
Uptake and presentation of exogenous antigen and presentation
of endogenously produced antigen by skin dendritic cells represent

equivalent pathways for the priming of cellular immune responses
following biolistic DNA immunization

Introduction

Gene gun-mediated bombardment of the skin with naked

antigen-encoding plasmid DNA adsorbed on gold micro-

particles – an in vivo gene transfer technique known as

particle-mediated epidermal delivery (PMED) – has been

established in various preclinical animal models as an effi-

cient and reliable method of genetic vaccination to induce

transgene-specific immune responses.1 Moreover, PMED

was shown in clinical phase I studies to represent a DNA
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Summary

Gene gun-mediated biolistic DNA vaccination with b-galactosidase (bGal)-

encoding plasmid vectors efficiently modulated antigen-induced immune

responses in an animal model of type I allergy, including the inhibition of

immunoglobulin E (IgE) production. Here we show that CD4+ as well as

CD8+ T cells from mice biolistically transfected with a plasmid encoding

bGal under the control of the fascin promoter (pFascin-bGal) are capable

of inhibiting bGal-specific IgE production after adoptive transfer into

naı̈ve recipients. Moreover, suppression of IgE production was dependent

on interferon (IFN)-c. To analyse the modalities of activation of CD4+

and CD8+ T cells regarding the localization of antigen synthesis following

gene gun-mediated DNA immunization, we used the fascin promoter and

the keratin 5 promoter (pK5-bGal) to direct bGal production mainly to

dendritic cells (DCs) and to keratinocytes, respectively. Gene gun-medi-

ated DNA immunization with each vector induced considerable activation

of bGal-specific CD8+ cytotoxic T cells. Cytokine production by re-stimu-

lated CD4+ T cells in draining lymph nodes and immunoglobulin isotype

profiles in sera of immunized mice indicated that immunization with pFa-

scin-bGal induced a T helper type 1 (Th1)-biased immune response,

whereas immunization with pK5-bGal generated a mixed Th1/Th2

immune response. Nevertheless, DNA vaccination with pFascin-bGal and

pK5-bGal, respectively, efficiently inhibited specific IgE production in the

mouse model of type I allergy. In conclusion, our data show that uptake

of exogenous antigen produced by keratinocytes and its presentation by

untransfected DCs as well as the presentation of antigen synthesized

endogenously in DCs represent equivalent pathways for efficient priming

of cellular immune responses.
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vaccine delivery method that was well tolerated and con-

sistently induced significant humoral and cellular immune

responses,2 whereas intramuscular and intradermal injec-

tion of DNA in saline as alternative routes of DNA

immunization often proved insufficient to provide protec-

tive immunity in human trials and is therefore considered

to be clinically ineffective.3

Numerous reports have substantiated the notion that

dendritic cells (DCs) of the skin are crucial for the induc-

tion of immune responses in draining lymph nodes after

cutaneous DNA immunization irrespective of the inocula-

tion technique,4–7 although it has become a matter of dis-

cussion whether epidermal Langerhans cells or dermal

DC populations are the principal antigen-presenting cells

(APCs) under these circumstances.8–10

We obtained evidence supporting the notion of the piv-

otal role of DCs by focussing antigen production primar-

ily to DCs after biolistic transfection of mouse skin using

the promoter of the gene of the cytoskeletal actin-bun-

dling protein fascin to drive transgene expression. During

the differentiation process from immature DCs to pri-

mary stimulatory mature DCs, expression of the fascin

gene was strongly upregulated.11,12 As a consequence,

fascin, which is mandatory for the formation of den-

drites,11 was synthesized in large amounts by mature

DCs.11–13 In contrast, expression of the fascin gene in

non-transformed cell types other than DCs could rarely

be detected and was restricted to neuronal tissues, capil-

lary endothelial cells and follicular DCs.11,14,15 In earlier

studies we verified that the activity of the promoter of the

fascin gene reflects the endogenous production of fascin,

being high in mature DCs but negligible in immature

DCs and in keratinocytes.16,17 Hence, gene gun immuni-

zation of mice with plasmid DNA carrying the fascin pro-

moter as the regulatory element transcriptionally targeted

transgene expression to skin-derived DCs.17 Subsequently,

distinct type 1 immune responses were induced, including

the potent activation of interferon (IFN)-c-producing

CD4+ T helper type 1 (Th1) cells as well as IFN-c-pro-

ducing CD8+ cytotoxic T lymphocytes (CTLs).17,18

These results are consistent with a number of publica-

tions which suggest that endogenous production of anti-

gen by directly transfected DCs of the skin is sufficient to

induce immune responses, in particular the generation of

CD8+ CTLs.4,5,19 In contrast, several authors have con-

cluded from their data that cross-presentation of antigen,

produced and released by transfected cutaneous non-DCs,

represents the main pathway of CD8+ T-cell priming fol-

lowing gene gun immunization.20–22 In an attempt to

resolve this apparent discrepancy, we compared the

immune responses initiated by biolistic transfection of

skin with plasmids expressing the transgene b-galactosi-

dase (bGal) under the control of the fascin promoter

(pFascin), the keratinocyte-specific keratin 5 promoter

(pK5) or the ubiquitously active cytomegalovirus immedi-

ate early promoter (pCMV). Employing this approach, we

restrict bGal production selectively to DCs as APCs or to

keratinocytes as non-APCs or to a rather broad variety of

epidermal/dermal cells. In this paper, we show that pre-

sentation of antigen endogenously synthesized by directly

transfected DCs and presentation of antigen by DCs that

have taken up and processed exogenous protein are

equivalent pathways for maximum stimulation of cellular

immune responses. However, the quality of the Th cell

immune response was different following DC-targeted

and keratinocyte-specific biolistic transfection. Further-

more, we demonstrate that the inhibitory activity of bio-

listic transfection on the induction of an antigen-specific

immunoglobulin E (IgE) response, which we show here

to be dependent on IFN-c production and exerted by

CD4+ and CD8+ T cells, can be mediated by either of the

two pathways of antigen presentation.

