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Background: Vaccination with allergen-encoding DNA

represents a promising approach for the treatment of allergic

diseases.

Objective: In a mouse model of type I allergy, we analyzed the

ability of biolistic transfection to inhibit antigen-specific IgE

production and to modulate TH2 responses.

Methods: BALB/c mice were vaccinated by means of gene gun–

mediated DNA immunization with plasmid vector pCMV-bGal,

encoding b-galactosidase as a model allergen. Subsequently,

mice were immunized by means of repeated intraperitoneal

injection of b-galactosidase adsorbed to the adjuvant

aluminum hydroxide. Development of IgE, IgG1, and IgG2a

antibody titers during the course of immunization was

followed, and anaphylactic potential of sera was determined by

using RBL-2H3 degranulation assay. Spleen cells of vaccinated

mice and unvaccinated control animals were stimulated in vitro

to analyze cytokine production and induction of CD81 effector

T cells.

Results: Gene gun–mediated DNA immunization with pCMV-

bGal very efficiently prevented IgE antibody production on

a long-term basis. Concomitantly, IgG1 antibody levels in

vaccinated mice were strongly reduced, whereas IgG2a

antibody production was increased. Analysis of cytokine

profiles indicated immune deviation from a TH2-biased

response in control mice toward a mixed TH1/TH2 response in

vaccinated mice. In addition, substantial numbers of IFN-g–

producing CD81 effector T cells were found in vaccinated mice.

Conclusion: Gene gun–mediated DNA vaccination prevents the

induction of long-lasting IgE antibody production. (J Allergy

Clin Immunol 2004;114:951-7.)
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Since the first description that immunization with
antigen-encoding DNA is effective in the suppression of
specific IgE antibody synthesis,1 genetic vaccination has
been considered as an attractive alternative to specific
immunotherapy. The latter is at present the only treatment
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of allergy that not only medicates the symptoms but also
affects the immunologic processes underlying allergic
diseases. Until now, a number of clinically relevant
allergens has been tested in animal models of type I
allergy to evaluate the potency of genetic immunization to
interfere with IgE production,2 a crucial event in the
pathogenesis of atopic diseases.

The vector most frequently used for the administration
of allergen genes is naked plasmid DNA, which in this
context is applied primarily in saline by means of
intramuscular or intradermal needle injection. This route
of DNA immunization preferentially induces a polarized
type 1 immune response characterized by the predominant
production of specific IgG2a antibody, by high IFN-g
release from CD41 TH cells, and by recruitment of CD81

cytotoxic T lymphocytes (CTLs).1,3,4 Both intradermal
and intramuscular injection have been reported to be
effective in the prevention of IgE antibody production if
used prophylactically.1,5-13 The suppressive effect has
been shown to be correlated with immune deviation from
a characteristic TH2 immune reaction toward a more TH1-
biased response1,7-10,12,13 but can also be mediated by
inhibitory CD81 T cells.7,14,15 However, one major
disadvantage of intramuscular and intradermal injection
is the high amount of plasmid DNA that is required to
initiate an antigen-specific immune response. An alterna-
tive method for in vivo transfection of somatic cells with
DNA is the bombardment of skin with DNA-coated gold
particles by using the helium-powered gene gun, referred
to as biolistic transfection. This application mode, in
contrast to needle injection, allows for the direct in-
troduction of plasmids into epidermal cells and therefore
requires 10 to 100 times lesser amounts of DNA to elicit an
immune reaction.16,17 In general, gene gun–mediated
DNA immunization results in substantial production of
IL-4 by CD41 T cells and a preponderance of IgG1
antibody synthesis over IgG2a antibody synthesis, sug-
gesting the induction of a type 2 immune response.3,4,6,18

