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ARTICLE INFO ABSTRACT

Articl‘e history: DNA vaccines encoding allergens are promising immunotherapeutics to prevent or to treat allergy
Received 26 November 2012 through induction of allergen-specific Th1 responses. Despite anti-allergy effects observed in small
Received in revised form 16 January 2013 rodents, DNA-based vaccines are weak immunogens in primates and humans and particularly when
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administered by conventional injection. The goal of the present study was to improve the immunogenic-
ity of a prophylactic vaccine encoding the major house dust mite allergen Der p 2. In this context, we
evaluated the influence of different DNA backbones including notably intron and CpG enriched sequence,
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ﬁggﬂv(ﬁ;gy the DNA dose, the in vivo delivery by electroporation as well as the heterologous prime boost regimen
Der p 2 on the vaccine efficiency.
DNA vaccine We found that a minimal allergen expression level threshold must be reached to induce the production
Electroporation of specific antibodies but beyond this limit, the intensity of the immune response was independent on
Mice model the DNA dose and allergen expression. The in vivo DNA delivery by electroporation drastically enhanced
the production of specific antibodies but not the IFNg secretion. Vaccination of naive mice with DNA
encoding Der p 2 delivered by electroporation even at very low dose (2 ug) prevented the development
of house dust mite allergy through Th1-skewed immune response characterized by the drastic reduction
of allergen-specific IgE, IL-5 and lung inflammation together with the induction of strong specific IgG2a
titers and IFNg secretion. CpG cassette in the DNA backbone does not play a critical role in the efficient
prophylaxis. Finally, comparable protective immune responses were observed when using heterologous
DNA prime/protein boost or homologous DNA prime/boost. Taken together, these data suggest that the
potent Th1 response induced by DNA-based vaccine encoding allergens through electroporation provides
the rationale for the evaluation of DNA encoding Der p 2 into HDM allergy clinical trials.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction Allergen-specific immunotherapy (SIT) is, to date, the unique

) ) ) treatment to cure the HDM allergic patients that induces active
Perennial exposures to house dust mite (HDM) allergens induce immunity to allergens. Following repeated exposures to HDM

inﬂamrpator_y .d’iseases in atopi'c patient.s. such allergic asthma, extracts, SIT was shown to revert the allergen-specific Th2 response
perennial rhinitis as well as atopic dermatitis (AD) [1]. We can now by the induction of immunological tolerance and Th1 responses
consider that more than 20% of the population from industrialized 12].

countries develop sensitization to HDM allergens [1]. This strong Although the beneficial effect of subcutaneous (SCIT) or sub-
Th2 response is chargcterlzed by the productlor} ofalliergen—speaﬁc lingual (SLIT) immunotherapy was evidenced in the context of
IgE, chronic airway lnﬂammatlon_through eosmgphll recruitment, HDM allergy, such immune-modifying therapy presents some dis-
mucus production, and variable airflow obstruction. advantages as the long duration of the treatment (50-80 injections

within 2-5 years), the risk of anaphylactic side-effects by repeated

administrations of unmodified HDM allergens displaying IgE reac-
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issues as the SIT efficacy is highly dependent on the quality of
HDM vaccines [4]. But more importantly, the full characteriza-
tion of HDM extracts remains a critical issue as HDM produce not
only the yet identified allergens but thousands of proteins and
macromolecules that might prime the allergic response through
innate immunity activation. As example, it is now well recog-
nized that the presence of contaminating LPS, chitin, 3-glucan in
HDM extracts play important roles for the allergenic sensitizations
[5].

Through the cloning of mite allergens, new recombinant HDM
vaccines can be now commonly produced with high purity and
without irrelevant or unwanted components for the design of
patient-tailored immunotherapies according to the patient’s sen-
sitization profile. In this context, the group 2 HDM allergen (Der
p, f 2) is an important target for the development of recombinant
vaccines against HDM allergy. Indeed, group 2 mite proteins are
considered as major allergens according to the high prevalence
of their IgE reactivity in HDM allergic patients world-wide [6,7].
Moreover, these LPS-binding proteins, structurally related to the
TLR4 co-receptor MD-2, are strong activators of innate immunity
through the production of proinflammatory cytokines (IL-8, IL-6,
GM-CSF) but it was also demonstrated that Der p 2 associated with
LPS triggered allergic sensitization in mice, even in MD2-deficient
animals [8,9].

Immunizations with DNA encoding allergens preferentially
induce Th1l responses while concomitantly inhibiting Th2
responses (notably through the activation of the TLR9 signal-
ing pathway [10]), characterized in rodents by the production
of IgG2a antibodies, induction of CD8+ and CD4+ type Thi
cells together with IFNg secretion and inhibition of IgE [11-14].
Taken together, DNA vaccines based on group 2 HDM allergens
could represent efficient approaches for the prevention and treat-
ment of HDM allergy. However, due to their relatively modest
immunogenicity, the development of such DNA-based vaccine
candidates includes strategies to enhance the immune response
through at least optimization of the plasmid backbone, the anti-
gen expression and secretion, the use of new delivery methods as
well as the evaluation of heterologous prime/boost vaccinations
[15].

The goal of the present study was to design an efficient and opti-
mized prophylactic Der p 2-based DNA vaccine against HDM allergy
in mice. For that, we assessed the importance of key parameters
which could greatly contribute to the efficacy of Der p 2-encoded
DNA vaccinations: the optimization of allergen expression, the DNA
delivery by in vivo electroporation, the DNA dose as well as the
heterologous prime/boost strategy.

