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lntroduction

The first publications demonstrating that injection of plasmid DNA was able to
induce potent humoral and cellular immune responses against the encoded genes (1,2)
opened up a new era of vaccine research. In vivo transfection results in correct tran-
scription and translation of genes and is followed by proper presentation of gene prod-
ucts to the immune system. Considering the similarity of these events to the endoge-
nous pathways involved in anti-viral responses, it was originally postulated that this
new method would primarily be restricted to vaccination against viral infections.
However, since the first publications, a large number of reports have demonstrated the
enormously broad range of possible applications. Genetic immunization proved to
induce protective immunity against bacterial and parasitic infections (3,4) and also
offered new perspectives for the treatment of cancer (5) and allergic diseases (6,7).

Although the precise mechanisms involved in the induction of an immune response
to antigens expressed by host cells following DNA immunization have yet to be deter-
mined, we have a fairly good understanding of antigen processing, presentation and
recognition by cells of the immune system.

In general, exogenous antigens are presented in the context of major histocompati-
bil i ty complex (MHC) class II molecules. Internalization of proteins from the extracel-
lular space is followed by denaturation and degradation resulting in peptide fragments.
A small fraction of suitable, T2-20 amino acid long-peptides, wil l bind to MHC class II
molecules, which are transported to the cell surface and are recognized by antigen-spe-
cif ic CD4. T cells. This typical pathway for antigens from the extracellular milieu is
apparently not connected with the processing of endogenous proteins.

In contrast, CDS* lymphocytes recognize a complex of MHC class I molecules with
embedded 8-12 amino acid long-peptide antigens. Peptides presented on MHC class I
molecules are usually generated by proteasomal processing of intracellular proteins.
These peptides are delivered into the endoplasmic reticulum (ER) via the transporter
associated with antigen presentation (TAP), bound to MHC class I molecules and
delivered to the cell surface.

The downstream events involved in the activation of T cells require the presentation
of antigen by professional antigen-presenting cells (APCs) in the context of certain co-
stimulatory signals. The absence of appropriate co-stimuli results in anergy or activa-
tion-induced cell death by apoptosis (8). A number of studies have demonstrated that
of all cell types dendritic cells (DCs) are most effective in recognizing and responding
to various "danger" signals (9-11). In general, such signals result from tissue and/or cell
damage, but also molecules of bacterial origin such as l ipopolysaccharide (LPS) and
even bacterial DNA itself can act as "danger" signals. These DNA sequences, also des-
ignated as CpG motifs, contain unmethylated CpG dinucleotides flanked by two
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in a lymphoproliferation assay. Injection of the DNA vaccine prior to protein immu-
nization prevented IgE formation and. moreover, DNA application following protein
immunization elicited a therapeutic effect.

At the same time, the protective anti-allergic effect of DNA vaccines was demon-
strated for the clinically relevant dust mite allergen Der p 5 (27). These experiments
were performed with rats and also resulted in prevention of IgE synthesis. Further-
more, pre-immunization with the DNA vaccine reduced histamine release in bron-
choalveolar f luids and airway hyperresponsiveness after challenge with aerosolized
allergen. Transfer experiments indicated an important role of CDS. T cells in anti-
allergic effects.

During the past years, a number of clinically relevant allergens have been employed
for DNA vaccine studies. We characterized the immune responses after DNA immu-
nization with the major allergen of birch pollen Bet v 1a (28) and demonstrated im-
munomodulation with CpG motifs and hypoallergenic isoforms of Bet v | (29). DNA
immunization has also been shown to reduce anaphylaxis after oral gene delivery of
chitosan-DNA nanoparticles encoding the clominant peanut allergen Ara h 2 (30),

Several recent publications confirmed the protective and/or therapeutic potential of
DNA vaccines with constructs encoding beta-Lactoglobulin (31), Der p 1 and 2 (32).
and Der  f  l1  (33) .

Beyond the additional application of CpG motifs, either co-injected or appended to
the coding sequence (28), immunomodulation of DNA vaccines was performed with
allergen genes fused to IL-18, a cytokine which indirectly acts as Th1 stimulator (34,35).

In contrast to the protective effect, which is reliable under different experimental
conditions, the therapeutic effect of DNA vaccines seems to depend on the immuniza-
tion protocol (31), a fact, which may also account for the antigen-independent anti-
allergic properties of DNA vaccines (36). Within a narrow time window following
DNA immunization, a strong systemic Thl effect due to the CpG motifs of plasmid
DNA can obviously lead to non-specific suppression of rh2 responses.

