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a b s t r a c t

Allergen-specific immunotherapy (SIT) is an effective treatment modality for allergic diseases such as
atopic dermatitis (AD). However, frequent visits over a 3-year period as well as looming adverse events
tend to discourage patient compliance. Therefore, a more convenient, effective, and safe method of SIT is
needed.

For several decades, use of microneedles has been promoted as an efficient and precise transdermal
drug delivery method. In this study, we developed Dermatophagoides farinae (D. farinae) extract (DfE)-
loaded microneedle patches, and evaluated their safety and efficacy as a novel SIT method. After 4 weeks
of patch application, efficient allergen delivery and successful induction of immune response to DfE were
demonstrated in mice, with no apparent adverse events. AD-induced NC/Nga mice received microneedle
immunotherapy (MNIT) (10 mg), subcutaneous immunotherapy (SCIT) (10 mg), SCIT (100 mg), or placebo.
Both MNIT (10 mg) and SCIT (100 mg) treatments improved clinical and histologic manifestations of AD
skin lesions, altered immunoglobulin production, dampened Th2 cellular response, and boosted Treg
infiltrates, without significant side effects; whereas SCIT (10 mg) or placebo subsets failed to show any
effects. Based on the favorable safety and efficacy profiles demonstrated in mice by MNIT in the current
study, we believe that MNIT may serve as a new SIT modality.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Despite numerous treatment modalities that are available for
allergic diseases, allergen-specific immunotherapy (SIT) is advan-
tageous in that it is a disease-modifying, causal treatment that in-
duces long-lasting tolerance to allergens [1].

Atopic dermatitis (AD) is a chronic, relapsing, inflammatory skin

disease that affects 20% of children and 1e3% of adults [2,3].
Recently, SIT has received support in treating AD, backed by ran-
domized controlled trial [4] as well as meta-analyses [5], and
especially by its success in patients sensitizedwith house dust-mite
allergen, the most commonly sensitized allergen in atopic derma-
titis patients [6e8]. There are several routes for SIT. Subcutaneous
immunotherapy (SCIT) is the most commonly used and generally
effective route for allergen injection. However, the need for
frequent visits over a long period has undermined patient adher-
ence. To overcome this limitation, sublingual immunotherapy
(SLIT), which delivers allergen via mucosal layer, has been devel-
oped. However, effectiveness of SLIT is less certain than that of SCIT
[9,10]; therefore, a more effective, safe, and convenient method for
allergen delivery is needed.
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Microneedle patch is a transdermal drug delivery method con-
sisting of micrometer-sized needles in arrays, on a backing material
[11,12]. It allows patients to safely self-administer treatment
without pain, while presenting minimal risk of bleeding, infection,
or injury, compared with conventional hypodermic needles.
Accordingly, microneedle patch has been actively investigated as a
potent drug delivery strategy, especially for vaccination [13e15].
Recently, however, epicutaneous [16] and allergen-coated micro-
needle [17,18] methods of allergen delivery have emerged as
alternative means of inducing immune reactions, and as novel ve-
hicles for SIT.

In this study, we developed Dermatophagoides farinae
(D. farinae) extract (DfE)-loaded sodium hyaluronate-based micro-
needle patches, and assessed their ability to deliver allergen into
the skin of mice. We then evaluated safety and efficacy of this
strategy to determine its potential use in SIT.

2. Methods

2.1. Preparation of microneedle patches

Droplet-born air blowing (DAB) method was used to prepare
DfE-loaded microneedle patches [19]. First, DfEwas passed through
an Acrodisc Syringe Filter with 0.45 mm Supor membrane (Pall
Corp, Port Washington, NY, USA), and admixed with HA powder in
phosphate-buffered saline (PBS) (pH 7.4) to load microneedle
patches (4 �C) at various concentrations (0, 0.2, 2, and 10 mg/patch).
The specified concentrations of DfE and sodium hyaluronate
(intrinsic viscosity: 0.14 m3/kg, HA-EP1; Bloomage Freda Biopharm
Co Ltd, Jinan, China) were placed in solution (HA concentration:
16.8% w/w), we fabricated corresponding DfE-loaded microneedle
patches through precision control of solution droplets, with each
droplet delivered separately and air-blown to form a microneedle.
Each patch was designed as 76-microneedle array (needle pitch,
1.4 mm; needle length, 0.25 mm). DfEwas provided by the Institute
of Allergy of Yonsei University (Seoul, Korea) [20].