2. Materials and methods
2.1. Plasmid constructions and preparation

The full length Der p 2.0101 (leader+mature sequence)
cDNA was amplified from the recombinant P. pastoris expres-
sion vector pPIC9K-mature Der p 2 by PCR using the following
primers: Leader Der p 2 forward 5'-ATCGGCTAGCCTCGAGGCCACC
ATGTACAAAATTITGTGTCTTITCATTGITGGTCGCAGCCGTTGCTCGT —
GATCAAGTCGATGTCAAAGAT-3’ (Nhel restriction site double
underlined, Xhol restriction site underlined, Kozak sequence in bold
and Der p 2 leader sequence in bold and underlined) and
reverse 5'-CTATGCGGCCGCGAATTCTTAATCGCGGATTTTAGCATGA-
GTAGC-3’ (Notl restriction site double underlined, EcoRI restriction
site underlined). The amplified PCR product was digested respec-
tively with Nhel-Notl, Nhel-EcoRI or Xhol-EcoRI for the cloning into
the mammalian expression vectors pCMV/Kan/(NCI, NIH, USA)
[16], pcDNA3.1+ (Invitrogen, Carlsbad, USA) and pHIS-MCS (Pfizer,

Vaccine Research, Canada) [17] respectively. The pHIS vector
contained a kanamycin-selection, a CMV promoter, the bovine
growth hormone polyA signal, a synthetic intron placed imme-
diately prior to multiple cloning site and 64 primate-optimized
CpG immunostimulatory sequences. The presence and identity
of the full length Der p 2 cDNA was verified by DNA sequenc-
ing. All plasmid DNA constructs were produced and purified
under endotoxin free condition using GigaPrep Kits (QIAGEN,
Germany).

2.2. Invitro transient transfection assays

HEK 293 cells line were cultured onto 6 well plates (and with
coverslip for immunofluorescence assay) in Dulbecco’s modified
Eagle’s medium (DMEM) GlutaMAX™ (Invitrogen, Carlsbad, USA)
supplied with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
USA) at a density of 1 x 106 cells/well. At a 90% confluency, the
purified plasmid DNA (4 g of each DNA) were diluted in 250 L
of serum free DMEM medium, gently mixed and incubated with
250 wL of a diluted solution of Lipofectamine™ 2000 (Invitrogen,
Carlsbad, USA), 10 pL of Lipofactamine™ 2000 diluted in 240 L
of Opti-MEM 1 (Invitrogen, Carlsbad, USA). The lipoplexes were
then added into each well containing cells and 2 mL medium, then
plates were gently mixed and incubated at 37 °Cin a CO, incubator
for 48 h.

2.3. Detection of Der p 2 expression by immunobloting

The Der p 2 secretion was assayed using supernatants from
transfected cells. The culture media from transfected cells were
loaded onto a 12% SDS PAGE polyacrylamide gel. The different pro-
tein bands were then transferred onto a nitrocellulose membrane
using a semi-dry transfer apparatus (Bio-Rad, Hercules, USA). The
membrane was saturated with 5% skim milk (BD, USA) and incu-
bated with anti-Der p 2 mouse polyclonal antibodies at 1:2000
dilution for 1 h. The membrane was washed with phosphate buffer
saline-Tween (PBST) (PBS, 0.5% Tween 20) and then incubated
for 1 h with horseradish peroxidase (HRP) conjugated anti-mouse
IgG (dilution 1:5000) (KPL, USA). The immunoreactive bands were
detected using the chemiluminescent HRP substrate (Millipore,
USA) and following X-ray film exposition.

2.4. Detection of intracellular Der p 2 expression by
immunofluorescence

HEK 293-transfected cells on coverslip were fixed by acetone
at —20°C for 10 min. Fixed cells were incubated with anti-Der p
2 mouse polyclonal antibodies at 1:5000 dilution at 37°C for 1h
and washed with PBS. Cells were subsequently stained for 1 h with
rabbit-anti mouse IgG-FITC (dilution 1:20) (Dako, Denmark) and
washed with PBS. Cells were stained with Evans blue for 10 min and
then washed with water. Cells were observed under fluorescence
microscope (Olympus, Japan).

2.5. Immunizations

The present study was approved by the Chulalongkorn Uni-
versity Animal Care and Use Committee (CU-ACUC). Plasmid DNA
vaccinations were performed by in vivo electroporation using the
TriGrid™ Delivery System (rodent model, Ichor Medical Systems,
www.ichorms.com). The i.m. DNA injection into one tibialis ante-
rior muscle was directly followed by the stimulation of the site
of injection with an electrical pulse that had an amplitude of
250V per cm of electrode spacing for 40 ms over a 400 ms interval.
To evaluate the immunogenicity of the different plasmids encod-
ing Der p 2, groups of 6 Balb/C mice were immunized 3 times at
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2-week intervals with 20 pg of the DNA vaccines. Two weeks after
the last vaccination, animals were sacrificed to collect serum as well
as the spleen. In the vaccination prophylactic effect experiment,
animals were immunized three times by 2 or 20 g pHis-Der p 2
or pCMV/Kan-Der p 2. In another set of experiments, such homol-
ogous prime/boost regimen was also compared with two in vivo
electroporations only followed or not by one injection of 5 j.g unad-
juvanted recombinant Der p 2. As a control, group of mice was
immunized with saline alone. Two weeks after the last vaccina-
tion, animals were first bled from the retro-orbital venous plexus
to collect serum and then sensitized at weekly intervals for 3 weeks
with 5 pg recombinant Der p 2 formulated with alum (ratio aller-
gen/adjuvant 1/100, intraperitoneal injection). To induce airway
inflammation, mice were challenged 10 days after the last sensitiza-
tion by intranasal administrations of crude D. pteronyssinus extract
(Siriraj dust mite center, Mahidol University, Thailand) for 4 con-
secutive days. The amount of Der p 2 was estimated to 5 pg/mL
by western blotting. Three days post-last challenge, the mice were
sacrificed to collect serum, bronchoalveolar lavage fluid (BALF) as
well as the spleen.

