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with plasmid DNA encoding Bet v 1, the
major allergen of birch pollen
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Background: Immunization with plasmid DNA encoding vari-
ous antigens is a promising method in vaccine research. Recent
studies also indicate that DNA-based immunization might repre-
sent a potential approach in allergen-specific immunotherapy.
Objective: In this study we have characterized the immune
responses induced by recombinant Bet v 1a and plasmid DNA
encoding for Bet v 1a, the major allergen of birch pollen in a
mouse system.

Methods: Balb/c mice were injected intraperitoneally with
recombinant Bet v 1a and intradermally with plasmid DNA
encoding for the gene of Bet v 1a (pbCMV-Bet). In addition, the
effect of immunostimulatory DNA sequences was investigated
by appending CpG motifs to the gene of Bet v 1a, coinjecting
CpG-oligodeoxynucleotides together with the pCMV-Bet con-
struct, or both. IgE and 1gG antibody responses, as well as 1gG
subclasses, were measured by ELISA in sera after each immu-
nization. IFN-y and IL-4 levels were also measured by ELISA
in sera and supernatants of allergen-stimulated spleen cells.
Results: The primary humoral response to a single treatment
with pCMV-Bet was very weak, but the reaction could be
boosted to higher levels by 2 additional injections. On the
other hand, proliferation assays of spleen cells and measure-
ments of cytokine levels already indicated a cellular response
after the first injection of plasmid DNA. After 2 immunizations
with pCMV-Bet, the ratio of IgG1 to IgG2a pointed to a T,,;
subclass profile. IgE was not detectable in any group at any
time during the immune reaction. Accordingly, IL-4 levels

were markedly reduced in the serum, as well as in the super-
natants, of stimulated spleen cells. Animals immunized with
pCMV-Bet containing appended CpG motifs at the 3’ end of
the Bet v 1a gene and/or with the CpG-ODN GCTAGACGT-
TAGCGT plus pCMV-Bet displayed reduced humoral respons-
es against Bet v 1a when compared with animals injected with
pCMV-Bet alone. The levels of IFNy measured after allergen
stimulation of isolated spleen cells were significantly higher in
animals immunized with pCMV-Bet plus CpG motifs than
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with pCMV-Bet alone. Immunization with recombinant Bet v 1a
protein elicited a strong T,,,-type response, including IgE pro-
duction, a high titer of IgG1, and IL-4 production in both serum
and supernatants of proliferation cultures.

Conclusion: In contrast to immunization with protein, DNA
immunization induces a strong T,;-type response against a rele-
vant inhalant allergen. Our data support the concept of develop-
ing a novel type of allergen immunotherapy based on plasmid
DNA immunization. (J Allergy Clin Immunol 1999;103:107-13.)
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The observation that the injection of plasmid DNA
encoding an antigen induces synthesis of the respective
protein and a specific immune response led to intensive
research for the potential use of plasmid DNA in vaccine
development. Since then, the induction of immune
responses against a wide variety of antigens from infec-
tious agents like viruses, parasites, and bacteria has been
demonstrated by immunization with plasmid DNAur-
thermore, both the delivery of DNA to a tissue by means
of a gene gun and injection of a saline-DNA solution intra-
muscularly or intradermally proved to induce antigen-spe-
cific humoral and cellular responsesPresently, there is
a broad consensus in respect to the mechanisms of DNA-
based immunization and the basic events after an injection
of plasmid DNA! In contrast to immunization with pro-
teins, which are taken up by antigen-presenting cells
(APCs) and consequently presented by means of MHC-I,
plasmid DNA must first transfect cells to be translated into
proteins. The predominant pathway therefore goes through
MHC-I molecules, thus leading to the activation of a cel-
lular immune response. However, the separation of both
aspects of the immune system in DNA-based immuniza-
tion is not that strict because translated proteins are also
available for APCs to induce humoral resporéses.

The major difference between the immune response
elicited by conventional immunization with protein anti-
gens and DNA is the induction of a predomingptfype
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may be the presence of unmethylated CpG dinucleotides
flanked by 2 5’ purines and 2 3’ pyrimidines in the
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immune system to produce a number gf-ihducing
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0).9-11 These so-called immunostimulatory CpG motifs
are 20 times as common in bacterial DNA than in mam-
malian DNA, and may serve as a “danger signal” for the

107



108 Hartl et al

CMV-Promotor

chimeric intron

pCMV-Bet
4479 bp

AmpR

sv40 late polyA

A Phage f1 region

TyrAsnAsnValAsnValAspValAspVal***
CpG 2 CpG 4
CpG 1 CpG 3

TACAACAACGTTAACGrCGACdrTGACErcTAR

ATGTTGTTGCAATTGCAGCTGCAACTGCAGATT

FIG 1. Expression vector pCMV-Bet and pCMV-Bet/app. The expres-
sion cassette contains the CMV immediate-early promotor, a syn-
thetic chimeric intron, a multiple cloning site, and the sv40 late
poly(A) signal sequence (A). pCMV-Bet/app was constructed by
attaching 4 different immunostimulatory CpG motifs at the carboxy-
terminus of Bet v 1a, which encode 8 additional amino acids (B).

