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ABSTRACT

Purpose We previously reported the safety and efficacy in
animal experiments of transcutaneous immunization (TCI) using
a self-dissolving microneedle patch (MicroHyala; MH) made of
hyaluronic acid and collagen. However, this MH was an unsuit-
able TCI device for the human skin, as collagen is suspected to
induce inflammation. In this study, we developed an improved
collagen-free MH (new-MH) and conducted clinical study to
evaluate the fundamental properties and safety in human.
Methods Microneedle dissolution, skin irritation, and antigen-
specific antibody production about new-MH were measured in
mice and/or rats. On the basis of the results, the clinical study
was conducted in healthy volunteers to evaluate local and
systemic adverse events caused by new-MH application.
Results \We confirmed that the microneedles of new-MH, as well
as those on our old-MH that contained collagen, could easily pierce
stratum corneum without severe skin irritation, and that TCl using
new-MH efficiently increased antibody titer with comparable to TCI
using old-MH. Application of new-MH caused no severe adverse
reactions in 20 healthy volunteers enrolled in a clinical study.
Conclusions These results verified that new-MH is a safe TCI
device in human, and greatly encouraged us to advance PI/PlI
clinical studies of antigen-loaded new-MH.

Electronic supplementary material The online version of this article
(doi: 10.1007/s1 1095-013-1092-6) contains supplementary material, which
is available to authorized users.
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ABBREVIATION

ASA active systemic anaphylaxis
BSA bovine serum albumin

DT diphtheria toxoid

ELISA  enzyme-linked immunosorbent assay

ICDRG  international contact dermatitis
research group

1Pl intraperitoneal immunization

MH MicroHyala

OVA ovalbumin

PBS phosphate-buffered saline
PCA passive cutaneous anaphylaxis
SCl subcutaneous immunization

TBS-T  Tris-HCI buffered saline containing
0.1% Tween-20

TCl transcutaneous immunization

TEWL  transepidermal water loss

1T tetanus toxoid

VAS visual analogue scale
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INTRODUCTION

Vaccination, which is the only fundamental prophylaxis
against illness and death from infectious disease, has greatly
contributed to improving human health globally. However,
injection as major vaccination system is painful, requires med-
ical personnel with technical skill, and comes with the risk of
needle-related diseases and injuries. Moreover, antigen solu-
tions require cold chain storage and transportation systems
(1,2). These disadvantages of conventional injections hamper
the delivery of vaccination technologies to developing coun-
tries. As a result, 4,000 children die every day of diseases that
are preventable by vaccination (3). The earlier practice of
easy-to-use vaccination method is expected to replace injected
vaccinations. In addition, the development of new vaccination
systems to enable worldwide mass-treatment is critical to
evade pandemics of emerging infectious diseases such as se-
vere acute respiratory syndrome (4), H5N1 highly pathogenic
avian influenza (5), and reemergence of infectious diseases
such as tuberculosis (6), and malaria (7). One of the innovative
methods that resolves these issues and is attracting great
attention is transcutaneous immunization (TCI) systems (8,9).

Administration of antigen solution to the skin surface fails to
penetrate the stratum corneum and deliver sufficient antigen
into the skin (10-12). Therefore, TCI systems must deliver
antigen to the epidermal layer and dermis, which contain
antigen-presenting cells that induce immune responses.
Among many TCI devices, microneedle technologies, which
utilize needles of micron-size, are under active research as a
novel device that induce immune responses (13). Microneedles
can physically penetrate the stratum corneum and directly
deliver the antigen into the skin with easy application.
Moreover, their application is painless because microneedles
do not penetrate the lower dermis, where pain-sensing neurons
are densely present. Many research groups have reported the
efficacy of TCI using microneedle arrays. However, most
conventional microneedles suffer from the risk of fracture,
which leaves metal, stainless steel, or silicon microneedle frag-
ments in the skin. (14-16). To address this, novel microneedles
that are made of dissolvable or biodegradable materials have
been developed by a few research groups including us (17-21).
These self-dissolving microneedles leave no bio-hazardous
sharp medical waste, and remove the risk of secondary infec-
tion by used-needles. Thus, the self-dissolving microneedle
array is extremely promising as a novel improved TCI device.

