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Abstract

Background: The prevalence of food allergy has been in-
creasing, but treatment is very limited. DNA vaccination has
been recognized as a promising method for the treatment
of allergic diseases; however, poor immunogenicity has hin-
dered its application. Methods: BALB/c mice were intrader-
mally injected with plasmid DNA encoding the peanut pro-
tein Ara h 2 (pAra h 2) or pAra h 2 pretreated with poly-L-
lysine (PLL) before or after sensitization with Ara h 2 protein.
Ara h 2-specific antibodies were measured by ELISA. CD207+
dendritic cells (DCs) and Treg cells in draining lymph nodes
were analyzed by flow cytometry after DNA immunization,
and cytokine production in splenocytes was also analyzed.
Results: In the prophylactic study, pretreatment with pAra h
2 or PLL-pAra h 2 resulted in lower levels of Ara h 2-specific
IgG1, IgG2a, and IgE after sensitization with Ara h 2 protein,
and mice in the PLL-pAra h 2 group had a significantly lower
level of antibodies than those in the pAra h 2 group. In the
treatment study, intradermal injection with pAra h 2 or PLL-
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pAra h 2 after Ara h 2 protein sensitization significantly de-
creased the level of Ara h 2-specific antibodies, and PLL-
pAra h 2 had stronger effects than pAra h 2. There were in-
creased numbers of CD207+ DCs and Treg cells in the mice
receiving intradermal injection with PLL-pAra h 2, and sple-
nocytes from PLL-pAra h 2-treated mice secreted increased
levels of IFN-y and IL-10. Conclusions: Modification of pAra
h 2 with PLL improved its prophylactic and therapeutic ef-
fects in peanut-allergic mice. ©2017 S. Karger AG, Basel

Introduction

Peanut allergy, an epidemic allergic disease, is an ad-
verse immunologic response to peanut allergens which is
potentially life-threatening. It is estimated that 1.2-1.5%
of individuals in Europe are affected with peanut allergy
[1]. Subcutaneous immunotherapy with crude peanut ex-
tracts (CPEs) was eliminated from treatment options due
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to its severe side effects [2]. However, until now, the only
approved treatments are avoidance of the allergenic food
and administration of emergency medications on acci-
dental exposure. The newly developed oral immunother-
apy showed high efficacy and opened a new age for the
treatment of food allergy [3]. Recent landmark research
showed that when infants at high risk of developing pea-
nut allergy consume peanuts on a regular basis, their risk
can be dramatically reduced [4]. Furthermore, the preva-
lence of peanut allergy is not increased after a 1-year pe-
riod of peanut avoidance following peanut consumption
in infants at high risk for peanut allergy [5]. These studies
have changed the care of children at high risk for peanut
allergy. However, both subcutaneous immunotherapy
and oral immunotherapy are accompanied by a lack of
sustained protection and an increased risk of both sys-
temic reactions and intolerable gastrointestinal symp-
toms [2]. For severe food allergy, both subcutaneous im-
munotherapy and oral immunotherapy are very danger-
ous, as trace amounts of peanut allergen would lead to
anaphylaxis. Preclinical studies indicated that allergen
applied through epicutaneous immunotherapy to intact
skin activates antigen-presenting cells (APCs) in the skin
to affect immune responses while avoiding systemic reac-
tions [6]. Recently, epicutaneous immunotherapy, such
as the new Viaskin Peanut patch (DBV Technologies,
Bagneux, France) showed promising results in a phase I
study [7].

