
Human dendritic cells transfected with allergen-DNA stimulate
specific immunoglobulin G4 but not specific immunoglobulin

E production of autologous B cells from atopic individuals in vitro

Introduction

Atopic/allergic diseases such as allergic asthma and rhini-

tis are characterized by T helper 2 (Th2)-dominated

immune responses against harmless antigens (i.e. aller-

gens), like grass-pollen.1 Th2-cells also provide help for

immunoglobulin E (IgE) production of B cells.2 Cross-

linking of IgE bound to mast cells by high-affinity Fce
receptors triggers the release of preformed vasoactive

mediators, synthesis of prostaglandins and leukotrienes

and the transcription of cytokine genes.3,4

The only curative therapy of the diseases mentioned

above, allergen-specific immunotherapy (SIT), was

introduced in 1911.5 It is based on the administration

of increasing amounts of allergens in order to achieve

tolerance. Clinical efficacy of SIT has been demonstra-

ted in many clinical trials. Additionally, it has been

shown that allergen specific immunotherapy specifically
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Summary

Atopic/allergic diseases are characterized by T helper 2 (Th2)-dominated

immune responses resulting in immunoglobulin E (IgE) production.

DNA-based immunotherapies have been shown to shift the immune

response towards Th1 in animal models. In further studies we showed

that human dendritic cells (DC) transfected with allergen-DNA are able

to stimulate autologous CD4+ T cells from atopic individuals to produce

Th1 instead of Th2 cytokines and to activate interferon-c (IFN-c)-produ-

cing CD8+ T cells. The aim of this study was to analyse whether DC

transfected with allergen-DNA are also able to influence immunoglobulin

production of B cells from atopic donors. For this purpose, human mono-

cyte-derived DC from grass-pollen allergic donors were transfected with

an adenovirus encoding the allergen Phleum pratense 1 and cocultured

with B cells, autologous CD4+ T cells, and CD40 ligand-transfected

L-cells. B cells receiving help from CD4+ T cells stimulated with allergen-

transfected dendritic cells produced more allergen-specific IgG4 compared

to stimulation with allergen protein pulsed DC or medium, while total

IgG4 production was not affected. In contrast, specific IgE production

was not enhanced by stimulation with allergen-DNA transfected DC com-

pared to medium and inhibited compared to allergen protein-pulsed DC

with similar effects on total IgE production in vitro. Allergen-DNA trans-

fected dendritic cells are able to direct the human allergic immune

response from Th2-dominance towards Th1 and Tc1 also resulting in

decreased IgE and increased IgG4 production.

Keywords: adenoviral transfection; allergy; dendritic cells; Th1/Th2; IgE

Abbreviations: CD40L, CD40 ligand; DC, dendritic cell; ELISA, enzyme-linked immunosorbent assay; IFN, interferon;
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SIT, specific immunotherapy.
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modifies a pre-existing allergic Th2 dominated immune

response shifting it towards a Th1 response and indu-

cing interleukin-10 (IL-10) producing regulatory T

cells.6,7

However, the potential risk of adverse effects such as

anaphylactic reactions and the intention to increase effi-

cacy drives the search for alternatives and/or modifica-

tions of specific immunotherapy. The features of DNA

vaccines, including the possibility to induce Th1-biased

immune responses, led to the development of new

approaches for protective and therapeutic allergy treat-

ments.8 The anti-allergic principles of DNA vaccines

could be clearly attributed to the recruitment of inter-

feron-c (IFN-c)-producing CD4+/– and CD8+/– T cells

and the establishment of a balanced Th1/Th2-type cyto-

kine milieu.9

Apart from that dendritic cells (DC) are potent tools

for the antigen-specific modulation of immune responses,

including allergic immune responses.10,11 Therefore we

employed DC transfected with adenovirus encoding aller-

gen-DNA to investigate the effect on the human allergic

immune response in vitro. We used an adenoviral vector

because of much higher transfection rates compared to

other transfection methods like electroporation or lipofec-

tion.12 An additional advantage of allergen-DNA-trans-

fected DC compared to allergen protein-pulsed DC may

be better responses from the CD8+ T-cell compartment

because of major histocompatibility complex (MHC) class

I antigen presentation.

