About 75% of the studies concern viruses, 20% Eime-
ria and the remainder bacteria (Fig. 2). The main objective of these
vaccines is to prevent infectious diseases.

The first DNA vaccine that was studied in poultry in 1993 was
directed against AIV [19]. Thereafter DNA vaccination against AIV
has been widely studied in chickens [6,19-28], and more modestly
in ducks [10] (Table 1). Promising results have been obtained for
this model. For example, 16 out of 17 chickens were protected from
avery severe challenge after a single injection of plasmids express-
ing the HA protein [6]. A DNA vaccine carried by a salmonella
vector has also proved effective as an oral vaccine to increase the
levels of CD3*/CD4* and CD3*/CD8* T cells on days 14 and 28
post-vaccination, to induce hemagglutinin inhibition and the pro-
duction of Th1 cytokines [27]. DNA vaccination against infectious
bursal disease virus (IBDV) has been also widely studied in chick-
ens [5,9,29-36]. Very promising results have also been obtained
here. Full protection against a highly virulent IBDV infection was
induced by a DNA prime-recombinant protein boost regimen (with
the VP2 antigen as a vaccine antigen) [35]. In ovo DNA vaccination
(with the VP243 antigen) priming followed by a booster vaccination
with a killed IBDV vaccine resulted in a complete protection against
an experimental protection [34]. DNA vaccination against infec-
tious bronchitis virus (IBV) has also been widely studied [7,37-41].

Fig. 2. Relative proportion of poultry DNA vaccine studies performed on viruses,
eimeria and bacteria.

For example, between 60 and 90% of protection against experi-
mental infections were achieved if plasmids encoding the S1, N
and/or M proteins of the virus were inoculated [41]. In ducks, the
most widely studied virus is duck hepatitis B virus (DHBV) as a
model of chronic human hepatitis infection [42-47]. It has mainly
been used to evaluate new treatments based on DNA vaccination
(DNA vaccination alone or combined to lamivudine or entecavir).
This resulted in the induction of anti-viral effects against chroni-
cal infection. DNA vaccines against other chicken viruses have only
been evaluated more occasionally, and have met with mixed suc-
cess. A DNA vaccine encoding avian reovirus ¢ protein resulted in
66.7-75% of protection [48]. Intranasal (IN) inoculation of a DNA
vaccine encoding the F protein of Newcastle disease virus (NDV)
and adsorbed to chitosan induced complete protection [49]. For the
Marek disease virus,a DNA vaccine composed of a bacterial artificial
chromosome encoding the herpesvirus genome permitted to 55% of
the chickens to survive a highly virulent challenge (no survivors in
the control group) [50]. Likewise, a DNA vaccine against infectious
laryngotracheitis virus encoding the glycoprotein B resulted in the
decrease of the mortality from 65-75% to 0% [12]. Finally, a DNA
vaccine encoding the major component of the virion envelop gp90
of the reticuloendothelis virus induced the production of neutral-
izing antibodies and lymphoproliferation resulting in the control
of the viremia after challenge [51]. Blood neutralizing antibod-
ies, IL-2 and IFN-vy as well as proliferation of splenocytes were
achieved upon DNA vaccination against chicken anemia virus (CAV)
[52]. This resulted in a partial control of the viremia (13 chicken
out of 15 controlled the viremia). Turkeys vaccinated with a DNA
vaccine encoding the F protein of turkey rhinotracheitis produced
neutralizing antibodies and the percentage of animals presenting
clinical symptoms 7 days upon challenge decreased from 50-60%
to 20-30% [53]. DNA vaccination with a DNA-prime protein-boost
approach targeting TCoV coronavirus 4F/4R S fragment contain-
ing neutralizing epitopes reduced the number of turkeys showing
clinical signs from 5/5 to 1/5 or 2/5, decreased the intensity, num-
ber and distribution of IFA-positive enterocytes and diminished the
viral load in the ileum of TCoV-infected turkeys [54]. For duck viral
enteritis DNA vaccination, serum IgG, IgA and neutralizing antibod-
ies as well as bile IgA productions were induced [ 1]. This resulted in
the survival of 80% of ducks experimentally infected with the virus.
A DNA vaccine against plague virus encoding the glycoprotein C
induced the production of IgG and neutralizing antibodies as well
as lymphoproliferation [55].