The allergen gene vaccination can modulate allergic
responses and represents a promising alternative to the
protein-based allergen-specific immunotherapy in terms
of safety and efficacy as this approach has been shown to
be safe and effective in the inhibition of allergen-specific
IgE production and suppression of Th2 responses [8]. Al-
lergen genes have been administered as naked plasmid
DNA by various routes, including intramuscular or intra-
dermal injection [9], biolistic transfection via gene gun
[10], or orally as plasmid DNA-polymer complexes [11].
DNA immunization has been shown to be effective in in-
hibiting the development of antigen-specific IgE produc-
tion [8, 9, 12]. Early studies demonstrated DNA vaccine
encoding allergen through inducing a shift from a Th2-
type response towards a Th1-biased response [9, 13, 14].
Recently, several studies demonstrated that DNA vaccine
may provide protective and therapeutic effects through
inducing Treg cells [15, 16]. Despite the anti-allergy ef-
fects observed in mice and other small rodents, DNA vac-
cines showed relatively low immunogenicity in humans
when compared to protein vaccines [17]. Poor immuno-
genicity becomes the biggest obstacle for DNA vaccine to
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treat and prevent allergic diseases in humans. Therefore,
itis an urgent requirement to find effective DNA delivery
strategies to enhance the potency of DNA vaccines.

There are various strategies for modifying the immune
efficiency of a DNA vaccine, such as physical methods
and modifications by synthesized polymers [18]. We pre-
viously produced a recombination protein of ¢ immuno-
globulin heavy chain fused with PLL selectively targeting
the allergen gene to human dendritic cells (DCs) [19].
PLL can electrostatically bind the negatively charged
DNA and has extensively been used in drug delivery [20].
Since PLL is not only water soluble and biodegradable but
can also prevent conjugated DNA from nuclease degra-
dation and increase the transport efficiency of DNA, it
has been shown to be an effective gene vector which
makes DNA absorption easy, is presented by APCs, and
improves the immunogenicity of DNA vaccine. Howev-
er, PLL-modified food allergen genes, especially peanut
allergen gene vaccine, have not been reported.

In the present study, we assessed the prophylactic and
therapeutic effects of PLL-pretreated DNA vaccine which
encodes the major peanutallergen Arah 2 and found that
PLL-modified DNA vaccine effectively inhibited the
development of Ara h 2-induced allergen-specific anti-
bodies and also decreased the level of established aller-
gen-specific antibodies in Ara h 2-sensitized mice. Im-
munization with PLL-modified DNA vaccine induced
enhanced accumulation of CD207+ and Treg cells in the
draining lymph nodes (dLNs) and also increased the pro-
duction of IFN-y and IL-10 by splenocytes. Thus, our
study provided a foundation for further clinical research
on the application of DNA vaccine for the treatment of
peanut allergy.

Materials and Methods

Mice

Specific pathogen-free, 6- to 8-week-old female BALB/c mice
were obtained from a local breeding facility at the Fourth Military
Medical University. CD207(langerin)-EGFP mice were purchased
from Jackson Laboratory. All mice were maintained under spe-
cific pathogen-free and controlled conditions (22°C, 55% humid-
ity, and 12-h day/night rhythm). The animal experiments were
performed in compliance with the guidelines outlined in the Guide
for the Care and Use of Laboratory Animals of the University.

Purification of Ara h 2 Plasmid and Preparation of pAra h 2

Vaccine Pretreated with PLL

The plasmid of pAra h 2 was developed previously by our group
by inserting the cloned wild-type Ara h 2 gene into the pcDNA3.1
plasmid containing the CMV promoter. The plasmid was con-
firmed by restriction enzyme digestion analysis with HindIII and
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Apal. Large-scale purification of the plasmid pAra h 2 was con-
ducted by using EndoFree Plasmid Maxi kits (Qiagen, USA) ac-
cording to the manufacturer’s instructions. The plasmid was
mixed with different proportions of PLL (molecular weight
15,000-30,000; Sigma) in 0.15 M NaCl and was analyzed by elec-
trophoresis. Then, an appropriate concentration of PLL was used
for the following experiments.

CPE Preparation

CPEs were prepared according to published protocols [21, 22].
Protein concentrations were determined with the BCA kit (Qia-
gen) using BSA as the standard.

