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Introduction

Summary

Targeting of antigens to the endocytic uptake receptor DEC205 resulted
in enhanced antigen presentation by dendritic cells (DCs). In combination
with adjuvants for DC maturation, proteins coupled to an antibody
against DEC205 induced strong pathogen-specific immune responses,
whereas without additional adjuvant tolerance could be induced. As less is
known about DNA vaccines encoding DEC205-targeted antigens, we
explored the immunogenicity and efficacy of a dendritic cell-targeted
DNA vaccine against influenza A virus (IAV) delivered by electroporation.
Although coupling of haemagglutinin to a single-chain antibody against
DEC205 enhanced antigen presentation on MHC class II and activation
of T-cell receptor-transgenic CD4 T cells, the T-cell responses induced by
the targeted DNA vaccine in wild-type BALB/c mice were significantly
reduced compared with DNA encoding non-targeted antigens. Consis-
tently, these mice were less protected against an IAV infection. Adoptive
transfer experiments were performed to assess the fate of the antigen-spe-
cific T cells in animals vaccinated with DNA encoding DEC205-targeted
antigens. By this, we could exclude the general deletion of antigen-specific
T cells as cause for the reduced efficacy, but observed a local expansion of
antigen-specific regulatory T cells, which could suppress the activation of
effector cells. In conclusion, DNA vaccines encoding DEC205-targeted
antigens induce peripheral tolerance rather than immunity in our study.
Finally, we evaluated our DNA vaccines as prophylactic or therapeutic
treatment in an allergen-induced asthma mouse model.
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present them to T cells in the lymphatic tissues. The
immunogenicity and efficacy of DNA vaccines were dra-

DNA immunization is a promising approach to induce
stable, prolonged and broad immune responses against
pathogens. For instance, administration of antigen-encod-
ing DNA induced protective immune responses against
influenza A virus (IAV) infection in different animal
models.'” Delivery of exogenous DNA containing appro-
priate expression cassettes into the skeletal muscle allows
for prolonged expression of the transgene in terminally
differentiated myocytes.® Secreted antigens can be easily
taken up by dendritic cells (DCs), which subsequently

matically improved by using in vivo electroporation.”
The short electric pulses have been shown to enhance the
DNA uptake and induce inflammation at the injection
site, which leads to the recruitment of immune cells."*"’
Dendritic cells take up pathogens from the periphery
by phagocytosis or receptor-mediated endocytosis. After
processing of the pathogen and loading of restricted epi-
topes on MHC, the DCs interact with T lymphocytes in
lymphatic organs."*'> Upon stimulation via pathogen
recognition receptors they undergo maturation and

Abbreviations: BALF, bronchoalveolar lavage fluid; DCs, dendritic cells; IAV, influenza A virus; IFN-y, interferon-y; IL-2, inter-
leukin-2; OVA, ovalbumin; PerCP, peridinin chlorophyll protein; scFv, single-chain antibody fragment variable; TCR, T-cell

receptor; Th2, T helper type 2; Treg, regulatory T
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up-regulate the expression of co-stimulatory molecules
like CD80/86. Mature DCs in the lymph nodes activate T
cells to differentiate into cytotoxic T cells or T helper cells
enabling efficient antibody production by B cells, which
finally results in the formation of an immunological
memory response. In contrast, peptide presentation by
immature DCs under steady-state conditions induces
peripheral tolerance to prevent activation of autoreactive
T cells. Peripheral tolerance is maintained by several
distinct mechanisms, like the induction of suppressive
regulatory T (Treg) cells,'® deletion of self-reactive
T cells'” or T-cell anergy.'®'® Therefore, the activation of
and antigen presentation by DCs are critical steps in the
induction of vaccine-specific cellular and humoral
immune responses.

Improved peptide presentation by DCs was achieved by
targeting the endocytotic receptor DEC205 via an anti-
body—antigen fusion protein. DEC205 belongs to the C-
type lectin receptor family and is expressed at high levels
on several subsets of DCs in mice.” Immunization with
these antibody—antigen fusion proteins resulted in
enhanced antigen presentation by CD11c DCs, which was
reported for both MHC class II*'** and MHC class I
restricted peptides.”” *»***” Binding of antibodies to
DEC205 alone does not stimulate maturation of DCs*®
and therefore additional stimuli for DC maturation like
anti-CD40 antibodies and/or poly IC are necessary to
induce antigen-specific immunity.”»* ' This approach
had been used to enhance the immunogenicity and effi-
cacy of protein vaccines against infectious diseases or
tumours.”>**"*2 In contrast, targeting the DEC205
receptor without adjuvant led either to a partial activa-
tion and proliferation of T cells followed by deletion and/
or anergy”">>** or to the induction of Treg cells.”>*°

The induction of antigen-specific Treg cells via thera-
peutic immunizations with DEC205-targeted proteins is a
promising approach to treat cell-mediated autoimmune
diseases, like multiple sclerosis, as recently demonstrated
in a mouse model of experimental allergic encephalomy-
elitis.”

Although the consequences of DEC205-targeted protein
immunization seem to be well understood and docu-
mented, far less is known for DNA vaccines encoding
DEC205-targeted antigens. In contrast to protein vaccines,
intramuscular DNA immunizations lead to prolonged
antigen production by the transduced myocytes, which
might influence the balance between immunity and toler-
ance. The published studies describing the use of DNA
vaccines encoding DEC205-targeted antigens revealed con-
flicting results. Despite the application of similar protocols
including in vivo electroporation, two groups showed an
enhanced efficacy of the vaccine®®”® whereas Ettinger et al.
reported on the induction of antigen-specific tolerance in
mice.*” In our previous experiment, in rhesus macaques,
DEC205-targeting of the encoded antigen also had a nega-
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tive effect on the immunogenicity of simian immunodefi-
ciency virus-specific DNA vaccines.*!

Therefore, we further evaluated whether DNA vaccines
encoding DEC205-targeted antigens favour induction of
immunity or tolerance to the coupled antigen. In this
study, we used plasmids encoding DEC205-targeted anti-
gens derived from the haemagglutinin (HA) of the IAV
strain Puerto Rico/8/34 (PR8) (HIN1). This allowed us
to use the same DNA constructs for tracking antigen-spe-
cific T-cell responses in T-cell receptor (TCR) -transgenic
models and for the analysis of protective immune
responses in a viral infection model. Additionally, the
potential of these DNA vaccines to induce peripheral tol-
erance towards the encoded antigens was analysed in
mouse models for allergic asthma.