Many publications have focused on DNA vaccination against
Eimeria in chickens [2,4,8,15-17,56-66] (Table 2). Specificimmune
responses and/or relatively high levels of clinical protection were
obtained against this protozoan (attenuation of body weight loss,
lesion scores and oocysts ratios upon Eimeria experimental chal-
lenge).

Very few DNA vaccines against bacteria have been evaluated
(Table 3). In turkeys, a DNA vaccine against Chlamydophila psittaci
encoding the MOMP induced the production of low levels of
antibodies and 5 turkeys out of 15 were protected against an
experimental challenge [67]. In chickens, a DNA vaccine against
Campylobacter jejuni reduced bacterial cecum shedding by 2 logs
[68].75% of the chickens were protected against an avian Pasteurella
multocida experimental infection if a DNA vaccine encoding the
Omp H and Omp A was inoculated [69].

In conclusion, and like for mammalian DNA vaccination, many
poultry DNA vaccines induced only limited immune responses
and/or protection. But others like for example one against IBDV [34]
or one other against NDV [49] induced almost complete protections
against experimental infections. Despite these vaccines and others
seem to be highly efficient, to our best knowledge none of them
achieved to be commercially developed. The same observations can
be done for mammalian DNA vaccination where only 4 vaccines are
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Table 1
Poultry DNA vaccination against viruses.
Pathogen Host Antigen Route Major immunological outcomes References
Avian Influenza Virus Chicken HA (mainly) or IM Stimulation of CD4* and CD8* T-cells, Th1 [6,19-28]
H5 or H7 or M Or IV+SC+IP cytokines. Hemagglutinin inhibition. High
Or ID/SC levels of protection (up to 16 out of 17
Or IM chickens protected from a severe challenge).
Or oral
Duck HA ID/IM Induction of virus neutralizating antibodies [10]
and haemagglutination inhibition.
Infectious Bursal Disease Chicken VP2 or VP243 IM High level of protection against an [5,9,29-36]
Virus Or IM+ID experimental challenge, up to 100%.
Or IM+IP
Or oral
Or In ovo/IM
Or oral +eye
Infectious Bronchitis Virus Chicken S1and/or N IM 60-90% of protection against an experimental [7,37-41]
and/or M or Or in ovo/IM challenge.
unique ORF
with 7 epitopes
Duck Hepatitis B Virus Duck preS/S and/or C IM Evaluation of new treatments based on DNA [42-47]
vaccination for humans.
Avian Reovirus Chicken oB and/or oC oral 66.7-75% protection against experimental [48,92]
challenges.
Chicken Anemia Virus Chicken VP1 and/or VP2 IM Induction of CD8* T-cells, virus neutralization [3,52,93]
antibodies, IL-2 and IFN-y.
Newcastle Disease Virus Chicken Fand/or H IN+IM High level of protection, up to 100% protection [13,49,72,74,77,90]
OrIN against an experimental challenge.
Or IM
Marek Disease Virus Chicken Herpesvirus IM/ID 55% of survivors after a severe experimental [50]
genome challenge.
Infectious Laryngotracheitis Chicken gB IM Decrease of mortality from 65-75% to 0%. [12]
Virus
Reticuloendotheliosis Virus Chicken Gp90 IM Induction of neutralizing antibodies. [51]
Proliferation and production of IL4 and IFN-y
by lymphocytes. Partial control of viremia after
challenge (13/15 vs 2/15 in the control group).
Turkey Rhinotracheitis Virus Turkey Fand N IM Reduction in the level of virus shedding and [53]
induction of antibodies
Decrease of animals presenting clinical
symptoms from 50-60% to 20-30%.
Turkey Coronavirus Turkey 4F/4R fragment IM Humoral immune response and decrease of [54]
of TCoVS turkeys showing clinical signs from 5/5 to 1/5
or2/5.
Duck Enteritis Virus Duck gB, gC, gD or (¢ IgG, IgA and neutralizing antibodies. Up to 80% [1,86,94]
UL24 OrIM of survivors after challenge.
OrIN
Duck Plague Virus Duck gC IM Induction of virus specific serum IgG and [55]
OorID neutralizing antibodies as well as
lymphoproliferation.
Table 2
Chicken DNA vaccination against Eimeria.
Antigen Route Major immunological outcomes References
3-E1 IM Stimulation of T-cells. Attenuation of body weight loss and formation of oocysts after challenge. [17,56-59]
Or SC
Or in Ovo
GAM56 IM Induction of lymphoproliferation and GAM56 specific IgG. Increase of body weight gain (from 56% [2]
to 89.7% of normal weight) and decrease of 53.7% of the oocysts upon challenge.
SO7 IM Induction of SO7 specific IgG, but no protection. [60]
Rho IM Induction of Rho-specific IgG, IL-2 and IFN-y. Stimulation of CD4* and CD8* T-cells. Reduction of [64]
the number of oocysts (75.8%), cecal lesions and body weight loss after challenge.
TA4 IM Stimulation of T-cells. Attenuation of body weight loss and formation of oocysts. Multivalent [8,15,16]
vaccine with TA4 from 3 strains efficient in protecting against the 3 strain infections.
MZz5-7 IM Induction of IL-2 and IFN-y mRNA in spleen. Restoration of body weight gain and decreases of [63]
cecal lesions (60.0-62.5%) and formation of oocysts (about 60-66%) after challenge.
CSz2 M Increase of body weight gain (up to 76.2-90.8% of normal weight) and attenuation of formation of [4,61]
oocysts (57-80%) after challenge.
LDH IM Induction of anti-LDH IgG in the blood and several cytokines in spleen and cecal tonsil (IFN-vy, IL-2, [99]
TNFSF15, IL-17D and TGF-4). Increase of % of CD3* T cells. Attenuation of body weight loss,
duodenal lesions and formation of oocysts (53.3-57.6%) after challenge.
S401Ag Oral Salmonella typhimurium as vector. Induction of anti-S401 IgG and stimulation of the proliferation [66]
of peripheral lymphocytes. 55.0-57.5% protection after challenge.
EtMIC2 In ovo Induction of anti-EtMIC2 IgG. Restoration of the body weight gain and decreased fecal oocyst [65]