We have developed a self-dissolving microneedle patch
(MicroHyala; MH) made of biocompatible hyaluronic acid
and collagen (20,21). In a previous study, we reported that
TCI using MH effectively induced immune responses against
various antigens in animal models. In addition, the application
of MH resulted in very little skin irritation in rats.
Unfortunately, however, MH is unsuitable for the human skin
because the collagen content of MH (old-MH) is suspected to

induce inflammation. The major purpose of this study was to
realize the practical use of our TCI system. Therefore, we
developed a new MH that can be applied to human skin; this
new MH does not contain collagen (new-MH). Subsequently,
we evaluated its safety and efficacy as a T'CI device in animal
models and then conducted clinical studies to examine the safety
of new-MH on the human skin. Here we showed that our new-
MH is a practical and safe device for human immunization.

MATERIALS AND METHODS
Animals

BALB/c mice (female, 6-week-old), Wistar ST rats (female, 6-
week-old), Hartley guinea pigs (female, 8-week-old), and HWY
hairless rats (female, 7-week-old) were purchased from SLC Inc.
(Hamamatsu, Japan). Animals were maintained in the experi-
mental animal facility at Osaka University and experiments
were conducted in accordance with the guidelines provided
by the Animal Care and Use Committee of Osaka University.

Preparation of Self-Dissolving Microneedle Patches

Self-dissolving microneedle patches were created using micro-
molding technologies with sodium hyaluronate as the base
material. Our MH, which is referred to as old-MH in this
study, was made of sodium hyaluronate (JSQI grade,
Kikkoman Biochemifa Company, Tokyo, Japan) and hydro-
lyzed collagen (Nippi, Inc., Tokyo, Japan), with a weight ratio
of 7:3. The self-dissolving microneedle patch without collagen,
which is referred to as new-MH in this study, was made of
sodium hyaluronate (JP grade,
Company), Dextran 70 (JP grade, Meito sangyo, Nagoya,
Aichi), and Povidone (JPE grade, BASF Japan, Tokyo,
Japan) with a weight ratio of 11:8:1. Briefly, solutions of these
MH materials were cast into micro-molds and dried in a

Kikoman Biochemifa

desiccator at room temperature. Self-dissolving microneedle
patches were then separated from the molds. Microneedle
lengths were 200 pm (MH200), 300 pm (MH300), 500 um
(MH500), or 800 pm (MHB800). These microneedles were
photographed using a stereoscopic microscope (VHX-1000
or VHX-D500/510, KEYENCE, Osaka, Japan; Fig. 1a). To
form the transcutaneous microneedle patch system, patches
with an area of 0.8 cm” (containing 200 microneedles) were
fixed onto 2.3 cm” adhesive films.

Analysis of Microneedle Dissolution Kinetics
New-MH200, new-MH300, and new-MH800 microneedle
patches were applied to the back skin of BALB/c mice and

Wistar ST rats for 5, 15, 30, or 60 min as previously described
(20). After removing the new-MH patches, microneedles were
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Fig. I Dimension of new-MHs a
(@) and procedure of new-MH

application to the human skin (b).

-MH200
(@) The new-MHs contain 200 new

new-MH300 new-MH500 new-MH800

microneedles in an area of

0.8 cm”. New-MH200 and
new-MH300 have 200 um and
300 um cone-type microneedles
of 50 um and 100 um lengths,

respectively. New-MH500 and ey : S A“"* lll] l l I l
new-MHB800 contain cone-type v i et s A - PSS * l l
. WSOl <~ L l
microneedles of 500 yum and ¥ 4 R A TAoT) o ‘L * l I l l
800 um length, respectively. A P\ - A ‘ -k A PSS ‘* ll l I I l l l
Images of microneedles were v A AT A AL LT ]
taken using a stereoscopic
microscope. (b) New-MH was 50 um 100 pm 600
fixed to the plastic case as a new- 500 um Hm
MH formulation (1), was adhered L I 200 pm IA]: 300 pm A I H
to the center of a 2.3 cm” adhesive
film (2), was put on skin of the Konide-type Konide-type Cone-type Cone-type

lateral upper arm (3), was applied

by impact of a handheld
spring-type applicator (4), and was
removed 6 h after application (5).

immediately observed under stereoscopic microscope (VHX-
1000, KEYENCE).