Materials and methods

Plasmids

Both pVAX-DEC-solHA and pVAX-GL117-solHA were
cloned by amplification of the extracellular domain of HA
from IAV Puerto Rico/8/34 (PR8) (HIN1) out of pEF-my-
cHA. pVAX-DEC-HACD8 and pVAX-GL117-HACDS8
were constructed by hybridization of the two oligonucleo-
tides AATTCCGGCGGAGGGGGAATCTACTCAACTGTC
GCCAGTTCACTGCGAT + CGCAGTGAACTGGCGACA
GTTGAGTAGATTCCCCCTCCGCCGG and cloned into
the pVAX-DEC/GL117 background. In all constructs the
gene of interest is followed by an OLLAS-tag** for further
detection. DNA for immunization was prepared using the
NucleoBond® Xtra Maxi EF Kit (Macherey-Nagel, Diiren,
Germany) and tested for endotoxin levels with the Limulus
amoebocyte lysate quantification assay (Cambrex Bio Sci-
ence, Verviers, Belgium), confirming that the dose used for
immunization of mice contained < 0-1 Endotoxin Units.

Transgene expression analysis

HEK293T cells were transiently transfected using 10 pg
plasmid DNA and 10 g polyethylenimine.*’> Seventy-two
hours post transfection, supernatants were collected and
analysed by Western blot. For the detection, a monoclo-
nal oOLLAS-antibody (purified from hybridoma) was
used in combination with horseradish peroxidase-conju-
gated oRat IgG (DakoCytomation, Glostrup, Denmark).
The analysis was performed with the software Wasabil!
(Hamamatsu Photonics Germany GmbH, Herrsching am
Ammersee, Germany).

The binding capacities of the single-chain antibodies to
the DEC205 receptor were analysed with DEC205 express-
ing (CHOpgca0s) and control (CHO,,,) CHO cells as
described previously.** Bound fusion proteins were
detected by flow cytometry using an oOLLAS antibody
labelled with Alexa647.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 519-533



Mice and immunizations

Female, 6- to 8-week-old BALB/c] mice were purchased
from Janvier (Le Genest-St-Isle, France). The TCR trans-
genic mouse strains, CL4* and TCR-HA*® were provided
by W. Hansen and ]. Buer(Medical Microbiology, Essen,
Germany). TCR-HA mice were bred in the animal facility
of the medical faculty of the Ruhr-University Bochum. All
mice were housed in individually ventilated cages in accor-
dance with the national law and institutional guidelines.

For all immunization experiments, the plasmids were
diluted in PBS and 20 pg was used for one intramuscular
immunization followed by electroporation (Ichor Medical
Inc., San Diego, CA) as described previously.*’

Adoptive T-cell transfer and in vivo antigen presenta-
tion

CD4 T cells from TCR-HA donor mice or CD8 T cells
from CL4 donor mice were purified by negative selection
using antibodies against B220, F4/80, NKI1.1, MHCII,
CD4 or CD8 followed by magnetic affinity cell sorting.
CD4 and CD8 T cells were labelled with 5 pm carboxyflu-
orescein succinimidyl ester (CFSE; Molecular Probes®,
Invitrogen, Darmstadt, Germany). Then, 2 x 10® CFSE+
cells were transferred into BALB/cJ recipient mice that
had been immunized 4 days before. Three days after
transfer, mice were killed and single-cell suspensions were
prepared from popliteal lymph nodes and spleens. After
surface staining with «CD4-peridinin chlorophyll protein
(PerCP) antibodies in PBS/BSA/azide, the samples were
analysed on a FACSCantor™ II (BD Bioscience, Heidel-
berg, Germany). Each proliferation cycle is represented by
the bisection of the previous fluorescence intensity.

In vitro proliferation assay

To determine the suppressive capacity of the vaccine-
induced Treg cells, popliteal and inguinal lymph nodes as
well as the spleens of TCR-HA mice were removed 7 days
post immunization. Single-cell suspension from all three
lymphatic organs were labelled separately with 5 pm CFSE
and plated into 96-well round-bottom plates (Nunc, Ros-
kilde, Denmark) at a density of 2 x 10° cell/well. Samples
were re-stimulated for 72 hr with the MHC-II restricted
HA peptide (SFERFEIFPKE, 5 pg/ml) and the co-stimula-
tory aCD28 antibody (1 pg/ml) in RPMI-1640 supple-
mented with 10% fetal calf serum, 2 mMm L-glutamine,
10 mm HEPES, 50 pum f-mercaptoethanol and 1% antibi-
otic/antimycotic (all Gibco (Karlsruhe, Germany)). Finally,
cells were stained with «CD4-PerCP in PBS/BSA/azide and
the proliferation indicated by loss of CFSE intensity was
analysed on a FACSCantotwm II (BD Bioscience).
Alternatively, the suppressive capacity of enriched
CD25" CD4 T cells was analysed. One week after the
immunization, CD25" CD4 cells were isolated from
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spleen and popliteal lymph nodes (pooled from four
immunized mice) via magnetic separation (CD4" CD25"
Regulatory T-Cell Isolation Kit; Miltenyi Biotec, Bergisch
Gladbach, Germany). CD25 CD4 cells were used as con-
trols. 2 x 10° cells, either CD25" or CD25, were incu-
bated with 2 x 10° CFSE-labelled CD4 cells isolated from
naive TCR-HA mice. The proliferation of the effector
cells was assessed as described above. The percentage of
dividing TCR-HA cells in the absence of any cells from
the immunized mice was set as 100% and the per cent
inhibition by the respective population was calculated.

Foxp3 staining and intracellular cytokine staining

For Foxp3 staining, blood samples were collected by
retro-orbital puncture and directly mixed with 40 pl of
an EDTA solution (10 pum). After lysis of red blood cells,
samples were plated into 96-well round-bottom plates
(Nunc). Surface staining was performed with «CD25-allo-
phycocyanin (APC; eBioscience, San Diego, CA), aCD4-
PerCP (BD Bioscience) and «TCR-HA-FITC (provided by
W. Hansen) in PBS/BSA/azide. Intracellular Foxp3 stain-
ing was performed by anti-mouse/rat Foxp3 staining set
phycoerythrin (PE; eBioscience) according to the manu-
facturer’s instructions.

Intracellular cytokine staining was performed on re-
stimulated splenocytes as previously described.*® Briefly,
splenocytes were plated in 96-well round-bottom plates
(Nunc). CD4 cells were re-stimulated by the MHCII-
restricted HA peptide in combination with an «CD28
antibody, whereas CD8 T cells were re-stimulated in the
presence of the MHCI-restricted HA peptide (IYST-
VASSL) and «CD107a-FITC (eBioscience). After stimula-
tion, surface staining was carried out with «CD8-PerCP
or aCD4-PerCP (BD Bioscience) and Fixable Viability
Dye-Fluor780 (eBioscience). Cells were fixed, followed by
permeabilization and cytokine staining with oTNFo-PE,
olFNy-PECy7 and oIL2-APC (BD Bioscience). Samples
were analysed on a FACSCantot™ II.