2.6. Measurement of Der p 2-specific IgE, IgG1 and IgG2a

The presence of anti-Der p 2 IgE, IgG1 and IgG2a antibodies in the
individual sera was detected by ELISA. Immunoplates were coated
with recDer p 2 (500 ng/well), for 16 h at 4°C. Plates were washed
five times with TBS-Tween (50 mm Tris—-HCl pH 7.5, 150 mm Na(l,
0.1% Tween 80) and saturated for 1h at 37°C with 150 pL of the
same buffer supplemented with 1% BSA. For the detection of spe-
cific IgE, individual sera were applied at 1/8 dilution whereas serial
dilutions of sera (40-125,000) were performed for the anti-Der p
2 IgG1 and IgG2a assays. In both cases, sera were diluted in sat-
uration buffer and were incubated for 1h at 37°C. Plates were
washed five times with TBS-Tween buffer and antigen-bound anti-
bodies were detected following incubation with rat biotinylated
anti-mouse IgE, IgG1 or IgG2a (BD, dilution 1/1000 for each anti-
body) and HRP-conjugated streptavidin (BD, dilution 1/1000). The
enzymatic activity was measured using the TMB substrate (BD,
USA). ODys50nm Was measured in a Thermo Scientific ELISA reader.
The ELISA specific IgG1 or IgG2a titers were identified as the recip-
rocal of the dilution giving a signal corresponding to 50% of the
maximal ODg459nm Value.

2.7. Cytokines assay

To assess the cytokine production of proliferative T cells, spleno-
cytes (4 x 10°jwell in triplicate) were stimulated with 20 pg/mL
recDer p 2 in RPMI 1680 medium and culture supernatants were
collected after 72h. The levels of IFNg and IL-5 in the super-
natants were measured in ELISA assays using the corresponding
BD OptiEIA kits (BD, USA) and following the manufacturer’s instruc-
tions.

2.8. Bronchoalveolar lavage and analysis

One day after the final aerosol exposure, mice were bled and
killed. The lungs were immediately washed via the trachea can-
nula with 1 mL PBS, which was instilled and gently recovered by
aspiration three times. The lavage fluid was centrifuged at 400 x g
for 10 min at 4 °C. The cell pellet was resuspended in 300 w.L Hank’s
balanced salt solution (HBSS) and cells were counted in a Thoma
haemocytometer. Cytospin preparations from 50 pL-aliquots were
stained with May-Griinwald-Giemsa stain for differential cell
counts.

Table 1
Specific antibody titers and IFNg production following intramuscular or electropo-
ration delivery of pHIS-Der p 2.

Intramuscular Electroporation Control
Specific IgG1 <30 1216 + 988" 56,785 + 14,566
Specific IgG2a <30 2028 + 1560° <50
Specific IgE 0.01+0.01 0.03 + 0.02 0.83+0.43
IFNg (pg/mL) 6504243 929 + 127 <50

Control: specific immune response from recDer p 2/alum immunized mice.
" P<0.05 compared with intramuscular.

2.9. Statistical analysis

Student’s t-test was used to compare data between pairs of
groups. Differences were considered significant for P-values <0.05.

3. Results
3.1. Constructions of DNA vaccines and Der p 2 expression

Because it is generally believed that optimization of antigen
expression is one of the most promising approaches proposed to
enhance the immunogenicity of DNA vaccine candidates, the full
length (including the leader sequence) Der p 2 cDNA was cloned
into three different mammalian expression vectors: pCDNA3.1+,
pHIS and pCMV/Kan. Whether all the three vectors contain the
same CMV early promoter, pHIS not only contained a synthetic
intron placed immediately prior to Der p 2 cDNA but also a primate-
optimized CpG 2006 motif, an immunostimulatory sequence able
to activate the innate immunity through TLR9 which is active
in mice [18]. In order to evaluate expression and secretion of
Der p 2 by the constructed DNA vaccine vectors, HEK cells were
transfected with DNA-lipofectamine 2000 lipoplexes and antigen
expression was analyzed by western blotting and immunofluores-
cence (Fig. 1). Surprisingly, following transfection with pcDNA-Der
p 2, an extremely low amount of cells could express intracellularly
the allergen. Moreover, the Der p 2 level of secretion was under the
limit of detection using this recombinant DNA construct. Whether
Der p 2 expression could be detected in transfected cells as well
as in the culture supernatant with both pHIS- and pCMV/Kan-Der
p 2 DNA vaccines, much higher Der p 2 production was however
observed using the pHIS-based construction. Similar results were
obtained when the transfection agent Extreme (Roche, Germany)
was used to transfect the cells (data not shown).

3.2. Optimization of the route of immunization

Numerous studies highlighted the interest of in vivo electropo-
ration to improve the immunogenicity of DNA-based vaccines [19].
According to our transient transfection assay results, the pHIS-Der
p 2 recombinant plasmid was selected to evaluate the interest of
the in vivo DNA delivery by electroporation for the optimization
of the vaccine immunogenicity. Immune responses to the pHIS-
Der p 2 DNA vaccine delivered by electroporation or conventional
intramuscular injection were then assessed in Balb/C mice follow-
ing three DNA administrations of 20 p.g of the plasmid. The specific
humoral as well cellular responses were analyzed through anti-
Der p 2 IgG1, IgG2a and IgE detection as well as IFNg and IL-5
from Der p 2-specific proliferative assays (Table 1). Specific anti-
bodies were undetectable in animals immunized with conventional
i.m. injection. In contrast, electroporation drastically increased the
production of specific IgG1 and IgG2a but did not induce the devel-
opment of anti-Der p 2 IgE. To validate the allergen-specific IgE
assay, we used as positive control a serum from mice immunized
with alum-adjuvanted rec Der p 2 which always gave strong signal
(Table 1). An elevated IFNg production together with the absence
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Fig. 1. Der p 2 expression from transiently transfected HEK cells. (A) HEK cells were transiently transfected with empty vector (Empty) or vector encoding Der p 2 (Der p 2).
Intracellular Der p 2 expression was monitored by immunofluorescence with mouse anti-Der p 2 polyclonal antibodies and with anti-mouse IgG-FITC. Lane 1: pHIS, lane 2:
pcDNA3.1+, lane 3: pCMV/Kan. (B) Der p 2 secretion was detected in the supernatant from transfected cells using mouse anti-Der p 2 polyclonal antibodies and anti-mouse
IgG-HRP in chemiluminescent western blot. Lane 1: pHIS-Der p 2, lane 2: pcDNA3.1+-Der p 2, lane 3: pCMV/Kan-Der p 2.