Abbreviations used
APC: Antigen-presenting cell
ODN: Oligodeoxynucleotide
SIT: Specific immunotherapy

mammalian immune system. Most plasmids frequently
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peutic application as a new form of allergen-specific
immunotherapy’-18 Therefore the aim of this study is to
characterize the immune response elicited by protein and
DNA-based immunization against a clinically relevant
allergen, namely Bet v 1a, and the influence of CpG motifs
on humoral and cellular reactions. This 17.4-kd protein
represents the major allergen of birch pollen and induces
specific IgE responses in more than 95% of patients aller-
gic to birch pollen (60% of patients allergic to tree pollen
react exclusively to this protei#:2° Moreover, Bet v 1a
shows extensive cross-reactivity with homologous pro-
teins from the pollen of related trees and foodsfs.

METHODS
Construction of DNA immunization vectors

Two plasmids were constructed for DNA vaccination experi-
ments (Fig 1A andB). For pCMV-Bet, a 489-bp fragment was
amplified by PCR from the vector pMW175/Bet v ZaThe
sequences of the 5 and 3’ primers were 5-GGTTGGA-
GAATTCATGGGTGTTTT-CAATTA-3’ (EcoRI site underlined)
and 5-GGTTGGATCARGATTAGTTGTAGGCATCG-GAGTG-3’

(Xbd site underlined), respectively, encompassing the entire Bet v
la sequence. The PCR product was digested&etR| and Xba

and cloned into the eukaryotic expression vector pCl (Promega) and
designated pCMV-Bet (Fig 14). The expression cassette in pCl
contains the CMV immediate-early promotor, a synthetic chimeric
intron, a multiple cloning site, and the sv40 late poly(A) signal
sequence. A second expression vector was constructed by
amplifying the Bet v 1a sequence from pCMV-Bet with the 5’
EcoRl—-containing primer mentioned above and a 3’ primer 5'-
CCCTCIAGATTAGACGTCAACGTCGACGTTAACGTTGTTG-
TAGGCAT-CGGAGTG-3'. This primer includes axba restric-

tion site (underlined), a stop codon (italic, bold), and 24 additional
nucleotides. The attached nucleotides represent 4 different
immunostimulatory CpG motifs (central CpG underlined, italic),
which encode 8 additional amino acids (NVNVDVDV) at the car-
boxy-terminus of Bet v 1a. The PCR product was cloned into
EcoRI/Xbal-digested pCl vector. The resulting plasmid was denom-
inated pCMV-Bet/app (Fig B).

Both plasmids were sequenced with a Thermo-Sequenase Cycle
Sequencing protocol (Amersham, Buckinghamshire, UK). Plasmid
propagation was performed Escherichia coliX|-1Blue MRF’
strain (Stratagene, La Jolla, Calif). Purification of the plasmids was

use_d for DNA-based immunization contain the Amp then performed by using the Nucleobond AX-2000 Plasmid Prep
resistance gene and the CMV promotor sequence. Cp'(Macherey-NageI, Bad Soden, Germany), according to the manu-
motifs may also be an explanation for the fact that intraacturer's instructions. The quality and quantity of the DNA were
dermal or intramuscular injection of DNA induces a more analyzed by absorption at 260 and 280 nm and by agarose gel elec-
reliable T,; response than the gene @libecause the trophoresis. Endotoxin content of the plasmids was less than 50 ng
amount of DNA applied in the injection mode is about LPS/mg DNA, as measured by Limulus amoebocyte assay (Pyro-
100 times higher compared with that of the gene gurquant, Walldorf, Germany).
immunization. Therefore, ] promotion is assumed to be
the result of the high amount of the plasmid DNA it&&lf.
Type | allergy is a widespread and increasing phenome
non affecting approximately 20% of the population in CpG-ODN was 5-GCTAGACGTAGCGT-3' (CpG motifs are
m_dus_trlallzed_countrles. One of the characterlstlcs of aIIer-under"ned)' The synthetic ODN was dissolved in LPS-frg®:H
gic diseases is the permanent production of IgE moleculeye | ps content was less than 1 ng LPS/mg DNA.
against common environmental antig&hahich is mainly
dependent on IL-4 and inhibited by INFOnN the basis of
animal studies, not only CD4+ cells, but also CD8+ T cells, Femaje BALB/c mice, aged between 5 and 6 weeks, were
seem to play a regulatory role in allergic respoH&es. obtained from the animal breeding facilities in Himberg, Austria
Recently, it has been suggested that intradermal vaccand maintained at the central animal care facility at the University
nation with plasmid DNA might find a potential thera- of Salzburg, according to the local guidelines for animal care. In all