Materials and methods

Mice

BALB/c mice, C57BL/6 mice, interleukin (IL)-12p40)/)

mice and IFN-c)/) mice were bred and maintained in the

Central Animal Facilities of the University of Mainz in

specific pathogen-free conditions on a standard diet. The

‘Principles of laboratory animal care’ (NIH publication

no. 85-23, revised 1985) were followed. The experiments

were approved by the Ethics Commission according to

the German Law on the Protection of Animals.

Plasmid vectors and DNA immunization protocol

The construction and purification of plasmid vectors

encoding the transgene bGal under control of the fascin

promoter (pFascin-bGal) and the cytomegalovirus (CMV)

promoter (pCMV-bGal), respectively, have been described

in detail previously.17,18

To obtain pK5-bGal and pK5-EGFP, parental vector

pUC19-K523 was digested with SalI, which cuts imme-

diately downstream of the bovine K5 promoter in this

construct. Expression cassettes for bGal and enhanced

green fluorescent protein (EGFP) encompassing the

respective reporter gene and an SV40 polyadenylation

signal were excised by restriction digest from pCMV-

bGal (BamHI) and pCMV-EGFP (Acc65I/BamHI).

50-protruding ends of linearized pUC19-K5 and of

excised expression cassettes were filled in using Klenow

enzyme, and expression cassettes were ligated with

pUC19-K5. The functional activity of derived reporter

expression constructs pK5-bGal and pK5-EGFP was

validated by in vitro transfection.

Genetic immunization was performed by biolistic trans-

fection with a total of 4 lg of plasmid DNA using the

helium-driven Helios gene gun system (Bio-Rad, Munich,
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Germany) as described previously.18 Mice were immu-

nized at weekly intervals three to five times as indicated.

Immunization protocol for the induction of IgE
production

High and persistent bGal-specific IgE production was

induced as previously described.24 Briefly, female BALB/c

mice, 6–8 weeks of age at the beginning of the experi-

ments, were sensitized by multiple intraperitoneal injec-

tions of 1 lg of recombinant bGal (Sigma-Aldrich,

Deisenhofen, Germany) at intervals of 2 weeks. bGal pro-

tein was dissolved in 100 ll of phosphate-buffered saline

(PBS) and adsorbed to an equal volume of Imject� Alum

(Pierce, Rockford, IL) as adjuvant (bGal/alum) according

to the manufacturer’s instructions.

Adoptive transfer of lymphocytes

BALB/c mice were immunized via the gene gun as

described above by five consecutive applications of pFa-

scin-bGal at weekly intervals. Two weeks after the last

immunization spleen cells were prepared as described pre-

viously25 and pooled. CD4+ and CD8+ T cells in spleen cell

suspensions from gene gun-immunized as well as from

bGal/alum-injected control mice were enriched by mag-

netic separation as previously described.26 The purity of

positively selected T-cell populations was verified by cyto-

fluorometric analysis and was 83 ± 4% for CD4+ T cells

and 89 ± 5% for CD8+ T cells; the frequency of the remain-

ing T cells of the reciprocal subpopulation was below 2%.

Unseparated spleen cells (107) or isolated CD4+ and CD8+

cells (2�5 · 106), respectively, were injected intravenously

into naı̈ve syngeneic mice. After 24 hr, recipients and con-

trol mice, which did not receive donor cells, were sensitized

with bGal/alum as described above.

Measurement of serum antibodies

At the indicated time-points, immunized mice were bled by

puncture of the retro-orbital plexus. Sera were collected

and kept frozen at )20� until thawed for determination of

bGal-specific IgG1, IgG2a and IgE by antigen capture

enzyme-linked immunosorbent assay (ELISA) as reported

previously.24 For comparison of samples obtained at differ-

ent times in the course of immunization, IgG1, IgG2a and

IgE contents in sera were standardized using high-titre

reference sera, collected from mice repeatedly immunized

with bGal/alum (IgE) or from mice initially vaccinated

with pCMV-bGal and subsequently boosted with bGal/

alum (IgG1, IgG2a). The antibody titre was defined as the

reciprocal serum dilution yielding an absorbance reading of

optical density (OD) = 0�2 after linear regression analysis.

The titre of the reference serum was designated as 1 U/ml

and the titres of the serum samples are presented as equiva-

lent units. In experiments in which the relative contents of

specific IgG1 and IgG2a in sera were directly compared, the

titres were determined in ELISAs performed in parallel and

the ratio of the two IgG isotypes was calculated as the quo-

tient of their titres.

Measurement of CD8+ CTLs

The frequency of IFN-c-producing CD8+ effector T cells

recognizing the H-2Ld-binding bGal-derived nonamer

peptide TPHPARIGL (bGal876–884; Sigma-Aldrich) in sin-

gle-cell suspensions of spleen cells was determined by an

enzyme-linked immunosorbent spot-forming cell assay

(ELISPOT) as previously described24 with the modifica-

tion that 100 ng/ml bGal876–884 was used as the standard

concentration to activate CD8+ T cells. Spots were

counted and evaluated using the EliSpot Reader System

(AID, Strasberg, Germany).

The cytotoxic activity of spleen cells, prepared from

immunized mice, against LacZ-transfected P13�1 target

cells and untransfected P815 control cells was determined

using the JAM test as described previously.18 The differ-

ence between the two values was calculated and desig-

nated as specific lysis.