shedding) after challenge. Vaccine antigen froma E. tenella: cross-protection against E. acervulina,
but not E. maxima.
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Table 3
Poultry DNA vaccination against bacteria.
Pathogen Host Antigen Route Major immunological outcomes References
Chlamydophila psittaci Turkeys MOMP IM+IN Induction of IgA, IgM and IgG. Induction of lymhoproliferation. [67,71,87,95,100]
OrID Prevention, but not always abolition, of severe clinical
Or IM symptoms upon challenge. Able to circumvent maternal
antibodies.
Campylobacter jejuni Chickens Flagellin IN Induction of antibodies in the serum and intestinal mucosa. [68]
Reduction in cecum shedding of about 2 logs on days 18-21
after challenge.
Avian pasteurella Chickens OmpH and IM Production of serum IgG antibodies. Induction of [69]
multocida OmpA lymphoproliferation and IFN-y. 70-75% of survivors after
challenge.

marketed despite several thousand papers were published on DNA
vaccination. The reasons for this lack of marketed vaccines may be
many: competition with more classical vaccines for which phar-
maceutic companies are used to develop them, often need of two
or three injections of vaccine (sometimes at different sites on the
body, see below) which is too much and expensive for poultry, the
complexity and the cost to develop heterologous prime/boost vac-
cines, the need of vaccines that can used for mass vaccination, the
difficulty to prove the safety of DNA vaccines, ... One other poten-
tial explanation is that specific pathogen free (SPF) birds with no
passive maternal antibodies against the pathogens targeted were
often used to show the efficacies of the vaccines. It has been shown
that these maternal antbodies can alter the induction of immune
responses upon DNA vaccination [70,71]. So it may be possible that
some of the efficient vaccines described above are not efficient for
conventional birds with maternal antibodies.