Assessment of Skin Irritation

New-MH200, new-MH300, and new-MHB800 patches were
applied to the back skin of Wistar ST rats for 30 min. Skin
was observed and scored for signs of erythema or edema
according to the Draize dermal scoring criteria 5 min, and 2,
6, 24, and 48 h after treatment with each new-MH (22,23).

Measurement of Skin Surface Impedance

New-MH200, new-MH300, and new-MHB800 patches were
applied to the back skin of Wistar ST rats for 30 min.
Subsequently, skin surface impedance between application
and non-application areas, which indicates the degree of skin
barrier dysfunction, was measured using a Pocket Tester
(CDM-03D; Custom Inc., Kanagawa, Japan) at 5, 15, 30,
60, and 120 min after removal of new-MH patches.

Vaccine Protocol Using New-MH

Tetanus toxoid (T'T) and diphtheria toxoid (DT) were kindly
provided by The Research Foundation for Microbial Diseases
of Osaka University (Suita, Japan). New-MH800 or old-
MHS800 with 20 pg TT and 10 pg D'T/needles were applied
to the back skin of Wistar ST rats for 1 h or 6 h, five times at 2-
Subcutaneous immunization (SCI) was

week intervals.
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conducted with the combination of 20 pg TT and 10 ug DT
five times at 2-week intervals. Toxoid-specific IgG titers in sera

were determined by enzyme-linked immunosorbent assay

(ELISA).
New-MH200, new-MH300, and new-MH800 with 1 pg
ovalbumin (OVA; Sigma-Aldrich Inc., St. Louis,

MO)/needles were applied to the back skin of guinea pigs
for 6 h four times at 2-weck intervals. The SCI group
received 1 ug OVA five times at 2-week intervals and the
intraperitoneal immunization (IPI) group was injected with
1 pg OVA containing 5 mg alum (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) two times at 2-week intervals.
Sera were collected from immunized guinea pigs 2 weeks
after final vaccination, and OVA-specific IgG and IgE titers
were measured.

Antibody Titer Measurement

Antigen-specific IgG titers were determined by ELISA as
previously described (24). Anti-T'T and anti-DT IgGs in rats
or anti-OVA IgG in guinea pigs was detected by a
peroxidase-labeled goat anti-rat IgG antbody or a
peroxidase-labeled goat anti-guinea pig IgG antibody
(Southern Biotechnology, Birmingham, AL, USA), respec-
tively. End-point titers of antigen-specific antibodies were
expressed as the reciprocal logy of the last dilution that had
an absorbance of 0.1 after subtracting the background. Anti-
OVA IgE was detected using the following method: Briefly,
96-well titer plates were coated with purified anti-guinea pig
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IgE monoclonal antibody and were blocked with 3% bovine
serum albumin (BSA; Sigma-Aldrich Inc.) in phosphate-
buffered saline (PBS). After blocking, serum samples were
diluted 16-fold with 1% BSA/PBS and were incubated for
3 h. Plates were washed 3 times with Tris-HCI buffer saline
containing 0.1% Tween-20 (TBS-T), and biotinylated OVA
diluted in 1% BSA/PBS was added to plates and incubated.
After 3 h, plates were washed 3 times with TBS-T and
horseradish peroxidase-conjugated goat anti-biotin IgG
polyclonal antibody was added. After 3 h, the reaction was
developed using a tetramethylbenzidine solution, and color
development was terminated by adding 2 N HoSO,. Optical
densities were measured at 450—650 nm.

Monitoring of Tetanus Toxin Challenge

Four weeks after the final vaccination, 1-pg tetanus toxin
(Sigma-Aldrich Inc.) was injected subcutaneously into the
right thigh of T'T-immunized rats. The rats were then mon-
itored daily for up to 4 days, and were euthanized in cases of
severe paralysis.

Passive Cutaneous Anaphylaxis (PCA) Reaction
Against Antisera of Guinea Pigs

The PCA reaction was performed by modifying the method of
Hattori et al. (25). Hairless rats were inoculated intradermally
with 100 pL of the collected antibody at 1/1, 1/16, 1/64, or
1/128 dilutions. After 24 h, PCA was elicited by intravenous
injection of a I-mL solution containing 2.5 mg OVA and 5 mg
of Evans blue. After 0.5 h, the diameter of the skin reaction
spots, which occurred following extravasation of dye at the site
of serum injection, were measured using the following formu-
la: diameter of spot = (long diameter + short diameter)/2.