In earlier studies we showed the influence of aller-

gen-DNA-pulsed human DC on autologous T cells

from sensitized atopic patients in vitro. We demonstra-

ted that CD4+ T cells produce more Th1-cytokines

after stimulation with autologous adenovirus transfected

mature DC and that allergen-DNA-transfected DC

are also able to activate IFN-c-producing CD8+

T cells.13 In the present study we analysed the influ-

ence of allergen-DNA transfected DC on total and

allergen specific immunoglobulin production of autolo-

gous B cells from allergic (already sensitized) donors,

a very important aspect with regard to therapeutic

considerations.

Materials and methods

Blood samples

Heparinized blood was obtained from atopic donors

(mainly with allergic rhinitis) sensitized to Phleum pra-

tense who had not undergone specific immunotherapy.

Specific sensitization was documented by positive skin

prick test to the allergen and detection of allergen-specific

IgE in the sera (CAP class �2 measured by Immuno-

CAP� specific IgE blood test, Phadia AB, Uppsala,

Sweden).

Cell culture reagents and cell line

Iscove’s modified Dulbecco’s medium with L-glutamine

and 25 mM Hepes (IMDM; Life Technologies GmbH,

Karlsruhe, Germany) supplemented with 3024 mg/l

sodium bicarbonate, 100 lg/ml streptomycin, 100 U/ml

penicillin, and 1% heat-inactivated autologous plasma

was used for the culture of DC and with 5% autologous

plasma for the coculture of T cells and DC.

Human recombinant IL-4, IL-1b and tumour necrosis

factor-a (TNF-a) were purchased from Strathmann Biotech

GmbH (Hannover, Germany) and granulocyte–macro-

phage colony-stimulating factor (GM-CSF; Leukine�) was

obtained from Immunex Corp. (Seattle, WA) and prosta-

glandin E2 (Minprostin�) from Pharmacia & Upjohn

GmbH (Erlangen, Germany). Natural Phleum pratense 1

(Phl p1) was isolated from pollen extract according to the

chromatographical separation by Suck et al.14 Phl p1 aller-

gen-DNA was taken from clone pPhlp1.p4.15

Mouse fibroblastic L cells stably transfected with human

CD40L were kindly provided by Dr Pierre Garrone (Scher-

ing-Plough, Dardilly, France). L cells were cultured in

RPMI-1640 medium (Gibco BRL, Life Technologies, Pais-

ley, UK) supplemented with 10% fetal calf serum (FCS;

Sigma, Deisenhofen, Germany) and expanded when con-

fluent with Versene 1 : 5000 (Gibco, BRL).

Generation of monocyte-derived human DC

PBMC were isolated from heparinized blood by Ficoll-

Paque 1.077 (Biochrom, Berlin, Germany) density centri-

fugation. To enrich CD14+ monocytes 1 · 107 peripheral

blood mononuclear cells (PBMC) per well were incubated

for 45 min in a six-well-plate (Costar, Bodenheim, Ger-

many) in IMDM supplemented with 3% autologous

plasma at 37�. After washing the non-adherent cells with

prewarmed phosphate-buffered saline the remaining

monocytes (purity >90%) were incubated in 3 ml/well

IMDM supplemented with 1% heat-inactivated auto-

logous plasma, 1000 U/ml IL-4 and 200 U/ml GM-CSF.

Cells were fed with fresh medium every other day. On

day 7 the resulting immature DC were pulsed with 5 lg/ml

of nat Phl p1 or transfected with Ad-Phl p1 and further

stimulated with 1000 U/ml TNF-a, 2000 U/ml IL-1b and

1 lg/ml prostaglandin E2 to induce their full maturation.

Mature DC expressing high levels of CD80, CD83, CD86

and MHC class II molecules controlled by flow cytometry

(>90%) were harvested 48 hr after stimulation, washed

twice and used for T-cell stimulation assays.

Purification of T and B cells

Autologous CD4+, CD8+ T cells and CD19+ B cells were

obtained from PBMC using antibody-coated paramagnetic

MicroBeads (MACS, Miltenyi Biotec, Bergisch Gladbach,
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Germany) according to the protocol of the manufacturer.

Separation was controlled by flow cytometry (purity

>98% CD4+ T cells, >95% CD8+ T cells, >90% B cells).

Coculture of T cells and autologous allergen-pulsed
or allergen-DNA transfected DC

For proliferation assays, 1 · 105 CD4+ or CD8+ T cells

were cocultured in 96-well-plates (Costar) in triplicates

with 1 · 104 autologous allergen-pulsed or allergen-DNA

transfected DC, in 200 ll IMDM supplemented with

5% heat-inactivated autologous plasma. After 5 days,

the cells were pulsed with 37 kBq/well of [3H]TdR

([methyl-3H]thymidine, ICN, Irvine, CA) for 6 hr, and

[3H]TdR incorporation was evaluated in a beta counter

(1205 Betaplate, LKB Wallac, Turku, Finland).