Serological assays

Blood was taken retro-orbitally and serum was collected
after centrifugation for 5 min at 2700 g in a table-top
centrifuge. To quantify HA-specific IgG1 and IgG2a anti-
body levels, 96-well ELISA plates were coated with 200 ng
HA protein (Immune Technology Corp., New York, NY)
per well in phosphate buffer at 4° overnight. After block-
ing with 5% skimmed milk powder in washing buffer
PBS-Ty s (0-05% Tween-20), serum samples were added
at 1 : 10 dilutions and incubated for 1 hr, followed by
intensive washing. Horseradish peroxidase-coupled anti-
bodies against mouse IgGl or IgG2a antibodies (BD
Bioscience) were used for detection. After addition of
enhanced chemiluminescence solution, samples were
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analysed in a microplate Luminometer (Orion L; Titertek
Berthold, Pforzheim, Germany).

To determine influenza-specific neutralizing antibody
titres, a microneutralization assay was performed as previ-
ously described.*®

Influenza A virus challenge

Five weeks after the second immunization, mice were an-
aesthetized and challenged intranasally with 100 plaque-
forming units of IAV Puerto Rico/8/34 (PR8) HINI
(virus strain collection, Inst. of. Mol. Virology, Muenster,
Germany). The body weight was monitored daily after
the infection and 6 days after infection the mice were
killed. Bronchoalveolar lavage fluids (BALF) were col-
lected by flushing the lung twice with 1 ml Hanks’ bal-
anced salt solution (Gibco) before their removal. Lungs
were homogenized in 2 ml PBS using the GentleMACS
Dissociator (Miltenyi Biotec) according to the manufac-
turer’s protocol. Viral mRNA copy numbers in the BALF
and the lung homogenates were quantified by quantitative
RT-PCR as described previously.*® The detection limit
was 5 copies/quantitative RT-PCR, which corresponds to
355 copies/ml in lung homogenate or BALF.

Additionally, cells from BALF were analysed by surface
staining with «CD4-APC, aCD8-PacificBlue, «CD11c-PE,
oCD45-PerCPCy5.5 (all from BD Bioscience), aLy6G-
FITC, Fixable Viability Dye-eFluor780 (from eBioscience)
in PBS/BSA/azide in vitro and measured by flow cytome-
try (FACSCantorwm II, BD Bioscience).

Ovalbumin-induced asthma model

The basic protocol to establish the ovalbumin (OVA) -
induced asthma phenotype is described elsewhere.” In
the prophylactic set up, BALB/c mice were immunized
with 20 pg of the DNA vaccines 2 weeks before the sensi-
tization phase, which consists of two intraperitoneal injec-
tions of alum-adjuvanted OVA (20 ug OVA/2-2 mg
alum) on days 14 and 28. The sensitization is followed by
challenges with 1% OVA aerosol at days 42 and 52. To
analyse the eosinophilic infiltrates, BALF were collected
3 days after the last aerosol challenge and the cell compo-
sition was analysed by surface staining and FACS. Addi-
tionally, single cell suspensions from the lungs were re-
stimulated for 48 hr with 50 pg/ml OVA per sample.
Cytokine secretion [interleukin-4 (IL-4), IL-5, IL-10, IL-
13] into the supernatants was determined by ELISA
(eBioscience) to confirm the T helper type 2 (Th2) polar-
ization of the OVA-specific T cells.

In the therapeutic set up, the DNA immunization
was performed 14 days after the second sensitization
step. Afterwards the protocol continued as described
above with the aerosol challenges at days 14 and 24 post
immunization.
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Statistical analysis

Results are expressed as the means + standard errors of
the means (SEM). Statistical comparisons were performed
by one-way analysis of variance test, followed by a Tukey
post-test using the Prism 5.0 GraphPad Software (San
Diego, CA). A P-value < 0-05 was considered statistically
significant.

Results

Construction and characterization of DNA vaccines
encoding DEC205-targeted antigens

For our studies, we generated DNA vaccines encoding
DEC205-targeted HA from the IAV strain Puerto Rico/8/
34 (PR8) (HIN1). Secretion of the DEC205-targeted anti-
gen is a prerequisite for our studies and HA contains a
transmembrane domain (Fig. 1a), so it was not feasible to
fuse the complete open reading frame to the DEC205-
specific single-chain antibody fragment (scFv), which was
described in our earlier studies.** Therefore the ectodo-
main, containing the immunodominant CD4 epitope, was
fused either to the DEC205-specific or a control scFv
resulting in the plasmids pVax-DEC-solHA and pVax-
GL117-solHA (Fig. la). Because the immunodominant
CD8 epitope of HA is located in the transmembrane
domain, we constructed two additional plasmids and
fused the sequence (IYSTVASSL) directly to the respective
scFv, pVax-DEC-HACDS8 and pVax-GL117-HACDS, to
elucidate the effect of DEC205-targeting on CD8 and
CD4 T-cell responses in parallel (Fig. la). To verify
expression and secretion of the designed fusion proteins,
293T cells were transfected with the different expression
plasmids and supernatants were analysed by Western blot.
The DEC205 targeted proteins and the respective controls
were detected in equal amounts in the supernatants and
appeared at the expected sizes (see Supporting informa-
tion, Fig. S1A). To ensure the scFv-binding specificity,
the transfection supernatants were incubated with
DEC205-expressing CHO cells (CHOpgcags) or control
CHO cells (CHO,,,). Bound single-chain molecules were
visualized with an Alexag,;-labelled anti-OLLAS antibody
and subsequent flow cytometric analysis (see Supporting
information, Fig. S1B). Incubation of the DEC-specific
scFv construct with CHOpgcas resulted in an increase
of the mean fluorescence intensity, whereas no changes
were observed with the control constructs or the control
cells.

Next, we analysed indirectly the presentation of MHC-
restricted peptides by the activation of TCR-transgenic T
cells after DNA immunization in vivo. Therefore, 2 x 10°
HA-specific CFSE-labelled CD4 or CD8 T cells were
adoptively transferred into BALB/c mice that had been
immunized 3 days before with DNA encoding either the