Since cDNAs of many important allergens covering the epitope complexity of most
relevant allergen sources are already on hand, the prerequisites for construction and
clinical evaluation of DNA-based specific allergy vaccines are available (37). However,
before DNA-based allergy vaccination can be taken into clinical application, two con-
cerns need to be addressed: (i) The danger of autoimmune responses caused by wicle
distribution of the transcript (38) and excessive Th1 immune activation inducecl by
DNA vaccinat ion,  and ( i i )  anaphylact ic s ide ef fects as known from speci f ic
immunotherapy (SIT), which are caused by preexisting and/or newly "therapy-in-
duced" IgE antibodies.

The former may be overcome by strictly allergen-specific vaccination protocols,
whereas the latter needs new approaches to avoid anaphylaxis during the course of
immunotherapy. Both aspects require the development of optimized DNA vaccines
with respect to immunogenicity and safety.
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Table 1. Recoding of the Art v I gene Figure 1 demt-,:
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Amino Aeid

Ala

Arg

Asn

Asp

cys

Gln

Glu

Glv

His

Ile

Leu

Lys

Met

Phe

Pro

Human codon
frequency/1000

18.6
16.0
28.6
1.6

1 1 . 5

19.5

22.3
26.0

9.9
12.2

1 1 . 8

29.r
40.8

10.8
16.3
22.9
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Nevertheless, insertion of a leader sequence targeting the antigen to the ER addi-
tionally improves the immunogenicity. A DNA vaccine encocling the major birch
pollen allergen Bet v 1a together with the human tissue plasminogen activator (hTPA)
leader sequence stimulated a five-fold antibody level compared to the non-secreted
form (three immunizations in weekly intervals, luminometric ELIS A,7375+2140 x 103
relative l ight units/sec (RLu) with hTPA leader, 1411+612 x 103 RLU without hTPA.
p<0.02).

Co'delivery of CpG motifs increases the Thl immunity of DNA vaccines
The extent of the Th1-biased reaction can be modulated by additional application of

CpG motifs. Co-injection of CpG-ODN along with the plasmid DNA vaccine represents
a simple approach to make use of the Thl-stimulatory capacity of CpG motifs (28,29).

CpG motifs can also be added to the gene of interest by appending a CpG-rich
sequence, which codes for certain amino acids. We have attached the amino acid
sequence Tyr-Asn-Asn-Val-Asn-Val-Asp-Val-Asp-Val to the carboxyterminus of the
Bet v la gene, which is encoded by a sequence containing four CpG motifs (28,29).In
this case, the attachment did not disturb the correct folding of the protein (29).

Both aspects, appending and co-injection, increased the Th1 bias of the immune
response with respect to humoral as well as cellular response.

Optimizing the safety of allergen-specific DNA vaccines

To increase the safety of DNA vaccines, the translation of native allergenic deter-
minants must be avoided in order to prevent anaphylactic responses induced by
crosslinking of pre-existing or vaccine-induced IgE antibodies on mast cells. However.
in order to guarantee the recruitment of allergen-specific Th1 cells, T cell epitopes must
not be destroyed. We investigated three approaches, which in theory shoulcl fulf i l l  these
requirements: (i) cutting the allergen gene into overlapping fragments, which lack any
antigenic determinant of the native allergen but display the original repertoire of T cell
epitopes, (i i) using hypoallergenic derivatives or (i i i) fusing the allergen with ubiquitin,
thus fragmenting the antigen and destroying its native structure.

DNA vaccines encoding hypoallergenic derivatives
DNA vaccines containing the complete Bet v 1a wild type cDNA (pCMV-Beta) and,

for reduction of potential anaphylactic side effects, vaccines based on cDNAs coding
for two hypoallergenic Bet v 1 fragments (pCMV-Betll l |  and pCMY-Bet75ll60) as
well as for a hypoallergenic Bet v 1 mutant (pCMV-Betmut) were constructed (a3-a5).
The protective effect of the DNA vaccines was studied in mice that were pretreated by
i.d. DNA injections and then sensitized with aluminum hydroxide-adsorbed Bet v 1
protein. The therapeutic efficiency of hypoallergenic derivatives was tested by sensitiz-
ing the animals with recombinant allergen followed bv treatment with a DNA vaccine
encoding the fragments of Bet v 1.