4. Plasmids used for poultry DNA vaccination

DNA vaccines are basically composed of plasmids encoding
the vaccine antigens and saline solutions. The plasmids efficiently
used for poultry DNA vaccination (chickens, ducks and turkeys)
are mainly the same as for mammalian DNA vaccination (pcDNA,
pVAX or pCl plasmids) and usually induce immune responses.
The plasmid transcription unit is composed of a strong, ubiqui-
tous viral promoter and a termination-polyadenylation sequence.
Very few plasmid backbones were specifically developed for poul-
try DNA vaccination. Several authors used a pCAGGS plasmid with
which antigen transcription was under the control of the chicken
[3-actin promoter used to enhance vaccine efficacy in chickens
[6,9,20,22,35,68,72,73]. Finally, in certain cases the bicistronic plas-
mid pIRES simultaneously encoding two vaccine antigens [74] or
one vaccine antigen and one adjuvant cytokine [12] was used.

5. The different administration routes and doses of DNA
vaccines for poultry

There are four main routes of administration for poultry DNA
vaccines. Three are also used for mammalian DNA vaccination [75]:
intramuscular (IM) injection, intradermal/subcutaneous (ID/SC)
injection or application to mucosal surfaces (oral or intranasal
(IN)). The age of birds on their first inoculation varies from the day
of hatching to 5-6 weeks. The fourth, in ovo, route is specific to
poultry.

In the vast majority of cases (about 75%), the plasmid DNA was
administered in its naked form into the chest or thigh muscles.
Naked DNA in saline solution was injected directly into skeletal
muscle tissue using needles. This is a practical route of injection
for experimental studies, but it is not adapted to mass vaccination
apart it is automatically performed on one day old chicks dur-
ing their transfers from the hatchering to the growing stations.
Humoral and cellular protective immune responses were induced

to a greater or lesser extent. In several studies, the DNA vaccine
was injected at multiple IM sites [21,42,76,77]. Some injections
were alternated between right and left thigh muscles [78]. Certain
authors combined the IM route with IN [13,71], intraperitoneal (IP)
[30], intradermal [29] or intravenous (IV) [19] routes, for example.
Oral vaccination was the second most popular route. In this case,
the plasmids were either carried by attenuated bacteria such as
Salmonella typhimurium [25,79] or Escherichia coli [60], or by silver
nanoparticles [26]. More rarely, plasmid DNA was inoculated via IN
instillations alone. In this case, plasmids had to be formulated with
microparticles such as PLGA [13] or chitosan [68]. Intragastric (IG)
inoculation was also described in one report [1]. Mucosal vaccina-
tion is more adapted to mass vaccination since the bacteria or the
particles can be nebulized in the air or loaded in the drinking water
or the food.

It is also possible to inject the DNA vaccine in ovo on embryona-
tionday 18, whichis the best opportunity for mass vaccination since
it can be automatically performed. This has been applied exclu-
sively to chickens. Nevertheless, a single injection of DNA in ovo was
not very efficient at inducing strong protective immunity, as found
for the IBV model [37]. However, the booster injection of live atten-
uated vaccines or recombinant fowlpox virus at the age of 7 days
[34,80] or 14days[37]induced a highly efficient protective immune
response. A booster with DNA vaccine was also able to induce some
protective immunity [65]. It is a pity to add a boost injection after
the in ovo priming because it reduces the possibility to use this
vaccine regimen for mass vaccination, even if it is efficient.

Between 50 and 200 pg of plasmid DNA was inoculated per
injection in about 70% of the cases, whatever the bird species. In
about 10% of the other studies, smaller amounts of plasmids were
used if plasmid entry into cells at the injection point was forced [47],
which is an interesting way to reduce the cost of the vaccination.
On the other hand, few studies using over 500 wg were published,
though one used up to 10 mg per injection [5]. In these last studies,
the cost of the vaccine is a break to industrial development. But,
and as it will be explained below, high doses of vaccines are not
always injected to develop a protective vaccine for poultry, but are
often performed for other purposes.

Authors usually carried out at least two injections of the DNA
vaccine via the same route to induce protective immunity. Many
boosters in poultry were performed mainly to transfer maternal
antibodies to progeny [43], to prepare antisera for diagnostic pur-
poses [21] or to treat chronic infections (DHBV model) [45]. There
was no standard interval between each vaccination, but a range
from one week [3] to four weeks [21]. The general interval was one
or two weeks, which is sufficient to permit to the immune system
to be sufficiently and/or efficiently stimulated.