© 2015 John Wiley & Sons Ltd, Immunology, 145, 519-533
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Figure 1. In vivo antigen presentation and T-cell activation. (a) Schematic representation of the DNA vaccines and the corresponding protein
domains of the haemagglutinin of influenza A virus (IAV) strain PR8. The single-chain antibody fragment variables were separated from the anti-
gens by a [Gly4Ser]3-linker and all expression cassettes contain a C-terminal OLLAS-tag for detection purposes. (b) To assess the antigen presen-
tation and activation of T-cell receptor (TCR)-specific T cells in vivo, BALB/c mice were immunized with 20 pg of DNA encoding either the
DEC205-targeted antigens (DECsolHA/DEC-HACDS) or the control antigens (GL117-solHA/GL117-HACDS). Four days after immunization,
2 x 10° CFSE-labelled TCR-transgenic CD8 T cells (CL4) or CD4 T cells (TCR-HA) were adoptively transferred and their proliferation was
determined after 3 days by CFSE dilution. Lymphocytes from spleen and pooled lymph nodes (popliteal, inguinal) were analysed. Representative
histograms are shown and percentages of proliferating cells are indicated for the marked region. (c) Mean values and standard errors of the
means (SEM) for six animals per group out of two independent experiments are shown for CD4 T cells (left) and CD8 T cells (right), respec-
tively. One-way analysis of variance, Tukey post test, *P < 0-05, **P < 0-01, ***P < 0-001.
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targeted or the non-targeted antigens. One week post
immunization, CFSE-labelled cells were isolated from the
spleen and lymph nodes and analysed for proliferation
indicated by decreasing fluorescence signals (Fig. 1b,c).
Surprisingly, the activation of TCR-transgenic CD8 T cells
was comparable in both immunization groups, indicating
a minor influence of DC-targeting on MHC class I pre-
sentation in our study, which is in contrast to other
reports.22724’26’27 However, immunization with the tar-
geted antigens resulted in significantly higher percentages
of proliferating TCR-transgenic CD4 T cells compared
with the group that received the control scFv-antigen
encoding plasmids. Although this was also the case in the
spleens (17% versus 7%), the more profound prolifera-
tion was observed in the lymph nodes (66% versus 26%).
These results indicate that the DEC205-targeting enhances
the antigen uptake by DCs and increases the antigen pre-
sentation on MHC class II, which in turn leads to stron-
ger activation of CD4 T cells. To confirm DCs as
presenting cells, we isolated CD11c" cells from the lymph
nodes and spleens of immunized mice and analysed their
capacity to activate, naive TCR transgenic CD4 T cells in
a proliferation assay (see Supporting information, Fig.
S2). Dendritic cells isolated from the lymph nodes of
mice receiving the targeted vaccine stimulated the prolif-
eration more efficiently than DCs from the animals

receiving the non-targeted DNA. In accordance with the
in vivo proliferation assay, the stimulation capacity of
spleen-derived CD11c" cells was less pronounced.

Antigen-targeting to DCs reduced the cellular
immune response after DNA immunizations

We demonstrate specific binding to the DEC205 receptor
and enhanced activation of TCR-transgenic T cells, so we
were interested whether this translates into improved
immunogenicity of the targeted DNA vaccines. Therefore
mice were injected once intramuscularly with 20 pg of
each DNA followed by electroporation and 2 weeks later
the cellular immune responses were analysed by intracel-
lular cytokine staining (Fig. 2a,b).

DNA immunization with plasmids encoding the anti-
gens fused to the control scFv (non-targeted) induced
robust HA-specific CD4 and CD8 T-cell responses, which
were significantly higher than the ones observed in the
targeted or naive group. Although we demonstrated
strong proliferation of TCR-transgenic CD4 T cells after
adoptive transfer indicating proper MHC II presentation,
the DEC-targeted antigens failed to induce cytokine-pro-
ducing CD4 T cells. In contrast, the non-targeted antigens
induced substantial amounts of HA-specific CD4 T cells
producing interferon-y (IFN-7y), IL-2 or tumour necrosis
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Figure 2. Immunogenicity of DNA vaccines encoding DEC-targeted antigen. (a, b) BALB/c mice were immunized with DNA encoding either the
DEC205-targeted antigens (DEC-solHA/DEC-HACDS, 20 ng each) or the control antigens (GL117-solHA/GL117-HACDS, 20 pg each). Antigen-
specific CD4 (a) and CD8 (b) T-cell responses in the spleens were analysed 14 days after immunization by intracellular cytokine staining. The
percentages of the different subpopulations among the total CD4 (a) resp. CD8 (b) T cells are shown. Mean values and SEM represent seven
mice per group out of two independent experiments. (c) Sera were collected at day 35 post immunization and haemagglutinin (HA)- specific
antibody titres of the subclasses IgGl and IgG2a were measured by ELISA. Each bar represents the mean and SEM of 16 animals per group.
Log;o-transformed relative light units (RLU) are shown. (d) The I1gG2a/IgGl ratio of the log;o-transformed RLUs are shown as means and SEM.
One-way analysis of variance, Tukey post test, * = significantly different from naive, # = significantly different from targeted, *P < 0-05,
P < 0-01, ¥**P < 0-001.
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factor-o. with nearly half of them expressing all three
cytokines simultaneously (Fig. 2a).

A similar observation was made for the HA-specific
CD8 T-cell response. Although both the non-targeted and
the targeted antigens were able to stimulate the prolifera-
tion of TCR-transgenic cells to a comparable extent, the
HA-specific CD8 T-cell responses in the wild-type ani-
mals were significantly higher after DNA immunization
with the non-targeted antigens. In the non-targeted
group, around 1% of the CD8 T cells responded to the
HA peptide stimulation with the expression of IFN-y and
nearly two-thirds of those were also positive for the
degranulation marker CD107a (~0-6%). As a consequence
of the DEC-targeting, the percentages of antigen-specific
CD8 T cells were significantly reduced with only 0-2%
IFN-y-producing cells found in animals of the targeted
group.

As the whole extracellular domain of HA was fused to
the scFv, we were also interested if the antibody responses
were influenced by the DEC205-targeting. Therefore,
serum samples were collected 5 weeks after a single DNA
immunization and IgGl as well as IgG2a antibody levels
were determined by ELISA (Fig. 2¢,d). Independent of
the presence of DEC205-targeting, the amount of HA-
specific antibodies was generally low. Only the IgG2a
antibody level in the non-targeted group was significantly
higher compared with that in the naive group (Fig. 2c).
Nevertheless, a single DNA immunization with the non-
targeted construct revealed the preferential induction of
the IgG2a subtype, whereas the targeted construct
induced a balanced IgG2a/IgGl1 response (Fig. 2d).

DNA immunization with targeted antigens does not
protect mice against lethal IAV infection

Previously, it was reported that not only the quantity, but
also the quality, of the immune response could be altered
by DEC205-targeting, so the efficacy of our DNA vaccines
was analysed in a homologous IAV challenge experiment.
This time, we immunized twice with a 6-week interval
and co-administered DNA encoding for the pro-inflam-
matory cytokine IL-12 to polarize the CD4 T-cell
response towards Thl for an improved CD8 T-cell
response. Eighteen days after the first immunization, HA-
specific CD4 and CD8 T lymphocytes from the blood
were analysed for their cytokine expression by intracellu-
lar cytokine staining. Co-administration of DNA encod-
ing IL-12 increased the frequency of polyfunctional CD4
T cells and CD8 T cells in both the non-targeted and the
targeted groups. Nevertheless, the responses were still
stronger in the animals receiving the DNA encoding the
non-targeted antigens (data not shown).