Active Systemic Anaphylaxis (ASA) of Inmunized
Guinea Pigs

Measurement of ASA was performed using the modified
method of Aida et al. (26).Guinea pigs were inoculated intra-
venously with OVA (2 mg/kg) 2 weeks after the final vacci-
nation. Anaphylactic symptoms and the ratio of survival
were scored after 0.5 and 24 h, respectively, in guinea pigs
using the ASA scoring system: 0, symptomless; 1, rubbing
face and ears, cough more than 2 times; 2, cyanosis caused
on eye or ear, intense spasm and tumbling; 3, death.

Clinical Study Design for Safety Assessment
of New-MH

Twenty healthy male volunteers (25-56 years of age) were
enrolled in the study. Written informed consent was received
from all volunteers before enrollment. Four types of self-

dissolving microneedle patches (new-MH300, new-MH500,
new-MH800, and new-MH-needleless) were applied to the
skin of left lateral upper arms of 20 subjects for 6 h using a
handheld applicator at 12.8 N/200 microneedles (Fig. 1b).
To assess local adverse effects, skin irritation reactions were
scored 2, 3, 7, and 30 days after applying the patch,
according to the classification of the International Contact
Dermatitis Research Group (ICDRG) (27,28):—, negative
reaction; ?+, doubtful reaction, faint erythema only; +, weak
(non-vesicular) positive reaction, erythema, infiltration and
possibly papules; ++, strong (vesicular) positive reaction,
erythema, infiltration, papules, vesicles; +++, extreme pos-
itive reaction, bullous reaction; IR, irritant reaction. In 17
volunteers, the presence of purpura was observed by
disappearing erythema after pressure was applied to the skin
with a glass plate. Blood samples were collected at day 0 and
day 2. General peripheral blood tests and biochemical tests
of liver and renal function were performed to evaluate the
presence of systemic adverse reactions. All clinical proce-
dures were approved by Institutional Review Board for
Clinical Research, Osaka University Graduate School of
Medicine.

Observation of New-MH Application Sites by In Vivo
Confocal Laser-Scanning Microscopy

New-MH500 and new-MHB800 patches were removed im-
mediately, 1 h, or 2 h after application. Application sites
were observed using a confocal laser-scanning microscope
(Vivascope 1500; Lucid Inc., Rochester, NY, USA) immedi-
ately or 1 h after patch removal. Photographs of 0.5 pmX
0.5 pm areas were taken for every 1 um depth, and a z-axis
image was constructed at the depth of 100 pm. In addition, a
wide range of 4 X4 mm images were obtained; numbering 64
photographs from 8 vertical X 8 horizontal pieces.

Analysis of Microneedle Dissolution Kinetics
in Humans

New-MHB800 patches were applied to the skin of the left
lateral upper arms of three volunteers, and were removed
1 h and 6 h after application. Microneedle patches were
immediately observed using a stereoscopic microscope
(VHX-1000, KEYENCE).

Measurement of Transepidermal Water Loss (TEWL)

New-MHB800 patches were applied to the skin of the left
lateral upper arms of three volunteers, and were removed
immediately, 1 h, and 6 h after application. As controls, new-
MH-needleless patches were applied for 6 h. To evaluate the
degree of skin barrier dysfunction, TEWL was measured in
the sites of application using a Mobile Tewameter
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(MSC100/TM300; Courage +Khazaka electronic GmbH,
Koéln, Germany).

Assessment of Pain

The pain associated with application of microneedle patches
was expressed numerically using a Visual Analogue Scale
(VAS) from 0 (no pain) to 100 (unbearable pain).

Fig. 2 Needle-dissolution
kinetics of new-MH, and skin
status after application of new-
MH. (a and b) New-MH200,
new-MH300, and new-MHB800
were applied on the back skin of
BALB/c mice (a) or Wistar ST rats
(b) for the indicated times. After
removal of new-MH, the
microneedles remaining on each
new-MH were photographed
using a stereoscopic microscope.
() New-MH200, new-MH300,
or new-MHB800 were applied to
the back skin of Wistar ST rats for
30 min. The degree of erythema
on the skin of Wistar ST rats was
scored using the Draize scoring
system: O, no erythema or
edema; I, very slight erythema
and/or barely perceptible edema;
2, well-defined erythema and/or
slight edema; 3, moderate to
severe erythema or moderate