2.2. Measurement of DfE allergenicity

Allergenicity of DfE was determined by inhibition ELISA [21]. A
96-well plate was coated with 100 ml of DfE (10 mg/ml) and incu-
bated overnight (4 �C). Then, sera from four subjects who were
highly sensitized to D. farinaewere pooled, and diluted 1:3 with 1%
bovine serum albumin in PBS containing 0.05% Tween20 (PBST).
The 1:3 diluted sera and serially six-fold diluted test solutions were
pre-incubated with DfE (4 �C), then incubated in a coated plate (2 h,
37 �C). Finally, goat biotinylated anti-human IgE (Vector Labora-
tories Inc., Burlingame, CA, USA) was added (1 h, 37 �C), followed by
horseradish peroxidase-streptavidin (HRP; Vector Laboratories)
incubation (1 h, room temperature [RT]). Color was developed by
adding 3,30,5,50-tetramethylbenzidine (TMB) substrate solution
(Kirkegaard& Perry Laboratories [KPL] Inc., Gaithersburg, MD, USA)
to each well, and then interrupted using TMB stop solution (KPL).
Absorbance at 450 nm was measured via microplate reader, with
percent inhibition calculated as follows: (1-At/A0) x 100, where At
stands for absorbance of test solution at 450 nm, and A0 for
absorbance of non-test solution. Allergenicity was determined by
calculating the concentration of allergen required to produce 50%
inhibition of a standard extract.

2.3. Evaluation of DfE-loaded microneedle patches

2.3.1. Safety test
Before applying microneedle patches, mice were anesthetized

with 3e5% isoflurane using isoflurane vaporizer (VetEquip Inc.,

Livermore, CA, USA). Hair on the back of mice (n ¼ 3) was shaved,
and microneedle patches were applied. Self-adherent bandages
(3M Coban, St Paul, MN, USA) were used towrap around the torsos,
covering the patches to prevent detachment. After 2 h, bandages
and patches were gently removed. Patch applications were per-
formed twice per week for 4 weeks. Transepidermal water loss
(TEWL) was measured (Tewameter TM210; Courage and Khazaka
Electronic, Cologne, Germany) before and immediately after patch
application, and again after 2 h. For this purpose, mice were
anesthetized in an atmosphere-controlled room (24 ± 2 �C,
55 ± 15% relative humidity).

2.3.2. Allergen delivery capacity
To evaluate dendritic cell migration, 6-week-old female BALB/c

mice were treated with 10 mg of DfE-loaded microneedle patch or
subcutaneously injected with 10 mg or 100 mg of DfE twice a week
for 4 weeks. Next, cells were isolated from skin draining lymph
nodes and stained with anti-CD11c Alexa 488 (N418) and anti-Der
f1 (MA-6A8) antibodies. Secondary PerCP (sc-358939; Santa Cruz
Biotechnology, Dallas, TX, USA) for anti-Der f1 was stained and read
sample using FACSVerse flow cytometer (BD Biosciences).

2.4. Allergen-specific immunotherapy in AD mice

Induction of AD in a mouse model was achieved using previ-
ously described methods [6]. In brief, 100 mg of DfE ointment
(Biostir-AD; Biostir Inc., Kobe, Japan) was applied to shaved dorsal
skin and each ear surface of pathogen-free, female NC/Nga mice
twice per week, for 8 weeks. After 3 weeks of induction, mice were
divided into four groups as follows: 1) AD controls; 2) microneedle
immunotherapy (MNIT), 10 mg; 3) SCIT, 100 mg; and 4) SCIT, 10 mg.
Immunotherapy was performed twice per week for 5 weeks, along
with AD induction. In MNIT (10 mg) group, DfE-loaded microneedle
patches (10 mg) were applied, while again wrapping the patched
areas in self-adherent bandages (3 M) to prevent detachment. After
2 h, bandages and patches were gently removed. Mice in SCIT
groups were subcutaneously injected with either 10 mg or 100 mg of
DfE, respectively, in 100 ml of PBS. Control animals received the
same volume of PBS, without DfE (Supplementary Fig. 1). All ex-
periments were performed under protocols approved by the Ani-
mal Research Ethics Board of Yonsei University (Seoul, Korea).