6. Strategies to increase poultry DNA vaccine efficacy

The protective immune responses induced by DNA vaccines in
poultry are often not sufficient, and therefore need to be improved.
Many strategies to increase the protective immune responses of
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Fig. 3. The different strategies evaluated for enhancing poultry DNA vaccination.

poultry DNA vaccines have been evaluated (Fig. 3). They concern the
route of inoculation, plasmid DNA dose, booster injections, age of
the birds, uptake of plasmids by the host cells, addition of immune
modulators, optimization of the plasmid backbone and host codon
usage, association of vaccine antigens and use of a heterologous
prime-boost regimen.

6.1. Optimization of the route of inoculation

In most cases, the DNA vaccine was injected via the IM route,
with no reference to the underlying immunological rational. Nev-
ertheless, some authors performed comparative studies. For naked
DNA, the IM route was often described as the most efficient
[15,29,81].

IN inoculation of plasmids associated with particles such as
chitosan or PLGA were in some cases more efficient than an IM
injection of naked plasmids [13,49]. The oral inoculation of plasmid
harbored by E. coli was also described as more efficient than an IM
injection of naked plasmids [33]. Likewise, the SC route was more
efficient when the plasmids were adsorbed onto gold particles and
injected with a gene gun [55,67].

6.2. Dose of plasmid DNA and influence of booster injections

In most cases, the authors indicated a quantity of plasmids inoc-
ulated, but without a clear indication for the basis of the dose
selection. This dose was generally between 50 and 200 p.g of plas-
mids. Indeed, the few authors who compared the efficacy of the
vaccines induced by different doses in chickens found that the best
doses for IM injections lay within the 25-200 p.g range [2,15,20].
Interestingly, the best results were not always obtained with the
highest doses tested, which is interesting to limit the cost of the
vaccine. For example Song et al. [15] found that the protection
against Eimeria tenella afforded by 25-50 g of DNA vaccine was
stronger than that afforded by 100-200 p.g. The authors indicated
that the reason why the vaccine was less effective when higher
doses were injected was unclear. Likewise, Suarez etal. [20] showed

that 50-100 g of DNA vaccine against AIV was more efficient than
250 pg. The authors did not comment on these results. Neverthe-
less, this highlights that dose-response studies could thus be very
useful for optimizing DNA vaccine efficacy. For in ovo DNA vacci-
nation, 40-60 g of plasmids represented an efficient dose [82].

For oral DNA vaccination with plasmids carried by Salmonella
typhimurium, the dose of bacteria used was also of major impor-
tance. For example, Yu et al. [1] showed that 10!! CFU of Salmonella
typhimurium carrying a plasmid encoding duck viral enteritis UL24
was much more efficient in inducing protection than lower doses.
Likewise, 10° CFU of this bacteria carrying IBDV [79] or Eimeria
tenella [66] antigen encoding plasmids was much more efficient in
inducing protection against their respective pathogens than 107 or
108 CFU.

Furthermore, a single injection of DNA vaccine was often
insufficient to induce protective immunity. Therefore a booster
immunization was often applied. This increased, for example, the
level of antibodies induced by a DNA vaccine against AlV in chick-
ens [22]. One or two booster injections were necessary to induce
protection against avian Pasteurella [69] or IBDV [83] infections in
chickens, but they were not always needed if other efficient strate-
gies to enhance immune responses were used, like electroporation
[6].

6.3. Age of birds on their first inoculation

It may be speculated that due to the age of the birds at slaughter
(about 6 weeks for broilers for example), the younger the birds are
the more the vaccination is gainful. Actually, there was no standard
age for the first DNA vaccination in the different published experi-
ments. It varied from embryonation day 18 or the day of hatching
to 5-6 weeks. It is notewise to indicate that until week 2 or latest
week 3, it is still worth to vaccinate the birds. On the other hand,
the age of 5-6 weeks is not consistent with conventional breading
of broilers. Nevertheless, the age of the first injection seemed to be
of key importance from an immunological point of view. For exam-
ple Lim et al. [84] found that the level of antibodies against AIV was
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higher in chickens vaccinated for the first time at the age of 14 days
than in those vaccinated on the day of hatching. In fact, Brownlie
et al. showed that innate immunity is less developed in younger
chickens [85]. On the other hand, cells of the immature muscles
of 7-day-old chicks were more easily transformed by the plasmids
than those of the more mature muscles of 14-day-old chicks [15].