Mouse Immunization and Challenge

The experimental design to evaluate the prophylactic effect of
the vaccine was shown in Figure 2a. Mice were injected intrader-
mally with PLL-pAra h 2 or pAra h 2 vaccine containing 25 pg
pAra h 2 DNA for 3 times at weekly intervals, with PBS, PLL, or
mock DNA as control. The mice were then intraperitoneally in-
jected with a mixture of 2.5 pg purified Ara h 2 protein (Indoor
Biotechnologies, Charlottesville, VA, USA) and 1 mg aluminum
hydroxide gelatin (Sigma) in a total volume of 100 pl sterile PBS
for 3 times. The design to evaluate the therapeutic effects of the
DNA vaccine was shown in Figure 3a. Mice were sensitized first by
intraperitoneal injection with 2.5 pg purified Ara h 2 protein and
1 mg aluminum hydroxide gelatin, followed by treatment with dif-
ferent formulations of DNA vaccine. Blood was taken at the indi-
cated time points and subjected to allergen-specific antibody anal-
ysis. For challenge experiments, the symptoms of anaphylaxis were
monitored by measuring the rectal temperature after intraperito-
neal injection with 5 mg CPE.

Measurement of Serum Ara h 2-Specific IgG1 or IgG2a and

Total IgE

The levels of Ara h 2-specific IgG1, IgG2a, and total IgE were
analyzed with enzyme-linked immunosorbent assay (ELISA) as
previously described [23] with modifications. To measure Ara h
2-specific IgG1 and IgG2a, ELISA plates (Nunc, Nalgene Nunc
International, Roskilde, Denmark) were coated overnight with pu-
rified Ara h 2 proteins (2 pg/mL; Indoor Biotechnologies) at 4°C
overnight. To detect total IgE, purified rat anti-mouse IgE (2 ug/
mL; BD Pharmingen) was used for coating. Following blocking,
serum was diluted and incubated at room temperature for 2 h.
Subsequently, biotin-conjugated rat anti-mouse IgG1, IgG2a, or
IgE (all from BD Pharmingen) were incubated for another 2 h. Af-
ter extensive washing, horseradish peroxidase-conjugated avidin
(Biolegend, San Diego, CA, USA) was added and incubated for
1 h at room temperature. Finally, after extensive washing, TMB
(Solarbio Life Science) was added and incubated for 5-20 min, and
the reaction was stopped with 1 M H,SO,. The optical density was
measured at 450 nm. The Ig titers were determined by comparing
a reference serum with arbitrary titer.

Cell Culture and in vitro Cytokine Production

BALB/c mice were given 3-weekly intradermal injections of
PBS, PLL, mock DNA, pAra h 2, PLL-pAra h 2, or Ara h 2. Three
days after the last immunization, mouse dLNs and spleen were
harvested, and single-cell suspensions were made as previously de-
scribed [24]. Then splenocytes were stimulated with 5 ug/mL Ara
h 2. Supernatants were harvested after 96 h of culture and stored

Polylysine-Modified Ara h 2 DNA
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Fig. 1. Preparation of pAra h 2 and PLL-pAra h 2. a The plasmid
pAra h 2 containing the Ara h 2 gene was digested with HindIII
and Apal and analyzed by electrophoresis. (P, pAra h 2; M, mark-
er). b Serial dilution of 10 pL (5 pg/uL) PLL (1:80, 1:120; 1:160,
1:200, 1:240, 1:280, 1:320 for lanes 1-7, and C for pAra h 2 control)
were mixed with 1 puL of 7 ug/pL pAra h 2 and analyzed by electro-
phoresis.

at -80°C. Cytokines, including IL-4, IL-5,1L-10, IL-22, and IFN-y,
were determined by ELISA according to manufacturer’s instruc-
tions (R&D, Minneapolis, MN, USA).

Flow Cytometry

Single-cell suspensions prepared from dLNs were stained with
anti-CD11b (clone M1/70; Biolegend) antibodies and subjected to
FACSCalibur analysis. 7-AAD (Biolegend) was used to exclude
dead cells. The CD4+CD25+Foxp3+ Tregs in the dLNs and spleen
were analyzed with a Treg cell detection kit (Biolegend) and ana-
lyzed by FACS. The data were analyzed with FlowJo software (Tree
Star).