For cytokine production assays, 5 · 105 CD4+ or CD8+

T cells were cultured in 48-well-plates in the presence

of 5 · 104 autologous allergen-pulsed or allergen-DNA

transfected DC in 1 ml IMDM supplemented with 5%

heat-inactivated autologous plasma. On day 7, T cells

were restimulated with 5 · 104 newly generated auto-

logous allergen-pulsed or allergen-DNA transfected DC,

and supernatants were collected 24 hr later.

Coculture of B cells, T cells, autologous
allergen-pulsed-or allergen-DNA transfected DC and
CD40L-transfected L cells

To measure immunoglobulin production of B cells

1 · 105 B cells, 5 · 105 T cells 5 · 104 DC and 5000

irradiated CD40L transfected L cells were cocultured in

IMDM supplemented with 5% heat inactivated auto-

logous plasma and 1000 U/ml IL-4. After 12 days super-

natants were collected and amount of total IgE, allergen

specific IgE, total and allergen specific IgG4 were meas-

ured by enzyme-linked immunosorbent assay (ELISA).

Quantification of cytokine and immunoglobulin
production by ELISA

Human IL-4, IL-5, IL-10, IFN-c, total IgE and IgG4 were

measured by ELISA according to the instructions of the

distributors of the employed pairs of antibodies (BD

PharMingen) as described previously.16 Detection limit

was 8 pg/ml for IL-4 and 32 pg/ml for all other cytokines

and 1 ng/ml for IgE and IgG. For specific IgE and specific

IgG4 plates were coated with 20 lg/ml nat Phl p 1,

amount of specific immunoglobulins are given as percent-

age of optical density.

Recombinant adenovirus and transduction of DC

Recombinant adenoviral vectors encoding Phl p 1

(Ad-Phl p 1) were purchased from QBioGene (Heidel-

berg, Germany), and expanded in 293 cells, purified by

cesium chloride gradient density centrifugation and sub-

sequently dialysed according to the instructions of the

manufacturer. Adenoviruses were added to DC cultures

on day 7 at an multiplicity of infection of 300 (i.e.

3 · 108 plaque forming units/106 DC per well) resulting

in optimal transfection efficiency of 92% as shown

earlier.13

Results

Allergen-DNA-transfected DC stimulate proliferation
of human autologous CD4+ and CD8+ T cells from
allergic donors

As shown in Fig. 1 allergen-DNA-transfected mature DC

were effective in inducing T-cell proliferation. Allergen

protein-pulsed DC served as positive control, whereas un-

pulsed DC were used as negative controls. DC transfected

only with adenovirus which is not encoding allergen-

DNA (Psi 5) are not able to induce proliferation in T

cells. The induction of the stimulation of CD4+ T cells by

allergen-DNA transfected DC was as high as with allergen-

pulsed (nat Phl p1)-DC. The lowest proliferation was
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Figure 1. Proliferation of T cells from allergic donors. (a) CD4+ and

(b) CD8+ T cells were stimulated with autologous allergen (nat Phl

p1)-pulsed, allergen-DNA-transfected or control (medium) DC or DC

transfected with virus without encoding allergen-DNA (Psi 5). After

5 days, cells were pulsed with 1 lCi of tritiated thymidine. Results are

expressed as the mean ± SD from eight atopic donors. + Indicates

statistically significant differences (P < 0�04) to control (medium)

DC. * Indicates statistically significant differences (P < 0�04) to

allergen-protein pulsed DC.

� 2007 The Authors Journal compilation � 2007 Blackwell Publishing Ltd, Immunology, 122, 239–246 241

Decreased IgE production after stimulation with allergen-DNA-transfected DC



measured with T cells stimulated with unpulsed DC

(medium) (Fig. 1a). As expected CD8+ T cells showed

much higher proliferation rates after stimulation with

allergen-DNA transfected DC compared to T cells stimu-

lated with allergen protein pulsed DC. The negative con-

trols (medium and Psi 5) did not induce proliferation in

CD8+ T cells (Fig. 1b).