Application period T Application period Q
15 min 5min 60 min 5min

30 min

60 min

new-MH200

new-MH200

RESULTS

Comparison of Fundamental Characteristics
of New-MH and Old-MH

We investigated dissolution kinetics of microneedles in mice and
rats, whose skins differ in hardness and in thickness by approx-
imately 10 um. New-MH200 and new-MH300 microneedle

new-MH300

new-MH300

new-MH800

edema, and 4, severe erythema
and/or edema, 5 min, 2 h, 6 h,
24 h, or 48 h after removing
new-MHs. The mean score is
shown as a bar. Each panel shows
photographs of application areas
5 min after new-MH removal. (d)
Skin impedance of new-MH
application areas and non-
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L
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tips dissolved rapidly and microneedles on new-MHS800
resulted in a 50% reduction in length after 5 min in both mice
and rats (Fig. 2a and b). The dissolution of microneedles
progressed with application time, and all new-MH had
dissolved completely after 60 min. These dissolution kinetics
and technique for the insertion of microneedles were identical

to those of old-MHs independent of the components. We
evaluated erythema and edema at the application site using
the Draize scoring system 30 min after applying new-MHs. Five
minutes after patch removal, slight erythema was observed in 1
of 3 rats treated with new-MH200, in 2 of 3 rats treated with
new-MH300, and in all rats treated with new-MH800. These

a

22 = Anti-TT IgG titer 22 =

Anti-DT IgG titer

20+

18 4

16

14 4

Reciprocal log, titer
Reciprocal log, titer

12 4

<10k% T T T T 1 <10 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10

A A A A A A A A A A
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Fig. 3 Immune responses induced by antigen loaded new-MH formulations. (a) The new-MHB800 (¢ and ) or old-MHB800 (o and m) with 20 g TTand
|0 ug DT/needles were applied to the back skin of Wistar ST rats five times at 2-week intervals for | h (0 and o) or 6 h (¢ and m). Wistar ST rats were
subcutaneously injected with equivalent TTand DT doses (2). At the indicated points, sera collected from these rats were assayed for TTor DT IgG titers by
ELISA. Data are expressed as mean = SE of results from five rats. Arrows indicate the vaccination point. (b) Hartley guinea pigs were treated with new-
MH200, new-MH300, or new-MHB800 containing | ug OVA/needles for 6 h four times at 2-week intervals, or were subcutaneously immunized with | g
OVA (SCI) five times at 2-week intervals. As positive controls, Hartley guinea pigs were immunized by intraperitoneal injection of |-ug OVA and 5-mg Alum
(IPI) twice at 2-week intervals. Two weeks after the final vaccination, sera were collected from these animals and were assayed for OVA-specific IgG titers, and
O.D. value of IgE (16-fold dilution) by ELISA. For the PCA reaction, non-sensitized Wistar ST rats were injected with sera from immunized-guinea pigs.
Twenty-four hours later, these rats were intravenously injected with Evans blue and OVA, and a leak blue spot at the injection site was measured 30 min later.
Data are expressed as mean = SE of results from 4 to 6 guinea pigs. In ASA assessments, guinea pigs were intravenously injected with OVA a month after the
final vaccination, and the performance status of guinea pigs was scored using the ASA scoring system. N.D.; not detected.
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observations suggest that erythema is exacerbated by needle
length (Fig. 2c). However, erythema disappeared within 48 h,
and edema was not observed in any rats. Thus, application of
new-MH caused only minor irritation of the skin. Using skin
impedance measurements, we observed the recovery of skin
with microneedle puncture holes. Application of either new-
MH?200 or new-MH300 decreased skin impedance to 60-80%,
whereas application of new-MHB800 or tape-strips decreased
skin impedance to 20% (Fig. 2d). The impedance of tape-
stripped skin did not recover within 120 min. On the other
hand, skin impedance recovered within 60 min after removal of
new-MHZ200 or new-MH300 patches, and within 120 min after
removal of new-MHB800 patches. Therefore, puncture holes
that were caused by insertion of microneedles closed within a
few hours of new-MH application, indicating a low risk of
secondary infection. Given similar fundamental characteristics
of new-MH and old-MH, we conclude that new-MH is a safe
and minimally invasive device.