Data Analysis

Data are presented as means + SD, and statistical analyses were
performed using ANOVA with the Tukey multiple-comparison
post hoc test or t test. A statistically significant difference was de-
fined as p < 0.05, which was indicated with 1 asterisk, and 2 aster-
isks indicated that the p value was below 0.01.

Results

Preparation of PLL-Modified pAra h 2 Vaccine and

Establishment of Ara h 2-Induced Peanut Allergy

Previously, we tested the idea of PLL-modified DNA
vaccine targeting DCs and found that PLL fused with the
Fc fragment of IgE (EPL) could bind to DNA [19] and
target the IgE receptor expressed on APCs. However, the
major hurdle of the strategy of EPL-DNA is that the EPL-
DNA complex might crosslink the IgE receptor expressed
on mast cells and elicit degranulation. Thus, in the pres-
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Fig. 2. PLL modification enhanced the prophylactic effects of pAra h 2 vaccine. a Scheme of the prophylactic ex-
periment. b ELISA results of Ara h 2-specific IgG1 and IgG2a at week 5. ¢ ELISA results of Ara h 2-specific IgGl1,
IgG2a, and total IgE at week 10. d Changes in rectal temperature at different time points after CPE challenge.

Data represent 1 of 3 independent experiments. Means + SD (n = 6 for each group).

PBS, PLL, or mock DNA group.

ent study, we just tested the effects of PLL-modified DNA
vaccine on peanut allergy. Firstly, we prepared the PLL-
DNA complex. The fragment of the plasmid DNA encod-
ing Ara h 2 was confirmed by restriction enzyme diges-
tion (Fig. 1a). To obtain a proper polymerization of PLL-
DNA, we screened the extent of polymerization by mixing
different doses of PLL with a certain amount of DNA and
subsequent analysis by electrophoresis. The optimum
amount of PLL was found to be the one which mixed 0.2
ug of PLL with 7 ug pAra h 2 in 0.15 M NaCl solution
(Fig. 1b; lane 6). To produce the mouse model of peanut
allergy, we injected intraperitoneally purified peanut pro-
tein Ara h 2 which was mixed with alum to BALB/c mice
for 2 times with a 1-week interval. Three weeks after the
last injection, sera from the injected mice were collected
and subjected for ELISA analysis. It was found that the
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*p <0.05, % p <0.01, vs.

levels of Ara h 2-specific IgG1, IgG2a, and total IgE (on-
line suppl. Fig. Sla; for all online suppl. material, see
www.karger.com/doi/10.1159/000453264) were signifi-
cantly increased in Ara h 2-sensitized mice but not in un-
sensitized mice. We found that there was almost no total
IgE detectable in the mouse serum before Ara h 2 protein
sensitization, and the total IgE was well correlated with
the antigen-specific IgE antibodies [24]. Thus, we used
total IgE, instead of antigen-specific IgE, to monitor the
effects of DNA and protein immunization. Then, we chal-
lenged the mice by intraperitoneal injection with CPEs
and found that systemic anaphylaxis was induced as evi-
denced by greatly decreased rectal temperature in the fol-
lowing 60 min (online suppl. Fig. S1b), confirming the
peanut protein-mediated allergy in Ara h 2 protein-sen-
sitized mice.
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PLL Modification Improved the Prophylactic Effects of