Determination of IL-5 and IFN-c in culture
supernatants

Draining lymph node cells (LNCs) of biolistically trans-

fected mice (axillary and inguinal lymph nodes) and of

mice immunized with bGal/alum (mesenterial lymph

nodes) were prepared and incubated for 72 hr on 24-well

tissue culture plates (5 · 106 LNCs/well) (Corning Costar,

Bodenheim, Germany) in a volume of 1 ml of culture

medium with or without recombinant bGal (25 lg/ml).

Subsequently, contents of IL-5 and IFN-c were quantified

in culture supernatants using a sandwich ELISA following

a standard procedure as described previously.18

Statistical analysis

Statistical evaluation of the experimental data was per-

formed by Student’s t-test using SIGMASTAT software (SPSS

Inc., Chicago, IL). Statistically significant differences

(P < 0�05) between control groups and experimental

groups are designated by symbols.

Results

Inhibition of specific IgE production by gene gun
immunization is mediated by CD4+ as well as CD8+

T cells and depends on IFN-c production

We previously showed that gene gun-mediated DNA

vaccination with plasmid vectors encoding bGal under

� 2008 Blackwell Publishing Ltd, Immunology, 128, e193–e205 e195
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the control of the fascin promoter (pFascin-bGal) effec-

tively inhibited subsequently induced specific IgE immune

responses in a mouse model of type I allergy.27 The sup-

pression of IgE production was associated with a shift

towards a Th1-biased immune response as well as with

the recruitment of large numbers of CD8+ CTLs.27 The

inhibitory capacity can be adoptively transferred to naı̈ve

recipients using spleen cells from BALB/c mice previously

immunized with pFascin-bGal (Fig. 1a). Despite sensitiza-

tion with bGal/alum following adoptive transfer, the reci-

pient mice produced strongly reduced levels of IgE and

also IgG1 as compared with mice without cell transfer.

Furthermore, IgG2a levels were substantially increased

although the differences did not reach statistical signifi-

cance. As a consequence, the ratio of bgal-specific IgG1

versus IgG2a titres dropped drastically (IgG1:IgG2a ratio:

no transfer 76�7 ± 16�5 versus transfer of pFascin-bGal

spleen cells 0�8 ± 0�2; P < 0�01). This finding is consistent

with the situation prevailing in mice prophylactically vac-

cinated with pFascin-bGal and subsequently sensitized

with bGal protein.27 In contrast, spleen cells collected

from BALB/c mice sensitized with bGal/alum and thus

exhibiting high titres of IgE in the sera (data not shown)

were not able to significantly suppress the formation of

IgE or to change the pattern of IgG isotypes (IgG1:IgG2a

ratio: transfer of bGal/alum spleen cells 64�5 ± 29�2;

P > 0�05 versus no transfer) upon adoptive transfer. In

order to determine whether CD4+ or CD8+ T cells are

the principal mediators of regulation, the two T-cell sub-

populations were enriched by magnetic separation from

spleen cells of mice biolistically transfected with pFascin-

bGal and were subsequently transferred into naı̈ve mice.

Injection of either CD4+ or CD8+ T cells prior to sensiti-

zation with bGal/alum was sufficient to significantly

reduce bGal-specific IgE production in the recipients

(Fig. 1a). However, the inhibitory activity of each sub-

population was lower than that provided by total spleen

1·0 

0·8 

0·6 

0·4 

0·2 

0 

0·4 

0·5 

(a) 

(b) 

βG
al

-s
pe

ci
fic

 Ig
G

2a
 (

U
/m

l) 
βG

al
-s

pe
ci

fic
 Ig

E
 (

U
/m

l) 
βG

al
-s

pe
ci

fic
 Ig

G
1 

(U
/m

l) 
βG

al
-s

pe
ci

fic
 Ig

E
 (

U
/m

l) 

n = 17 

Wildtype IFN-γ–/– IL-12p40–/– 

n = 15 n = 18 n = 16 n = 12 

** 

** 

** 

** 

** 

* 

*** 

Control 
Vaccination with 

pFascin-βGal (3x) 

n = 10 

Adoptive transfer 

SC CD4 SC CD4 CD8 

pFascin-βGal βGal/alum 

No 
transfer 

0·3 

0·2 

0·1 

0·0 

15 

10 

5 

0 
1·5 

1·2 

0·9 

0·6 

0·3 

0 

Figure 1. Inhibition of specific immunoglobulin E (IgE) production

by gene gun-mediated DNA vaccination is mediated by CD4+ and

CD8+ T cells and depends on interferon (IFN)-c production.

(a) BALB/c mice were immunized five times at weekly intervals by

biolistic transfection with pFascin-bGal or by intraperitoneal injection

of b-galactosidase (bGal)/alum. Fourteen days after the last

application, spleen cells (SC) and splenic CD4+ and CD8+ T cells

were prepared and injected intravenously into naı̈ve BALB/c mice.

Recipients and control mice without transfer of cells (n = 4–5) were

sensitized by intraperitoneal injection of bGal/alum every 2 weeks.