Allergen-DNA-transfected DC preferentially induce
Th1 and Tc1 cytokine production

Furthermore we studied the cytokine pattern of CD4+

(Fig. 2a) and CD8+ T cells (Fig. 2b) cocultured with

transfected autologous mature DC. To achieve measurable

amounts of cytokine production, T cells were restimu-

lated with newly generated transfected autologous mature

DC after 7 days. As shown in Fig. 2 allergen-DNA-trans-

fected DC induced higher amounts of the type 1-cytokine

IFN-c in CD4+ T cells as well as in CD8+ T cells than

allergen (nat Phl p1)-pulsed DC, while the production of

the Th2 cytokines IL-4, IL-5 and IL-10 was lower than in

T cells stimulated with allergen (nat Phl p1)-pulsed DC.

Production of IL-4, IL-5 and IL-10 was not detectable in

CD8+ T cells. DC transfected with adenovirus not

encoding allergen-DNA (Psi 5) were not able to induce

cytokine production neither in CD4+ nor in CD8+

T cells.

Allergen-DNA transfected DC stimulate
allergen specific IgG4 production of B cells from
allergic donors more efficiently than allergen
protein-pulsed DC

We analysed the production of total IgG4 and allergen

specific IgG4 which has been linked to successful SIT.17

For this purpose, human mature allergen-DNA-tran-

sfected DC from allergic donors were cocultured with

autologous CD4+ T cells, autologous B cells and CD40L-

transfected L cells for 12 days. As shown in Fig. 3 total

IgG4 production was not affected by stimulation of T

cells with allergen-DNA-transfected DC. However, specific

IgG4 production of B cells was significantly enhanced

when cells were stimulated with allergen-DNA-transfected

DC, even compared to cells stimulated with allergen (nat
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Figure 2. Cytokine production of T cells from allergic donors. (a) CD4+ and (b) CD8+ T cells were stimulated twice with allergen (nat Phl p1)-

pulsed, allergen-DNA transfected or control (medium) DC or DC transfected with virus without encoding allergen-DNA (Psi 5) and cytokines

were measured by ELISA. Results are expressed as means ± SD from eight atopic donors (which were the same donors as in Fig. 1). + Indicates

statistically significant differences (P < 0�04) to control (medium) DC. * Indicates statistically significant differences (P < 0�04) to allergen-protein

pulsed DC.
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Phl p1)-pulsed DC. Psi 5-transfected DC did not induce

immunoglobulin production.

Allergen-DNA-transfected DC do not stimulate total
or allergen specific IgE production of human
autologous B cells

Finally, we analysed the production of IgE by B cells after

coculture with allergen-DNA-transfected DC. Therefore,

human mature allergen-DNA-transfected DC were cocul-

tured with autologous CD4+ T cells, B cells and CD40L-

transfected L cells for 12 days. As shown in Fig. 4

total and allergen-specific IgE production were decreased

compared to stimulation with allergen protein-pulsed

DC reaching the same level as observed for unpulsed or

Psi 5-transfected DC. Without addition of IL-4 or auto-

logous CD4+ T cells as well as without additional CD40

stimulation IgE production was too low to detect

differences induced by allergen-pulsed- or allergen-DNA

transfected DC.

Discussion

In the present study, we extended our earlier findings

demonstrating that human allergen-DNA-transfected DC

are not only efficient in stimulating autologous CD4+ and

CD8+ T cells but also influence immunoglobulin produc-

tion of B cells. As expected, CD8+ T cells were activated

more strongly by allergen-DNA-transfected DC than by

allergen-pulsed DC, but CD4+ T cells were also activated.

The latter indicates that DC not only produce the respec-

tive protein endogenously and present it utilizing the

MHC class I pathway after transfection with allergen-

DNA, but also shuttle the protein into the MHC class II

pathway, potentially after secondary uptake of secreted

allergen protein produced by themselves.18 We were not

able to detect Toll-like receptor 9 on DC (data not

shown), so this seems not to be the mechanism that

induces our observed effects. Allergen-DNA-transfected

DC are also able to induce a strong IFN-c production in

CD4+ and CD8+ T cells and decrease the production of

Th2 cytokines IL-4 and IL-5.13 In the control and regula-

tion of IgE production the induction of CD8+ T cells and

the activation of CD4+ T cells with a Th1-polarized pheno-

type play a prominent role.19 The finding that transfec-

tion of DC with adenovirus not encoding allergen-DNA

do not induce any T-cell response shows that the effects

we observed with allergen-DNA-transfected DC are not

Medium

%
 o

f n
g/

m
l

%
 o

f O
D

120

(a)

(b)