Immune Responses Induced by TCI
Using Antigen-Loaded New-MH

We selected MHB800, and compared vaccine delivery effi-
ciency between TCI using new-MH and old-MH over 1 h or
6 h. The profile of anti-toxoid IgG antibody production
following application of new-MH was similar to that of old-
MH (Fig. 3a). Thus, we confirmed that the components of
microneedles did not influence the intended immune re-
sponse. In addition, there was no significant difference be-
tween the 1-h and 6-h application periods, indicating that
the complete dissolution of microneedles within 1 h of appli-
cation was sufficient to deliver antigen into the skin and to
achieve effective vaccination. To further assess vaccination
efficacy, we evaluated whether toxoid-specific antibodies,
produced by application of new-MH, neutralized tetanus
toxin. Immunized rats were resistant to the lethal toxin after
tetanus toxin challenge, whereas the rats treated with
antigen-free new-MH800 died (Table I). Therefore, we have
confirmed that antigen-contained new-MH patches induce a
protective immune response against infectious diseases as
effectively as those of old-MH (21).

To assess unintended immune responses, we evaluated
antigen-specific IgE production in guinea pigs, which is main-
ly used to identify allergic reactions. Anti-OVA IgG titer
increased in all immunized guinea pigs, and the TCI and
SCI groups showed little induction of anu-OVA IgE
(Fig. 3b). In addition, we conducted PCA and ASA analyses
to assess allergic reactions. In the PCA analysis, antigen-
specific Evans blue leak from the injection site was measured
in sera from immunized guinea pigs. In the IPI group, a
positive PCA reaction (>5 mm) was observed; the diameter
of the ceruleus was 6.9 mmin a 1/128 dilution of sera. On the
other hand, sera of TCI and SCI groups did not give positive
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PCA reactions, even in undiluted sera. In ASA assessments,
allergic reactions, which appeared after injection of antigen
into immunized guinea pigs, was evaluated. Positive control
guinea pigs died immediately, but guinea pigs of the T'CI and
SCI groups remained alive. The ASA scores of TCI and SCI
groups were all below 1, although minor anaphylactic symp-
toms were observed in TCI-treated animals following appli-
cation of new-MH800, as well as in SCI animals. Because
these results showed that TCI using new-MH induced
antigen-specific immune responses and did not cause allergic
reactions, we conclude that new-MH is a safe and efficacious
device for practical use in TCI system.

State of the Human Skin After Application
of New-MHs

In animal experiments, we showed that the new-MH device
is practical and suitable for TCIL Subsequently, we
conducted a clinical study to demonstrate the application
of new-MHs to human skin. We examined skin using a
confocal laser-scanning microscope immediately after 5-s
application of new-MH500 or new-MH800 to the human
skin. Puncture holes were distinct on the skin surface, and the
delivery depth was at least 100 um (Fig. 4a). As the thickness
of human stratum corneum is approximately 10-20 pum, this
indicates that the microneedles of new-MH were able to
deliver antigen into the epidermal layer of the human skin.
Given that the thickness and water content of skin differs
between animals and humans, we confirmed the solubility of
microneedles in humans at various times after application.
After 1 h, the microneedles had completely dissolved in 2 of 3
subjects, and their length was reduced by 50% in the other
subject (Fig. 4b). In all subjects, the microneedles fully
dissolved within 6 h after new-MH application, although
complete dissolution times varied between individuals.
These data showed that the new-MH patches deliver antigen
to humans in 6 h. Next, we monitored the closing of punc-
ture holes by measuring TEWL as an index of skin barrier

Table I Passive-Challenge Experiment of Wistar ST Rat with Tetanus Toxin

Vaccination No. of survival rats/
No. of tested rats
Route Tetanus Application
toxoid (ug/site)  period (h)
TCl; (new-MH800) 20 | 3/3
TCl; (new-MH800) 20 6 5/5
TCl; (old-MH800) 20 | 3/3
TCl; (old-MH800) 20 6 5/5
TCl; (new-MHB00) — 6 0/3
SCl 20 - 3/3

MH MicroHyala; TCl transcutaneous immunization; SCI subcutaneous
immunization
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dysfunction. TEWL of treated skin increased immediately
after new-MHB800 patches were removed and decreased
gradually with time (Fig. 4c), indicating rapid recovery of
skin barrier function. After 6-h application of new-MH
patches, TEWL was lower than that after 5-s or 1-h appli-
cation. In addition, confocal laser-scanning microscopy
showed that the puncture holes tended to close with longer
new-MH application periods (Supplementary Material
Fig. S1). Hence, given the dissolution kinetics, we did not
consider barrier dysfunction or the risk of secondary infec-
tion after 6 h applications of new-MH.