The priming of antigen-specific TH2 cells resulting from
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gene gun–mediated DNA vaccination might favor the
generation of IgE-producing B cells and thus might lead to
an exacerbation of the allergic reaction after subsequent
encounter with the allergen. Therefore it is tempting to
conclude that biolistic transfection does not constitute an
effective mode of vaccination to prevent IgE antibody
production. However, we and others have reported that
CD41 T cells of mice immunized by using the gene gun
release high amounts of IFN-g after stimulation.1,4,19,20 In
addition, considerable numbers of IFN-g–producing
CD81 effector T cells representing the CTL population
were observed in gene gun–immunized mice.4,21 These 2
features are known to play important roles in the
suppression of IgE antibody responses. Therefore we
tested gene gun–mediated DNA vaccination by using
plasmid vectors encoding the model antigen b-galactosi-
dase (pCMV-bGal) in a well-established long-term model
of type I allergy22 and analyzed the capacity to inhibit IgE
antibody secretion resulting from subsequent immuniza-
tion with bGal protein adsorbed to the adjuvant aluminum
hydroxide (bGal/alum). In this report we show for the first
time that biolistic transfection is effective in the prevention
of sustained IgE antibody production.

METHODS

Mice and immunization protocol for induction
of IgE antibody production in the type I
allergy model

Female BALB/c mice, bred under specific pathogen-free con-

ditions in the animal facilities of the University ofMainz according to

German guidelines for animal care, were 6 to 8 weeks old at the

beginning of the experiments. High and persistent IgE antibody

production was induced by means of repeated intraperitoneal in-

jection of 100 mL of recombinant bGal (1 mg; Sigma-Aldrich,

Deisenhofen, Germany) adsorbed to an equal volume of aluminum

hydroxide (Pierce, Rockford, Ill). Immunization was performed at

intervals of 2 weeks.22

Plasmid vectors and DNA vaccination
schedule

The construction of plasmid vectors encoding the transgenes bGal

or enhanced green fluorescent protein (pCMV-bGal or pCMV-

EGFP, respectively) was described in detail previously.21 Plasmids

were purified with the GenElute endotoxin-free plasmid purification

kit (Sigma-Aldrich), according to the manufacturer’s instructions.

Plasmid DNA was precipitated in ethanol, resuspended in pyrogen-

free water, quantifiedwith a spectrophotometer, and stored at220�C.
Endotoxin levels in plasmid preparations were less than 20 EU/mg

DNA, as determined with the Limulus amoebocyte lysate assay

(BioWhittaker, Walkersville, Md).

Genetic immunization of mice was performed by using biolistic

transfection (4 mg of plasmid DNA/immunization) with the helium-

driven Helios gene gun system (Bio-Rad, Munich, Germany) or by

means of intradermal injection intrapinna (100 mg of plasmid DNA/

immunization), as previously described.4 To analyze the efficiency of

biolistic transfection in themousemodel of type I allergy, mice (n54)

were vaccinated by means of a single application or 3 applications

every 2 weeks of plasmid DNA administered through the gene gun.

Four to 6 weeks after the beginning of the vaccination, mice were

immunized with bGal/alum as described above. Sera were taken at
the indicated time points of the immunization period. After the sixth

administration of bGal/alum, mice were killed, and cytokine pro-

duction by CD41 T cells, as well as induction of CD81 effector T

cells, was analyzed. Representative data of a set of 2 to 4 independent

experiments are shown.

Detection of bGal expression in skin
and draining lymph nodes

Mice were biolistically transfected by means of 6 nonoverlapping

shots with pCMV-bGal on the abdomen. After 18 hours, biopsy

specimens of depilated abdominal skin were obtained. Draining

(inguinal and axillary) lymph nodes were prepared 36 hours after

immunization, placed in 2-methylbutane (Carl Roth GmbH & Co,

Karlsruhe, Germany), and shock-frozen in liquid nitrogen. All

specimens were embedded in Tissue-Tek O.C.T. Compound

(Electron Microscopy Sciences, Washington, Pa) and stored at

225�C. Frozen sections (7 mm) were placed on glass slides, fixed

in 0.5% glutaraldehyde in PBS for 10 minutes at room temperature,

and incubated overnight at 37�Cwith X-Gal substrate (0.8 mg/mLX-

Gal in PBS, 3.1 mmol/L potassium ferricyanide, 3.1 mmol/L

potassium ferrocyanide, and 1 mmol/L magnesium chloride). Skin

sections were counterstained for 7 minutes at room temperature with

nuclear fast red (Chroma-Gesellschaft, Münster, Germany). All

specimens were mounted with DPX Mountant medium (Sigma-

Aldrich) and screened for bGal-positive (blue) cells by using

a microscope with digital camera unit (BX50WI; Olympus,

Hamburg, Germany). Representative images were acquired and

documented with analySIS software (Soft Imaging Systems,

Münster, Germany).