6.4. Increasing plasmid DNA uptake by host cells

In mammals, it is known that injected naked plasmids are
rapidly degraded post-administration, which decreases in the same
time the efficacy of the vaccine [75]. Therefore, vaccine efficacy
should be improved by increasing the uptake of plasmids by the
cells of the injected birds before this degradation, just as for mam-
mals. Cell transfection agents such as cationic liposomes [29],
lipofectamine, lipotaxi [20], lipofectin [72] or lipoplex [86] were
sometimes added to the DNA vaccines but no beneficial effects
demonstrated.

Uptake has also been enhanced mechanically. Electroporation
forces plasmids to enter cells at the injection site thanks to an
electric field. In poultry, it induced acute local inflammation of
the injected muscle, recruited CD3* T cells [47] and increased
the intensity of both humoral and cellular immune responses
|6,47]. Moreover, the quantity of plasmids needed was dramatically
reduced (to 10 pg in certain cases [47]). Otherwise, ID injections
of naked plasmid DNA were improved by administration with a
gene gun, which propels DNA adsorbed onto gold beads onto the
skin’s surface [55,87,88]. This increases the protective immune
response and/or reduces the quantity of plasmids needed to induce
the immune response (up to 1 or 2 ug [87]) if the gold particles
were smaller than 1.0 wm in diameter. A high-pressure liquid injec-
tion of the plasmid DNA using, for example, the Agrojet™ [24] or
Medijector™ [23] devices also proved successful. All these strate-
gies have also the advantage to reduce the costs of the vaccines,
except for the gene gun which need to produce gold particles that
are expensive.

6.5. Co-injection of immunomodulators

Immunomodulators are known to improve the efficacy of vac-
cines. Therefore co-injection of immunomodulators is also one of
the most intensively studied strategies to improve DNA vaccina-
tion efficacy in poultry. Again, most of the efforts have focused on
chickens, but several published studies have investigated duck DNA
vaccination.

For chickens, interleukin (IL) 2 was the most frequently used in
conjunction with DNA vaccines. This cytokine increased antibody
production, lymphoproliferation, the level of CD4* T cells [38,89]
and more generally, the protection afforded by vaccines against
IBDV [31]. Antibody production and/or clinical protection were
also improved in Eimeria DNA vaccination models [16]. Cytokines
interferon-y (IFN-y) or IL-15 were also frequently and success-
fully used. IFN-y improved protection against Eimeria [61] and the
humoral and cellular responses against NDV [90]. IL-15 increased,
for example, the levels of CD3*CD4* and CD3*CD8* T cells, the
humoral immune response against AIV [84] and the protective
response against Eimeria [58]. CpG DNA sequences, recognized
by chicken TLR21, effectively improved the immune protective
response against IBDV [91] and IBV [7]. Imnmunomodulators IL-
1 [57], IL-4 [77], IL-6 [32], IL-17 [63], IL-18 [56], GM-CSF [39],
IFN-a [56], CD145 [78], TGF-34 [56], the high mobility group box
1 (HMGB1) [3], the melanoma differentiation associated gene 5
(MDAS5) [28] and the B-subunit of E. coli heat labile enterotoxin
(LTB) [1] were also successfully used in different models of chicken
DNA vaccination.

Much fewer studies investigated this aspect of duck DNA vac-
cination. IFN-y [76], IL-2 [76] and CD154 [44] were positively
associated with a DNA vaccine against DHBV.

6.6. Optimization of the plasmid backbone and codon usage

In the vast majority of cases, authors used the same kind of
plasmids used for mammalian DNA vaccination, and this was effi-
cient. But in order to optimize or increase immune responses in
chickens, several authors used a pCAGGS plasmid for which antigen
transcription is under the control of the chicken [3-actin promoter
[6,9,20,22,35,68,72,73]. In most cases, the efficacy of this plasmid
was not compared to a CMV promoter based plasmid. It was able to
induce protective immunity to a greater or lesser degree, depend-
ing on the model studied. When compared to classic plasmids, two
controversial results were obtained for vaccination against AIV: in
one case it induced higher antibodies and protection [22] and in
the other, lower antibodies [20]. Therefore, in light of the current
knowledge, it is difficult to draw conclusions on the beneficial effect
of the chicken-adapted plasmid.