of IL-5 in the T-cell proliferative assays was observed whatever the
type of DNA delivery used. Even though there was a tendency to
have higher IFNg secretion following electroporation, this finding
was not statistically significant (P> 0.05). The absence of specific IgE
together with low specific [gG1/IgG2a ratio and high IFNg produc-
tion confirmed that DNA immunizations through electroporation
induced a strong anti-Der p 2 Th1-biased response. Taken together,
our data suggested that in vivo DNA delivery by electroporation had
a positive impact of the production of Der p 2-specific IgG but not
on the Th1-type cytokines.

3.3. Influence of antigen expression on the immunogenicity of Der
p 2 encoding DNA vaccines

Transient transfection assay clearly evidenced large difference
in Der p 2 expression between three different vector backbones,
even though the same Der p 2 cDNA as well as the pCMV promoter
were present in the plasmid constructs. To demonstrate whether
the intensity of the specific anti-Der p 2 immune response following
DNA vaccinations was correlated with the allergen expression, anti-
body titers as well as IFNg production were assayed in mice receiv-
ing pHIS-, pCMV/Kan- or pcDNA-Der p 2 through electroporation.

Whereas administration of pcDNA-Der p 2 did not induce
an anti-Der p 2 IgG2a response, strong allergen specific 1gG2a
antibody titers were elicited with pHIS- or pCMV/Kan-Der p 2
(Table 2). Although this pHIS-Der p 2-induced IgG response was
still slightly higher than that measured with pCMV/Kan-Der p
2 electroporation, the difference was not statistically significant

Table 2
Specific antibody titers and IFNg production induced by pcDNA-Der p 2, pHIS-Der p
2 or pCMV/Kan-Der p 2 delivered in vivo by electroporation.

Specific IgG2a Specific IgE [FNg (pg/mL)
pcDNA-Der p 2 <30 0.01 + 0.01 459 + 204
pHIS-Der p 2 243941523 0.02 + 0.02 1014 + 391
pCMV-Der p 2 1105 +458" 0.03 + 0.01 738 + 226"

* P<0.05 compared with pcDNA-Der p 2.

(P>0.05). As expected, very few allergen-specific IgE and IL-5 were
elicited whatever the plasmid used. Mice vaccinated with any of
the three recombinant plasmids secreted IFNg on restimulation.
Whether pCMV/Kan- or pHIS-Der p 2 promoted comparable IFNg
response (P>0.05), the levels of IFNg was significantly lower
following pcDNA-Der p 2 immunizations (P<0.05). Our results
suggested that the in vivo DNA delivery by electroporation can
elicit potent allergen-specific immune responses even with a DNA
backbone not optimized for antigen expression.

3.4. Influence of DNA dose on the prophylactic effect of Der p 2
encoding DNA vaccines

To determine whether DNA-Der p 2 can prevent the devel-
opment of HDM allergy, a first experiment of prophylactic DNA
vaccinations was scheduled using a Der p 2 sensitization mouse
model (Fig. 2). According to the absence of specific antibody
response following pcDNA-Der p 2 electroporations, groups of
6 naive mice were immunized by three electroporations with
pHIS-Der p 2 or pCMV/Kan-Der p 2 used at 2 or 20 pg/delivery
to assess the contribution of DNA dose in the efficacy of DNA
vaccines against HDM allergy. As controls, unvaccinated mice were
administrated with saline alone. The pretreated animals were all
subsequently sensitized with three i.p. injections of Der p 2/alum
followed by four consecutive intranasal challenges using HDM
extracts to provoke airway inflammation. Whether the delivery
of pHIS-Der p 2 at low dose (2 pg) induced a strong specific [gG2a
response, no production of anti-Der p 2 IgG2a could be measured
using the same amount of pCMV/Kan-Der p 2 (P<0.05). By contrast,
both DNA constructs used at 20 pg/injection stimulated a similar
specific IgG2a response, which were higher than those measured
from immunizations using 2 g DNA (P<0.05). Whatever the DNA
dose or the vector used, no specific IgE could be detected. The
subsequent Der p 2 sensitizations and intranasal challenges were
shown to increase the specific IgG2a level (P<0.05 compared
with post-vaccination titers) to reach comparable antibody titer in
any DNA-vaccinated groups (P>0.05 compared between groups
post-challenge). Strikingly, the specific IgE levels were kept very
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Fig. 2. Prevention of experimental HDM allergy by pHIS-Der p 2 or pCMV/Kan-Der p 2 prophylactic vaccines. (A) Immunization protocol for the evaluation of prophylactic
DNA-based vaccinations, (B) specific IgG2a titers post-vaccination, (C) specific IgG2a titers post-challenge, (D) specific IgE titers post-vaccination and post-challenge, (E)
restimulated splenocyte IL-5 and IFNg production, (F) airway cellular infiltrates. All the values were plotted as mean + SEM. One representative experiment out of 2 is shown.
*P<0.05 (comparisons between treatments, B), “P<0.05 (compared with vaccinated mice, C-F).

low in vaccinated animals following these treatments. As expected,
the unvaccinated control animals clearly developed respectively
poor and strong anti-Der p 2 specific IgG2a and IgE responses.