Ten days after the fifth injection mice were bled and bGal-specific

IgE, IgG1 and IgG2a titres were determined by enzyme-linked

immunosorbent assay (ELISA). Data represent mean titres ± the

standard error of the mean (SEM) for individual mice. Significant

differences are indicated by asterisks (*P < 0�05, **P < 0�01 versus

control mice). (b) C57BL/6 wild-type, IFN-c)/) and interleukin

(IL)-12p40)/) mice were vaccinated three times at weekly intervals by

biolistic transfection with pFascin-bGal. Vaccinated mice and unvac-

cinated controls were sensitized with bGal/alum as described. Mice

were bled after the fifth injection of bGal/alum and bGal-specific IgE

titres in sera were determined by ELISA. Data represent mean

titres ± SEM of the indicated numbers of individual sera obtained in

three independent experiments. Significant differences are indicated

by asterisks (**P < 0�01 and ***P < 0�001 versus unvaccinated mice).
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cells, suggesting that both CD4+ and CD8+ T cells were

required to efficiently down-modulate the IgE immune

response. In contrast, modulation of IgG production

towards a Th1-skewed isotype pattern could mainly be

attributed to CD4+ T cells (IgG1:IgG2a ratio: transfer of

pFascin-bGal CD4+ T cells 3�1 ± 0�3; P < 0�01 versus no

transfer; transfer of pFascin-bGal CD8+ T cells

26�6 ± 10�2; P < 0�05 versus no transfer). CD4+ T cells

isolated from mice immunized with bGal/alum did not

show any potency in suppression of the IgE response and

did not affect IgG formation (IgG1:IgG2a ratio: transfer

of bGal/alum CD4+ T cells 90�2 ± 23�0; P > 0�05 versus

no transfer) following adoptive transfer (Fig. 1a).

CD4+ and CD8+ T cells from mice biolistically trans-

fected with pFascin-bGal secrete large amounts of IFN-

c.18,27 To check whether the production of this cytokine is

crucial for the inhibitory effect of gene gun vaccination

with pFascin-bGal on bGal/alum-induced IgE production,

C57BL/6 wild-type, IFN-c)/) and IL-12p40)/) mice were

biolistically vaccinated three times with pFascin-bGal, and

the amount of IgE in the sera after the fifth subsequent

immunization with bGal/alum was determined. Although

C57BL/6 wild-type mice produced lower amounts of bGal-

specific IgE compared with BALB/c mice (data not shown),

they proved to be susceptible to the inhibitory effect of bio-

listic transfection with pFascin-bGal on the IgE immune

response (Fig. 1b). Similarly, in gene gun-vaccinated

IL-12p40)/) mice, which were not capable of producing

bioactive IL-12, bGal-specific IgE levels in sera were signifi-

cantly reduced. In contrast, suppression of IgE production

was not observed in IFN-c-deficient mice, indicating that

this cytokine plays a crucial role in this regulation process.

Presentation of endogenous antigen and
cross-presentation of exogenous antigen are
equivalent pathways for induction of CD8+ CTL after
gene gun immunization

Our previous data, obtained by gene gun-mediated DNA

immunization with vectors encoding an antigen under

the control of the fascin promoter, suggest that endoge-

nous antigen production by directly transfected DCs of

the skin is sufficient to induce potent CD4+ and CD8+

T-cell responses.18 However, these studies did not clarify

whether this pathway was the only one or at least the

principal one responsible for the priming of immune

responses after biolistic transfection with pCMV, which

instructs broad cutaneous antigen synthesis by DCs as

well as by non-DCs. Thus the uptake of exogenous anti-

gen released by transfected non-DCs and its processing

and presentation by untransfected DCs might represent

an alternative pathway to stimulate cellular immune

responses. To analyse the modalities of activation of

CD4+ and CD8+ T cells with inhibitory potential for IgE

production with respect to the localization of antigen

synthesis following gene gun-mediated DNA immuniza-

tion, we sought to direct transgene expression selectively

to non-DCs of the skin by constructing plasmids that

encode bGal or EGFP under the control of the keratin 5

promoter (pK5-bGal and pK5-EGFP), which is specifi-

cally active in keratinocytes.23,28 After biolistic transfec-

tion of abdominal skin with these vectors we observed

strong and extensive transgene expression in hair follicles

and, at a lower frequency, weakly transgene-positive areas

in the basal epidermis (data not shown). In contrast to

application of particle bombardment with pFascin or

pCMV18,25,27 we did not detect transgene-expressing cells

in the draining lymph nodes (data not shown).

To measure the induction of bGal-specific CD8+ T cells

in mice immunized via the gene gun with the different

plasmid constructs, spleen cells were stimulated with the

bGal-derived H-2Ld-restricted nonamer peptide TPHPA-

RIGL. The secretion of IFN-c by activated CD8+ T cells

was determined by an ELISPOT. Immunization of mice

with each of the three plasmids pFascin-bGal, pCMV-bGal

and pK5-bGal induced substantial numbers of IFN-c-pro-

ducing CD8+ effector T cells, although in the case of

pFascin-bGal their frequency tended to be somewhat lower

(Fig. 2a). However, the difference in the number of CD8+

effector T cells arising from gene gun-mediated immuniza-

tion with pFascin-bGal or pK5-bGal was not statistically

significant (P = 0�137). In contrast, repeated injection of

bGal/alum did not generate bGal-specific CD8+ T-cell

responses, and neither did gene gun-mediated immuniza-

tion with an EGFP-encoding control plasmid. Further-

more, in vitro activation of CD8+ T cells from mice primed

in vivo by biolistic transfection with the three different

bGal-encoding vectors, using decreasing peptide concen-

trations, resulted in comparably reduced numbers of

IFN-c-producing CD8+ effector T cells, suggesting similar

avidity of these cells (Fig. 2b). Moreover, co-application of

pFascin-bGal and pK5-bGal, resulting in presentation of

endogenous antigen by directly transfected DCs and cross-

presentation of exogenous antigen produced by non-DCs,

did not lead to enhanced induction of IFN-c-producing

CD8+ effector T cells, indicating that each of the antigen

presentation modalities led to maximum stimulation of

the CD8+ T-cell response (Fig. 2b).