2.5. Scoring of dermatitis severity

Scoring AD (SCORAD) index for mice, grading erythema/hem-
orrhage, scarring/dryness, edema, and excoriation/erosion were
used to gauge severity of dermatitis. Each symptom was rated as
0 (none), 1 (mild), 2 (moderate), or 3 (severe), combining individual
marks for a total score [22,23]. Each animal was scored once each
week, by two independent researchers. Photographs were also
obtained every week, under the same camera settings and lighting
conditions.

2.6. Histopathological assessment of dermatitis

Dorsal skin tissues, taken from same sites in each group, were
fixed in 4% paraformaldehyde, processed routinely, and serially
sectioned (4-mm thick) for hematoxylin-eosin (H&E) staining.
Epidermal thickness was determined by image analysis software
(MetaMorph; Molecular Devices Corp, Sunnyvale, CA, USA), and
inflammatory infiltrates (eosinophils, other leukocytes) were
assessed microscopically (BX53; Olympus Corp, Tokyo, Japan).
Three different images were taken of each slide. Results were
expressed as mean ± standard error of mean (SEM), based on eight
different digital images.
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2.7. Enzyme-linked immunosorbent assay (ELISA) of
immunoglobulins and der f1 allergen

Using commercially available kits, total IgE (Mouse IgE ELISA
MAX Delux; BioLegend Inc., San Diego, CA, USA), total IgG4 (Mouse
Immunoglobulin G4 ELISA Kit; MyBioSource, San Diego, CA, USA),
and Der f1 dust-mite allergen (Der f1 ELISA kit; INDOOR Bio-
technologies Inc., Charlottesville, VA, USA) were assayed according
to the manufacturers' instructions. To determine the concentration
of Der f1 inDfE-loadedmicroneedle patch for long-term storage, we
used patches manufactured at the same time with same allergen.
Assay was performed at each time point as time passed and three
different patches were used to determine the concentration.

2.8. RNA purification and quantitative RT-PCR

Mouse skin samples were homogenized (Precellys 24 Homog-
enizer; Bertin Technologies, Toulouse, France), and total RNA were
extracted (RNeasy Plus Mini Kit; Qiagen, Hilden, Germany) by using

a commercial kit. Following that, RNA reverse transcription was
performed (AccuPower RT PreMix; Bioneer, Daejeon, Korea). cDNA
and Taqman gene expression master mix (Applied Biosystems,
Waltham, MA, USA) were combined with mouse Taqman primers
IL-4 (Mm00445259_m1), IL-10 (Mm00439614_m1), IL-13
(Mm00434204_m1), Foxp3 (Mm00475162_m1), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Mm99999915_g1) in
20 ml reactions, and relative quantification was done (StepOnePlus
PCR System/7500 Software v2.0.1; Applied Biosystems).

2.9. Flow cytometry

Lymph node cells were incubated (6 h) in phorbol 12-myristate
13-acetate (PMA, 50 ng/ml; Sigma-Aldrich Corp, St Louis, MO, USA),
ionomycin (1 mg/ml; Sigma-Aldrich), and Golgistop (2 mg/ml; BD
Biosciences, Franklin Lakes, NJ, USA). Thereafter, cells were stained
by a fixable viability dye (eBioscience Inc., San Diego, CA, USA), and
then either anti-CD4 FITC (GK1.5) or anti-CD4 PE-cyanine5.5 (RM4-
5) antibodies (eBioscience) were applied. For intracellular staining,