Fig. 4 Status of skin treated with
new-MHs, and needle-dissolution
of new-MH in humans. (@) New-
MHB800 or new-MH500 were
applied to the skin of the left lateral
upper arms of two healthy
volunteers for 5 s, and skin images
were immediately photographed
using in vivo confocal scanning
laser microscopy. (b) New-
MHB800 was applied to the skin of
the left lateral upper arms of three
healthy volunteers for | hor 6 h,
and microneedle patches were
immediately observed using a
stereoscopic microscope. (c)
New-MH800 was applied to the
skin of the left lateral upper arms
of three healthy volunteers for 5 s
(@, I h(a),oré6h(o)Asa
control, new-MH-needleless was
applied for 6 h (). At the b
indicated time after new-MH
removal, TEWL of the application
sites was measured. Data are
expressed as mean = SE of
results from three subjects. ;
TEWL of untreated skin. (d)
New-MH-needleless, new-
MH300, new-MH500, and new-
MHB800 were applied to the skin
of left lateral upper arms of |7
healthy volunteers. Subjects were
asked to grade the pain
experienced using a VAS from

0 (no pain) to 100 (unbearable
pain). Data are expressed as
mean = SE of results

from 17 subjects.

Skin surface

Cross-section

Before

1-h later

6-h later

new-MH500

To further assess the safety and utility of new-MH
patches, we evaluated the pain of new-MH application using
VAS assessments in 17 subjects. Among subjects treated with
new-MH-needleless, new-MH300, new-MH500, and new-
MHS800, no significant differences in VAS scores were iden-
tified by the Steel-Dwass test (Fig. 4d). We assumed that the
VAS scores associated with new-MH-needleless, which did
not have microneedles, resulted from the impact of the
handheld spring-type applicator. The VAS scores for each
new-MH were low, suggesting that the insertion of
microneedles into the skin was minimally painful.
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Finally, we assessed local and systemic adverse effects of
new-MH application for 6 h in humans. Two days after each
new-MH application, faint erythema was observed in 1 sub-
ject treated with new-MH300, 12 subjects treated with new-
MH500, and 13 subjects treated with new-MH800 (Table II).
However, these local responses disappeared in most subjects
within 7 days, and skin condition recovered in all subjects
within 30 days after application. After application of new-
MH500 and new-MH800, purpura, which is caused by cap-
illary damage, was observed in about a half of the subjects.
These symptoms disappeared within 30 days, except in the
case of one subject with remaining pigmentation that was
clinically unproblematic. Application of new-MHs did not
cause any systemic adverse effects as determined by a general
peripheral blood test and biochemical tests of liver and renal
function (Supplementary Material Fig. S2). Thus, we have
demonstrated that TCI using new-MH can be applied to
humans without severe local or systemic adverse responses.

DISCUSSION

In this study, we prepared new-MH without collagen and
ivestigated the safety of new-MH application to the human
skin. We previously reported that old-MH, which contained
collagen, is a safe and efficacious device in animal experi-
ments (20,21). However, collagen is suspected to cause aller-
gies in humans. The microneedles of new-MH were inserted
into animal skin, and dissolved completely within 1 h as did
old-MH. Severe local responses were not observed after
application of new-MH. Skin impedance decreased imme-
diately after new-MH application and recovered within
120 min, indicating that the puncture holes caused by new-
MH application close rapidly. In addition, we verified that
new-MH containing T'T and DT induced immune responses

that were equal to those produced by old-MH and subcuta-
neous immunization. Thus, we demonstrated safe applica-
tion of new-MH to animal skin, effective delivery of the
antigen into the skin, and induction of antigen-specific
antibodies.

Some researchers have indicated that TCI is more effec-
tive than conventional subcutaneous or intramuscular injec-
tions (29,30), and in particular, strongly induces Th2 re-
sponses (31,32). Because the production of IgE antibody
was apprehended during induction of the immune response,
we conducted an allergy test of new-MH using guinea pigs.
Application of new-MHs did not significantly increase IgE
antibodies, and induced an antigen-specific anaphylactic
reaction, indicating that new-MH did not induce allergic
responses. Thus, we hypothesized that new-MH could be
applied to the human skin safely.

