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Fig. 6. Kinetics of antigen deposition after FITC-OVA administration to HR-1 hairless mice via MN patch delivery, intradermal (ID) injection of reconstituted FITC-OVA, or
ID injection of phosphate-buffered saline containing FITC-OVA. (A) Representative in vivo fluorescence imaging for antigen deposition from 4 mice for each group. Images
were captured by the CRi Maestro EX system at the indicated time point after administration. Here, time 0 means the time of MN removal after 1-h application. (B) Integrated
fluorescence intensity for the injection site as a function of time after administration. The intensity was measured from images captured using Maestro version 2.10 software.

Data represent the average & standard deviation of 4 measurements each.

no sufficient margin for safety, which resulted in the use of an
applicator for insertion. In commercial use, rapid mass vaccination
and self-administration require robust needle strength to enable
administration without special training or equipment. Thus, we
believe that further improvement in needle strength is necessary.

Dissolution characteristics evaluation using ATRA MN patches
provided a better understanding of the application time. Placebo
or OVA MNs were sufficiently dissolved within 60 min (Matsuo
et al,, 2012b). ATRA MNs required a 120-min application time
for sufficient dissolution. This longer application time may be
because of the poor water solubility of ATRA. For further evalua-
tion of dissolution characteristics, antigen diffusion and deposition
were assessed using FITC-OVA. FITC-OVA administration using MN
patchesresulted in prolonged antigen deposition compared with ID
administration via a hypodermic needle. Prolonged antigen depo-
sition via MN patch administration might depend on the greater
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viscosity of sodium hyaluronate than of the PBS solution. These
observations are similar to the results of del Pilar Martin et al.,
that is, stainless steel MN vaccination of a Qdot-labeled influenza
virus also resulted in prolonged antigen deposition in the skin for
up to 7 days (del Pilar Martin et al.,, 2012), and they suggested
that the prolonged deposition might be because of the large size
of the inactivated virus antigen and the kinetics of antigen traf-
ficking to the draining lymph nodes. In addition to roles as an
immune stimulant, aluminum hydroxide adjuvant also contributes
to antigen deposition. These findings will be a potential advan-
tage of MN immunization; that is, prolonged antigen exposure to
antigen-presenting cells leads to robust immune responses.
Chemical stability data revealed that ATRA MN patches pack-
aged in heat-sealed aluminum laminated sachet are stable under
refrigerated conditions (4°C) for up to 24 weeks. It is well known
that ATRA is not stable against light, heat, or oxidants. Various
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Fig. 7. ATRA stability as a function of storage time at 4 or 25 *C for ATRA-loaded MN patches. ATRA content was assayed by high-performance liquid chromatography. Data
represent the average =+ standard deviation of 4 measurements each. Almost 15% drug loss was observed after storage at 4 °C for 24 weeks, but this loss was not significant
(Student’s t-test, p =0.08). Conversely, approximately 50% loss was observed after 24 weeks at 25 *C (Student’s t-test, p < 0.05).
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Fig. 8. Antigen-specific antibody responses after vaccination using MN patches (MH800) stored at various temperatures for 6 or 12 months. Combined tetanus toxoid (TT;
20 p.g) and diphtheria toxoid (DT; 10 pg)-loaded MN patches stored at 4, (D), 25 *C (1), 40 "C(A) for (A) (B) 6 or (C-D) 12 months were pressed into the back skin of Wistar-ST
rats. Vaccinations were repeated 5 times every 2 weeks. Arrows indicate the vaccination timing. As a control, freshly prepared combined TT (20 jug) and DT (10 pg)-loaded
MN patches were also pressed into the back skin of Wistar-ST rats under the same vaccination schedule (4). At the indicated periods, sera were collected from the rats to
determine the toxoid-specific IgG titers. Data are expressed as mean = standard error of 5 measurements.

formulations have been investigated (Brisaert et al., 1995; Hattori
et al., 2012; Ozpolat and Lopez-Berestein, 2002; Zuccari et al,,
2005). Lim et al. developed a solid lipid nanoparticle formulation
to improve the stability, which exhibited good stability with more
than 90% of the drug remaining after 1 month of storage at 4°C. Our
formulated ATRA MN patch also exhibited good stability after stor-
age at 4°C, with more than 90 and 85% of the drug remaining after 8
and 24 weeks of storage, respectively. The results indicated no sig-
nificant incompatibility of the drug with the component materials
of MicroHyala®, sodium hyaluronate, dextran 70, and polyvidone.
Because of the many therapeutic applications of ATRA, particu-
larly in dermatological treatment, successful fabrication of ATRA
MN patches allowed us to extend MN technology to both vacci-
nation and novel therapeutic development in dermatology. As a
proof of principle, we plan to investigate the feasibility of ATRA MN
patches in the treatment of seborrheic keratosis, a common skin
tumor.