Fig. 1. Characteristics of DfE-loaded microneedle patches. Allergenicity of DfE: (A) before (1.020 ± 0.118 mg/ml) and after (1.112 ± 0.011 mg/ml) filtration through 0.45-mm
membrane, and (B) DfE alone (1.112 ± 0.018 mg/ml) or in combination with HA (1.256 ± 0.017 mg/ml), measured by inhibition ELISA (50% inhibitory concentration); (C) Microscopic
images of DfE-loaded microneedle patches at 8X, 30X, and 50X magnifications (Bar ¼ 50 mm). DfE, D farinae extract; HA, hyaluronate; ELISA, enzyme-linked immunosorbent assay;
TEWL, transepidermal water loss.
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cells were immersed in fixation/permeabilization buffer (eBio-
science), and anti-IL-4 APC (11B11), anti-IL-10 PE (JESS-16EB), or
anti-Foxp3 APC (FJK-16s) antibodies (eBioscience) were applied.
FACSVerse flow cytometer (BD Biosciences) was used for sample
analysis, coupled with FlowJo Software (v7.6.2; TreeStar, San Carlos,
CA, USA) for data handling.

2.10. Immunofluorescence staining

Paraffin-embedded mouse skin samples were deparaffinized
and rehydrated. Antigen retrieval was carried out in citrate buffer
(pH 6.0) (Sigma, MO, USA). Frozen sections were fixed in acetone,
and primary antibodies were applied for overnight incubation
(4 �C). After washing with PBST, secondary antibodies were applied
(1 h, RT). Slides were mounted in VECTASHIELD, a medium con-
taining 40,6-diamidino-2-phenylindole (H-1200; Vector Labora-
tories). All sections were ultimately examined by confocal
microscopy (LSM 780; Carl Zeiss, Oberkochen, Germany). The
following mouse-specific antibodies were utilized: anti-CD4
(ab200594; Abcam, Cambridge, UK), anti-Der f1 (MA-6A8; IN-
DOOR Biotechnologies Inc.), anti-MHC II Alexa Fluor 488 (Bio-
legend), anti-IL-4 FITC (BVD6-24G2; eBioscience), anti-mouse
Foxp3 (236A/E7; Abcam), anti-rat IgG Alexa Fluor 555 (ab150158;
Abcam), and anti-mouse Alexa Fluor 633 (A21126; Life Technolo-
gies, Carlsbad, CA, USA).

2.11. Statistical analyses

If not described, all assays were repeated at least three times,
expressing data as mean ± SEM and Gaussian distribution was
checked by Komogorov-Smirnov and Shapiro Wilk normality test.
Standard software (GraphPad Prism 5 v4.03; GraphPad Software
Inc., San Diego, CA, USA) was used for all computations. Differences
between two groups were assessed by two-tailed Student's t-test.
For comparisons of more than two groups, one-way ANOVA and
Tukey-Kramer tests were utilized. In analysis of SCORAD, two-way
ANOVA and Bonferroni post-test were applied. Statistical signifi-
cance was set at P < 0.05, while denoting levels of significance in
figures as follows: *P < 0.05, **P < 0.01, or ***P < 0.001.

3. Results

3.1. Stability of DfE admixed with sodium hyaluronate (HA)

In order to manufacture DfE-loaded microneedle patches, DfE
constituents dissolved in sodium HA needed to be < 0.45 mm.
Therefore, we filtered DfE and checked its allergenicity thereafter,
to find that the levels had not been significantly altered (50%
inhibitory concentration [mean ± SD]: before filtration,
1.020 ± 0.118 mg/ml; after filtration, 1.112 ± 0.011 mg/ml) (Fig. 1A).
We then examined the effect of HA on DfE allergenicity, and
determined that allergenicity of DfE and HA in solution was