Oligodeoxynucleotide

The oligodeoxynucleotides (ODNs) were purchased from
MWG-Biotech GmbH (Ebersberg, Germany). The sequence of the

Immunization and experimental groups
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FIG 2. ELISA of IgG (A) and IgE (B) immune responses after intradermal injection of pCMV-Bet, pCMV-Bet/app, pCMV-Bet/coinj with 50
Hg CpG-ODN, and pCMV-Bet/app/coinj with 50 pg CpG-ODN and intraperitoneal injection of 1 ug rBet v 1a. Injections were given at days
1, 26, and 55, and blood samples were taken on days 0 (preimmune serum), 25, 54, and 75 (n = 6 for each group). Recombinant Bet v 1a
served as antigen; serum dilution used for this graph was 1:100 (IgG) and 1:20 (IgE). Data are expressed as mean + SEM. Only marginal
antibody levels were induced by the first injection of plasmid DNA; boosting led to antibody production similar to that after immuniza-
tion with rBet v 1a. Both means of immunostimulatory sequence application decreased the IgG response significantly (P < .05) in all 3
groups after the second and third injection. IgE antibodies were detectable only after immunization with the recombinant allergen.

experiments mice were bled before protein or DNA injection to col-  For total IgG detection, goat-anti mouse IgG(H+L) (BioRad,
lect preimmune sera for antibody and cytokine assays. Sera weiGermany) and for IgE detection, rat-anti-mouse IgE (Pharmingen),
collected from mice by tail bleed. Sodium-azide was added to avere used in the same way as for the subclass antibodies. The lumi-
final volume of 0.2%, and the sera were stored at 4°C. Before injecnometric assay was developed with Luminol (BM chemilumines-
tion, the DNA vaccines were incubated at 95°C for 10 minutes anccence substrate, Boehringer-Mannheim) diluted 1:1,{D.FChemi-
subsequently cooled at 4°C for 5 minutes. Mice were immunizecduminescence (photon counts/second) was determined with a Lucyl
intradermally into the shaved back (4 spots each) withppof Elisa-plate Luminometer (Anthos Labtec, Salzburg, Austria). The
plasmid DNA in 10QuL sterile PBS or with 10Q,g plasmid DNA obtained values were used to calculate the mean and standard error
plus 50ug of CpG-ODN in 10QuL PBS, respectively. Intraperi- for each group of 6 mice.

toneal immunization with recombinant Bet v 1a protein was per- . . .

formed with 1ug protein in 5QuL H,O plus 100uL 2% Al(OH), Cytokine detection in sera and supernatants
solution (Serva, Vienna, Austria). of stimulated spleen cells

Grpups of 6 mice were immunized with recombinant Bet v 1a | .4 and IFNy were both measured by ELISA with the multiple
protein, pCMV-Bet, pCMV-Bet/app, pCMV-Bet plus CpG-ODN  4niihody sandwich principle, according to the protocol supplied by
(PCMV-Bet/coinj), and pCMV-Bet/app plus CpG-ODN (PCMV-  the manufacturer (Genzyme, Cambridge, Mass). Briefly, 96-well
Bet/app/coinj) on days 1, 26, 55, and 90, and blood was taken opjcrotiter plates (precoated with anti-mIRNer anti-miL-4 anti-
days O (preimmune serum), 25, 54, 75, and 120. Nonimmunize, o4y were incubated with standard and test samples. Supernatants
animals and animals immunized with the vector lacking the inserp o itured spleen cells were used undiluted, whereas serum sam-
served as control groups. ples were diluted 1:10 in PBS. To determine the absolute protein
Determination of antigen-specific antibody conC(_entrations,_ standgrd ca_libration curves were obtaine(_j for each

. cytokine. After incubation with samples, a biotinylated anti-mIFN-
prOdUCt'on by ELISA y or anti-mlL-4 antibody, which binds to the captured I¥FiNF IL-

For ELISA, black 96-well high-bind immunoplates (Fluoro- 4, respectively, was added. Thereafter the unbound antibody was
Nunc; Nunc, Roskilde, Denmark) were coated by overnight incuba-removed by aspiration, plates were washed, and horseradish perox-
tion at 4°C with purified recombinant Bet v 1a protein (rBet; Bio- idase—conjugated streptavidin was added. After incubation,
may, Linz, Austria) at Jug/mL in PBS. Plates were washed with unbound material was removed by washing, and the BM-chemilu-
PBS-Tween by using the AW1 automatic ELISA-plate washingminescence substrate was added to the plates. The signals were
device (Anthos Labtec, Salzburg, Austria) and blocked with PBSluminometrically evaluated according to the procedure described
containing 3% BSA for 2 hours at 37°C. Sera were added 1:100 iiabove. The photon counts measured were proportional to the con-
PBS (1:20 for IgE detection) to the left column of each plate, anccentration of IFNy and IL-4 present in the standards or samples. A
serial 1:3 dilutions in PBS were then made into subsequenstandard curve was obtained by plotting the concentrations of
columns. For the determination of IgE antibodies, IgG antibodiescytokine standard versus the respective photon counts (the sensitiv-
have been removed by batch incubation with recombinant protein (ity was below 20 pg/mL). The cytokine concentrations were then
(Pierce, Rockford, lll) coupled to Affigel-10 (Biorad, Germany). determined by using the standard curves.