Two weeks after the second immunization, the influ-
ence of the co-expressed IL-12 on the CD4 and CD8
T-cell responses was no longer detectable in the intracel-
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lular cytokine staining. The only exception is the fre-
quency of polyfunctional CD4 T cells observed after
immunization with the targeted antigens, which seemed
to be higher in the group where the additional IL-12-
encoding plasmid was applied (Fig. 3a). The CD8
responses were still highest in the non-targeted groups
independent of the delivery of IL-12 (Fig. 3b).

Furthermore, the IL-12 co-expression had only a minor
influence on the vaccine-induced antibody levels mea-
sured 2 weeks after the boost immunization (Fig. 3c).
Generally, the second immunization slightly enhanced the
overall antibody levels and the dominant induction of
IgG2a in the non-targeted groups was even more pro-
nounced compared with the antibody responses after a
single immunization (Fig. 2¢). Nevertheless, two immuni-
zations with DNA encoding the DEC205-targeted HA
failed to induce significant levels of IgG2a antibodies
(Fig. 3¢c). These results indicate that not only the cellular
response but also the humoral immune response is
altered by the DEC-targeting. Of note, none of the ani-
mals among all groups developed neutralizing antibodies
against the homologous IAV strain, which was analysed
in a microneutralization assay (data not shown).

Finally, the mice were infected with the homologous
IAV strain PR8 (~10 LDsy) to determine the protective
capacity of these immune responses. We documented
daily the body weight loss as a sign for disease progres-
sion (Fig. 3d) and the viral load was measured in the
BALF and lung at day 6 post infection (Fig. 3e). From
day 3 post infection, all animals showed a steady decline
of body weight until day 6, at this time-point nearly all
control mice had reached the end-point of 25% loss of
the initial body weight (Fig. 3d). In comparison to the
control group, significantly less weight loss was observed
in the groups that received the non-targeted vaccines,
whereas no significant difference was observable in the
groups that received the targeted vaccines. This indicates
a partial protection against virus-induced disease progres-
sion in animals vaccinated with the non-targeted con-
structs. Accordingly, these two groups had reduced viral
loads in the lungs and BALFs (1-5-2-5 log reduction com-
pared with naive mice, Fig. 3e). Although not significant
in multi-variant analysis, the animals that received the
targeted vaccine alone also showed a lower viral burden
than the naive mice (0-5-1-5 log reduction). Interestingly,
the viral loads were further reduced significantly in the
group that additionally received plasmids encoding IL-12.
Of note, this reduction was not observed in the control
animals that received only the IL-12-encoding plasmid,
suggesting that non-specific activation of immune cells by
IL-12 is unlikely to contribute to this protection.

Furthermore, the cellular composition of the lungs was
analysed 6 days post infection by flow cytometry
(Fig. 3f). This revealed higher frequencies of CD4 and
CD8 T cells in the lungs of the non-targeted groups in
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Figure 3. Protective efficacy against influenza A virus (IAV) challenge. BALB/c mice were immunized twice in a 6-week interval with DNA
encoding either the DEC205-targeted (DEC-solHA/DEC-HACDS, 20 pg each) or the control antigens (GL117-solHA/GL117-HACDS, 20 pg
each). We included three additional groups which received 10 pg of an interleukin-12 (IL-12) -encoding plasmid as genetic adjuvant. Antigen-
specific CD4 (a) and CD8 (b) T-cell responses in the blood were analysed 13 days after the second immunization by intracellular cytokine stain-
ing. The percentages of the different subpopulations among the total CD4 (a) or CD8 (b) T cells are shown, respectively. At the same time-point,
haemagglutinin (HA) -specific antibody titres of the subclasses IgG1 and IgG2a were measured by ELISA. Each bar represents the mean and SEM
of six animals per group. Log;o-transformed relative light units (RLU) are shown (c). (d) Three weeks after the second immunization the animals
were challenged with 100 plaque-forming units (PFU) of IAV PR8 and their body weights were documented daily and presented as means and
SEM of six animals per group. (e) Six days post infection, mice were killed and the viral loads in bronchoalveolar lavage fluid (BALF) as well as
lung homogenates were determined by quantitative RT-PCR. Each bar represents the logarithmically transformed amount of viral copies per ml.
To analyse if vaccine-induced CD4 or CD8 T cells infiltrated the infected lung, cells from the BALF were analysed by FACS. Mean values and
SEM for the percentages of CD4 and CD8 among total CD45" cells are shown in (f). One-way analysis of variance, Tukey post test, * = signifi-
cantly different from naive, # = significantly different from targeted, + = significantly different from naive+IL-12, x = significantly different from
targeted+IL-12, *P < 0-05, **P < 0-01, ***P < 0-001.

comparison to the targeted or control groups, which confined to CD8 T cells, which is in line with the reduc-
might indicate control of viral replication by anamnestic tion in viral mRNA copy numbers.

T-cell responses. In the case of the targeted vaccines, the These results clearly demonstrate that the enhanced
tendency of increased cellular infiltrates was lower and antigen presentation after immunization with DNA
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encoding DEC205-targeted antigens did not translate into
improved immunogenicity or vaccine efficacy. Even in
the presence of the pro-inflammatory cytokine IL-12, we
observed poor cellular responses, suggesting that our vac-
cination protocol more likely suppresses the immune
responses, possibly by the induction of Treg cells or
anergy.

Induction of antigen-specific Treg cells by DNA
vaccines encoding DEC205-targeted antigens

To analyse if the overall number of Treg cells was altered
by the DEC-targeted vaccine, we first determined the lev-
els of CD4" CD25" Foxp3™ T cells in the spleen after the
first and second immunizations. There were no differ-
ences with regard to the absolute number or the fre-
quency of Treg cells between the naive mice and the two
immunized groups (data not shown).

As we could demonstrate that the antigen presentation
on MHC II by DCs was enhanced in mice immunized
with the targeted vaccine, we were interested in the fate
of the antigen-specific CD4 T cells in these mice. Because
the frequency of antigen-specific T cells in the bulk CD4
population was rather low, we adoptively transferred
1 x 10° TCR-transgenic CD4 T cells (TCR-HA) into
BALB/c mice 1 day before vaccination. One week later,
the popliteal and inguinal lymph nodes, as well as the
spleens, were analysed for the presence of HA-specific
CD4 T cells (Fig. 4a,b). Significantly more HA-specific
CD4 T cells were found in the lymph nodes of the ani-
mals vaccinated with the targeted antigens than in the
two other groups (Fig. 4a), this argues against an early
depletion of the HA-specific T cells after DEC205-medi-
ated antigen presentation by immature DCs. In addition,
we demonstrate that the pool of antigen-specific Treg
cells was locally expanded in the draining lymph nodes
after the immunization with DEC-targeted antigens
(Fig. 4b).