350

300

250

200

150

100

50

0

100

80

60

40

20

0
Ad-Phl p1

Total lgG4

Phl p1-spec. lgG4

*
+

nat Phl p1 Psi 5

Medium Ad-Phl p1 nat Phl p1 Psi 5

Figure 3. Immunoglobulin G4 production of B cells from allergic

donors (a) total and (b) specific IgG4. B cells and T cells were

stimulated with autologous allergen (nat Phl p1)-pulsed, allergen-

DNA-transfected or control (medium and Psi 5) DC, CD40L-trans-

fected L cells and 1000 U/ml IL-4 for 12 days and immunoglobulin

production was measured by ELISA. Results are expressed as

means ± SD from 14 atopic donors. + Indicates statistically signifi-

cant differences (P < 0�04) to control (medium) DC. * Indicates

statistically significant differences (P < 0�04) to allergen (nat Phl p1)-

pulsed DC.
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Figure 4. Immunoglobulin E production of B cells from allergic

donors (a) total and (b) specific IgE. B cells and T cells were stimu-

lated with autologous allergen (nat Phl p1)-pulsed, allergen-DNA-

transfected or control (medium and Psi 5) DC, CD40L-transfected

L cells and 1000 U/ml IL-4 for 12 days and immunoglobulin pro-

duction was measured by ELISA. Results are expressed as

means ± SD from 14 atopic donors. The donors were the same as in

Fig. 3 and included the eight donors from Figs 1 and 2. + Indicates

statistically significant differences (P < 0�04) to control (medium)

DC. * Indicates statistically significant differences (P < 0�04) to aller-

gen (nat Phl p1)-pulsed DC.
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responses induced by antigens of the virus itself. Here,

we additionally show that transfection of human DC

from atopic donors with allergen-DNA prevents the

development of specific IgE responses, while specific IgG4

production is induced more efficiently when T cells were

stimulated with allergen-DNA-transfected DC compared

to allergen protein-pulsed DC. In non-sensitized non-

atopic control donors, where significant Th2 immune

responses and IgE-production could be detected, similar

effects could be observed by stimulation with allergen-

DNA-transfected DC concerning the other aspects: prolif-

eration, enhancement of IFN-c and IgG production (data

not shown).