Based on these results, we conducted a clinical study of
new-MH on the human skin. The microneedles on new-MH
successfully penetrated the human skin, which differs in
thickness and water content to animal skin, and dissolved
completely within 6 h. In animal experiments, we confirmed
that there were no significant differences in immune re-
sponses between 1-h and 6-h applications of new-MH.
Because the application period, in which complete dissolu-
tion occurs, may effect induction of the intended immune
response, we confirmed that the microneedles of new-MH
delivered sufficient antigen into the skin, and induced an
immune response in 6 h. Moreover, in TEWL assessments
of skin barrier function, skin treated with new-MH for 6 h
was more functional than the skin treated for 1 h. Therefore,
we decided that 6 h application is necessary to maximize
efficacy of antigen delivery and recovery of skin barrier
function.

Subsequently, we assessed local and systemic adversities of
new-MH application for 6 h in 20 human subjects. Although

Table Il Local Adverse

Event After Application new-MH Day ICDRG score Purpura
of New-MHs
1+ +
new-MH300 2 19/20 (95%) 1720 (5%) 0720 (0%) 0/17 (0%)
3 20/20 (100%) 0720 (0%) 0720 (0%) 0/17 (0%)
7 20/20 (100%) 0720 (0%) 0720 (0%) 0/17 (0%)
30 20/20 (100%) 0720 (0%) 0/20 (0%) 0/17 (0%)
new-MH500 2 8/20 (40%) 12/20 (60%) 0720 (0%) 6/17 (35.3%)
3 13/20 (65%) 6/20 (30%) 1720 (5%) 8/17 (47.1%)
7 19/20 (95%) 0720 (0%) 1720 (5%) 6/17 (35.3%)
International Contact Dermatitis 9 9 9 9
st G (CORO) w2 mesy e omow  enres
—, negative reaction; ?+, doubtful news ( oo) ( OO) ( OO> G5 Oo)
reaction, faint erythema only; +, 3 13/20 (65%) 7/20 (35%) 0/20 (0%) 10/17 (58.8%)
weak (non-vesicular) positive reac- 7 19/20 (95%) 1720 (5%) 0/20 (0%) 5/17 (29.4%)
tion, erythema, infiltration and pos- 30 20/20 (100%) 0/20 (0%) 0/20 (0%) 0/17 (0%)

sibly papules
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application of new-MH caused slight erythema in a few
subjects, most reactions disappeared within 30 days. In ad-
dition, severe systemic adverse events were not observed in
blood tests. Thus, we have shown that this new-MH device
can be safely applied to the human skin.

In recent years, Intanza/IDflu (Sanofi Pasteur) has been
approved as a novel method for influenza vaccination.
Intanza/IDflu uses a “Soluvia” (Becton Dickinson) device,
which has a single 1.5-mm long needle that allows intrader-
mal injection of vaccine. While Intanza/IDflu has proven
skin targeting vaccination efficacy, the use of needles that are
longer than 1 mm has the disadvantage of pain. Therefore,
the development of a painless vaccination system using
microneedles of less than 1-mm length is required. In previ-
ous studies,
microneedles and coating microneedles, have been devel-
oped (16,33). However, the hollow needle formulation re-

various microneedles such as hollow

quires cold chain storage and transportation of antigen solu-
tions, and the coating microneedle formulation is limited by
the quantity of antigen that can be coated onto microneedle
surfaces. To date, these microneedle technologies have not
become practical to use. Our new-MH has the potential to
overcome these problems, because antigen is contained with-
in the microneedles. Indeed, the present data greatly con-
tribute to the practical use of microneedle devices, and we
are performing clinical studies to assess safety and efficacy of
new-MH in the delivery of seasonal trivalent influenza HA
antigens. Furthermore, applicators for self-administration
are being developed for microneedle formulations.

CONCLUSIONS

We prepared collagen-free new-MH for clinical use, and
confirmed that there were no differences in safety and effi-
cacy between new-MH and old-MH. In addition, this study
shows that new-MH is safely applicable to the human skin.
We expect that this innovative new-MH TCI system for
vaccine delivery will greatly decrease the mortality and mor-
bidity that is associated with preventable infectious diseases.
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