Fig. 2. Clinical manifestations of mouse model. (A) Photo of DfE-loaded microneedle patch applied to BALB/c mouse; (B) BALB/c mice before and after 4-week application of
microneedle patches (no signs of adverse effects during experiment); (C) TEWL slightly increased upon patch removal, but was restored within 2 h (P ¼ ns). DfE, D farinae extract;
TEWL, transepidermal water loss.
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Fig. 3. Immune responses in serum and DfE delivery into skin. Female BALB/c mice with blank (no DfE-load) or DfE-loaded microneedle patches at 0.2 mg, 2 mg, or 10 mg
applied for 4 weeks: (A) Total serum IgE concentration; (B) DfE-specific IgE level (absorbance at 450 nm). Only in 10 mg DfE-loaded microneedle patch, both IgE determinations
were increased (***P < 0.001); (C) 10 mg DfE-loaded microneedle patches applied for 1, 2, and 4 h. MHC II (green) served as dendritic cell marker. Notable co-localizations of
MHC II and Der f1 (red) were detected in dermis (white arrows). (D) Der f1 populations of CD11c þ dendritic cells in skin draining lymph nodes. DMFI is most increased in 10 mg
DfE-loaded microneedle patch group. The percentage of Der f1þ in CD11c þ cells was also increased in 10 mg DfE-loaded microneedle patch group (**P < 0.01, ***P < 0.001). DfE,
D. farinae extract; MHC, major histocompatibility complex.
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Fig. 4. Clinical and histologic features of AD-induced mouse model of SIT. (A) Changes in clinical appearance of skin, Weeks 3e8 (dermatitis noted since Week 3); (B) SCORAD,
Weeks 3e8 (*AD vs MNIT 10 mg; #AD vs SCIT 100 mg); (C) TEWL measured at Week 8 (*P < 0.05, **P < 0.01). MNIT (10 mg) and SCIT (100 mg) subsets showed clinical improvement,
compared to AD and SCIT (10 mg) subsets; (D) H&E-stained mouse skin (Bar ¼ 100 mm); (E) Epidermal thickness; and (F) Total and (G) eosinophil cell counts (*P < 0.05, **P < 0.01,
***P < 0.001). AD, atopic dermatitis; SIT, allergen-specific immunotherapy; SCORAD, Scoring AD; MNIT, microneedle immunotherapy; SCIT, subcutaneous immunotherapy; TEWL,
transepidermal water loss.
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comparable to that of DfE alone (50% inhibitory concentration
[mean ± SD]: DfE þ HA, 1.256 ± 0.017 mg/ml; DfE, 1.112 ± 0.018 mg/
ml) (Fig. 1B).

3.2. Manufacturing of DfE-loaded microneedle patches

DfE-loaded microneedle patches were manufactured at various
concentrations (0, 0.2, 2, and 10 mg/patch) by DAB method. A
microneedle patch has two parts; an adhesive border and a
microneedle array in mid-patch. Images of microneedles at 8X,
30X, and 50X magnifications were examined with a zoom micro-
scope (JSZ-7XT; Samwon Scientific, Seoul, Korea) (Fig. 1C).

3.3. Stability of DfE in microneedle patches after irradiation and
long-term storage

Before applying to SCIT mouse model, DfE-loaded microneedle
patches were exposed to gamma radiation (5 kGy), and concen-
tration of Der f1 (a major allergen of DfE [24]) was assayed (ELISA).
At various doses of irradiation, we found no change in Der f1
concentration (Supplementary Fig. 2A). Furthermore, as DfE con-
tains its own proteases that degrade rapidly at RT, we evaluated the
stability of DfE microneedle-loading as a function of temperature
and time. DfE-loaded microneedle patches and DfE in PBS were
stored at RT or at 4 �C for 12 weeks. After 12 weeks at RT, Der f1
concentration declined significantly in both microneedle patches
and in PBS (34% and 40%, respectively); whereas Der f1 concen-
tration was fairly stable at 4 �C, and fell to 81% and 86% in micro-
needle patches and in PBS, respectively (Supplementary Fig. 2B).

3.4. Safety of DfE-loaded microneedle patches

DfE-loaded microneedle patches were applied twice per week
for 4 weeks in female BALB/c mice, while checking for related side
effects (Fig. 2A) such as infection, bleeding, and erythema. How-
ever, nothing of significance was found (Fig. 2B). Likewise, to assess
whether DfE-loaded microneedle patches disrupt skin barrier,
TEWL was measured before and after patch application. Although a
slight rise in TEWL was detected just after patch removal, baseline
levels were restored after 2 h (Fig. 2C).