pAra h 2 Vaccine in Peanut Allergy

To evaluate the prophylactic effect of the pAra h 2 vac-
cine, BALB/c mice were firstly injected intradermally for
3 times with 25 pg pAra h 2 plasmid or 25 pg pAra h 2
DNA premixed with PLL, and then subjected to sensitiza-
tion with Ara h 2 protein plus alum, according to the pro-
phylactic protocol (Fig. 2a). Two weeks after the last in-
jection with DNA vaccine, there were slightly increased
levels of Ara h 2-specific IgG1 and IgG2a, but not IgE, in
the sera of mice receiving pAra h 2 or PLL-pAra h 2 im-
munization (Fig. 2b). After intraperitoneal sensitization
with Ara h 2 protein, Ara h 2-specific IgG1, IgG2a, and
total IgE in the sera were analyzed at week 10, and the re-
sults showed that there were significantly increased lev-
els of Ara h 2-specific IgG1, 1gG2a, and total IgE in the
control mice pretreated with PBS, PLL, or mock DNA
(Fig. 2c); however, the mice receiving intradermal injec-
tions of pAra h 2 or PLL-pAra h 2 showed significantly
lower antibody responses, and the PLL-pAra h 2-pre-
treated mice had even lower levels of Ara h 2-specific an-
tibodies compared to pAra h 2-pretreated mice (Fig. 2c).
In the challenge assay, the kinetics of core body tempera-
ture reflecting systemic anaphylaxis was monitored after
intraperitoneal injection of CPEs, and the results showed
that the core body temperature of PLL-pAra h 2 or pAra
h 2-pretreated mice did not change significantly after

Polylysine-Modified Ara h 2 DNA
Vaccine for Peanut Allergy

challenge (Fig. 2d). In contrast, the challenge with CPEs
markedly decreased the core body temperature in control
mice (Fig. 2d). These data demonstrated that pAra h 2
vaccine, especially the PLL-pAra h 2 vaccine, prevented
CPE-induced anaphylactic manifestations, confirming
the prophylactic effect of the vaccine.

PLL-pAra h 2 Vaccine Had Better Therapeutic Effects

than pAra h 2 on Established Peanut Allergy

Next, we set out to investigate whether pAra h 2 vac-
cine could also have therapeutic effects and whether PLL
modification could enhance the effects of pAra h 2.
BALB/c mice were firstly sensitized intraperitoneally
with Ara h 2 protein plus alum and then injected intra-
dermally with pArah 2 or PLL-pArah 2 according to the
therapeutic protocol (Fig. 3a). The levels of Ara h 2-spe-
cific IgG1, IgG2a, and total IgE were analyzed by ELISA
at the indicated time points. All groups of mice showed
increased levels of Ara h 2-specific IgG1, IgG2a, and to-
tal IgE in week 4 after Ara h 2 protein sensitization (data
not shown). After 3 injections with DNA vaccine, the
levels of Ara h 2-specific IgG1, IgG2a, and total IgE were
significantly decreased in pAra h 2 and PLL-pAra h 2
groups, which were lower than that of control groups
(PBS, PLL, or mock DNA), and, in the PLL-pAra h 2
group, the titer of antibodies was even lower than that of
the pAra h 2 group (Fig. 3b). Thus, it is suggested that
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Fig. 4. CD207+ DCs in skin dLNs after DNA vaccine immuniza-
tion. CD207-EGFP mice were given 3 weekly intradermal injec-
tions with PBS, PLL, mock DNA, DNA, PLL-DNA, or Ara h 2
protein, and 3 days after the last immunization, cells from skin
dLNs were prepared, stained with antibodies, and analyzed by
FACS. a Representative FACS results showing EGFP+ cells gated

the DNA vaccine, especially PLL-pAra h 2, was able to
modulate the established Ara h 2-induced immune re-
sponses and showed therapeutic effects on peanut al-

lergy.