To analyse if the induced Treg cells could suppress the
activation of CD4 effector T cells, we immunized directly
the TCR-transgenic animals with either the non-targeted
or the DEC205-targeted vaccines and kept one naive con-
trol group. Seven days later, CD4 T cells were isolated
from the popliteal lymph nodes and the spleen, labelled
with CFSE, re-stimulated with the respective HA-specific
peptide for 3 days in vitfro and then the proliferation was
analysed by flow cytometry. In case the DEC-targeted
antigens increased the numbers of antigen-specific Treg
cells, we expected reduced proliferative responses of
respective lymphocyte cultures. Indeed, we observed
strong proliferation of the lymphocytes isolated from the
popliteal lymph nodes of the naive and the non-targeted
group, reaching up to six divisions (Fig. 4c). In contrast,
only a small fraction of lymphocytes isolated from
animals immunized with the targeted antigen started to
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proliferate (26%) and the proliferation did not exceed
three division cycles. Interestingly, in cultures from the
spleen of the same animals this specific suppression could
not be observed and a higher percentage of cells (66%)
showed a reduction of CFSE intensity. Generally, there
was less proliferation of the spleen-derived CD4 T cells
in all groups (up to four cycles), but only the targeted
group showed this discrepancy between the two lympha-
tic organs, which would be in accordance with a local
expansion of antigen-specific Treg cells in the draining
lymph nodes. In a second experiment, we adoptively
transferred again TCR-HA cells before vaccination and
isolated via magnetic cell separation CD25" CD4" T cells
from the lymph nodes and the spleens 1 week later. To
address the suppressive capacity of the Treg cells, they
were incubated with naive, CFSE-labelled TCR-HA cells
in the presence of HA peptide. Since the amount of anti-
gen-specific Treg cells among the whole CD25" FoxP3™"
population was still rather low, we observed only minor
effects. Nevertheless, the Treg cells isolated from the
lymph node of mice immunized with the targeted anti-
gens were the only ones that could partially inhibit the
HA-driven proliferation of the CFSE-labelled TCR-HA
cells (16% specific inhibition). There was no inhibition
seen by the CD25 cells from the same animals or by
Treg cells isolated from the control mice (4D). Further-
more, there was no suppression observed for the spleen-
derived Treg cells. This further supported the hypothesis
that the reduced T-cell responses might be explained by
the induction of antigen-specific Treg cells instead of
effector cells.

Induction of antigen specific tolerance by DEC205
targeted DNA vaccines in an allergic asthma model

To explore if DNA vaccines encoding DEC205-targeted
antigens could mediate an antigen-specific tolerance, we
used OVA as model antigen to induce an allergic asthma
phenotype in BALB/c mice. During the sensitization
phase, a Th2-dominated immune response is induced by
two intraperitoneal injections of alum-adjuvanted OVA
protein, which results in strong eosinophilia in the lungs
after subsequent OVA-aerosol challenges. In case of a vac-
cine-induced tolerance, the Th2 response induced by the
protein injections should be less pronounced and so the
eosinophilia after the aerosol-challenges should be
reduced.

For that purpose, we used DNA vaccines encoding
either DEC-OVA or GL117-OVA ® and immunized ani-
mals either 2 weeks before the first sensitization (prophy-
lactic; Fig. 5b,c) or after the sensitization and 2 weeks
before the aerosol challenge (therapeutic; Fig. 5d,e). First,
we analysed the OVA-specific cellular response 2 weeks
after DNA immunization and confirmed that the non-tar-
geted antigen induced stronger IFN-y responses compared
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Figure 4. Induction of antigen-specific regulatory T (Treg) cells. One day before BALB/c mice were immunized as described in Fig. 2, 1 x 10°

T-cell receptor (TCR) -transgenic CD4 T cells (TCR-HA) were adoptively transferred. One week after vaccination, lymphocytes were isolated
from spleen, popliteal (LNpop) and inguinal (LNingu) lymph nodes and the absolute numbers of antigen-specific CD4 (a) and Treg (b) cells
were determined by FACS. Each bar represents the mean and SEM of four animals per group of one experiment. One representative is shown
out of two independent experiments. In a second experiment, TCR-HA mice were directly immunized with 20 pg of either pV-DEC-solHA or
pV-GL117-solHA or left untreated as controls. One week post immunization, lymphocytes were isolated from the spleen and popliteal LN and
the proliferative capacity of the CD4 T cells was analysed by CFSE-dilution assay (c). The cells were re-stimulated in vitro with the CD4-specific
haemagglutinin (HA) peptide for 3 days. Representative dot plots for one animal per group are shown and the figures in the upper left quadrants
represent the means and SEM of three animals per group. In (d), CD25" CD4 T cells isolated from LNpop or spleens from immunized mice
(pooled from four animals) were analysed for their capacity to suppress HA-driven proliferation of naive, CFSE-labelled TCR-HA cells. 1 x 10°
CD25" or CD25 cells were incubated with 1 x 10> TCR-HA cells in the presence of HA peptide. The percentage of dividing TCR-HA cells in
the absence of any cells from the immunized mice was set as 100% and the per cent inhibition by the respective populations was shown. One-

way analysis of variance, Tukey post test, *P < 0-05, **P < 0-01, ***P < 0-001.

with the targeted antigen as measured by cytokine-specific
ELISA (Fig. 5a). Furthermore, none of the DNA vaccines
induced substantial amounts of Th2-specific helper cells
indicated by the absence of the Th2-associated cytokines
IL-4, IL-5 and IL-13 (Fig. 5a).

Surprisingly, in the prophylactic set up both DNA vac-
cines could reduce the development of the OVA-specific
Th2 response (Fig. 5b) and consequently the infiltration
of eosinophils into the lungs after the aerosol challenges
(Fig. 5¢). In consideration of our previous results, the
underlying mechanisms seem to differ substantially for
the different DNA constructs. The non-targeted antigen
induced strong Thl responses, thereby limiting the Th2
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response (Fig. 5a), whereas the DEC205-targeted antigens
could induce a state of peripheral tolerance.