Determination of serum antibody titers

Mice were bled through puncture of the retro-orbital plexus. Sera

were collected and frozen at220�C until thawed for determination of

bGal-specific IgG1, IgG2a, and IgE antibody levels by using antigen

capture ELISA, as previously reported.22 The antibody titer was

defined as the reciprocal serum dilution, yielding an absorbance

reading of an OD of 0.2 after linear regression analysis. To directly

compare the amount of different IgG isotypes in sera, the ratio of

specific IgG1 versus IgG2awas calculated as the quotient of IgG1 and

IgG2a antibody titers, which were determined in ELISA assays

performed in parallel. For comparison of serum samples obtained at

different time points of the immunization period contents of IgG1,

IgG2a, and IgE antibody in serum samples were standardized by

using high-titer reference sera and are presented as units per milliliter.

RBL-2H3 degranulation assay

To evaluate IgE-mediated immediate-type reactions, we used the

rat basophil leukemia cell line RBL-2H323 as an in vitromodel. Cells

(3 3 104/well) were grown overnight at 37�C in 96-well tissue-

culture plates (Corning Costar, Bodenheim, Germany) in culture

medium (Iscove modified Dulbecco medium [Gibco, Paisley, United

Kingdom] supplemented with 10% FCS [PAN Systems GmbH,

Nürnberg, Germany], 50 mmol/L 2-mercaptoethanol [Carl Roth

GmbH & Co], 2 mmol/L L-glutamine [Carl Roth GmbH & Co],

100 U/mL penicillin [Gibco], and 100mg/mL streptomycin [Gibco]).

Cells were incubated with sera from naive, control, and vaccinated

mice at a final dilution of 1:1000 for 2 hours at 37�C.Control wells for
spontaneous release without addition of sera were included.

Subsequently, cultures were washed twice with Tyrode buffer (130

mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1.4 mmol/L CaCl2,

5.6 mmol/L glucose, 10 mmol/L Hepes, and 0.1% BSA, pH 7.4).

Degranulation of RBL cells was stimulated by addition of recom-

binant bGal in Tyrode buffer (10 mg/mL). Nonsensitized RBL

cells were exposed to 5 mmol/L calcium ionophore A23187

(Sigma-Aldrich) and 100 nmol/L phorbol 12-myristate 13-acetate
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(Sigma-Aldrich) to assess maximum release of b-hexosaminidase by

means of IgE-independent degranulation. After 1 hour of incubation

at 37�C, supernatants were harvested, and the remaining cell layers

were lysed in Tyrode buffer supplemented with 1% Triton X-100

(Merck, Darmstadt, Germany). Enzymatic activity of b-hexosamin-

idase in supernatants and lysates was measured by the addition of the

chromogenic substrate p-nitrophenyl-N-acetyl-b-D-glucosaminide

(Sigma-Aldrich; 1 mmol/L in 0.1 mol/L sodium citrate, pH 4.5) for

1 hour at 37�C. The reaction was stopped by the addition of 0.2 mol/L

glycine (pH 10.7). The formation of the product p-nitrophenol was

assessed with a microplate reader Emax (MWG-Biotech, Ebersberg,

Germany) by using absorbance at 405 nm. The b-hexosaminidase

activity released into the medium (absorbance in the supernatant) and

thus the extent of degranulation was expressed as the percentage of

total activity (sum of the absorbance in the supernatant and in the

corresponding lysate).

ELISPOT assay for determination of IFN-g–
producing CD81 effector T cells

Erythrocytes were lysed from spleen cell suspensions by in-

cubating the cells for 1 minute in lysis buffer (155mmol/L NH4Cl, 10

mmol/L KHCO3, and 100 mmol/L EDTA-disodium, pH 7.4).