BALB/c mice immunized with recombinant Bet v 1a protein as well as those genet-
ically immunized with a DNA vaccine encoding the entire Bet v 1 molecule served as

positive contrrrl
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boosted twice with 5 Ug recombinant Bet v 1a adsorbed to Al(OH)j 6 weeks after the
last DNA immunization. In the pCMV-Beta group, a protein boost induced a further
increase of IgGl and IgG2a antibodies. The antibody levels in animals without pro-
tein sensitization reached a peak 60 days after the first injection and then declined
(Figure 28).

Both groups, those treated with the Bet v 1 mutant and the Bet v 1a fragment con-
structs showed a strong induction of IgGl and IgG2a after the second protein boost
(Figure 2C). The influence of DNA-pre-immunization can also be seen by comparing
Figures 2A and 2D, which demonstrate that DNA immunization with fragments of Bet
v 1a does not induce Bet v 1a specific antibodies but modulates the subsequent protein
response by inducing elevated levels of allergen-specific IgG2a antibodies (p=0.012
compared to protein immunization). In contrast, protein immunization of a group of
animals without DNA pre-immunization primarily induced IgGl antibodies and only
very low levels of IgG2a antibodies (Figure 24).

Pre-immunization with a DNA vaccine encoding the Bet v 1a unrelated allergen Phl
p 5 induced strong induction of IgGtan dlgG2a antibodies against Phl p 5 but revealed
no alteration of the Bet v 1a-specific serological Th-type response after sensitization
with recombinant Bet v 1a, indicating the antigen-specific nature of the response.

Using a protective experimental design (Figure 3) demonstrated that genetic pre-
immunization with pCMV-Beta, pCMV-Betmut and the mixture containing pCMV-
Betll l4 and pCMY-Bet75ll60 was able to prevent the induction of lgE antibodies
induced by protein sensitization (p ranging between <0.004 and <0.025) (Figure 34). In
contrast, pre-immunization of animals with pCMV-Phl p 5 and subsequent sensitization
with rBet v 1a did not prevent the induction of anti-Bet v 1a IgE antibodies (Figure 38).

Fig. 3 Levels of Bet v
Ia-specffic IgE 4 weeks
aJter sensitizatíon
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zation without DNA
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mice with rBet v la followed by treatment with the vaccine (Figure 5) A second group
of animals was injected with recombinant allergen but not with plasmid DNA. Animals
receiving an empty construct (mock vector lacking the Bet v 1a gene) served as a con-
trol group. For all groups. serum was analyzedby ELISA and basophil degranulation
assay.

The results demonstrate a 50"/o reduction of IgE antibodies (Figure 5,A.) in sensitized
animals after treatment with the hypoallergenic DNA vaccine (compared to animals,
which only received the recombinant allergen but no DNA vaccine). Measurement of
allergen-specific degranulation of RBL-2H3 cells (Figure 58) elicited a significant

Fig. 5 IgE levels und rut busophil leukemia cell release (therapeutic approach).
Animul,s were sensilized w,ith rBeÍ v la and treuted wiÍh a DNA vuccine-inc.oding ht,poallergenic frag-
ntents ol Bet v la.
PanelA: IgE responses of'mice (n-6./or each group) sensitizecl b),three suhctttanectus injections (tlq;0,
2l and 3l) of 5 trtg rBet v Ia aclsorbed to l00ptA\(OH)1ancl tretttett u,ith hrtt inÍrutlerntal iniection.s of-
pla.smid DNA (pcMVBerl/74 and pCMV-Ber75/tó0,,r itotk vcctor) at clrtl,s 55 ancl ó2. Ar tlut' l l0 thi
animals again receivecl one injec:tion o/'rBet v lafòllou,ed bv a firrther treatment wirh plauriirt OX,q t,l
da,v-s laler. The rBel group was injected w'ith recombinunt aliergen uccorcling to the sante scheclule btÍ
receivecl no plasntid DNA. In all groups serum v,as taken at dav 143 ancl ai'ulvzecl bt: ELISA.
Punel B: Allergt'n-.tptt ' iI ic t]t 'grutttrlutitttr oI RBL ct' l l.r.st,nsiti:atl trith unti.rerti ol the.sttntt,gt.ottp.\.u.\
show,n in panel A.
* : signi.ficunc'e betw,een the rBet group ancl the erperintental grr.tup
# - signi/ic'anc'e betv,een the moc'k vec:tor group und the experimen'tar group
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not suitable for the treatment of allergy because of inducing a Th}-biased type of
immune response including IgE responses and passive cutaneous anaphylaxis (56).