PLL-pAra h 2 Vaccination Resulted in Enhanced

Migration of CD207+ DCs to dLNs

After injection with DNA vaccine, local cells might
take up the DNA, synthesize the protein encoded by the
DNA [25], then express the protein, and present it to
APCs. APCs would be stimulated by the antigen and mi-
grate to lymph nodes and present the antigen to T cells,
allowing the adaptive immunity to develop. To evaluate
the efficiency of DNA vaccine immunization, we ana-
lyzed the number of CD207+ DCs in dLNs (the gating
strategy is shown in online suppl. Fig. S2) after intrader-
mal immunization with the pArah 2 or PLL-pArah 2 for
3 times at weekly intervals. We found that the relative
numbers of CD207+ cells gated from CD11b+ cells in
dLNs were increased in the PLL-pAra h 2, pAra h 2, or
Ara h 2 groups (Fig. 4a, b). The absolute numbers of
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from CD11b+ cells in dLNs. b Statistic results of the relative num-
bers of EGFP+ cells gated from CD11b+ cells. ¢ Absolute numbers
of CD11b+EGFP+ cells in dLNs. Pooled from 2 independent ex-
periments (total n = 6). Means + SD. ** p < 0.01, vs. PBS, PLL, or
mock DNA.

CD11b+EGFP+ in dLNs were increased in the PLL-pAra
h 2, pArah 2, or Ara h 2 groups (Fig. 4c). The PLL-pAra
h 2 group showed higher percentages and absolute num-
bers than the pArah 2 or the Ara h 2 group. Thus, immu-
nization with pAra h 2 vaccine induced CD207+ DCs to
migrate into dLNs, which was promoted by PLL modifi-
cation.

Increased Treg Cell Induction in dLNs and Spleen by

PLL-pAra h 2 Vaccine

Previous studies have demonstrated that Treg cells can
confer significant protection against allergy by suppress-
ing Th2 responses. We determined the relative number of
CD4+CD25+Foxp3+ Treg cells in local mouse dLNs and
spleen of all groups. The results showed that there were
significantly increased relative numbers of Treg cells in
the pArah 2 and the PLL-pAra h 2 group compared with
the PBS, PLL, or mock DNA control group in local dLNs
(Fig. 5a, b). Ara h 2 protein-immunized mice showed
similar relative numbers of Treg cells as control groups.
Moreover, the PLL-pAra h 2 group had a higher percent-
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Fig. 5. Induction of Treg and cytokine production after DNA
vaccination. BALB/c mice were given 3 intradermal weekly injec-
tions with PBS, PLL, mock DNA, DNA, PLL-DNA, or Ara h 2
protein, and 3 days after the last immunization, cells from skin
dLNs and the spleen were prepared and analyzed. a Represen-
tative FACS results showing CD25+FOXP3+ cells gated from
CD4+ cells in dLNs. b Statistic results of the relative number of

age of Treg cells than the pAra h 2 group. The relative
numbers of Treg cells in the spleen had a similar trend
(Fig. 5¢). These data indicated that peanut DNA vaccine
induced the production of Treg cells and modification
with PLL enhanced this effect.

PLL-pAra h 2 Induced More IFN-y and IL-10

Production by Splenocytes

After immunization of BALB/c mice with PLL-pArah
2 or pAra h 2, mouse splenocytes were prepared and cul-

Polylysine-Modified Ara h 2 DNA
Vaccine for Peanut Allergy

CD4+CD25+FOXP3+ cells in dLNs. ¢ Relative numbers of
CD25+FOXP3+ cells gated from CD4+ cells in the spleen. Con-
centration of IFN-y (d) and IL-10 (e) in culture supernatant of
splenocytes incubated with Ara h 2. Data represent 1 of 3 indepen-
dent experiments with 6 mice per group. Means + SD. * p < 0.05,
* p <0.05, vs. PBS, PLL, or mock DNA.

tured for 5 days with Ara h 2. Cytokines, including IL-4,
IL-5,1L-10, IL-22, and IFN-y, in the culture supernatants
were examined by ELISA. There were significantly in-
creased levels of IFN-y (Fig. 5d) and IL-10 (Fig. 5e) in the
culture from the pAra h 2 group compared with the PBS,
PLL, mock DNA, or Ara h 2 groups. PLL-pAra h 2-treat-
ed mice exhibited even more production of IFN-y and
IL-10 than the pAra h 2 group. However, almost no IL-4,
IL-5, or IL-22 could be detected, and there were no chang-
es among different groups.
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Discussion