3.5. Delivery of DfE into skin by loading of microneedle patches

DfE-loaded microneedle patches were applied to female BALB/c

mice twice weekly for 4 weeks to investigate the effects of serial
dosing on total IgE (Fig. 3A) and D. farinae-specific IgE (Fig. 3B)
levels, both of which showed elevation at the end of 4 weeks. Such
increases were most apparent with the use of 10 mg of DfE-loaded
microneedle patch. To confirm dermal allergen delivery, identifi-
cation of Der f1 in skin after applying 10 mg of DfE-loaded micro-
needle patches was pursued, using an immunofluorescence stain.
After 1, 2, and 4 h-application of DfE-loaded microneedle patches,
presence Der f1 in dermis was confirmed. Remarkably, Der f1 was
co-localized with major histocompatibility complex (MHC) II, sug-
gesting that dermal dendritic cells (DCs) had captured this allergen
(Fig. 3C). In addition, we treated BALB/c mice with 10 mg of DfE-
loaded microneedle patches or DfE (10 mg or 100 mg) subcutane-
ously twice a week for 4 weeks. In skin draining lymph nodes, Der
f1þ CD11c þ dendritic cells were most increased in 10 mg of DfE-
loaded microneedle applied group compared to any other subcu-
taneous injection groups (Fig. 3D). From these results, we
concluded that delivered DfE by microneedle captured by dendritic
cells and migrated to lymph nodes and this induces more effective
immune responses compared to subcutaneous injection.

3.6. DfE-loaded microneedle patches vs. conventional subcutaneous
DfE injection

3.6.1. Clinical and histologic improvement
To assess the potential for whether DfE-loaded microneedle

patches can serve as a novel SIT strategy, we compared them to
subcutaneous injection of DfE in AD-induced NC/Nga mice. As
shown in Fig. 4A and B, MNIT (10 mg) and SCIT (100 mg) halted
further exacerbation of clinical symptoms, whereas AD controls
and mice in SCIT (10 mg) subset showed continued aggravation,
progressing to severe dermatitis. At Week 8, TEWL of dorsal skin
was measured to evaluate skin barrier function. In both MNIT
(10 mg) and SCIT (100 mg) subsets, TEWL levels were significantly
lower, compared to those in AD controls and SCIT (10 mg) recipient
mice (Fig. 4C). Also, H&E staining (Fig. 4D) revealed significantly
thinner epidermis (Fig. 4E) and fewer numbers of infiltrating cells
(Fig. 4F), including eosinophils (Fig. 4G).

3.6.2. Serum immunoglobulin alteration
Since SIT is known to modulate antibody responses, we

measured total IgE and IgG4 in serum. At Week 8, total IgE levels in
MNIT (10 mg) and SCIT (100 mg) subsets were markedly lower than
those of AD controls or SCIT (10 mg) recipient mice (Fig. 5A).

Fig. 5. Enzyme-linked immunosorbent assay of mouse serum immunoglobulins. Serum levels of (A) total IgE and (B) IgG4 in mice. At Week 8, total IgE levels were markedly
lower, IgG4 levels were significantly increased in MNIT (10 mg) and SCIT (100 mg) subsets, compared to AD control and SCIT (10 mg) subsets (*P < 0.05, ***P < 0.001). MNIT,
microneedle immunotherapy; SCIT, subcutaneous immunotherapy.
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Fig. 6. Th2 and Treg-related cytokine gene expression in mouse skin. Expression levels of IL-4, IL-13, IL-10, and Foxp3 mRNA in mouse skin, determined by quantitative real-time
PCR: (A) IL-4 and (B) IL-13 expression levels were low in MNIT (10 mg) and SCIT (100 mg) subsets, compared to in AD and SCIT (10 mg) subsets; (C) IL-10 and (D) Foxp3 expression
levels were much higher in MNIT (10 mg) and SCIT (100 mg) subsets than in AD and SCIT (10 mg) subsets. Fluorescence images of mouse skin (all 400X): (E) CD4 (red) and IL-4 (green);
(G) CD4 (red) and Foxp3 (green). IL-4 and Foxp3 in CD4þ T cells quantified: (F) Percent IL-4þCD4þT cells were significantly lower in MNIT (10 mg) and SCIT (100 mg) subsets,
compared to in AD and SCIT (10 mg) subsets; and (H) Percent Foxp3þCD4þT cells were significantly higher in MNIT (10 mg) and SCIT (100 mg) subsets, compared to in AD and SCIT
(10 mg) subsets (*P < 0.05, **P < 0.01, ***P < 0.001). AD, atopic dermatitis; MNIT, microneedle immunotherapy; SCIT, subcutaneous immunotherapy.