In addition, the presence of cytolytically active CTLs

among spleen cells of biolistically transfected mice was veri-

fied by determination of the bGal-specific cytotoxic poten-

tial of re-stimulated CD8+ T cells, expanded by cultivation

of splenocytes with the cognate major histocompatibility

complex (MHC) class I-restricted peptide. Consistent with

the data obtained by the ELISPOT, spleen cells from mice

immunized with the three bGal-encoding plasmids all dis-

played high specific cytolytic activity, whereas spleen cells

from mice immunized with bGal/alum and with the con-

trol vector pK5-EGFP, respectively, did not mediate killing

of bGal-expressing target cells (Fig. 2c). Specific lysis
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induced by spleen cells obtained after co-application of

pFascin-bGal and pK5-bGal was slightly higher than the

lysis induced by spleen cells from mice immunized with

either of the two vectors; however, this difference did not

reach statistical significance (Fig. 2c).

T-cell responses induced by gene gun-mediated
DC-targeted and keratinocyte-targeted transgene
expression, respectively, differ in their cytokine profile
and antibody isotype pattern

We evaluated the quality of the antigen-specific T-cell

response after biolistic DNA immunization with the three

bGal-encoding plasmids by measuring the production of

the cytokines IFN-c and IL-5, representative for type 1

and type 2 responses, respectively, in cultures of draining

LNCs activated in vitro by the addition of exogenous

bGal protein. Because the isotype pattern of the humoral

response serves as an indicator for the type of T-cell help

supporting an immune reaction, we verified the cytokine

data by determining the relative distribution of bGal-

specific IgG subtypes and directly comparing IgG2a versus

IgG1 titres in the sera of immunized animals.

LNCs from axillary and inguinal lymph nodes of mice

immunized with pFascin-bGal produced large amounts of

IFN-c but no IL-5 after re-stimulation with bGal (Fig. 3).

In addition, specific antibody production in these mice

was low and mainly of the IgG2a isotype (Fig. 4), which

together are indicative of a distinct Th1 immune response.

In contrast, LNCs from animals primed by biolistic

transfection with pK5-bGal or pCMV-bGal in addition to

IFN-c secreted considerable amounts of IL-5 into culture

supernatants, which points to a mixed Th1/Th2 immune

response (Fig. 3). Similarly, co-application of pFascin-
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by stimulation of the collected spleen cells for 22 hr with (closed and hatched bars) or without (open bars) the indicated concentrations of the

H-2Ld-specific bGal peptide TPHPARIGL. Data represent the mean ± standard error of the mean (SEM) for cell numbers obtained in five (a) and

two (b) independent experiments. Significant differences are indicated by symbols (*P < 0�05 and **P < 0�01 versus mice immunized with pCMV-

bGal; §§§P < 0�001 versus mice immunized with bGal-encoding plasmids). (c) bGal-specific cytolytic activity of pooled spleen cells from immu-

nized mice was determined in triplicate 7–14 days after the last application by JAM test. Data represent means of specific lysis obtained in three to

six independent experiments. Significant differences are indicated by symbols (#P < 0�05, ##P < 0�01 and ###P < 0�001 versus mice immunized with

pK5-EGFP). EGFP, enhanced green fluorescent protein; pCMV, plasmid vector harbouring the cytomegalovirus immediate early promoter.
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bGal and pK5-bGal resulted in synthesis of IFN-c as well

as IL-5 by the corresponding LNCs (Fig. 3). The notion of

a mixed Th1/Th2 immune response in mice immunized

with either pK5-bGal or pCMV-bGal or with pFascin-

bGal and pK5-bGal at the same time was further sup-

ported by the isotype pattern determined in the sera of

these mice. Comparable IgG2a titres concomitant with

strongly increased levels of IgG1 were observed, pointing

to a relative preponderance of the latter isotype (Fig. 4).

However, intraperitoneal injection of bGal/alum predomi-

nantly recruited typical Th2 cells, which characteristically

produced large quantities of IL-5, but failed to secrete

IFN-c upon re-stimulation (Fig. 3). Consistent with these

data, a strongly Th2-polarized immune response of these

mice was also indicated by a vast excess of IgG1 over

IgG2a production (Fig. 4). Moreover, it is notable that the

level of IgG1 production after immunization with bGal/

alum is a multiple of the level of IgG1 production result-

ing from gene gun-mediated DNA immunization with

bGal-encoding vectors.

Specific IgE and IgG1 production is effectively
suppressed by gene gun-mediated transgene
expression targeted to DCs as well as to keratinocytes,
whereas IgG2a secretion is enhanced

It was of interest to evaluate whether the immune

response initiated by gene gun-mediated production of

antigen by non-DCs is as effective in its impact on the

induction of a subsequent antigen-specific IgE response as

is DC-specific transgene expression. Therefore, BALB/c
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Figure 4. Humoral immune responses after gene gun-mediated DNA

immunization targeting predominantly dendritic cells (DCs) or kerati-

nocytes are qualitatively different. BALB/c mice were immunized three

times by biolistic transfection with the indicated plasmids or by intra-

peritoneal injection of b-galactosidase (bGal)/alum. Mice were bled

7–14 days after the last application and (a) bGal-specific immuno-

globulin G1 (IgG1) titres (open bars) and IgG2a titres (closed bars)

were determined by enzyme-linked immunosorbent assay (ELISA).