We next analyzed IL-5 and IFNg secretions by Der p 2-
restimulated spleen cells. Der p 2-sensitized and HDM-challenged
control mice developed high IL-5 and low IFNg production respec-
tively. High level of IFNg secretion was similarly measured in Der p
2-restimulated spleen cells from the four vaccinated animal groups
(P>0.05). Interestingly also, any of the DNA vaccination sched-
ules impaired equivalently the IL-5 production. Finally, BAL fluids
analysis demonstrated that non-vaccinated but sensitized and
challenged animals developed an important airway eosinophilia.
In contrast, DNA vaccinations with low or high doses of pHIS-Der p
2 or pCMV/Kan-Der p 2 significantly as well as similarly decreased
the eosinophil influx in the airways (P<0.05). Taken together, our
results suggested that Der p 2-encoded DNA delivered by electropo-
ration maintained its capacity to prevent the HDM allergic response
even at a very low dose.

3.5. Comparison of vaccine efficacy elicited with heterologous
DNA-protein prime-boost versus homologous DNA-DNA

The heterologous prime-boost vaccinations, an immunization
protocol using different types of vaccines for the delivery of the
same antigen in the priming and the boost, can elicit higher immune
responses than the homologous prime-boost using same type of
vaccines [20]. Consequently, we compared in another set of exper-
iments three different DNA immunization regimens using pHIS-Der

p 2 as DNA vaccine candidate: two or three electroporations
(homologous prime/boost) and two electroporations combined
with one intramuscular immunization with unadjuvanted recDer
p 2 (heterologous prime/boost) (Fig. 3). The vaccinated animals as
well as the unvaccinated control group were subsequently sen-
sitized and challenged as described above. Whereas comparable
specific IgG2a antibody titers were elicited following three DNA
electroporations or two DNA electroporations +one protein immu-
nization, two DNA electroporations triggered lower production of
anti-Der p 2 IgG2a (P<0.05). Whatever the immunization reg-
imen, very low levels of specific IgE were detected. Following
sensitization and challenge steps, the specific IgG2a titers were
increased in all the vaccinated animals but no significant differ-
ence was observed between groups (P>0.05). As expected, the
allergic control group developed the highest anti-Der p 2 IgE
response. Although a significant reduction in the production of
specific IgE was detected following the three different immu-
nization regimens (P<0.05), the lowest specific IgE amount was
measured in animals vaccinated by three DNA electroporations.
The heterologous/prime/boost regimen induced an increase in the
allergen-specific IgE production compared with the homologous
prime/boost and this increment was more pronounced following
prophylactic vaccinations by two DNA electroporations. Compared
with control allergic group, all the three prime/boost vaccination
regimens similarly triggered strong IFNg secretion and prevented
the IL-5 production as well as eosinophil infiltration in the airways.

Collectively, our results demonstrated that all regimens stud-
ied were capable of preventing the development of the HDM
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Fig. 3. Efficacy of prophylactic DNA vaccinations using different prime-boost regimens in the prevention of HDM allergy. (A) Specific [gG2a titers post-vaccination, (B) specific
IgG2a titers post-challenge, (C) specific IgE titers post-vaccination and post-challenge, (D) restimulated splenocyte IL-5 and IFNg production, (E) airway cellular infiltrates. All
the values were plotted as mean 4+ SEM. One representative experiment out of 2 is shown. *P<0.05 (comparisons between treatments, A), “**P<0.05 (comparisons between

treatments, C), “P<0.05 (compared with vaccinated mice, B-E).

allergic response although we could consider that the homologous
prime/boost immunization regimen based on three DNA electro-
porations generates the highest Th1 specific response.

4. Discussion

Vaccinations with allergen encoding DNA plasmids were shown
to represent a promising approach to prevent allergy through
notably the induction of strong IFNg production which prevents
Th2 bias. Whereas the efficacy of DNA vaccines against extracelullar
pathogens is primarily based on the stimulation of potent neutral-
izing antibody responses, the contribution of the allergen specific
humoral response in protective anti-allergy DNA vaccinations is
questionable. Indeed, allergen-specific Th1 memory generated by
DNA encoding allergens could be sufficient to prevent allergy as
judged by the efficacy of vaccinations with DNA plasmids encoding
allergen not carrying leader sequence including vaccines express-
ing ubiquitin-allergen fusion molecules or replicase-based DNA
which elicit very weak or no antibody response [21-23].

However, the generation of blocking IgG antibodies which
impair allergen-IgE interactions following DNA vaccinations could
be of importance and particularly for the immunotherapeutic treat-
ment of allergy. Such blocking antibody responses, generated in
mice by recombinant hypoallergenic protein vaccines [24,25], were
shown to be essential for successful allergen-specific immunother-
apy (SIT) [26]. The development of allergen-specific IgG response
by DNA vaccinations would be greatly facilitated by the allergen
secretion through the use of efficient leader sequence in plasmid
constructs. Although intracellular allergen expression could reduce
the risk of the priming of allergen-specific IgE response, as demon-
strated in one study with a Der p 2 encoding DNA [27], numerous
anti-allergy DNA vaccines based on DNA constructs able to secrete

allergens [28-30] triggered nevertheless protective Th1/Treg
responses. The allergen secretion could result in a higher MHCII
antigen presentation through cross-priming, a process initiated by
the transfer of the expressed antigen from transduced myocytes or
other bystander cells to DCs. This exogenous antigen presentation
can also be accompanied with the delivery of endogenous anti-
gens for MHCII presentation by autophagy in directly transfected
DCs [31]. Noteworthy, the DNA vaccine immunogenicity could be
improved by incorporation of an autophagy inducing system [32].