Atopic/allergic diseases are referred to as immediate or

type I hypersensitivity reactions, with IgE as a critical fac-

tor20 depending on Th2 responses.3 After allergen expo-

sure, CD4+ T cells are activated and differentiated by

antigen-presenting cells to produce Th2 cytokines such as

IL-4, IL-5 and IL-13, which are responsible for strong

antibody responses including IgE synthesis by B cells. The

release of histamine, leukotrienes and prostaglandins fol-

lowing cross-linking of allergen-specific IgE on the surface

of mast cells and basophils elicits allergic reactions of

the immediate type.21 Therefore, modulation of the Th2

immune response is an attractive target for immunologi-

cal therapies. So far, SIT is the only curative therapy for

type I allergy, which modifies a pre-existing allergic Th2

immune response.6 SIT induces a shift in the dominance

of allergen-specific T helper cells from Th2 to Th1

(among other changes). This shift in the cytokine produc-

tion from IL-4 and IL-5 dominance to IFN-c-dominance

also appears to be the reason for the subsequent shift in

allergen-specific immunoglobulin production from IgE

towards IgG4, as IgE production is enhanced by IL-4 and

IgG production by IFN-c.17,22,23 Modifications of SIT

may yield enhanced efficacy and safety of this form of

therapy. Higher allergen doses are able to improve the

clinical efficacy of SIT, but with higher allergen doses the

risk of adverse effects also increases.24 Therefore, modifi-

cations of SIT based on the use of higher immunogenic

and lower allergenic allergen preparation are desirable.25

In animal models it has been shown that DNA-based vac-

cinations are significantly more effective than protein-

based vaccinations concerning protection against the

development of Th2-biased immune responses and lethal

anaphylactic reactions.24 Raz et al. showed in rodents that

protein immunization induces a Th2-dominated immune

response, whereas plasmid DNA-immunization induces a

Th1 immune response.26 They also reported that splenic

CD4+ T cells isolated from plasmid DNA-immunized

mice secreted IFN-c, but not IL-4 and IL-5, while protein

injected mice secreted IL-4 and IL-5 but not IFN-c.26 The

first evidence for the anti-allergic effect of DNA vaccines

with clinically relevant allergen was achieved by intramus-

cular injection of rats with plasmid DNA encoding the

dust mite allergen Der p 5.27,28 A variety of model aller-

gens and clinically relevant allergens have been used for

DNA-based immunization against allergy. Studies using

the major birch pollen allergen Bet v 1 demonstrated, that

DNA-based immunization with a construct encoding Bet

v 1 increased Th1 immune responses and protected

against allergic sensitization.9,29,30 Sudowe et al. have

shown that vaccination of mice with replication-defective

Ad-CMV-bgal prevents the development of specific IgE

responses, shifting the immune response from a Th2- to a

Th1-dominated response and generating IFN-c producing

CD8+ T cells.31 In the present study we demonstrate,

that after stimulation of CD4+ T cells with allergen-

DNA-transfected DC the production of allergen specific

IgE was reduced compared to allergen-protein pulsed DC

while production of specific IgG4 was increased like in

SIT, accompanied by decreased IL-4 and IL-5 and

increased IFN-c-production, indicating a shift from Th2

to Th1 immune response. IFN-c acts as an inhibitor of

IgE production32,33 and induces IgG4 antibodies to aller-

gen in activated memory B cells.17,22 This may be the rea-

son for decreased total and specific IgE-production of B

cells after stimulation with allergen-DNA-transfected DC

that we observed in this study. Because of the duration of

cultures it was necessary to use autologous serum for the

cell culture. It is possible that this autologous serum may

cause a background of immunoglobulin and specific anti-

bodies. This background is the same in all conditions,

also in ‘medium’ (unpulsed DC) and can be assessed this

way. Higher amounts of immunoglobulin than in the

medium condition must be caused by active production

in the culture. It has also been described that immuno-

therapy with inhalant allergens is associated with increase

in serum allergen-specific IgG1 and IgG4 levels.34,35 IgG4

does not activate complement and has little or no inflam-

matory activity. IgG antibodies have also been proposed

as blocking antibodies by competing with IgE for allergen

binding to mast cells, basophils and other IgE-receptor-

expressing cells. For example, IgG4 induced by means of

immunotherapy blocks allergen-induced IgE-dependent

histamine release by basophils.36

The use of DC may be of particular advantage for

DNA-based immunotherapy because gene transfer to DC

ensures that gene products are endogenously processed

leading to the generation of long lasting MHC class

I-restricted CD8+ T-cell responses.37,38 Viral vectors were

used in our study because they allow the achievement of

high transfection rates and may also enhance the immuno-

genicity of a vaccine because of the adjuvant properties of

some of the viral products.39 Also the problem of devel-

opment of neutralizing anti-adenoviral antibodies follow-

ing injection of viral vectors may be more limited by the

use of DC, because the adenoviral proteins are expressed

inside the DC and this reduces the exposure of the host

to proteins of the virus, and hence weakens the possible
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neutralization of transfected cells by antiviral antibodies.12

Nevertheless, a non-viral transfection may be preferable

avoiding the potential pathogenicity and immunogenicity

of viral vectors. However, non-viral-gene transfer systems

like electroporation are limited by their low efficiency for

transfection of DC.40

Taken together, transfection of human DC with aller-

gen-DNA represents a potential new form of immuno-

therapy that is already used for immunotherapy in cancer

with tumour DNA.37 The fact that allergen-DNA trans-

fected DC induce not only type 1 cytokine production but

also subsequent changes in immunoglobulin production

in an allergen-specific manner makes than particularly

appealing for the treatment of Th2-based IgE-mediated

diseases that may be especially ameliorated by inhibition

of IgE and induction of IgG4 responses.

References

1 Wills-Karp M, Santeliz J, Karp CL. The germless theory of aller-

gic disease: revisiting the hygiene hypothesis. Nat Rev Immunol

2001; 1:69–75.

2 Yssel H, Aversa G, Punnonen J, Cocks B, de Vries JE. Regulation

of IgE synthesis by T cells and cytokines. Ann Fr Anesth Reanim

1993; 12:109–13.

3 Lambrecht BN. The dendritic cell in allergic airway diseases: a

new player to the game. Clin Exp Allergy 2001; 31:206–18.

4 Oettgen HC, Geha RS. IgE in asthma and atopy: cellular and

molecular connections. J Clin Invest 1999; 104:829–35.

5 Noon L. Prophylactic inoculation of hay fever. Lancet 1911;

1:572–3.

6 Malling HJ. Immunotherapy as an effective tool in allergy

treatment. Allergy 1998; 53:461–72.

7 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.