Data represent the mean titre ± the standard error of the mean (SEM)

for individual mice (n = 4). Data are representative of three to six

independent experiments. The ratios of bGal-specific IgG1 and IgG2a

titres, calculated for individual sera, are depicted in (b). Data represent

the mean value ± SEM for the indicated numbers of mice. Significant

differences are indicated by symbols (*P < 0�05 and ***P < 0�001

between mice immunized with bGal-encoding plasmids; §§P < 0�01

and §§§P < 0�001 versus mice immunized with bGal-encoding plas-

mids). EGFP, enhanced green fluorescent protein; pCMV, plasmid

vector harbouring the cytomegalovirus immediate early promoter.

pFascin-βGal 

pFascin-βGal 
+ pK5-βGal

pK5-EGFP 

pK5-βGal 

βGal/alum 
– βGal 
+ βGal 

0 10 20 30 40 0 1 2 

IL-5 (ng/ml) IFN-γ (ng/ml) 

* 

* 

* 

* 

* 

3 30 40 

pCMV-βGal 

Figure 3. Cytokine profiles of lymph node cells (LNCs) after gene

gun-mediated DNA immunization targeting predominantly dendritic

cells (DCs) or keratinocytes are qualitatively different. BALB/c mice

(n = 4) were immunized three times by biolistic transfection with the

indicated plasmids or by intraperitoneal injection of b-galactosidase

(bGal)/alum. Draining LNCs were prepared 7–14 days after the last

application and cultured in vitro for 3 days with (closed bars) or with-

out (open bars) bGal protein. Interferon (IFN)-c and interleukin

(IL)-5 in supernatants were quantified in triplicate using a sandwich

enzyme-linked immunosorbent assay (ELISA). Data represent the

mean ± standard error of the mean (SEM) for cytokine content deter-

mined in two to five independent experiments. Significant differences

are indicated by asterisks (*P < 0�05 versus mice immunized with

bGal/alum). EGFP, enhanced green fluorescent protein; pCMV, plas-

mid vector harbouring the cytomegalovirus immediate early promoter.
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mice were vaccinated with the bGal-encoding vectors as

indicated in Fig. 5 prior to sensitization by repeated intra-

peritoneal injection of bGal/alum. Sera were taken at dis-

tinct days throughout the sensitization period and

contents of bGal-specific IgE as well as IgG1 and IgG2a

in sera were designated as reference serum titre equiva-

lents (U/ml), which allowed for proper comparison of

samples obtained at different points in time and tested in

multiple ELISAs. As depicted in Fig. 5a and 5b, produc-

tion of bGal-specific IgE was suppressed by vaccination

with each of the bGal-encoding plasmids as compared

with the control plasmid (pK5-EGFP) and the untreated

controls. The suppression was manifest already after the

second injection of bGal/alum and was maintained

throughout the sensitization period (Fig. 5a). Conse-

quently, IgE titres after the fifth application of bGal/alum

were significantly reduced in mice biolistically transfected

with bGal-encoding plasmid DNA to 20–30% of IgE titres

measured in unvaccinated control mice (Fig. 5b).

As already outlined, repeated injection of bGal/alum

induced strong IgG1 production during the course of

immunization, but only minor formation of IgG2a

(Fig. 5c, d). Biolistic transfection with the EGFP-encoding

control vector had no significant impact on the elicitation

of bGal-specific IgG1 by subsequent sensitization with

bGal/alum, but led to a modest increase in the produc-

tion of specific IgG2a (days 10 and 54, P < 0�05 versus

control mice) (Fig. 5c, d). In contrast, previous vaccina-

tion with bGal-encoding plasmids had profound modula-

tory effects on IgG subtype formation during the course

of sensitization. Preceding vaccination with pK5-bGal

similar to vaccination with pCMV-bGal led to a boost in

IgG1 production immediately after the beginning of

immunization with bGal/alum (pK5-bGal: days 10 and

26, P < 0�001 versus control mice; pCMV-bGal: day 10,

P < 0�001, day 26, P < 0�01 versus control mice). How-

ever, in the long term IgG1 levels were considerably

reduced (pK5-bGal: days 54 and 64, P < 0�01 versus con-

trol mice; pCMV-bGal: days 54 and 64, P < 0�05 versus

control mice) (Fig. 5c), whereas production of IgG2a was

substantially enhanced for the most part (pK5-bGal: days

10 and 40, P < 0�05, days 26, 54 and 64, P < 0�01 versus

control mice; pCMV-bGal: days 10 and 26, P < 0�01, day

54, P < 0�05 versus control mice) (Fig. 5d). As compared
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Figure 5. Prophylactic gene gun-mediated DNA vaccination targeting predominantly dendritic cells (DCs) and keratinocytes, respectively, effi-

ciently reduces immunoglobulin E (IgE) and IgG1 production, but enhances IgG2a production in a mouse model of type I allergy. BALB/c mice

(n = 5) were vaccinated by three biolistic transfections (closed arrows) with the indicated plasmids or were left untreated as a control. Sub-

sequently mice were sensitized by intraperitoneal injection of b-galactosidase (bGal)/alum every 2 weeks (open arrows). On various days of the

immunization period bGal-specific IgE titres (a), IgG1 titres (c) and IgG2a titres (d) in sera were determined by enzyme-linked immunosorbent

assay (ELISA). Data represent mean titres of individual mice. Data are representative of three to four independent experiments. (b) Inhibition of

bGal-specific IgE production following biolistic transfection with bGal-encoding plasmids or the enhanced green fluorescent protein (EGFP)-

encoding control plasmid was determined in comparison with unvaccinated mice, set to 100%, after the fifth injection of bGal/alum. Data repre-

sent the mean ± standard error of the mean (SEM) for inhibition determined in three to four independent experiments. Significant differences

are indicated by asterisks (**P < 0�01 and ***P < 0�001 versus unvaccinated mice).
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with these groups the increase in IgG1 production soon

after the beginning of the sensitization period was much

less apparent after vaccination with pFascin-bGal (day 10,

P < 0�001, day 26, P < 0�05 versus control mice; days 10

and 26, P < 0�01 versus mice vaccinated with pK5-bGal

or pCMV-bGal), whereby IgG1 synthesis in the late sensi-

tization phase was also significantly inhibited (days 54

and 64, P < 0�01 versus control mice) (Fig. 5c). The stim-

ulatory effect on IgG2a production was more pronounced

in mice vaccinated with pFascin-bGal (days 10, 26, 40, 54

and 64, P < 0�01 versus control mice), although the dif-

ferences in IgG2a levels compared with mice vaccinated

with pK5-bGal or pCMV-bGal did not yield statistical

significance (Fig. 5d). The production of IgG1 and IgG2a

in vaccinated mice 2 days before the first administration

of bGal/alum was very low in relation to antibody pro-

duction measured after subsequent immunization with

bGal/alum, but the humoral response at that time (day –2

in Fig. 5) was absolutely consistent in magnitude as well

as quality with the data shown in Fig. 4a.