These hurdles may be overcome by the application of a novel type of DNA vaccines,
termed replicase-based genetic vaccines or "DNA-replicons". Immunizationwith these
constructs induces strong humoral and cellular Th1-biased immune responses with
nanogram quantit ies of needle-injected plasmid DNA (57,58).

From self-replicating RNA vaccines to DNA replicon vaccines
The genome of alphaviruses encodes a replicase enzyme used by the virus to effi-

ciently replicate the viral genome inside the host cell cytoplasm (Figure 6). Since this
machinery is independent of the host's replication system, it works in a wide variety of
cell types and species. Replacement of the genes encoding structural proteins with the
sequence of the antigen of interest yields a "self-replicating" RNA vaccine or "repli-
con". This type of RNA vaccine can effectively compensate for the degradation of
RNA occurring in vivo as well as in vitro.In theory, host cells only need to pick up a sin-
gle molecule of this self-replicating RNA and still produce sufficient amounts of anti-
gen to induce an immune response. It was previously shown that antigen production in
cells transfected with self-replicating RNA (or the replicase-based DNA analogue) is
independent of the amount of RNA or DNA used for transfection (57-59).

vaccrne
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Fig. 6 Principle oJ'self-replícatíng RNA vaccines.
The .first product afier translation./rom self-replicating RNA is the replicase protein, which replic'ates
the RNA-vaccine (or the genontic RNA, in the case o./'the alphavirus). Negaiive strand Rl,lA.functions us
template.f'or both more copies of-positive strand "genomic" RNA as well as for "suhgenomic" nRAIA
encoding the antigen (or the capsid proteins, in the case of the alphavirus).

Although RNA vaccines encoding alphaviral replicase can compensate for RNA
degradation in viuo, RNA stability still remains a problem for these vaccines during in
vitro-production. To facilitate and simplify vaccine production and handling as well as
the storage requirements for vaccines, the sequence of the self-replicating RNA mole-
cule is reverse-transcribed into DNA and cloned into a conventional DNA plasmid
(Figure 7). Now, the self-replicating RNA is produced by transfected cells from this
plasmid using a conventional promoter (57-59).
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In contrast, 1 pg of a conventional plasmid DNA vaccine does not induce a measurable
immune response or Thl-promoting effect. Therefore, the detected Th1 bias after nee-
dle injection of this small amount of replicon-based DNA must be triggered by a dif-
ferent mechanism than the CpG effect induced with high dose DNA vaccination. A
reasonable explanation seems to be that DNA replicons mimic a viral infection, thus
stimulating Thl-biased serological and cytokine patterns (58,60). Gene gun immuntza-
tion overruled the Th1-promoting effect (Figure BB), which confirms recent f indings
that gene gun immunization stimulates a particular and dominant Th2 signal (61). In
agreement with recent data concerning gene gun immunization with DNA vaccines
coding for the genes of Bet v 1a, Phl p 2,andB-galactosidase (56) this also argues against
the use of gene gun DNA immunization for allergy treatment.
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Fig. 8 Immune response types after immanization with plasmitl DNA replicons.
BALB/c ntic'e were immuni:ecl with plasmid DNA encoding l)-gulacto.sitla.se fòur tinte.s in tyto w,eek
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PanelA: htal IgG levels.
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crtunts/sec on tltel-a.r'r.r. Intmtmi:utiom u,l" indic'utecl bv arrovts, tlatu are exprissetl as means + SEM

Summing up, the features of DNA replicons render them proper candidates to bal-
ance allergic responses in the same efficient way, which has already been demonstrated
with conventional plasmid DNA vaccines.

Concluding remarks

The experiments and results described above represent an extract of the enormous
modulatory potential of DNA vaccines focused on their application in the field of
allergy. Although DNA immunization enables highly sophisticated approaches in vac-
cine research and development. the necessary prerequisite for the experiments is
molecular biological and immunological standard methodology.
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