In the context of HDM allergy, previously published studies
evaluated the immunogenicity as well as the protective efficiency
of Der p 2 encoding DNA vaccine prototypes [21,27,33]. Whether
some partial reduction of the Der p 2-specific allergic response was
observed, the optimization of such DNA vaccine candidates and
immunization regimens remained poorly investigated so far.

In the present study, three expression plasmids (pcDNA 3.1,
pCMV/Kan and pHIS) were used to clone the natural full-length Der
p 2 cDNA, including the sequence encoding the Der p 2 leader pep-
tide, Whereas all these plasmids drive antigen expression through
the same CMV promoter, the pHIS plasmid was considered as an
optimized vector for DNA vaccination through the presence of
a synthetic intron placed immediately prior to Der p 2 coding
sequence as well as a stretch of CpG motifs. Whereas very weak
Der p 2 expression could be detected following transient trans-
fection assays with pcDNA-Der p 2, the two other recombinant
constructions could clearly induced the expression and secretion
of the allergen. The higher allergen production observed with pHIS
expression plasmid could be more likely explained by the enhanc-
ing effect of the intron present in the vector, as previously reported
[34].

Our data highlighted that electroporation combined with intra-
muscular injection of pHIS-Der p 2 drastically enhanced the overall
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level of anti-Der p 2 humoral response through, more likely, a
prolonged allergen expression by transfected cells and/or a more
efficient cross-priming of DCs. In contrast to previously published
reports, the IFNg production in mice immunized by electropora-
tion or intramuscular injection was comparable [35-38]. This result
suggested that the higher or more prolonged allergen expression
triggered by electroporation modulate only the specific antibody
response but not the Th1-bias.

The correlation between the intensity of the immune response
and the allergen expression was next addressed through the com-
parison of the immunogenicity of the three DNA vaccine candidates
expressing differently Der p 2. The absence of specific antibodies
following electroporations with pcDNA-Der p 2 indicated that the
threshold level of expressed Der p 2 to elicit the allergen-specific
antibody response was not reached in vivo with this recombinant
plasmid. Nevertheless, pcDNA-Der p 2 was able to induce a pro-
duction of IFNg from restimulated splenocytes but at a lower level
than observed with pCMV/Kan-Der p 2 or pHIS-Der p 2. By contrast,
pCMV/Kan-Der p 2 and pHIS-Der p 2 generated a potent Der p 2-
specific Th1-biased response characterized by high specific IgG2a
response and IFNg production which prevented the development
of specific IgE and IL-5 but also eosinophilia in a mouse model
of HDM allergy (Fig. 2). Our results suggested that, once a critical
threshold of antigen expression is reached, the expression level is
not correlated to the vaccine efficiency beyond this limit. Surpris-
ingly, our data evidenced that the stretch of CpG motifs in the pHIS
backbone does not improve also the specific Th1-biased immune
response. Although such CpG-containing sequences in the pHIS
vector were optimized for primate vaccination, their immunostim-
ulatory capacity is maintained in mice [39]. Our observations are in
contrast with previous results showing the up-regulation of T-cell
response through the use of CpG-enriched plasmids [40]. Interest-
ingly, in vivo electroporation of DNA results in cytosolic localization
of nucleic acids whereas the triggering of TLR9 pathways through
CpG requires the accumulation of DNA into the endosomes. Con-
sequently, it is likely that pHIS and pCMV/Kan DNA plasmids can
be similarly sensed by TLR9-independent DNA-sensing PRRs as the
cytosolic helicases [41].

We observed also that the DNA dose did not influence the global
Th1-biased prevention of HDM allergy. Indeed we remarkably
demonstrated that an allergen-encoding DNA vaccine delivered
even at very low dose (2 jug) by electroporation was able to prevent
the development of HDM allergy following Der p 2 sensitization
and intranasal challenge with HDM extracts. It must be pointed
out that previous report demonstrated that similar in vivo protein
expression level could be generated whatever the DNA amount
electroporated [42].

Although it was previously reported that heterologous
prime/boost vaccination regimens were more efficient than homol-
ogous prime/boost modality to generate antigen-specific responses
[43], comparable specific Th1 immunity preventing HDM allergy
was observed following homologous (DNA/DNA/DNA) or heterol-
ogous (DNA/DNA/protein) prime boost prophylactic vaccinations
(Fig. 3). Even through two electroporations, the intensity of the Th1
bias generated by homologous prime boost regimen is sufficient to
prevent efficiently the development of HDM allergy in our mice
model.

In conclusion, through a robust Der p 2 sensitization mice model
using the potent Th2 alum adjuvant, our data emphasized that DNA
encoding Der p 2 delivered by electroporation even at very low dose
as 2 ug represents an efficient prophylactic vaccine against HDM
allergy through induction of potent Th1-skewed immune response.
The in vivo electroporations drastically improved the development
of allergen-specific antibodies which could represent an advantage
for the efficiency of the Der p 2-based DNA vaccine through induc-
tion of blocking IgG antibodies. Whether this humoral response

participates to the observed protective effect remains to be demon-
strated through notably passive transfer antibodies experiments as
well as in vitro competition assays.

These key results suggest that in vivo DNA delivery by electropo-
ration, currently testing in clinical trials, could represent an efficient
technology to reduce the dose and the frequency of allergen encod-
ing DNA vaccines to achieve appropriate immune responses to
prevent or to revert HDM allergic response in humans.

Acknowledgements

This work was funded by National Science and Technol-
ogy Development Agency (NSTDA, BIOTEC Grant P-09-00324),
the National Research university Project of CHE and the
Ratchadaphiseksomphot Endowment Fund (HR1164A) and the CU-
Cluster-Emerging H-8-68-53. Dr. Pinya Pulsawat was sponsored
by a Post-doctoral fellowship from the Chulalongkorn University
Graduate School. The authors thank respectively Pfizer and the
National Cancer Institute (NIH, USA) for providing the pHIS and
the pCMV/Kan DNA plasmid vectors used in this study

References

[1] Zock]P, Heinrich ], Jarvis D, Verlato G, Norbdck D, Plana E, et al. Distribution and
determinants of house dust mite allergens in Europe: the European Community
Respiratory Health Survey II. ] Allergy Clin Immunol 2006;118:682-90.