Preimmune sera served as negative controls. The plates were inc . . .

bated for 1 hour at 37°C and then washed. Horseradish perox|:’|'0||fe|'at"3n assay of isolated spleen cells
dase-conjugated detection antibody was added in PBS and incub:  Spleens were minced in PBS, pH 7.2, and aggregated cells were
ed for 1 hour at 37°C. For IgG1 and IgG2a detection, goat antisedimented for 10 minutes. The supernatants containing a monodis-
mouse IgG1 or IgG2a (Pharmingen) was used at 1:2000 dilution iperse cell suspension were washed 3 times in PBS and then resus-
PBS. Readings were referenced to commercial isotype standardpended in culture medium (DMEM) supplemented with strepto-
which were mouse IgG1 and IgG2a (Pharmingen). mycin (100pg/mL), penicillin (100 U/mL), and 1% heat-inactivat-
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pCMV-Bet modifications. IgG1 values were set to 100% to indi- 2 g g 2 g E
cate the ratio between the 2 subclasses. Coinjection of CpG-ODN § %3
with pCMV-Bet/app induced the highest proportion of IgG2a,
whereas immunization with rBet v 1a protein revealed the high- FIG 4. Allergen-specific proliferation of isolated spleen cells.
est ratio of IgG1:lgG2a (>1:10). Spleen cells of control and immunized animals were cultured for

52 hours with rBet v 1a and pulsed with 25 pCi/mL [3H]-thymidine

ed FCS. Cells (X 10%/well) were cultured with rBet v 1a (20 for 20 hou.rs' Vélues are expressed in dcpm (medium), mean =
SEM. Proliferation of spleen cells revealed an allergen-specific

Hg/mL) in 96-well, flat-bottom, tissue culture plates for 52 hours at stimulation starting from 3 weeks after the first injection of plas-
37°C, 95% relative humidity, 7.5% GOCells were pulsed with 25 ,jq DNA. Three further injections increased the proliferative
MCi/mL [3H]-thymidine (Amersham, Buckinghamshire, UK) for an responses. The proliferative response after immunization with the
additional 20 hours and then harvested with a cell harvester (Skérecombinant allergen did not differ from that induced by DNA-
tron, Lier, Norway). $H]-Thymidine incorporation was measured based immunization. n.d., Not determined.

in a liquid scintillation counter (Beckman Coulter).

Statistical analysis pCMV-Bet and pCMV-Bet/app DNA constructs was per-
formed, and the 2 groups of animals were designated
pCMV-Bet/coinj and pCMV-Bet/app/coinj, respectively.
As shown in Fig 2A, both appendance of CpGs and/or

Data are expressed as mean + SEM. Statistical significance wa
assessed by using an unpaired Studeng'st.

RESULTS coinjection of CpGs significantly reduced the IgG anti-
Antibody responses in pCMV-Bet-treated body response against Bet v Pa<(.05).
animals IgG2a antibodies were detected in all experimental

groups after the first boost (Fig 3). A significantly higher

Mice were injected intraperitoneally with recombinant ratio of 1gG2a antibodies was only seen in the group
Bet v la protein or intradermally with plasmid DNA pCMV-Bet/app/coinj; immunization with protein
encoding the Bet v 1a gene, and IgG, 1gG1, IgG2a, andnduced the highest ratio of IgG1:1gG2a.
IgE were measured by ELISA. The primary humoral In animals treated with the empty pCMV vector, no
response after DNA-based immunization was weak; howantibody responses could be detected. Also, coinjection
ever, the reaction could be boosted by 2 additional injecof pCMV-Bet with the non-CpG-ODN sequence GCTA-
tions to a level similar to that after protein injection (Fig GAGCTTAGGCT in which the CpG motifs were con-
2, A). IgE antibodies were detectable only in the groupverted to GpC (inverted CG underlined), removing the

immunized with recombinant Bet v 1a protein (Fid2, immune stimulatory effect, did not alter the response

. . when compared with pCMV-Bet alone (data not shown).
Influence of CpG motifs on antibody These results clearly demonstrate the specificity of the
responses antibody responses after immunization with plasmid