Discussion

Allergen gene transfer using naked plasmid DNA repre-

sents a promising approach for the treatment of allergic

diseases.29 We have previously shown in a mouse model

of type I allergy that biolistic transfection of the skin using

the gene gun device represents an alternative mode of

DNA application which is suitable for interference with

antigen-specific IgE production,25 although it is conceiv-

able that intrinsic properties of allergens might modify

the effectiveness of this therapy.30 Using the murine

fascin promoter, which allows transcriptional targeting of

transgene expression to DCs, for gene gun-mediated DNA

vaccination we have improved this technique. We have

demonstrated that this experimental approach, which was

associated with the generation of potent Th1/T cytotoxic

type 1 (Tc1) immune responses, was sufficient to exert

inhibitory activity for IgE formation.27 In this report we

have investigated the mechanisms underlying the suppres-

sion of the production of bGal-specific IgE antibodies,

employing prophylactic biolistic transfection with the plas-

mid vector pFascin-bGal encoding bGal under control of

the fascin promoter. CD8+ T cells from mice immunized

with pFascin-bGal showed the capacity to suppress IgE

production in transfer experiments. This finding is consis-

tent with publications that identified this T-cell subpopu-

lation as effector cells in the control of IgE production

following intradermal or intramuscular injection of

DNA.31–34 Furthermore, CD4+ T helper cells induced by

biolistic transfection with pFascin-bGal substantially con-

tribute to the suppression of IgE responses, probably by

converting the allergen-specific Th2 response into a Th1-

biased response, as was reported previously for successful

genetic immunization using naked plasmid DNA.33,35–38

This assumption is supported by the observation that the

IgG isotype pattern after transfer of CD4+ T cells from

mice biolistically transfected with pFascin-bGal was Th1-

biased in the recipients. As typical Th1 cells, these cells

possess the potential to produce high levels of IFN-c. It is

therefore tempting to speculate that the inhibitory activity

of the CD4+ T cells and probably also of the IFN-c-

producing CD8+ CTLs was mediated by this cytokine,

either through directing the differentiation of newly acti-

vated CD4+ T cells into Th1 cells39 or through directly

affecting the immunoglobulin class-switch and antibody

synthesis in antigen-specific B cells.40 Consistent with this

notion, negative regulation of IgE production by gene gun-

mediated DNA immunization was not seen in IFN-c)/)

mice, confirming the central role of IFN-c in the observed

effect. Inhibition of IgE synthesis was not dependent on

the presence of IL-12, because in IL-12p40)/) mice down-

regulation of IgE production following treatment of mice

with pFascin-bGal was marked.

In the present paper we show for the first time that the

restriction of transgene expression to keratinocytes, i.e. to

non-DCs after prophylactic DNA immunization, is effec-

tive in the prevention of antigen-specific IgE responses.

To ensure that antigen production in the skin was strictly

limited to keratinocytes, we used the plasmid construct

pK5-bGal containing the bovine keratin 5 promoter to

control transgene expression. Consistent with the trans-

gene expression pattern we observed following biolistic

transfection with pK5-bGal, in transgenic mice the keratin

5 promoter has previously been shown to be highly active

in the skin, predominantly in the outer root sheath of

hair follicles and also in basal epidermal keratinocytes,41–44

but not in cells of haematopoietic origin.42,45

The issue of whether the presentation of endogenous

antigen produced by directly transfected DCs of the skin

or the presentation of antigen produced and secreted by

transfected non-DCs and then taken up and processed by

untransfected DCs represents the main pathway for the

induction of transgene-specific CTL responses following

gene gun immunization is still a matter of controversy.

Timares et al.19 used an inducible vector system to demon-

strate, by adoptive transfer of migratory DCs derived

from biolistically transfected skin, that the immune

response generated in the recipients was attributable to

directly transfected DCs. Porgador et al.5 showed, by

depletion of directly transfected DCs from the LNC pop-

ulation of gene gun-immunized mice, that those cells are

crucial for full functional capacity to stimulate CD8+ T

cells in vitro. Cho et al.20 performed biolistic transfections

with plasmids containing the APC-specific human CD11b

promoter and mouse MHC II-Ea promoter, respectively,

in order to transcriptionally target DCs in the skin, which

resulted in poor induction of CD8+ T cells as compared

with gene gun immunization using pCMV or control

constructs. In contrast, our results show potent and
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long-lasting induction of CD8+ CTLs after biolistic trans-

fection employing the fascin promoter. As the activities of

the isolated human CD11b promoter and murine Ea pro-

moter have been documented solely in macrophages/

monocytes,20,46–49 and not in Langerhans cells or DCs, it

cannot be ruled out that the efficiency of transgene

expression following transfection of DCs of the skin has

been low in the study of Cho et al.20 Hence, the discrep-

ancy might be explained by the notion that the targeting

of transgene expression mainly to macrophages led to

suboptimal activation of naı̈ve CD8+ T cells in the lymph

nodes. Moreover, because biosynthesis of MHC class II

molecules is down-regulated during DC maturation,50

promoter activity and concomitantly transgene expression

were probably also down-regulated in the directly trans-

fected DCs. Similarly, gene gun-mediated expression of

ovalbumin (OVA) under the control of the CD11c pro-

moter failed to induce efficient CD8+ T-cell responses,

lending support to the interpretation that under those

experimental conditions DCs as exclusive APCs were

insufficient to trigger CTL responses.21,22 However, con-

sistent with the data reported in the present study, we

were recently able to detect significant numbers of

OVA-specific CD8+ T cells by ELISPOT after gene gun-

mediated transfection of mouse skin with pFascin-OVA

(S. Sudowe, unpublished results). Thus, it appears that

substantial differences in the activities of the two promot-

ers employed might account for the differing results.