In contrast to the prophylactic regimen, DNA immuni-
zation after the sensitization phase had no effect on the
outcome of the asthmatic phenotype. Therefore, the
amounts of Th2-resticted cytokines produced by the
lung-infiltrating lymphocytes were comparable for all
groups independent of the vaccination (Fig. 5d). In addi-
tion, the influx of eosinophils into the lung lumen was
not influenced by the therapeutic DNA immunization
(Fig. 5e). These results indicate that once the antigen-spe-
cific T cells were systemically primed, they could not be
silenced or suppressed after therapeutic immunization

© 2015 John Wiley & Sons Ltd, Immunology, 145, 519-533
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Figure 5. Potential of DNA vaccines encoding DEC205-targeted antigens as therapy for allergen-induced asthma. (a) BALB/c mice were immu-
nized with 20 pg of either pV-DEC-OVA or pV-GL117-OVA and cellular immune responses were analysed 14 days post immunization. Spleno-
cytes were re-stimulated with 50 pg/ml of ovalbumin (OVA) protein for 48 hr in vitro and the culture supernatants were analysed for secreted
cytokines by ELISA. The potential of DNA serving as prophlyactic (b, ¢) or therapeutic (d, e) vaccine was anaylsed in an OVA-induced asthma
model as described in the Materials and methods section. Three days after the final aerosol challenge, the cytokine profiles of the OVA-specific T
cells in the lungs were determined by ELISA specific for T helper type 2 cytokines (b, d). The composition of the cellular infiltrates was character-
ized by surface staining of the cells in the broncholalveolar lavage fluid (c, e) Each bar represents the mean with SEM of six animals per group.
aM represents alveolar macrophages, N represents neutrophils, E, represents eosinophil and L represents lymphocytes. One-way analysis of vari-
ance, Tukey post test, * = significantly different from naive, # = significantly different from asthma, *P < 0-05, **P < 0-01, **P < 0-001.

with a single-dose of plasmid encoding the DEC205-tar- maturation.””?' Most of these studies deal with protein
geted antigen. vaccines and only a few studies using gene-based vaccines
had been described to date. Therefore, we wanted to
address the influence of DEC205-targeted antigens on the

Discussion immunogenicity and efficacy of a DNA vaccine against
The potential of DC-targeted vaccines had been demon- IAV.

strated in a variety of different models including induction For this reason, we genetically fused the HA protein of
of tolerance by targeting immature DCs*"**>® or protec- Pr8/34 either to the DEC205-specific or a control scFv
tive immune responses against infectious diseases?*3%3830 (GL117). Since HA is a transmembrane protein, we had
or tumours when delivered together with adjuvants for DC to generate two separate scFv fusion proteins to include
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the whole extracellular domain with the immunodomi-
nant CD4 epitope as well as the immunodominant CD8
epitope, which resides in the transmembrane domain.
Both, the DEC205-targeted and the control antigens were
efficiently secreted by 293T cells after transient transfec-
tion, but only the DEC205-targeted antigens bound spe-
cifically to CHO cells expressing the DEC205 receptor,
demonstrating that the receptor-targeting of our scFv-HA
worked properly. Surprisingly, the presentation on MHC
I after the DNA immunization seemed to be equally effi-
cient in the targeted and non-targeted group indicated by
comparable activation of TCR-transgenic CD8 T cells.
This is in sharp contrast to previous studies using
plasmids encoding OVA as antigen,”® where the DNA
encoding DEC205-OVA resulted in enhanced MHC I
presentation by CD11c¢" DC. A major difference between
these two studies is based on the nature of the fused anti-
gen, which is in our study only the short immunodomi-
nant epitope of HA and a full-length protein in the study
of Nchinda et al.*® Although this was never analysed in
the context of DNA vaccines, it was shown for protein
vaccines that synthetic long peptides are more efficiently
presented on MHC I by murine DCs than full-length
protein and result in stronger CD8 T-cell activation.’’
This was shown in the context of HIVgag and OVA and
originated from different antigen processing after uptake.
Hence, it might be possible that the DEC205-targeting
has less impact on MHC 1 presentation in our set up,
because we used the peptide instead of the whole protein.
Nevertheless, the antigen delivery to the DC via DEC205
impacted on the priming of CD8 T cells as discussed
below. In accordance with previous studies,”®** immuni-
zation with DEC205-targeted antigens resulted in a stron-
ger activation of TCR-specific CD4 T cells than
immunization with the control scFv construct indicating
enhanced antigen presentation on MHC class II mole-
cules. This was supported by the fact that CD11c" DCs
isolated from draining lymph nodes of mice immunized
with the DEC205 targeted DNA were capable of activat-
ing naive, TCR-transgenic CD4 T cells ex vivo, which is
in accordance with the previous report.”® The conse-
quences of DEC205 targeting in the context of DNA vac-
cines might be different for MHC I and MHC II
presentation, which also makes perfect sense considering
the proposed model of antigen presentation after DNA
delivery.”> The MHC I presentation and the subsequent
CD8 T-cell activation by DCs depends either on direct
transfection of DCs or on cross-presentation by DCs after
the uptake of apoptotic bodies. Both pathways are more
dependent on the nature of DNA delivery than on the
secretion of the antigen. In contrast, MHC class II pre-
sentation and CD4 T-cell activation are considered to
occur most efficiently after the uptake of secreted pro-
teins, which might explain that the DEC-targeting affects
these pathways more than the MHC I pathway.

530

In contrast to protein vaccines, DNA vaccines have
been proven to induce robust cellular and humoral
immune responses without additional adjuvants, espe-
cially when the delivery was followed by electropora-
tion.>»>* Tt was a unexpected that both HA-specific CD4
and CD8 T-cell responses were significantly reduced in
wild-type animals receiving the DNA encoding the
DEC205-targeted antigens. Even in the presence of an IL-
12 encoding plasmid as genetic adjuvant known to polar-
ize the T cells toward IFN-y producing Thl cells and
cytotoxic T cells,”>® the targeted vaccine hardly induced
HA-specific T-cell responses, whereas the non-targeted
DNA performed well. This is in contrast to the studies of
Nchinda et al®® and Cao et al,*® in which the cellular
responses were enhanced by the DEC205-targeted con-
structs in comparison to the control-scFv or non-fused
proteins. Interestingly, DNA electroporation was applied
in all three studies, so that a different influence in the
DC maturation induced by the electroporation mediated
1213 is unlikely to be
the reason. A difference between these studies is found in

inflammation at the site of injection

the chosen antigen, which might influence the overall
immunogenicity for a so far unknown reason. Since we
demonstrated efficient antigen presentation after immuni-
zation with the targeted DNA, the reduced immunogenic-
ity could not be explained by a general deficit of our
vectors, but must be a consequence of targeting the
DEC205 receptor. Possibly, DCs directly transfected dur-
ing the immunization have different stimulatory proper-
ties with regard to T-cell activation than DEC205" DCs,
which took up the secreted scFv-antigens later. If these
different DC populations were counteracting each other
(e.g. mature DCs versus immature DCs), this might
explain the different T-cell responses in the two vaccine
groups. Therefore, it would be interesting to address
which subpopulations of DCs take up and present the
non-targeted and the DEC-targeted antigen after the
DNA delivery.