Splenocytes were passed through a 100-mm cell strainer (Becton

Dickinson Labware, Franklin Lakes, NJ). The frequency of CD81

effector T cells among spleen cells recognizing the H-2Ld-binding

bGal-derived nonamer peptide TPHPARIGL (bGal876-884; Sigma-

Aldrich) was determined by using an ELISPOT assay, as previously

described.22 Spots were counted with the EliSpot Reader System

(AID, Straßberg, Germany).

Measurement of cytokines in culture
supernatants

Splenocytes (53 106/well) were cultured for 72 hours on 24-well

tissue-culture plates (Corning Costar) in a volume of 1 mL of culture

medium with or without recombinant bGal (25 mg/mL). Cytokines

were quantified in supernatants by using a sandwich ELISA

performed according to a standard procedure, as previously de-

scribed.4 Recombinant mouse cytokines (IFN-g, IL-4, and IL-5

purchased fromPharMingen, SanDiego, Calif; IL-13 purchased from

R&D Systems, Minneapolis, Minn) were used as standards.

Statistical analysis of data

Statistical evaluation of the experimental data was performed by

using the Student t test with SigmaStat software. A P value of less

than .05 was considered statistically significant.

RESULTS

Particle bombardment of mouse skin with pCMV-bGal
leads to extensive production of bGal, mainly by cells of
the epidermal layer (Fig 1,A). In addition, single transgene
positive cells were detected in the draining lymph nodes
(Fig 1, B). Such cells, previously shown to reveal
characteristics of skin-derived Langerhans cells,21 are
potent inducers of antigen-specific T- and B-cell re-
sponses.4,21 The humoral immune response after gene
gun–mediated immunization of BALB/c mice with
pCMV-bGal is characterized by a predominance of
IgG1 antibody production over IgG2a antibody forma-
tion.4 To classify the immune response after biolistic
transfection of BALB/c mice in more detail, we compared
Ig synthesis resulting from 3 consecutive DNA immuni-
zations with pCMV-bGal, either by means of particle
bombardment or intradermal injection, and antibody
secretion caused by 3 weekly intraperitoneal injections
of bGal/alum. The strongest antibody production was
observed after protein immunization (Fig 2). The isotype
pattern induced after repeated immunization with bGal/
alum exhibited a pronounced preponderance of IgG1
antibody over IgG2a antibody (IgG1/IgG2a ratio: 192.8)
and in addition showed very high IgE antibody titers
indicative of a characteristic TH2 response. In contrast,
DNA immunization with pCMV-bGal through the in-
tradermal route elicited no IgE antibody. Production of
IgG isotypes was strongly reduced and largely restricted to
antibody of the IgG2a subclass (IgG1/IgG2a ratio: 0.2),
suggesting a TH1 response. By comparison, gene gun–
mediated DNA immunization generated the highest IgG2a
antibody titers of the 3 immunization modes but further-
more induced large amounts of IgG1 antibody, resulting in
a dominance of the latter isotype (IgG1/IgG2a ratio: 1.3).
IgE antibody titers after biolistic transfection were signif-
icantly higher than IgE antibody titers in mice intrader-
mally injected with pCMV-bGal but represented only
10% of IgE antibody levels of mice immunized withbGal/
alum. Thus the humoral response after gene gun–mediated
DNA immunization in fact showed features of a mixed
TH1/TH2 immune response.

FIG 1. Production of bGal in skin (A; original magnification 2003)

and draining lymph nodes (B; original magnification 6003) after

biolistic transfection of murine abdominal skin with pCMV-bGal.
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FIG 2. Comparison of bGal-specific antibody production after immunization with pCMV-bGal or bGal protein.