Conversely, IgG4 levels were significantly increased in MNIT (10 mg)
and SCIT (100 mg) subsets, compared to others (Fig. 5B).

3.6.3. Suppression of Th2 cells and induction of regulatory T (Treg)
cells in skin

In skin, mRNA levels of Th2 cytokines, IL-4, and IL-13 were
significantly lower, while level of regulatory cytokine, IL-10, was
higher in both MNIT (10 mg) and SCIT (100 mg) subsets (Fig. 6AeC).
Also, mRNA expression of master transcription factor of Treg cells,
Foxp3, was comparatively higher in MNIT (10 mg) and SCIT (100 mg)
subsets (Fig. 6D). In correlation with RNA expression, immunoflu-
orescence staining revealed fewer IL-4þCD4þT cells (Fig. 6E and F)
and more Foxp3þCD4þ Treg cells (Fig. 6G and H) in infiltrates of
MNIT (10 mg) and SCIT (100 mg) subsets, compared to those in AD
controls and SCIT (10 mg) recipient mice.

3.6.4. Changing cytokine expression in lymph nodes during SIT
Cytokine expression levels in lymph node cells were evaluated

by flow cytometry. Expression of IL-4 in CD4þT cells was signifi-
cantly lower in MNIT (10 mg) and SCIT (100 mg) subsets by com-
parison (Fig. 7A and B), whereas IL-10 expression level in
Foxp3þCD4þT cells was significantly higher in the same subsets
(MNIT [10 mg] and SCIT [100 mg]) (Fig. 7C and D).

4. Discussion

SIT is considered a causative treatment for allergic disease that
not only controls clinical symptoms, but also modifies the natural
course of disease to prevent further sensitization to other allergens
[25,26]. However, factors such as the need for frequent hospital
visits, long treatment periods, and other issues (i.e., aversion to
conventional needles, possible anaphylaxis) have limited the effi-
cacy of such therapy. Indeed, many patients undergoing SLIT
(55e82%) or SCIT (13e89%) were proven to be noncompliant
[27,28]. Therefore, there is a clear need for a novel method of SIT
that is convenient, highly effective, and safe. In this study, we
developed DfE-loaded microneedle patch as a potentially new
method of SIT, while testing its safety and efficacy of allergen de-
livery in AD-induced mouse model.

Recently, the advantages of transdermal drug systems, including
avoidance of liver metabolism, controlled delivery, compliance
favorability, and low systemic side effects of microneedles, have
gained considerable attention [16]. Skin-associated lymphoid tissue
(SALT) that consists of keratinocytes, Langerhans cells (LCs), dermal
DCs, mast cells, macrophages, basophils, and Tcells attest to the fact
that skin is a potent immunologic organ [29]. In skin, there are
1000 LCs per mm2 [30], and adult human skin contains 20 billion T