[2] Valenta R, Campana R, Marth K, van Hage M. Allergen-specific immunother-
apy: from therapeutic vaccines to prophylactic approaches. J Intern Med
2012;272:144-57.

[3] Linhart B, Valenta R. Vaccines for allergy. Curr Opin Immunol 2012;24:354-60.

[4] Valenta R, Linhart B, Swoboda I, Niederberger V. Recombinant allergens for
allergen-specific immunotherapy: 10 years anniversary of immunotherapy
with recombinant allergens. Allergy 2011;66:775-83.

[5] Jacquet A. The role of innate immunity activation in house dust mite allergy.
Trends Mol Med 2011;17:604-11.

[6] Thomas WR, Hales BJ, Smith WA. House dust mite allergens in asthma and
allergy. Trends Mol Med 2010;16:321-8.

[7] Weghofer M, Thomas WR, Kronqvist M, Mari A, Purohit A, Pauli G, et al. Vari-
ability of IgE reactivity profiles among European mite allergic patients. Eur J
Clin Invest 2008;38:959-65.

[8] Trompette A, Divanovic S, Visintin A, Blanchard C, Hegde RS, Madan R, et al.
Allergenicity resulting from functional mimicry of a Toll-like receptor complex
protein. Nature 2009;457:585-8.

[9] Osterlund C, Gronlund H, Polovic N, Sundstrom S, Gafvelin G, Bucht A. The
non-proteolytic house dust mite allergen Der p 2 induce NF-kappaB and
MAPK dependent activation of bronchial epithelial cells. Clin Exp Allergy
2009;39:1199-208.

[10] Kutzler MA, Weiner DB. DNA vaccines: ready for prime time? Nat Rev Genet
2008;9:776-88.

[11] Hsu CH, Chua KY, Tao MH, Lai YL, Wu HD, Huang SK, et al. Imnmunoprophylaxis
of allergen-induced immunoglobulin E synthesis and airway hyper responsive-
ness in vivo by genetic immunization. Nat Med 1996;2:540-4.

[12] Hsu CH, Chua KY, Tao MH, Huang SK, Hsieh KH. Inhibition of an in vivo
allergen-specific IgE response in mice by direct gene transfer. Int Immunol
1996;8:1405-11.

[13] RazE, Tighe H, Sato Y, Corr M, Dudler JA, Roman M, et al. Preferential induction
of a Th1 immune response and inhibition of specific IgE antibody formation by
plasmid DNA immunization. Proc Natl Acad Sci USA 1996;93:5141-5.

[14] Huang SK, Chua KY, Hsieh KH. Allergen gene transfer. Curr Opin Immunol
1997;9:800-4.

[15] Liu MA. DNA vaccines: an historical perspective and view to the future.
Immunol Rev 2011;239:62-84.

[16] Rosati M, von Gegerfelt A, Roth P, Alicea C, Valentin A, Robert-Guroff
M, et al. DNA vaccines expressing different forms of simian immunodefi-
ciency virus antigens decrease viremia upon SIVmac251 challenge. ] Virol
2005;79:8480-92.

[17] Dale CJ, De Rose R, Wilson KM, Croom HA, Thomson S, Coupar BE, et al.
Australian Thai HIV Vaccine Consortium Evaluation in macaques of HIV-1
DNA vaccines containing primate CpG motifs and fowlpoxvirus vaccines co-
expressing [FNgamma or IL-12. Vaccine 2004;23:188-97.

[18] Coban C, Ishii K], Gursel M, Klinman DM, Kumar N. Effect of plasmid backbone
modification by different human CpG motifs on the immunogenicity of DNA
vaccine vectors. ] Leukoc Biol 2005;78:647-55.

[19] Sardesai NY, Weiner DB. Electroporation delivery of DNA vaccines: prospects
for success. Curr Opin Immunol 2011;23:421-9.

[20] Dale CJ, Thomson S, De Rose R, Ranasinghe C, Medveczky CJ, Pamungkas J, et al.
Prime-boost strategies in DNA vaccines. Methods Mol Med 2006;127:171-97.



30 P. Pulsawat et al. / Immunology Letters 151 (2013) 23-30

[21] Kim N, Kwon$SS, Lee ], Kim S, Yoo TJ. Protective effect of the DNA vaccine encod-
ing the major house dust mite allergens on allergic inflammation in the murine
model of house dust mite allergy. Clin Mol Allergy 2006;4:4.

[22] Gabler M, Scheiblhofer S, Kern K, Leitner WW, Stoecklinger A, Hauser-
Kronberger C, et al. Immunization with a low-dose replicon DNA vaccine
encoding Phl p 5 effectively prevents allergic sensitization. ] Allergy Clin
Immunol 2006;118:734-41.

[23] Bauer R, Scheiblhofer S, Kern K, Gruber C, Stepanoska T, Thalhamer T, et al.
Generation of hypoallergenic DNA vaccines by forced ubiquitination: preven-
tive and therapeutic effects in a mouse model of allergy. ] Allergy Clin Immunol
2006;118:269-76.

[24] Campana R, Vrtala S, Maderegger B, Jertschin P, Stegfellner G, Swoboda |, et al.
Hypoallergenic derivatives of the major birch pollen allergen Bet v 1 obtained
by rational sequence reassembly. ] Allergy Clin Immunol 2010;126:1024-31.