Accordingly, the CD11c promoter is constitutively active

at basal levels in immature DCs,51,52 but, because the

expression of the CD11c molecule on the surface of

mouse DCs after stimulation is not modulated,53–55 it is

not likely that the activity of the promoter is enhanced

after differentiation into mature DCs. In contrast, the

activity of the fascin promoter strongly increases during

maturation of DCs,16,17 assuring that upon transfection

with pFascin endogenous production of the antigen is

restricted to DCs with unique primary stimulatory activ-

ity, which then permits optimal priming of CTL

responses to develop.

Cho et al.20 as well as Hon et al.21 reported that

transgene expression limited to epidermal keratinocytes by

performing biolistic transfection with vectors harbouring

the keratin 14 (K14) promoter was sufficient to initiate

considerable CTL responses. This led to the assumption

that uptake and cross-presentation of antigen, released by

or associated with apoptotic transfected cutaneous cells,

represent the major mechanism of CD8+ T-cell priming

following gene gun-mediated DNA immunization. The

keratin proteins 5 and 14 are produced in the same epi-

thelial cells and form dimers in keratin filaments. There-

fore, co-expression of K5 and K14 genes is tightly

regulated at the transcriptional level, implying that the

activities of their promoters are congruent.28,42 The results

of our experiments using the K5 promoter for in vivo

transfection are consistent with the data obtained with the

K14 promoter. Actually, the magnitude of the CTL

response following DNA immunization with pK5-bGal

was slightly, yet not significantly higher than that after

bombardment with pFascin-bGal, suggesting that cross-

presentation of exogenous antigen and the presentation of

antigen synthesized endogenously represent equivalent

pathways for CD8+ T-cell priming following biolistic

transfection of the skin. We assume that the relative con-

tributions of direct priming versus cross-priming to the

elicitation of CD8+ T-cell responses following DNA

immunization may vary, being dependent on several fac-

tors relating to the method of immunization as well as the

identity of the antigen, in particular the type of transgene-

expressing cells (DC versus non-DC), the form of antigen

(cell-associated versus soluble)22,56,57 and the dose of avail-

able exogenous antigen (low versus high).58 Nevertheless,

we are not able to determine which pathway is predomi-

nantly operative in the induction of CTL responses when

skin DCs as well as non-DCs are transfected concomi-

tantly, as is the case after gene gun-mediated DNA immu-

nization with pCMV vectors that are ubiquitously active.

For the priming of CD4+ T cells it is, however, likely

that the presentation of exogenous antigen dictates the

quality of the resulting immune response because the pat-

tern of cytokines secreted by in vitro stimulated CD4+ T

cells as well as the immunoglobulin isotype profile

detected in the sera of immunized mice showed similar

polarization after biolistic transfection with pCMV-bGal

and pK5-bGal, respectively. Similarly, co-application of

pFascin-bGal and pK5-bGal changed the quality of the

Th1-skewed immune response that is induced by pFascin-

bGal, and biased the CD4+ T-cell response towards a

mixed Th1/Th2 response as immunization with pK5-bGal

alone did. Our finding that immunization of mice with

pFascin-bGal and pK5-bGal induced specific IgG2a anti-

body titres to a similar extent is in contrast with the

results of Cho et al.20 The authors reported that signifi-

cant levels of specific IgG2a antibodies were induced by

immunization of mice with plasmids encoding nucleo-

protein under the control of the K14 promoter, but

hardly any production of IgG2a was noted following

immunization with plasmids harbouring the human

CD11b or the mouse Ea promoter. This discrepancy

strengthens the notion that the latter two promoters

lacked optimal activity under the experimental conditions

employed. The question of why gene gun-mediated

immunization with pFascin-bGal and pK5-bGal, respec-

tively, leads to such different outcomes in terms of the

CD4+ T-cell response remains to be resolved. It is con-

ceivable that processing of endogenous antigen with sub-

sequent loading of antigenic peptides onto MHC class II

molecules and their presentation by directly transfected

DCs might generate a Th1-promoting signal. It was

previously shown that DCs, which were transfected in vitro

e202 � 2008 Blackwell Publishing Ltd, Immunology, 128, e193–e205

S. Sudowe et al.



with antigen-encoding plasmid DNA, had the capacity

to instruct in vitro59 or following adoptive transfer

in vivo60,61 the differentiation of Th1 cells. However, the

differential T helper cell polarization seen might be

dependent on the amount of protein antigen released by

or leaking from transfected non-DCs. With respect to the

latter notion, our data are consistent with a report of

Thompson,62 who demonstrated that the immune

response is biased towards a Th1-dominated response by

low doses of antigen whereas high antigen doses favour a

Th2-orientated response. Thus, in the case of pFascin, a

limited quantity of protein produced by only a small

number of directly transfected DCs would be expected,

while with pK5 extensive transgene expression in many

transfected keratinocytes is likely to occur.

In conclusion, our data suggest that presentation of

antigen endogenously synthesized by directly transfected

cutaneous DCs and presentation of exogenous antigen,

produced by non-DCs and ingested by untransfected

DCs, represent equivalent pathways to efficiently induce

transgene-specific immune responses following biolistic

transfection of the skin. Both mechanisms are effective in

inhibiting an antigen-specific IgE response induced in a

mouse model of type I allergy.
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