To test the influence of CpG motifs on the immune DNA encoding the Bet v 1a allergen and the inhibitory
response against Bet v 1a, 2 approaches were used. Fireffect of CpG motifs on IgG responses.
4 different CpG sequence motifs were appended to th . . .
Bet v 1a gene between the 3' end and the stop codoif roliferative responses in spleen cells and
This construct was designated pCMV-Bet/app. ConcerncYtokine profiles in sera
ing their effect on stimulating APCs, these 4 CpG motifs Despite the lack of antibody response after the first
are described as “strong CpG motifs” with a 5’-A and ainjection of plasmid DNA, all groups showed reactions
3'-T flanking the CpG (CpG1 = AACGTT, CpG2 = concerning proliferative responses and serum cytokine
AACGTC, CpG3 = GACGTT, and CpG4 = GACGTC). levels. Proliferation of spleen cells (Fig 4) revealed an
In the second approach, coinjection of the CpG-ODNallergen-specific stimulation starting from 3 weeks after
GCTAGACGTTAGCGT?4 (CG underlined) with the the first injection. Three further injections increased the
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FIG 5. ELISA of IFN-y and IL-4 in serum of animals (n = 6) immunized with pCMV-Bet, pCMV-Bet/app, pCMV-Bet/coinj with 50 ug CpG-
ODN, pCMV-Bet/app/coinj with 50pg CpG-ODN, and rBet v 1a. Preserum values were subtracted from experimental values. Data are
expressed as mean + SEM. IFN-y was increased after the first and second injection (P < .05), and IL-4 decreased (P < .05) in all groups
injected with plasmid DNA. Coinjection of CpG-ODN with pCMV-Bet revealed the strongest primary response with the most pronounced
T,1-type reaction. Immunization with the recombinant allergen induced a clear T,,-type response indicated by a striking increase of IL-4.

proliferative responses. As compared with nonimmu-and rBet v 1a as described above. Nahd IL-4 levels
nized animals, all experimental groups at both timewere determined in the supernatant of stimulated spleen
points showed a significant increase of proliferation withcells. IFNy levels were increased in all groups by using
rBet v 1a P < .05) without a significant difference CpG motifs either appended or coinject®d<(.05). IL-
between them. Nonrelated antigens, such as myoglobi4 was strikingly suppressed in all groups<.05) with-
and ovalbumin, induced no proliferation, indicating the out any significant difference between them, indicating a
specific nature of the response (data not shown). The prcclear T,;-type response in all animals. Only mice immu-
liferative response of animals immunized with recombi-nized with pCMV-Bet alone showed no increase in the
nant Bet v 1a did not significantly differ from that of ani- levels of INFy. Nevertheless, the ratio between IMF-
mals immunized with plasmid DNA. and IL-4 for the pCMV-Bet—treated animals also indicat-

The early onset of cellular reactions was also reflecteed a T,;-type response. The same immunization schedule
by changes in the serum levels of IgNand IL-4  performed with recombinant Bet v 1a protein resulted in
observed 25 days after the first injection of plasmida clear T,-type proliferative response with a significant
DNA. IFN-y production was increasel € .05), and IL-  increase of IL-4 (Fig 6).
4 was strikingly downregulatedP (< .05) in all groups
(Fig 5). This IL-4 suppression was particularly notice- DISCUSSION
able during the first boost performed 4 weeks after the Specific immunotherapy (SIT) of Type | allergy is an
first injection. After a second boost, the serum levels olefficient treatment for patients with pollinosis, and
both cytokines were normalized, and only a slightnumerous controlled clinical trials have demonstrated the
decrease of IL-4 compared with the corresponding valueefficacy of this form of therap2.24However, as allergens
in preimmune sera was observed. The highestylFeN- are injected into a sensitized organism, the occurrence of
els in sera were detected after the first injection oftypical allergic symptoms is frequent. Because of these
pCMV-Bet/coinj. In contrast to these results, immuniza-unwanted side effects, therapeutic doses can sometimes
tion with Bet v 1a protein elicited a predominani-T  not be reached, and SIT has to be considered a potential-
type response with an increased IL-4 production, whickly dangerous therapy, which in some cases is not success-
did not normalize after the second boost. ful. Recently, evidence accumulated that SIT influenced

] . ] the allergen-specific T-helper cell responge38 From

Cytokine levels in supernatants of stimulated these studies it can be concluded that a modulation of the
spleen cells allergen-specific immune reactivity from g,Jorientated

In general, immunotherapy by DNA-based immuniza-to a T,,-biased response is the operating mechanism lead-
tion, like conventional immunotherapy, may also requireing to clinical success. On the basis of these findings, sev-
multiple injections. To determine whether the inducederal strategies of inducing,Flike immune responses to
T, response remained stable under repeated immunizallergens have been establisAéds.29
tions over a prolonged period, at day 120 (3 weeks afte The recently described features of DNA-based immu-
the third booster injection) an allergen-specific prolifera-nization offer several aspects for a new type of allergen-
tion assay was performed by using isolated spleen cellspecific immunotherapy. Thus far no side effects, such as
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Interferon y interteukin 4 cular mass polypeptides and transporter associated with
antigen processing.32Because we used the Bet v 1a gene
without a signal sequence that can circumvent the cytoso-
lic degradation of the translated proteins, the CpG-induced
altered processing may have reduced the amount of native
protein that is a necessary prerequisite for antibody pro-
duction.