8 Nouri-Aria KT, Wachholz PA, Francis JN et al. Grass pollen

immunotherapy induces mucosal and peripheral IL-10 responses

and blocking IgG activity. J Immunol 2004; 172:3252–9.

9 Hochreiter R, Stepanoska T, Ferreira F, Valenta R, Vrtala S,

Thalhamer J, Hartl A. Prevention of allergen-specific IgE pro-

duction and suppression of an established Th2-type response by

immunization with DNA encoding hypoallergenic allergen deriv-

atives of Bet v 1, the major birch–pollen allergen. Eur J Immunol

2003; 33:1667–76.

10 KleinJan A, Willart M, van Rijt LS, Braunstahl GJ, Leman K,

Jung S, Hoogsteden HC, Lambrecht BN. An essential role for

dendritic cells in human and experimental allergic rhinitis.

J Allergy Clin Immunol 2006; 118:1117–25.

11 Kuipers H, Lambrecht BN. Modification of dendritic cell func-

tion as a tool to prevent and treat allergic asthma. Vaccine 2005;

23:4577–88.

12 Zhong L, Granelli Piperno A, Choi Y, Steinman RM. Recombin-

ant adenovirus is an efficient and non-perturbing genetic vector

for human dendritic cells. Eur J Immunol 1999; 29:964–72.

13 Klostermann B, Bellinghausen I, Bottcher I, Petersen A, Becker

WM, Knop J, Saloga J. Modification of the human allergic

immune response by allergen-DNA-transfected dendritic cells

in vitro. J Allergy Clin Immunol 2004; 113:327–33.

14 Suck R, Hagen S, Cromwell O, Fiebig H. Rapid and efficient

purification of Phleum pratense major allergens Phl p 1 and

group Phl p 2/3 using a two-step procedure. J Immunol Methods

1999; 229:73–80.

15 Petersen A, Schramm G, Bufe A, Schlaak M, Becker WM.

Structural investigations of the major allergen Phl p I on the

complementary DNA and protein level. J Allergy Clin Immunol

1995; 95:987–94.

16 Bellinghausen I, Brand U, Knop J, Saloga J. Comparison of aller-

gen-stimulated dendritic cells from atopic and nonatopic donors

dissecting their effect on autologous naive and memory T helper

cells of such donors. J Allergy Clin Immunol 2000; 105:988–96.

17 Akdis CA, Blesken T, Akdis M, Alkan SS, Wuthrich B, Heusser

CH, Blaser K. Induction and differential regulation of bee

venom phospholipase A2-specific human IgE and IgG4 antibod-

ies in vitro requires allergen-specific and nonspecific activation

of T and B cells. J Allergy Clin Immunol 1997; 99:345–53.

18 Thalhamer J, Leitner W, Hammerl P, Brtko J. Designing

immune responses with genetic immunization and immunostim-

ulatory DNA sequences. Endocr Regul 2001; 35:143–66.

19 Kemeny DM. CD8+ T cells in atopic disease. Curr Opin

Immunol 1998; 10:628–33.

20 Poole JA, Matangkasombut P, Rosenwasser LJ. Targeting the IgE

molecule in allergic and asthmatic diseases: review of the IgE

molecule and clinical efficacy. J Allergy Clin Immunol 2005;

115:S376–85.

21 Wills-Karp M. Immunologic basis of antigen-induced airway

hyperresponsiveness. Annu Rev Immunol 1999; 17:255–81.

22 Carballido JM, Carballido-Perrig N, Oberli-Schrammli A, Heus-

ser CH, Blaser K. Regulation of IgE and IgG4 responses by aller-

gen specific T-cell clones to bee venom phospholipase A2

in vitro. J Allergy Clin Immunol 1994; 93:758–67.

23 Akdis M, Akdis CA, Weigl L, Disch R, Blaser K. Skin-homing,

CLA+ memory T cells are activated in atopic dermatitis and regu-

late IgE by an IL-13-dominated cytokine pattern: IgG4 counter-

regulation by CLA-memory T cells. J Immunol 1997; 159:4611–9.

24 Horner AA, Nguyen MD, Ronaghy A, Cinman N, Verbeek S,

Raz E. DNA-based vaccination reduces the risk of lethal anaphy-

lactic hypersensitivity in mice. J Allergy Clin Immunol 2000;

106:349–56.

25 Horner AA, Van Uden JH, Zubeldia JM, Broide D, Raz E.

DNA-based immunotherapeutics for the treatment of allergic

disease. Immunol Rev 2001; 179:102–18.