BALB/c mice (n = 4) were immunized 3 times with pCMV-bGal with the gene gun (g.g.) and by means of

intradermal injection (i.d.) or with bGal/alum by means of intraperitoneal injection (i.p.). On day 49, levels of

bGal-specific IgG2a antibody (hatched bars), IgG1 antibody (open bars), and IgE antibody (filled bars) were

determined by means of ELISA. Data are presented as mean serum titers 6 SD of individual mice. Asterisks

indicate significant differences between experimental groups (*P < .05, **P < .01, ***P < .001).
In a mouse model of type I allergy, we analyzed the
effect of DNA vaccination through the gene gun on the
development of a long-lasting, antigen-specific IgE anti-
body response. For this purpose, we biolistically trans-
fected BALB/c mice once either with pCMV-bGal or with
the control vector pCMV-EGFP, encoding for the irrele-
vant antigen EGFP.21 Subsequently, mice were immu-
nized by means of repeated intraperitoneal injection of
bGal/alum in intervals of 2 weeks. After the fourth
immunization, IgE antibody titers in unvaccinated
BALB/c mice were substantially increased (Fig 3, A).
Concomitantly, immune sera recovered from these control
mice exhibited pronounced anaphylactic activity in the
degranulation assay by inducing mediator release from
RBL cells (Fig 3, B). Animals vaccinated with pCMV-
EGFP had a comparable IgE antibody response and
induced a similar level of degranulation of RBL cells. In
contrast, sera from mice vaccinated with the bGal-
encoding plasmid showed considerably reduced IgE
antibody titers. In addition, the sera had a significantly
decreased capacity to provoke degranulation of RBL cells,
being similar to degranulation after incubation with sera
from naive mice, which represents the background
mediator release in this assay (Fig 3).

To assess whether IgE antibody production in mice
vaccinated with pCMV-bGal was upregulated at any time
point in the course of immunization with bGal/alum, IgE
antibody titers were followed up during the entire
immunization period. Mice were vaccinated with
pCMV-bGal by means of a single application or 3
applications administered through the gene gun. To
compare the intensity of antigen-specific priming of the
humoral immune response induced by DNA vaccination
and protein immunization, respectively, a third group of
mice at the same time received a single intraperitoneal
injection of bGal/alum, whereas a fourth group remained
untreated (control). All groups of mice subsequently
received 5 injections of bGal/alum. As depicted in the
upper panel of Fig 4, control mice had excessive IgE
antibody production after the fourth immunization with
bGal/alum. Mice primed by means of protein injection
showed a rapid boost of IgE antibody formation imme-
diately after the first rechallenging immunization with
bGal/alum, whereas at later time points, IgE antibody
levels were comparable with those of the control animals.
In contrast, no enhancement of IgE antibody production
was observed in biolistically transfected mice after the
beginning of immunization with bGal/alum. Moreover,
long-term IgE antibody synthesis in gene gun–vaccinated
mice was considerably suppressed (Fig 4, upper panel).
Different from IgE antibody production, IgG1 and IgG2a
antibody levels in vaccinated mice were boosted after the
beginning of immunization with bGal/alum and remained
increased during the course of further immunization.

Comparison of IgG1 and IgG2a antibody content,
determined in sera of vaccinated mice and of control mice
after the fifth application of bGal/alum, revealed a pro-
found effect of biolistic transfection with pCMV-bGal on
the production of the different IgG isotypes in the long
term as well. IgG1 antibody levels in vaccinated mice
were considerably decreased (Fig 4, middle panel),
whereas IgG2a antibody production was enhanced (Fig
4, lower panel), thus resulting in reduced ratios of IgG1
versus IgG2a antibody, as determined on the basis of
direct comparison of serum titers (control: 122.5; pCMV-
bGal, 13: 19.2; pCMV-bGal, 33: 9.2).

Cytokine profiles of spleen cells stimulated in vitrowith
bGal protein were determined to analyze whether CD41

TH cell subsets in vaccinated mice and control mice
differed in their phenotype and thus might contribute to
the generation of divergent Ig isotype patterns. A single
vaccination with pCMV-bGal preceding immunization
with bGal/alum lead to a shift in the production of IFN-g
and IL-4, the surrogate markers for TH1 and TH2
responses, respectively; production of IFN-gwas strongly
increased, whereas production of IL-4 was considerably
reduced (Fig 5). As the result of 3 DNA vaccinations,
secretion of IL-5 and IL-13, which are also associated with
TH2 responses, was decreased as well.