As can be seen in Fig 5, the cytokine serum levels of all
animal groups after DNA-based immunization normalized
after a third injection, yet still with a slight tendency to a
T, 1-type reaction. This effect could not be seen after
repeated immunization with the recombinant allergen;
increasing amounts of IL-4 were still detectable after a
third injection. The normalization of the serum levels of
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remained stable over a longer period of time after multiple

FIG 6. ELISA of IFN-y and IL-4 in supernatants of proliferation cul- IHJEC'[IOHS of plasmld DNA, animals received a fourth

tures 30 days after 4 monthly injections. Data are expressed as mean injection on day 90, and spleen cells were assayed on day
+ SEM. IL-4 suppression was highly significant in all groups (P < 120. The cytokine profile of the culture supernatants clear-
.001) immunized with plasmid DNA. The IFN-y increase was detect- |y confirmed a still Ongoing r]i response. IL-4 was drasti-

ed only in the groups injected with plasmid DNA coinjected with . : _
CpG motifs (P < .05). An increase of IL-4 was only detectable in the Ca"y reduced in all groups, and increased levels OvaN

protein immunization group. Control, Cytokine expression of spleen were detected, except in the group immunized with plas-
cells from nonimmunized animals stimulated with rBet v 1a. mid DNA encoding Bet v 1a without any additional CpG
sequences. These animals showed no increase iy IFN-
inflammatory responses or anaphylactic reactions, havcompared with nonimmunized controls. Nevertheless, the
been detected on immunization with plasmid DNA, ratio of IFNy to IL-4 still pointed to a [[;-type response.
which may be due to the minimal concentration of anti- No major variations were observed in the distribution
gen (only nanograms of proteins are translated at thof IgG1 and 1gG2a subclasses during the whole immu-
injection site) compared with the doses used for convennization schedule. Injection of the recombinant allergen
tional immunotherapy.Furthermore, DNA can be high- induced a characteristigFtype subclass response. After
ly purified and thus contain no contaminations, which DNA-based immunization, both subclasses were
recombinant proteins may frequently exhibit. detectable with a ratio of 2-3:1 for IgG1. Only the group
The Bet v 1a protein is known to be a strong allergenimmunized with pCMV-Bet/app/coinj displayed higher
inducing high levels of specific IgE antibodies in about IgG2a levels compared with the other groups. Consider-
80% of the individuals allergic to birch pollen. Therefore ing a ratio of IgG1 to IgG2a greater than 10 as an indica-
this molecule seems to be a proper candidate for evaluatictor for a typical T,-type response after genetic immu-
of the potential of DNA-based immunization with respect nizationi2 the subclass distribution also indicates,g T
to future strategies of allergy treatment. In our experimenttype response. However, it should be pointed out that the
the course of the humoral immune reaction demonstrateexpression of subclasses (without measuring the key
that multiple injections of plasmid DNA were necessary tocytokines) cannot be seen as a reliable indication of either
induce a humoral response with high antibody titers againsa T,;- or a T-type reactior$3 Therefore the IgG sub-
Bet v 1a. In spite of a weak humoral response after the firsclass distribution together with the cytokine profiles (in
injection, the animals showed a strong cellular response cserum and supernatants of proliferation cultures) provide
a clear T,;-type reaction, as indicated by an increase ofstrong evidence for g ] response after the immunization
IFN-y and a reduction of IL-4 levels in the serum. Immu- with the Bet v 1 gene. Furthermore, in contrast to the
nization with the recombinant allergen, however, induced eimmunization with the rBet v 1a protein, no IgE antibod-
clearly predominated, }-type response with an early onset ies could be detected after DNA-based immunization in
of IgG, a characteristic ratio of IgG1:lgG2a, production of any of the animals at any time during the experim&hts.
IgE, and enhanced IL-4 expression. Similar findings were also reported after DNA immuniza-
The use of CpG motifs (both appended to the Bet v ltion of mice with a plasmid construct containing Der p 5,
coding region or coinjected as CpG-ODN) did not enhancean important house dust mite allergéand with plasmid
the humoral reaction to Bet v 1, but a suppressive effecDNA encoding the latex allergen Hev §%.
was observed in both cases. These results are in contrast In conclusion, our data clearly demonstrate the possi-
previous studies dealing with the effects of immunostimu-bility to induce a strong /j-type response against the
latory DNA sequences on gene immunizairCpG clinically relevant allergen Bet v 1la by a DNA-based
motifs are known to activate IF-pathways, which  immunization and a supportive role of CpG motifs con-
change the intracellular processing by means of low molecerning the cellular responses. It remains to be estab-
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lished whether an immunization with the Bet v 1 genel.

can prevent already established atopic immune respon
es and downregulate an ongoing Tesponse. 20

REFERENCES

1. Donnelly JJ, Ulmer JB, Shiver JW, Liu MA. DNA vaccines. Annu Rev 21.

Immunol 1997;15:617-48.
2. Tang DC, DeVit M, Johnston SA. Genetic immunization is a simple
method for eliciting an immune response. Nature 1992;356:152-4.