Peanut allergy, which affects around 1% of the popula-
tion in western countries, is among the most severe food
allergies and can cause life-threatening clinical manifesta-
tions, including death. In contrast to the expanding array
of treatments available for inhalant and cutaneous allergic
disorders, currently, the only available treatment for ana-
phylaxis following accidental ingestions is rapid self-ad-
ministration of injectable epinephrine. Although oral im-
munotherapy has gained great success for the treatment
of patients with food allergy in the past several years, for
severe food allergy, oral immunotherapy is still very dan-
gerous as trace amounts of peanut allergen would lead to
anaphylaxis. Allergen-free DNA vaccine has been recog-
nized as a promising alternative immunotherapy for se-
vere food allergy because of its safety and efficacy. How-
ever, the major hurdle for these and all allergen gene vac-
cination approaches has been the poor efficiency of DNA
transfer and subsequent gene expression in allergic dis-
ease models. In the present study, we used PLL to modify
the peanut gene vaccine to enhance the efficiency of im-
munotherapy. The results showed that PLL modifications
of DNA changed the polymerization status of the DNA,
and intradermal injection with PLL-pAra h 2 prevented
the development of allergen-specific IgG1, IgG2a, and to-
tal IgE after Ara h 2 protein sensitization more efficiently
than pAra h 2, and inhibited the symptoms of peanut pro-
tein-induced anaphylaxis. Most importantly, intradermal
injection with PLL-pAra h 2 resulted in better therapeutic
effects than pAra h 2 on established peanut allergy, as ev-
idenced by the decreased level of Ara h 2-specific antibod-
ies. Immunization with PLL-pAra h 2 induced increased
numbers of CD207+ DC, Treg cells and increased levels
of IFN-y and IL-10 production. Collectively, our study
showed that pDNA pretreated with PLL had superior ef-
ficiency versus naked pDNA, and PLL modification could
enhance the efficiency of peanut gene vaccination, provid-
ing a possible strategy for future clinical applications.

Among the many strategies tested to improve the po-
tency of DNA vaccines, PLL is simple and efficient [26].
Polylysine is a biocompatible, nontoxic polyamino acid
with a broad spectrum of usage [20]. PLLs with molecular
weights of 15,000-30,000 were usually used in the study
of DNA modification, as shorter-chain PLL was shown to
have low binding efficiency with DNA [27]. PLL can con-
dense elongated pDNA into uniform toroidal and rod-
shaped structures, and the average size of polyplexes was
approximately 200 nm [27]. Previous studies demon-
strated that Th1 responses could be induced when large
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vesicles were phagocytized by macrophages [28], and
pDNA complexes formed by PLL showed better effects in
transfection than naked pDNA in vitro [29]. Several stud-
ies showed that injection of pDNA can induce substantial
expression of protein in vivo and elicit immune respons-
es against the protein expressed [9, 30]. The mechanisms
that may explain how PLL improved the efficiency of
DNA vaccine in vivo are described in the following. First,
DNA condensation is an important factor in conferring
nuclease resistance to DNA in polyplexes. Second, inclu-
sion of DNA into polyplexes would enhance DNA bind-
ing to local cell membranes due to the cationic polyplex-
es and the negatively charged host cell membrane. Third,
Arah 2 would become an intracellular antigen that can be
processed and presented on major histocompatibility
class (MHC)-I molecules or both MHC-I and MHC-II
molecules on APCs. Besides the efficacy, the safety of PLL
has also been proven in rodents [31]. Thus, the current
use of PLL in drug delivery shed light on the potential ap-
plication of PLL as an optimal vehicle for DNA delivery.

Multiple mechanisms may be involved in DNA vacci-
nation in allergic diseases. Shifting from a Th2-type re-
sponse towards a Th1-biased response has been demon-
strated in anti-allergy DNA vaccine studies [32]. Most of
the previous articles showed exaggerated Thl responses
after allergen challenge in sensitized mice [14, 33]. In our
experiment, there was a modest increase in the IFN-y lev-
el after pArah 2 or PLL-pAra h 2 vaccination. This result
indicated that Thl responses were induced and might
counterbalance the subsequent allergen-induced sensiti-
zation.