In addition, the frequency of bGal-specific CD81

effector T cells among spleen cells, representing the
CTL population, was determined by means of IFN-g
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production after stimulation with the H-2Ld-restricted
bGal-derived nonamer peptide TPHPARIGL (bGal876-
884). In contrast to unvaccinated control mice, in which
only marginal numbers of IFN-g–producing CD81 effec-
tor T cells were detected, gene gun–vaccinated mice
harbored substantial numbers of these T cells (Fig 6).
Repeated biolistic transfection increased the frequency of
CD81 effector T cells, despite subsequent immunization
with bGal/alum, which is similar to earlier results with
mice solely immunized with pCMV-bGal by using the
gene gun without further treatment with bGal protein.4

FIG 3. Gene gun–mediated vaccination with pCMV-bGal prevents

the induction of IgE antibody production. BALB/c mice (n = 4) were

vaccinated with a single biolistic transfection with pCMV-bGal or

pCMV-EGFP. Subsequently, vaccinated mice, as well as untreated

control mice, were immunized 4 times with bGal/alum. Thirteen

days after the last immunization, levels of bGal-specific IgE

antibody in sera were measured by means of ELISA (A), and

anaphylactic activity of sera was determined by using the RBL-2H3

degranulation assay (B). IgE-dependent activation of RBL cells was

induced with bGal protein (filled bars) and compared with de-

granulation of cells cultured without bGal protein (open bars). Data

are presented as means6 SD of individual mice. Asterisk indicates

significant differences between control mice and vaccinated mice

(*P < .01).
DISCUSSION

In this report we analyzed the capacity of gene gun–
mediated DNA vaccination to modulate the immune
response and to prevent IgE antibody synthesis in a mouse
model of type I allergy. We demonstrate for the first time
that biolistic transfection with plasmid vectors encoding
for a model allergen (bGal) represents a suitable tool to

FIG 4.Gene gun–mediated vaccination with pCMV-bGal modulates

the humoral immune response. BALB/c mice (n = 4) were treated

(black arrows) with a single (filled squares) or 3 consecutive (filled

triangles) gene gun–mediated vaccinations with pCMV-bGal or

with a single injection of bGal/alum (filled circles). Control mice

were left untreated (open circles). Subsequently, mice were

immunized by means of intraperitoneal injection of bGal/alum

(white arrows). On various days of the immunization period, levels

of bGal-specific IgE, IgG1, and IgG2a antibody in sera were

determined by means of ELISA. Data are presented as means of

individual mice.
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effectively inhibit subsequent induction of IgE production
caused by immunization with protein adsorbed to alum.

Concomitant with the suppression of long-term IgE
antibody synthesis after immunization with bGal/alum,
we observed strongly reduced IgG1 antibody titers in
vaccinated mice, whereas IgG2a antibody titers were
enhanced, consequently leading to considerably decreased
IgG1/IgG2a ratios. The data indicate immune deviation
from a TH2-biased to a mixed TH1/TH2 immune response
induced by gene gun–mediated DNA vaccination. This
assumption was supported by measurement of cytokine
levels released by splenocytes stimulated in vitro with
bGal protein. In comparison to spleen cells recovered from
unvaccinated control mice, activated spleen cells from
mice repeatedly vaccinated with pCMV-bGal secreted
reduced amounts of TH2 cytokines, particularly IL-4. On
the other hand, production of IFN-g as themainmarker for
TH1 responses was strongly upregulated. These data are
coincident with reports from other groups demonstrating
successful prophylactic genetic vaccination by using intra-
muscular or intradermal injection of DNA.1,7-10,12,13,22 It
is known that IL-4 and IFN-g act antagonistically on the
induction of IgE antibody responses.24 Therefore the
inhibition of IgE antibody production observed in gene
gun–vaccinated mice might be due to the shift from an
immune response dominated by TH2 cells toward a TH1-
orientated immune response. In addition, the recruitment
of IFN-g–secreting CD81 effector T cells in mice
vaccinated with pCMV-bGal also might contribute to
alleviated IgE antibody responses because it was shown by
several groups that CD81 T cells have inhibitory potential
for IgE production.7,14,15,25 We are currently investigating
whether regulatory CD41 T cells26 participate in the
suppression of IgE antibody formation.