Vaccine efficacy was also enhanced by optimizing host codon
usage, a technique employed for DNA vaccination against AIV
in ducks [10]. Furthermore, the combination of codon usage
optimization and increased mRNA synthesis enhanced vaccine effi-
cacy against the reticuloendotheliosis virus [51] and IBDV [9] in
chickens.

6.7. Combination of several vaccine antigens

In the majority of cases (about 60%), authors included a single
antigen in their DNA vaccine, which was often sufficient to produce
good protective immunity, especially if it was associated with an
optimization strategy such as electroporation [6]. This was possible
since the ability of these vaccine antigens to induce strong protec-
tive immune responses were strong. Nevertheless, it is not always
possible to identify vaccine antigens that are powerful enough to
induce alone efficient immune responses. Therefore many authors
combined two or more vaccine antigens to increase the vaccine’s
efficacy. In chickens, for example, the combination of IBDV VP2, VP4
and VP3 induced significantly higher protective immune responses
than VP2 alone [9,29,30,32]. Likewise, the synergistic effect of two
or more vaccine antigens enhanced vaccine efficacy against IBV
[41], avian reovirus [92], avian Pasteurella multocida [69] or CAV
[93]in chickens. This was also the case for the DNA vaccine against
duck enteritis virus [94].

The association of antigens also induced cross-protection. This
was successful for AIV (HA from three different strains [24]) and
IBDV (VP2 from two strains [36]).

6.8. Heterologous prime-boost strategies

DNA vaccination alone was not always sufficiently efficient to
induce protective immune responses. Therefore it was associated
with a boost inoculation performed with the same antigen as a pro-
tein or carried by a recombinant live vector: this corresponds to the
heterologous prime-boost strategy. Like for mammals, this strategy
has been shown to be particularly effective in improving vaccine
efficacy. The authors first inoculated poultry with the DNA vaccine.
The subsequent booster inoculation either used a recombinant pro-
tein corresponding to the protein encoded by the DNA vaccine, or a
recombinant fowlpox virus expressing this antigen [8,23,35,77,80].
The DNA prime-recombinant protein regimen was particularly effi-
cient for an IBDV model where 100% of the chickens were protected
(VP2 antigen) [35].Italsoinduced high protective immunity against
Eimeriainfection 8] and avianinfluenza [23]in chickens. In turkeys,
this regimen gave some protection against Chlamydophila psittaci
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infections [95]. Alternatively, booster immunizations with inactiv-
ated vaccines also gave good protection against AIV [25], IBDV [40]
or IBV [37] infections. Furthermore, heterologous booster immun-
izations were also performed after in ovo DNA prime inoculations
in IBDV [34,80], IBV [37] and Eimeria [65] models. This resulted in
highly effective vaccines. Finally, a heterologous DNA prime fol-
lowed by a recombinant fowlpox virus booster was successfully
used for a therapeutic DNA vaccine designed to fight chronic DHBV
infections in ducks [45,77].

7. Additional properties of poultry DNA vaccination

Few studies investigated how the DNA vaccine was able to
induce protective immune responses in poultry, unlike the situ-
ation for mammalian vaccination [75]. Nevertheless, the fate of the
plasmids upon inoculation was described in several studies. Fur-
thermore, some immune considerations were taken into account,
especially the stimulation of certain immune cells upon vaccina-
tion, maturity of the hostimmune system and influence of maternal
antibodies on the induction of immunity. Finally, DNA vaccina-
tion can be used for other applications than to induce protective
immunity.

7.1. Fate of the plasmids upon DNA vaccine inoculation

Contrary to what has been done for mammals, there are few
studies describing the fate of the plasmids after DNA vaccination
of birds. In chickens, the plasmids were found in the blood, liver,
spleen, lungs, kidney, muscle and heart on days 5 and 15 post-
immunization [40,59]. This is quite different to what was observed
in mammals, where tissues other than the injected muscles were
found transiently positives only during the first one to seven days
after injection, whereas plasmid DNA was detected only in the
injected muscle for up to three weeks or more [75]. No association
of plasmid DNA with genomic DNA (as a marker of the integra-
tion of the plasmid DNA into the host genome DNA) or transfer
of the plasmid DNA to bacteria in chicken faeces (as a marker
of the transfer of DNA plasmids in environment) were observed
[59]. If Salmonella bacteria were used as vectors for DNA vaccines,
the plasmids were found from 3 to 10 days [92] or even 6 weeks
[66] after oral inoculation in the spleen, liver and cecum. For in
ovo chicken vaccination, the amniotic fluid was completely free of
plasmids within 2 h [80]. Nevertheless, a sufficient quantity of plas-
mids reached the embryo and was distributed throughout the body
[65].