3. Raz E, Carson DA, Parker SE, Parr TB, Abai AM, Aichinger G, et al. 22.

Intradermal gene immunization: the possible role of DNA uptake in the
induction of cellular immunity to viruses. Proc Natl Acad Sci U S A
1994;91:9519-23.

4. Davis HL, Demeneix BA, Quantin B, Coulombe J, Whalen RG. Plasmid

DNA is superior to viral vectors for direct gene transfer into adult mouse23.

skeletal muscle. Hum Gene Ther 1993;4:733-40.
5. Ulmer JB, Donnelly JJ, Parker SE, Rhodes GH, Felgner PL, Dwarki VJ,

et al. Heterologous protection against influenza by injection of DNA 24.

encoding a viral protein. Science 1993;259:1745-9.

6. Ulmer JB, Deck RR, Dewitt CM, Donnhly JI, Liu MA. Generation of
MHC class I-restricted cytotoxic T lymphocytes by expression of a viral
protein in muscle cells: antigen presentation by non-muscle cells.

Immunology 1996;89:59-67. 25.

7. Doe B, Selby M, Barnett S, Baenziger J, Walker CM. Induction of cyto-
toxic T lymphocytes by intramuscular immunization with plasmid DNA

is facilitated by bone marrow-derived cells. Proc Natl Acad Sci U S A 26.

1996;93:8578-83.
8. Huang AY, Bruce AT, Pardoll DM, Levitsky HI. In vivo cross-priming of
MHC class I-restricted antigens requires the TAP transporter. Immunity

1996;4:349-55. 27.

9. SatoY, Roman M, Tighe H, Lee D, Corr M, Nguyen MD, et al. Immuno-
stimulatory DNA sequences necessary for effective intradermal gene
immunization. Science 1996;273:352-4.

10. Krieg AM, Yi AK, Matson S, Waldschmidt TJ, Bishop GA, Teasdale R,

et al. CpG motifs in bacterial DNA trigger direct B-cell activation. Nature 28.

1995;374:546-9.

11. Klinman DM, Yi AK, Beaucage SL, Conover J, Krieg AM. CpG motifs
present in bacteria DNA rapidly induce lymphocytes to secrete inter-
leukin 6, interleukin 12, and interferon gamma. Proc Natl Acad Sci U S

A 1996;93:2879-83. 29.

12. Feltquate DM, Heaney S, Webster RG, Robinson HL. Different T helper
cell types and antibody isotypes generated by saline and gene gun DN
immunization. J Immunol 1997;158:2278-84.

13. Barry MA, Johnston SA. Biological features of genetic immunization.

Vaccine 1997;15:788-91. 30.

14. Rowntree S, Cogswell JJ, Platts-Mills TA, Mitchell EB. Development of
IgE and IgG antibodies to food and inhalant allergens in children at risk

of allergic disease. Arch Dis Child 1985;60:727-35. 31.

15. McMenamin C, Holt PG. The natural immune response to inhaled solu:
ble protein antigens involves major histocompatibility complex (MHC)
class I-restricted CD8+ T cell-mediated but MHC class Il-restricted

CD4+ T cell-dependent immune deviation resulting in selective suppres-32.

sion of immunoglobulin E production. J Exp Med 1993;178:889-99.
16. Renz H, Lack G, Saloga J, Schwinzer R, Bradley K, Loader J, et al. Inhi-

bition of IgE production and normalization of airways responsiveness by33.

sensitized CD8 T cells in a mouse model of allergen-induced sensitiza
tion. J Immunol 1994;152:351-60.
17. Raz E, Tighe H, Sato Y, Corr M, Dudler JA, Roman M, et al. Preferential

induction of a Th1l immune response and inhibition of specific IgE anti- 34.

body formation by plasmid DNA immunization. Proc Natl Acad Sci U S
A 1996;93:5141-5.
18. Hsu CH, Chua KY, Tao MH, Lai YL, Wu HD, Huang SK, et al. Inmuno-

prophylaxis of allergen-induced immunoglobulin E synthesis and airway35.

hyperresponsiveness in vivo by genetic immunization. Nat Med
1996;2:540-4.