26 Raz E, Tighe H, Sato Y et al. Preferential induction of a Th1

immune response and inhibition of specific IgE antibody forma-

tion by plasmid DNA immunization. Proc Natl Acad Sci USA

1996; 93:5141–5.

27 Hsu CH, Chua KY, Tao MH, Huang SK, Hsieh KH. Inhibition

of specific IgE response in vivo by allergen-gene transfer.

Int Immunol 1996; 8:1405–11.

28 Hsu CH, Chua KY, Tao MH, Lai YL, Wu HD, Huang SK, Hsieh

KH. Immunoprophylaxis of allergen-induced immunoglobulin E

synthesis and airway hyperresponsiveness in vivo by genetic

immunization. Nat Med 1996; 2:540–4.

29 Hartl A, Kiesslich J, Weiss R et al. Isoforms of the major aller-

gen of birch pollen induce different immune responses after gen-

etic immunization. Int Arch Allergy Immunol 1999; 120:17–29.

� 2007 The Authors Journal compilation � 2007 Blackwell Publishing Ltd, Immunology, 122, 239–246 245

Decreased IgE production after stimulation with allergen-DNA-transfected DC



30 Hochreiter R, Hartl A, Freund J, Valenta R, Ferreira F, Thalh-

amer J. The influence of Cpg motifs on a protein or DNA-based

Th2-type immune response against major pollen allergens Bet

V 1a, Phl p 2 and. Escherichia coli-derived beta-galactosidase.

Int Arch Allergy Immunol 2001; 124:406–10.

31 Sudowe S, Montermann E, Steitz J, Tuting T, Knop J, Reske-

Kunz AB. Efficacy of recombinant adenovirus as vector for aller-

gen gene therapy in a mouse model of type I allergy. Gene Ther

2002; 9:147–56.

32 de Vries JE, Carballido JM, Sornasse T, Yssel H. Antagonizing

the differentiation and functions of human T helper type 2 cells.

Curr Opin Immunol 1995; 7:771–8.

33 Punnonen J, Aversa G, Cocks BG, McKenzie AN, Menon S,

Zurawski G, de Waal MR, de Vries JE. Interleukin 13 induces

interleukin 4-independent IgG4 and IgE synthesis and CD23

expression by human B cells. Proc Natl Acad Sci USA 1993;

90:3730–4.

34 Jutel M, Akdis M, Budak F, Aebischer-Casaulta C, Wrzyszcz M,

Blaser K, Akdis CA. IL-10 and TGF-beta cooperate in the regu-

latory T cell response to mucosal allergens in normal immunity

and specific immunotherapy. Eur J Immunol 2003; 33:1205–14.

35 Gehlhar K, Schlaak M, Becker W, Bufe A. Monitoring allergen

immunotherapy of pollen-allergic patients. the ratio of allergen-

specific IgG4 to IgG1 correlates with clinical outcome. Clin Exp

Allergy 1999; 29:497–506.

36 Garcia BE, Sanz ML, Gato JJ, Fernandez J, Oehling A. IgG4

blocking effect on the release of antigen-specific histamine.

J Invest Allergol Clin Immunol 1993; 3:26–33.

37 Song W, Kong HL, Carpenter H, Torii H, Granstein R, Rafii S,

Moore MA, Crystal RG. Dendritic cells genetically modified with

an adenovirus vector encoding the cDNA for a model antigen

induce protective and therapeutic antitumor immunity. J Exp

Med 1997; 186:1247–56.

38 Juillard V, Villefroy P, Godfrin D, Pavirani A, Venet A, Guillet

JG. Long-term humoral and cellular immunity induced by a sin-

gle immunization with replication-defective adenovirus recom-

binant vector. Eur J Immunol 1995; 25:3467–73.

39 Mincheff M, Altankova I, Zoubak S et al. In vivo transfection

and/or cross-priming of dendritic cells following DNA and

adenoviral immunizations for immunotherapy of cancer – chan-

ges in peripheral mononuclear subsets and intracellular IL-4 and

IFN-gamma lymphokine profile. Crit Rev Oncol Hematol 2001;

39:125–32.

40 Arthur JF, Butterfield LH, Roth MD et al. A comparison of gene

transfer methods in human dendritic cells. Cancer Gene Ther

1997; 4:17–25.

246 � 2007 The Authors Journal compilation � 2007 Blackwell Publishing Ltd, Immunology, 122, 239–246

B. König et al.