In ducks, the plasmids were found in the injected muscle, liver,
kidney, lungs, heart, cecum and spleen from 1h to 10 days after
IM injection [86]. The concentration of plasmids was higher in the
injected muscle.

7.2. Some immune considerations

DNA vaccination stimulated both humoral and cellular immune
responses in birds. This was observed for example for NDV [49],
IBDV [9], AIV [27] or Eimeria [2] DNA vaccination. The plasmids
were either inoculated intramuscularly, intranasally or orally (har-
bored by Salmonella).

The stimulated immune cells were rarely characterized. It has
been shown that CD8* and CD4"* T cells proliferated in chickens
[27,38,41] and ducks [94].

It has also been shown that the innate immune system is imma-
ture in young chickens [85] and is fully mature in 4-week-old
birds. Therefore, the young birds need passive maternal antibod-
ies against some pathogens for protection during the first two
to three weeks of age. In most cases, authors used SPF birds or
birds without maternal antibodies against the pathogen targeted
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Fig. 4. The different applications of poultry DNA vaccination.

by the DNA vaccine. In real life, these vaccines may be used in
young birds with maternal antibodies. However, few studies were
performed to study the influence of maternal antibodies on the
induction of immunity by DNA vaccines. It has been shown that,
contrary to mammals, maternal antibodies hindered the induc-
tion of an effective protective immune response. For example,
Hsieh et al. had to inject a massive dose of 7.5mg of a DNA
vaccine at least three times to induce protection against IBDV
[5]. In SPF chickens, only two injections of 100-400 g of the
same kind of DNA vaccine were sufficient for good protection
[9,30,83]. Likewise, maternal antibodies hindered the induction
of protective immunity against NDV [74]. Finally, in turkeys,
the presence of maternal antibodies affected the production
of antibodies induced by a DNA vaccine against Chlamydophila
psittaci, but not the cellular and/or protective immune responses
[70,71].

7.3. Other applications of DNA vaccination in poultry

In most cases, DNA vaccination was considered to induce pre-
ventive protective immune responses against infectious diseases.
Nevertheless, DNA vaccination was also carried out for other pur-
poses (Fig. 4). It was used to test new treatments combining a DNA
vaccine and drugs against chronic infections induced by DHBV [45].
DNA vaccines were also used to produce reference sera for diagnos-
tic purposes, such as determining AIV strains [21], and to produce
antibodies for ELISA (anti-HSP70 [96]). They were furthermore used
for transferring passive immunity against the white spot syndrome
virus to shrimps [97]. Finally, tumor growth induced by the v-src
gene was retarded by DNA vaccination in chickens [98].

8. Concluding remarks

DNA vaccination is an appropriate and simple concept that could
be developed to better advantage in poultry vaccination, especially
for chickens, ducks and turkeys. It has most often been evalu-
ated in the literature in relation to fighting viral infections, but
promising results have also been obtained for anti-bacterial and
anti-protozoan properties. Several strategies designed to enhance
the protective immune response have also been shown to be suc-
cessful. Some would be very useful for mass vaccination, such as
DNA vaccines transported by Salmonella typhimurium, in ovo or IN
vaccination. However, despite the substantial efforts made since
1993, no vaccine has reached the industrial development stage.
This may be due to the fact that the vast majority of vaccines were
injected intramuscularly and needed at least two injections, which
is not feasible in the field. Furthermore, the assays were mainly
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performed with SPF birds. In real life, young birds may harbor pas-
sive maternal antibodies against the pathogen of interest that have
been shown to hinder, at least partially, the induction of immunity.
Protection was nonetheless achieved in a number of cases, prov-
ing that DNA vaccination in the presence of maternal antibodies is
still possible, at least against certain pathogens. Therefore, further
efforts should be made to develop DNA vaccines suited to the mass
vaccination of birds with or without maternal antibodies.
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