[25] Thalhamer T, Dobias H, Stepanoska T, Proll M, Stutz H, Dissertori O, et al.
Designing hypoallergenic derivatives for allergy treatment by means of in silico
mutation and screening. ] Allergy Clin Immunol 2010;125:926-34.

[26] James LK, Shamji MH, Walker SM, Wilson DR, Wachholz PA, Francis ]N,
et al. Long-term tolerance after allergen immunotherapy is accompanied
by selective persistence of blocking antibodies. ] Allergy Clin Immunol
2011;127:509-16.

[27] Tan LK, Huang CH, Kuo IC, Liew LM, Chua KY. Intramuscular immunization with
DNA construct containing Der p 2 and signal peptide sequences primed strong
IgE production. Vaccine 2006;24:5762-71.

[28] Zhou B, Yuan ], Zhou Y, Yang ], James AW, Nair U, et al. The attenuation of
cockroach allergy by DNA vaccine encoding cockroach allergen Bla g 2. Cell
Immunol 2012;278:120-4.

[29] Zhou B, Ensell M, Zhou Y, Nair U, Glickstein ], Kermany MH, et al. Prevention
and treatment of DNA vaccine encoding cockroach allergen Bla g 1 in a mouse
model of allergic airway inflammation. Allergy 2012;67:166-74.

[30] Zhang F, Huang G, Hu B, Song Y, Shi Y. Induction of immune tolerance
in asthmatic mice by vaccination with DNA encoding an allergen-cytotoxic
T lymphocyte-associated antigen 4 combination. Clin Vaccine Immunol
2011;18:807-14.

[31] Schmid D, Pypaert M, Munz C. Antigen-loading compartments for major his-
tocompatibility complex class Il molecules continuously receive input from
autophagosomes. Immunity 2007;26:79-92.

[32] Meerak ], Wanichwecharungruang SP, Palaga T. Enhancement of immune
response to a DNA vaccine against Mycobacterium tuberculosis Ag85B by
incorporation of an autophagy inducing system. Vaccine 2012 [pii: S0264-
410X(12)01725-2].

[33] Li GP, Liu ZG, Liao B, Zhong NS. Induction of Th1-type immune response by chi-
tosan nanoparticles containing plasmid DNA encoding house dust mite allergen
Der p 2 for oral vaccination in mice. Cell Mol Immunol 2009;6:45-50.

[34] Wu(], Li TL, Huang HW, Tao MH, Chan YL. Development of an effective Japanese
encephalitis virus-specific DNA vaccine. Microbes Infect 2006;8:2578-86.

[35] Zhang X, Divangahi M, Ngai P, Santosuosso M, Millar ], Zganiacz A, et al. Intra-
muscular immunization with a monogenic plasmid DNA tuberculosis vaccine:
enhanced immunogenicity by electroporation and co-expression of GM-CSF
transgene. Vaccine 2007;25:1342-52.

[36] Dobaiio C, Widera G, Rabussay D, Doolan DL. Enhancement of antibody and
cellular immune responses to malaria DNA vaccines by in vivo electroporation.
Vaccine 2007;25:6635-45.

[37] Best SR, Peng S, Juang CM, Hung CF, Hannaman D, Saunders JR, et al. Admin-
istration of HPV DNA vaccine via electroporation elicits the strongest CD8+ T
cell immune responses compared to intramuscular injection and intradermal
gene gun delivery. Vaccine 2009;27:5450-9.

[38] vanDrunen Littel-van den Hurk S, Luxembourg A, Ellefsen B, Wilson D, Ubach A,
Hannaman D, et al. Electroporation-based DNA transfer enhances gene expres-
sion and immune responses to DNA vaccines in cattle. Vaccine 2008;26:5503-9.

[39] Roberts TL, Sweet M], Hume DA, Stacey K]. Species-specific TLR9-mediated
recognition of CpG and non-CpG phosphorothioate-modified oligonucleotides.
J Immunol 2005;174:605-8.

[40] KojimaY, Xin KQ, Ooki T, HamajimaK, OikawaT, ShinodaK, et al. Adjuvant effect
of multi-CpG motifs on an HIV-1 DNA vaccine. Vaccine 2002;20:2857-65.

[41] Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The helicase DDX41 senses intra-
cellular DNA mediated by the adaptor STING in dendritic cells. Nat Immunol
2011;12:959-65.

[42] Hallengard D, Brave A, Isaguliants M, Blomberg P, Enger ], Stout R, et al. combi-
nation of intradermal jet-injection and electroporation overcomes in vivo dose
restriction of DNA vaccines. Genet Vaccine Ther 2012;10:5.

[43] Ranasinghe C, Ramshaw IA. Genetic heterologous prime-boost vaccination
strategies for improved systemic and mucosal immunity. Expert Rev Vaccine
2009;8:1171-81.



	Optimization of a Der p 2-based prophylactic DNA vaccine against house dust mite allergy
	1 Introduction
	2 Materials and methods
	2.1 Plasmid constructions and preparation
	2.2 In vitro transient transfection assays
	2.3 Detection of Der p 2 expression by immunobloting
	2.4 Detection of intracellular Der p 2 expression by immunofluorescence
	2.5 Immunizations
	2.6 Measurement of Der p 2-specific IgE, IgG1 and IgG2a
	2.7 Cytokines assay
	2.8 Bronchoalveolar lavage and analysis
	2.9 Statistical analysis

	3 Results
	3.1 Constructions of DNA vaccines and Der p 2 expression
	3.2 Optimization of the route of immunization
	3.3 Influence of antigen expression on the immunogenicity of Der p 2 encoding DNA vaccines
	3.4 Influence of DNA dose on the prophylactic effect of Der p 2 encoding DNA vaccines
	3.5 Comparison of vaccine efficacy elicited with heterologous DNA–protein prime-boost versus homologous DNA–DNA

	4 Discussion
	Acknowledgements
	References