The induction of Treg cells and IL-10 has been shown
to play an important role in maintaining peripheral T-cell
tolerance, which is essential for normal immune respons-
es and successful immunotherapy of allergic disorders
(32, 34, 35]. We found that there were increased relative
numbers of CD4+CD25+FOXP3+ cells in both the dLNs
and the spleen in PLL-pAra h 2-treated mice, which were
much higher than those of pAra h 2-treated mice. There
was also increased IL-10 secretion in splenocytes of PLL-
pAra h 2-treated mice. It is generally accepted that type 1
regulatory T (Tr1) cells play an essential role in the induc-
tion and maintenance of healthy immune responses to
allergens. Actually, both Tr1 and CD4+CD25+FOXP3+
Tregs coexist and overlap in many immune tolerance-re-
lated situations, and the expression of the anti-inflamma-
tory cytokine IL-10 can be induced by FOXP3 [36]. In-
creased proportion of either Tr1 or CD4+CD25+FOXP3+
Treg cells is associated with the restoration of tolerance
[37]. In particular, IL-10 can be synthesized by activated
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and antigen-specific Treg and Breg cell populations. IL-
10 directly inhibits T-cell activation through suppres-
sion of CD28- and ICOS-dependent T-cell costimulation
[38]. In addition, IL-10 inhibits the production of proin-
flammatory cytokines, chemokines, and chemokine re-
ceptors as well as the expression of MHC-II and costimu-
latory molecules CD80 and CD86 on monocytes/mac-
rophages and DCs. Thus, our results found that both
CD4+CD25+FOXP3+ Treg cells and IL-10 were induced
by PLL-modified gene vaccine, indicating that multiple
mechanisms were involved in the induction of immune
regulation by DNA vaccine.

In DNA vaccination, DCs initiate immune responses
and play a central role in the priming and amplification
of adaptive immune responses after DNA vaccination. In
our study, intradermal injection of pAra h 2 resulted in
increased numbers of CD207+ DCs in dLNs and PLL
modification enhanced this effect. Blood-derived langer-
in+ DCs can be distinguished from migratory Langer-
hans cells and dermal langerin+ DCs by their low expres-
sion of CD207(EGFP) [39]. The uptake of PLL-pAra h 2
complexes by CD207+ DCs may promote the migration
of CD207+ DCs to dLNs and induce more Treg cells and
suppress peanut allergy. Altogether, the results presented
here suggested that immunization with PLL-pAra h 2
promoted the migration of CD207+ DCs to dLNs and
enhanced the production of Treg cells, IL-10, and induc-
tion of Th1 responses, to prevent or reverse Th2-type im-
mune responses.
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Fig. S1. Establishment of Ara h 2-induced peanut allergy. Purified peanut protein Ara
h 2 mixed with alum was injected intraperitonealy to BALB/c mice weekly for two
times. Three weeks after last time of immunization, Arah 2 specific IgG1, 1gG2aand
total IgE were measured and shown in (a). The mice were then challenged by
intraperitoneal injection with CPE, and the symptoms of anaphylaxis were monitored
by core body temperature decrease (b). Data represent one of two independent
experiments with 6 mice per group. Error bars denote mean + SD.
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Fig. S2. Gating strategy for FACS analysis of CD11b"EGFP(CD207)" cells in skin
dLNs. (a) Forward scatter (FSC) and side scatter (SSC) plot to exclude debris. (b)
SSC and 7-AAD plot to gate live cells (c) Control without 7-AAD staining. (d)
EGFP(CD207) and CD11b plot showing CD11b"EGFP" cells. (€) Wide-type control.
(f) CD11b fluorescence minus one (FMO) control. (g) Percentage of the maximum
histogram showing CD11b" cells gated on live cells. (h) SSC and EGFP plot showing
EGFP" cells gated from CD11b" cells.
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