Hartl et al 113

Jarolim E, Rumpold H, Endler AT, Schlerka G, Ebner H, Scheiner O, et
al. Specificities of IgE and 1gG antibodies in patients with birch pollen
allergy. Int Arch Allergy Appl Immunol 1989;88:180-2.

. Gajhede M, Osmark P, Poulsen FM, Ipsen H, Larsen JN, Joost van Neer-

ven RJ, et al. X-ray and NMR structure of Bet v 1, the origin of birch
pollen allergy. Nat Struct Biol 1996;3:1040-5.

Ebner C, Hirschwehr R, Bauer L, Breiteneder H, Valenta R, Ebner H, et
al. Identification of allergens in fruits and vegetables: IgE cross-reactivi-
ties with the important birch pollen allergens Bet v 1 and Bet v 2 (birch
profilin). J Allergy Clin Immunol 1995;95:962-9.

Ferreira F, Hirtenlehner K, Jilek A, Godnik-Cvar J, Breiteneder H,
Grimm R, et al. Dissection of immunoglobulin E and T lymphocyte reac-
tivity of isoforms of the major birch pollen allergen Bet v 1: potential use
of hypoallergenic isoforms for immunotherapy. J Exp Med
1996;183:599-609.

Varney VA, Gaga M, Frew AJ, Aber VR, Kay AB, Durham SR. Useful-
ness of immunotherapy in patients with severe summer hay fever uncon-
trolled by antiallergic drugs. Br Med J 1991;302:265-9.

Bousquet J, Becker WM, Hejjaoui A, Chanal |, Lebel B, Dhivert H, et al.
Differences in clinical and immunologic reactivity of patients allergic to
grass pollens and to multiple-pollen species. Il. Efficacy of a double-
blind, placebo-controlled, specific immunotherapy with standardized
extracts. J Allergy Clin Immunol 1991;88:43-53.

Secrist H, Chelen CJ, Wen Y, Marshall JD, Umetsu DT. Allergen
immunotherapy decreases interleukin 4 production in CD4+ T cells from
allergic individuals. J Exp Med 1993;178:2123-30.

Jutel M, Pichler WJ, Skrbic D, Urwyler A, Dahinden C, Muller UR. Bee
venom immunotherapy results in decrease of IL-4 and IL-5 and increase
of IFN-gamma secretion in specific allergen-stimulated T cell cultures. J
Immunol 1995;154:4187-94.

Durham SR, Ying S, Varney VA, Jacobson MR, Sudderick RM, Mackay
IS, et al. Grass pollen immunotherapy inhibits allergen-induced infiltra-
tion of CD4+ T lymphocytes and eosinophils in the nasal mucosa and
increases the number of cells expressing messenger RNA for interferon-
gamma. J Allergy Clin Immunol 1996;97:1356-65.

Ebner C, Siemann U, Bohle B, Willheim M, Wiedermann U, Schenk S,
et al. Immunological changes during specific immunotherapy of grass
pollen allergy: reduced lymphoproliferative responses to grass pollen and
shift from Th2 to Thl in T cell clones specific for Phl p 1, a major grass
pollen allergen. Clin Exp Allergy 1997;27:1007-15.

Jahn-Schmid B, Siemann U, Zenker A, Bohle B, Messner P, Unger FM,
et al. Bet v 1, the major birch pollen allergen, conjugated to crystalline
bacterial cell surface proteins, expands allergen-specific T cells of the
Th1/ThO phenotype in vitro by induction of IL-12. Int Immunol
1997;9:1867-74.

Klinman DM, Yamshchikov G, Ishigatsubo Y. Contribution of CpG
motifs to the immunogenicity of DNA vaccines. J Immunol 1997;
158:3635-9.

Boes B, Hengel H, Ruppert T, Multhaupt G, Koszinowski UH, Kloetzel
PM. Interferon gamma stimulation modulates the proteolytic activity and
cleavage site preference of 20S mouse proteasomes. J Exp Med
1994;179:901-9.

Gacynska M, Rock KL, Goldberg AL. Gamma-interferon and expression
of MHC genes regulate peptide hydrolysis by proteasomes. Nature
1993;365:264-7.

Pertmer TM, Roberts TR, Haynes JR. Influenza virus nucleoprotein-spe-
cific immunoglobulin G subclass and cytokine responses elicited by
DNA vaccination are dependent on the route of vector DNA delivery. J
Virol 1996;70:6119-25.

Wiedermann U, Jahn-Schmid B, Fritsch R, Bauer L, Renz H, Kraft D, et al.
Effects of adjuvants on the immune response to allergens in a murine model
of allergen inhalation: cholera toxin induces a Th1-like response to Bet v 1,
the major birch pollen allergen. Clin Exp Immunol 1998;111:144-51.

Slater JE, Zhang YJ, Arthur-Smith A, Colberg-Poley A. A DNA Vaccine
inhibits IgE responses to the latex allergen Hev b 5 in mice. J Allergy Clin
Immunol 1997;99:S504.