It has been shown previously that prophylactic DNA
vaccination is capable of attenuating specific IgE antibody
production. This effect, however, could only be achieved
after intramuscular5-7,9,10,12,14 or intradermal1,8,13 inocu-
lation of the DNA. Gene gun–mediated DNA immuniza-

FIG 5. Gene gun–mediated vaccination with pCMV-bGal induces

a shift toward a mixed TH1/TH2 response. BALB/c mice (n = 4) were

vaccinated and immunized as described in the legend to Fig 4.

Twelve days after the sixth immunization with bGal/alum, spleno-

cytes were cultured with (filled bars) or without (open bars)

recombinant bGal. Quantities of cytokines in pooled supernatants

were determined by means of ELISA. Data are presented as means

of duplicates.
tion has been tested only once by Toda et al,6 who used
Japanese cedar pollen allergen Cry j 1 as an antigen,
presumably because of the general notion that particle
bombardment is associated with the induction of TH2-like
immune responses that might prime for enhanced IgE
antibody production and thus promote the occurrence of
allergic reactions. Indeed, Toda et al6 reported higher IgE
antibody titers in mice biolistically transfected with
allergen-encoding DNA than those seen in control mice.
Contrary to these data, we observed a recall IgE antibody
response after secondary immunization with bGal/alum
solely after initial priming with bGal/alum but not as the
result of precedingDNA immunizationwith pCMV-bGal.
The discrepancy in the results obtained by Toda et al6

might be explained by different experimental settings
because the authors looked for Ig production only at an
early time point after the booster injection with allergen in
alum but did not follow IgE antibody titers at later time
points. In contrast, we observed long-term suppressive
activity of gene gun–mediated vaccination with pCMV-
bGal on the outcome of the IgE antibody response after
repeated challenge with bGal protein. Another factor that
might contribute to the observed differences is the nature
of the antigen/allergen used in the studies and of the
plasmid vector. Gene gun–mediated immunization with
pCMV-bGal at first glance initiated a TH2-like immune
response characterized by a predominance of IgG1 over
IgG2a antibody production. However, the IgG response
was by far not as polarized as the one after intraperitoneal
immunization with bGal/alum. In addition, IgE antibody
titers were low, suggesting that the immune response
after biolistic transfection with pCMV-bGal represents a
mixed TH1/TH2 type rather than a characteristic TH2 type.
Furthermore, cytokine production analysis indicated com-
partmentalization of the T-cell response, being TH2-like in
the draining lymph nodes and revealing large numbers of

FIG 6. Gene gun–mediated vaccination with pCMV-bGal results in

strong recruitment of CD81 effector T cells. BALB/c mice (n = 4)

were vaccinated and immunized as described in the legend to Fig

4. Twelve days after the sixth immunization with bGal/alum,

frequencies of IFN-g–producing CD81 effector T cells among

splenocytes were determined by means of ELISPOT assay after

incubation with (filled bars) or without (open bars) the H-2Ld-

specific peptide bGal876-884. Data are presented as means of

quadruplicates 6 SD. Asterisk indicates significant differences

between control mice and vaccinated mice (*P < .001).
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IL-4–producing T cells, but TH1 biased in the spleen, with
a dominance of IFN-g–producing T cells.4 Consequently,
the coexistence of TH1 and TH2 responses in different
lymphoid compartments might favor the inhibition of a
subsequent IgE antibody response and thus might con-
tribute to the protective potential of gene gun–mediated
vaccination with pCMV-bGal. Future experiments will be
needed to investigate whether intrinsic properties of the
protein encoded by the plasmid DNA18,27 have any effect
on the inhibitory capacity of vaccination with the gene
gun.

In conclusion, we demonstrated that prophylactic gene
gun–mediated DNA vaccination represents a promising
tool to interfere with the generation of TH2 responses and
to prevent IgE antibody production. Because therapeutic
DNA vaccination with allergen-encoding vectors for the
suppression of already established IgE antibody immune
responses has only rarely been documented to be success-
ful1,8,11,13 or was reported to be inefficient,7,22 it has to be
further elucidated whether ongoing IgE production is
susceptible for curative intervention by means of biolistic
transfection.

The study was done in partial fulfillment of the requirements of the

doctoral thesis of I.L.-P.
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