Fig. 7. Cytokines in Th2 and Treg cells of skin draining lymph nodes. T-cell populations in skin draining lymph nodes in mouse: (A, B) IL-4 levels in CD4þT cells (DMFI each
group): AD, 219.8 ± 4.53; MNIT (10 mg), 174.5 ± 11.92; SCIT (100 mg), 171.0 ± 2.57; and SCIT (10 mg), 220.0 ± 3.84; (C, D) IL-10 levels in Foxp3þCD4þ T cells (DMFI each group): AD,
7.130 ± 0.23; MNIT (10 mg), 10.69 ± 0.30; SCIT (100 mg), 12.76 ± 0.49; and SCIT (10 mg), 8.490 ± 0.33 (*P < 0.05, **P < 0.01). AD, atopic dermatitis; MNIT, microneedle immunotherapy;
SCIT, subcutaneous immunotherapy.
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cells [31]. Dermal DCs are comprised of various subsets but are
generally involved in B-cell responses, whereas LCs are more in-
clined to participate in cellular immunity [32,33]. However, recent
evidence has suggested that LCs are also involved in peripheral
tolerance induction. LCs that migrate to nearby lymph nodes
mediate deletional tolerance of CD4þ and CD8þ T cells [34,35],
stimulate development of Treg cells [36], and promote production
of IL-10 [35]. Skin-derived CD103 þ DCs are also presumed to be
tolerogenic, able to trigger Treg-cell generation [37]. Given the
apparent importance of both LCs and dermal DCs in induction of
peripheral tolerance via SIT, precise allergen delivery that targets
these particular cells seems imperative.

In the present study, we anticipated the use of microneedles in
allergen delivery to be a viable and compelling alternate method of
immunotherapy. Thus, we formulated a DfE-loaded microneedle
patch that can be compared with conventional subcutaneous in-
jection. We found that microneedle patch successfully delivered
DfE into the skin, bringing significant improvement in clinical and
histologic manifestations of AD. In addition, antibody production
and T-cell responses were altered, while successfully suppressing
serum IgE, inducing IgG4, reducing Th2 influx, and increasing
cutaneous Treg cells. In addition, we demonstrated similar effi-
cacies for 10 mg DfE-loaded microneedle patch and 100 mg DfE-SCIT,
with 10 mg DfE-SCIT showing no effect. These findings are in line
with those of other studies, which also reported that microneedles
enable dose-sparing of vaccinations (1/100) by activating dendritic
cells compared to intramuscular injection [38,39]. Low dose
required for DfE immunization by microneedle as well as capability
of delivering allergen directly to epidermis and dermis (instead of
highly vascular subcutis) diminish the risk of systemic allergic re-
action (i.e., anaphylaxis).

Since it is important to maintain allergenicity of DfE when
loading microneedles, we decided to use DAB method, in which
each droplet is air-blown to solidify and form a microneedle. DAB
fabrication conditions are also less extreme, devoid of heat or UV
irradiation imposed by conventional cast molding in biodegradable
microneedle fabrication [40e43]. By design, it is possible to load
each microneedle without loss, providing precise concentration of
allergen by controlling droplet volume. DAB-fabricated biode-
gradable microneedles can be produced within 10 min, which is
beneficial in terms of sustained allergen activity. Herein, we have
also shown that allergenicity of DfE is not altered by admixture of
HA, culminating in a successfully induced immune reaction.

Another potential route for SIT is epicutaneous immunotherapy
(EPIT), which has been recently highlighted, especially in
addressing food allergy [16,44e47]. Epicutaneous delivery of anti-
gen has proven to be effective in treating allergy to grass pollen
[46,47] and milk [44]. A recently reported phase III study of peanut
EPIT has established its safety and efficacy after a 52-week treat-
ment period [45], although immunoglobulin production was only
modestly altered. In case of airway allergy, vaccination by micro-
needle was as effective as SCIT [48]. Since both LCs and dermal DCs
are pivotal in inducing peripheral tolerance, such modest effect
may indicate that epicutaneous allergen delivery will only target
epidermal LCs (not dermal DCs). Therefore, allergen delivery to
both epidermis and dermis bymicroneedle may enhance efficacy of
SIT.

To our knowledge, this is the first documented use of allergen-
loaded microneedles for SIT of AD. Our DfE-loaded microneedle
patches showed stable allergenicity, which at 10 mg of DfE was
sufficient to induce immunologic responses rivaling 100 mg of
subcutaneous injection, without side effects. Based on the success
of this mouse model, we contend that our DfE-loaded microneedle
patch may serve as convenient and effective new means of
immunotherapy, which would help encourage patient compliance

and reduce side effects. It may similarly be applied to other allergic
diseases, such as allergic rhinitis, asthma, and food allergies.
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