In accordance with the reduced immunogenicity of the
DEC-targeted antigens, animals of those groups were less
protected from an experimental IAV infection than animals
from the non-targeted groups, which showed significantly
less weight loss after IAV challenge. This translated into
lower viral loads in the lungs, most probably due to anam-
nestic T-cell responses as indicated by higher percentages
of CD4 and CD8 T cells detected in the BALF. In contrast,
animals of the targeted group had comparable weight loss
to naive mice and only marginally reduced viral loads. Fur-
ther, there was no sign of enhanced migration of CD4 T
cells into the lungs when the cell counts in the BALF were
compared with those of naive mice. The reduced efficacy of
the targeted vaccine is in accordance with our previous
findings in the context of scDEC-OVA encoded by
adenoviral vectors.** These results clearly demonstrate that
targeting the antigen to immature DCs could negatively
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affect the immunogenicity and efficacy of DNA vaccines,
suggesting that our vaccination protocol more probably
induce peripheral tolerance towards the antigen, possibly
by the induction of Treg cells or anergy. Although Ettinger
et al. did not include a control scFV in their study, their
results support our hypothesis, because gene gun immuni-
zations with DNA encoding DEC-hNCI16A could induce
peripheral tolerance and improved the graft-acceptance
after transplantation.”” Hence, the effect of DC-targeting
has to be carefully evaluated for each antigen and in the
appropriate disease model.

We observed strong activation of TCR-transgenic CD4
T cells indicating efficient antigen presentation on MHC
class II molecules but very low CD4 responses in wild-
type mice, as a result we were interested in the fate of the
antigen-specific CD4 T cells after the DNA vaccination.
In accordance with studies using DEC-targeted protein
vaccines, we detected a strong expansion of TCR-HA cells
after adoptive transfer in lymph nodes and there was no
evidence of T-cell depletion as it was described for anti-
gen-specific CD8 T cells after targeting immature DCs by
anti-DEC-OVA.** As described by Mahnke et al.’®and
Kretschmer et al.,”> there was an expansion of antigen-
specific Treg cells by the targeted vaccine, which seemed
to be restricted to the draining lymph nodes close to the
injection site in our study. Isolated CD25" FoxP3" T cells
from these lymph nodes were also capable of suppressing
the HA-driven proliferation of naive TCR-HA cells
ex vivo. This inhibition was not seen with CD25" FoxP3"
cells from mice immunized with the non-targeted DNA.
This supports our hypothesis that the DEC-targeted DNA
vaccine induced immunosuppressive mechanisms coun-
teracting the efficient priming of effector cells. This
became even more obvious when TCR-HA mice were
immunized and the proliferative capacity of the CD4 T
cells was analysed in vitro. The expansion of Treg cells
resulted in suppressed proliferation of CD4 cells in lymph
node cultures, but not in splenocyte cultures of the same
animals. The suppression of proliferative responses by
Treg cells is in line with the studies using protein vac-
cines,”®® but such a local restriction was not reported
before and might be a consequence of the different appli-
cation routes.

Therefore it would be interesting to analyse the poten-
tial of the DEC-targeted DNA vaccines in a model for an
autoimmune disease, in which the disease-bearing animal
could be directly immunized, such as experimental aller-
gic encephalomyelitis.’” As an alternative, we analysed the
suppressive effect of DNA vaccines encoding DEC205-tar-
geted antigens in a model of allergy, in which a Th2-
dominated immune response induces an asthmatic phe-
notype after aerosol challenges with the respective antigen
(OVA).

Animals immunized with DNA encoding scDEC-OVA
before starting the sensitization and aerosol challenge

© 2015 John Wiley & Sons Ltd, Immunology, 145, 519-533

Immunity or tolerance?

protocol did not develop the asthma-typical Th2 response
and showed reduced eosinophilia. Together with the fact
that these animals did not develop any OVA-specific T-
cell responses after the vaccination, it supports the
hypothesis that OVA-specific tolerance is induced
through antigen presentation by immature DCs either by
antigen-specific Treg cells or CD4 T-cell anergy. The lat-
ter was already reported for protein vaccines, but so far
not for gene-based vaccines. In contrast, as expected vac-
cination with the non-targeted antigens induced robust
Thl-biased T-cell responses indicated by IFN-y produc-
tion and thereby also inhibited the Th2 phenotype after
OVA aerosol challenges. This is in line with previous
reports on DNA, liposomes or adjuvanted protein vac-
cines, which induced strong Thl responses.”””® However,
it is not desirable to induce strong Thl responses against
harmless antigens that the recipient is likely to be repeat-
edly exposed to. For this reason, protection against
asthma development by inducing a state of unresponsive-
ness or active suppression, as is most probably the case
after specific immunotherapy (reviewed in refs 59 and
60), would be the better choice. Furthermore, a Th1-dri-
ven autoimmune disease, like experimental allergic
encephalomyelitis, would be more suitable to analyse the
underlying mechanisms, as the Thl response induced by
the non-targeted DNA would enhance disease severity
whereas peripheral tolerance induced by the targeted
DNA should suppress disease progression. This is an
objective for future studies.

Unfortunately,  therapeutic = immunization  with
DEC205-targeted DNA after the sensitization neither
revert or suppress the Th2 response, nor prevent the
eosinophilia after the aerosol challenge. Once polarized, T
cells could not be suppressed by the vaccine-induced
immune response, which supports the idea of induction
of anergy in naive, but not in already primed antigen-spe-
cific T cells by immature DCs presenting the antigen on
MHC II. Ring et al. demonstrated partial regression of
experimental allergic encephalomyelitis after therapeutic
immunization with DEC-targeted protein indicating
active suppression of effector cells by vaccine-induced
Treg cells.”” In the above-quoted study, the vaccine was
applied systemically via intravenous injection, which
might have an impact on immune suppression. Our
transfer experiments revealed a more localized expansion
of Treg cells after DNA immunization, so it might also be
possible that the immune-suppressive environment is
locally confined and thereby not able to control T-cell
responses in the airways. It would be interesting to see if
mucosal vaccinations with DNA encoding DEC-targeted
antigens might also improve the therapeutic efficacy in
this model.

In summary, we demonstrate that DNA vaccines
encoding DEC205-targeted antigens improved the antigen
presentation on MHC class II molecules, but appear to be
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biased towards induction of tolerance rather than immu-
nity towards the coupled antigen. Further investigations
are necessary to point out the underlying mechanism of
this tolerance in detail, but our studies suggest that the
local expansion of antigen-specific Treg cells as well as
the induction of anergy in CD4 T cells play a role. The
role of different DC subpopulations would also be an
important factor to address in future studies. This will be
of significant importance for the further use of DC-tar-
geted antigens in the context of gene-based vaccines. The
induction of local antigen-specific tolerance by gene-based
DC-targeted vaccines might be an interesting approach
for prophylactic or therapeutic approaches to autoim-
mune diseases or allergies without inducing systemic
immune suppression.
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