Our study also demonstrated that MN patches stored at 40 °C for
12 months could induce robust antigen-specific immune responses
comparable with those induced by freshly prepared MNs (Fig. 8). In
addition to the immune response, the dissolution kinetics of TT/DT-
loaded MNs was not changed by storage (Supplementary Fig. S2).
Although further investigations using lower doses of vaccines or
different types of vaccines are needed, the thermostabilities con-
firmed in this study suggest that MN vaccine formulations could be
stored at room temperature, which would be an important bene-
fit to increase vaccination coverage in developing countries where
refrigeration is not sufficient.

5. Conclusion

This study evaluated the performance and characteristics of
sodium hyaluronate-based MN patches to identify potential qual-
ity issues for future commercial usage. The advantage of prolonged
antigen deposition after MN vaccination would lead to superior
immune responses compared with those of traditional hypodermic
needle vaccination. In addition, good stability without signifi-
cant incompatibility with ATRA and TT/DT vaccines would permit
the production of thermostable products. The ATRA MN patch
will facilitate the development of new dermatological therapeu-
tic applications. Overall, although its needle strength needs to
be improved, our transcutaneous drug delivery system utilizing
MicroHyala® would be an effective product for the simple, safe,
and relatively painless delivery of drugs.
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Transcutaneous immunization (TCI) is a promising needle-free, easy-to-use, and low-invasive vaccination
method. The hydrogel patch-based TCI system induced immune responses against soluble antigens (Ags) like
toxoids, but could not induce immune responses against particulate Ags. Here, as an effective TCI system against
every form of Ag, we developed a dissolving microneedle array of three lengths (200, 300, or 800 pm) made
of hyaluronate as a novel TCI device. Unlike conventional microneedles, the microneedles of our dissolving
microneedle arrays dissolved in the skin after insertion. Each dissolving microneedle array effectively delivered
both soluble and particulate Ags under the stratum corneum. TCl using these dissolving microneedle arrays
induced effective immune responses in rats regardless of the Ag form that were comparable to conventional
vaccination using subcutaneous immunization. In addition, application of these dissolving microneedle arrays
caused only slight skin irritation. These findings suggest that our TCl system can simply, safely, and effectively
improve protective immune responses for every vaccine Ag.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Vaccination is the most effective preventive measure for protecting
against infection-related mortality. Most vaccines are administered by
injection with syringes and needles. Conventional injectable vaccina-
tion, however, has several inherent problems; the requirement for
medical personnel or techniques, needle-related disease or injuries,
and storage or transport issues, such as maintaining a proper cold
chain {1,2]. These factors prevent the widespread use of vaccines in
developing countries and rapid mass vaccination on an emergency
basis, such as during an emerging pandemic. The development of
easy-to-use, needle-free, and low-invasive vaccination methods is an
urgent task globally.

Abbreviations: Ad, adenovirus vector; Ag, antigen; APC, antigen-presenting cell; DC,
dendritic cell; dDC, dermal dendritic cell; ELISA, enzyme-linked immunosorbent assay;
ELISPT, enzyme-linked immunospot; FITC, fluorescein isothiocyanate; HEK, human
embryonic kidney; IDI, intradermal immunization; IFN, interferon; IL, interleukin; LC,
Langerhans cell; OVA, ovalbumin; SCI, subcutaneous immunization; SP, silica particle;
TCI, transcutaneous immunization; Th, helper T type; TS, tape-stripped.
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Transcutaneous immunization (TCI) offers an attractive vaccina-
tion method as it has the advantage of improved compliance over
conventional injection systems [3,4]. Skin, the target site of TCI, has
an advanced immune system with antigen-presenting cells (APCs)
such as Langerhans cells (LCs) or dermal dendritic cells (dDCs)
[5-8]. Direct antigen (Ag) delivery to these APCs could enhance
immune responses. The upper layer of the skin, the stratum corneum,
consists of corneocytes embedded in a highly organized crystalline
lamellar structure of the intercellular lipid matrix, thereby creating
a physical barrier to substance penetration [9,10].

Previously, to overcome this barrier, we developed a hydrogel
patch and revealed that a TCI system using the hydrogel patch induces
effective immune responses against tetanus and diphtheria toxoids
[11-13]. The hydrogel patch, however, less effectively promotes
particulate and insoluble Ag penetration through the stratum
corneum, thus TCI using a hydrogel patch does not induce effective
immune responses against such Ags. Most practical vaccine Ags are
in a particulate state, such as a less virulent strain of bacteria. The
development of a different TCI system that is effective against all Ag
forms is needed.

A microneedle array contains many micrometer-sized needles that
can create a transport pathway large enough for proteins and nano-
particles, but small enough to avoid pain [14]. In addition, microneedle
arrays have the advantage that they penetrate the stratum corneum
barrier to target immunocompetent cells in the skin, and the use of
a disposable array is suitable for self-administration by the patient
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[15]. This is a promising approach for a TCI system to deliver various
types of antigens into the skin. Gerstel and Place first presented a
microneedle system in a 1976 patent [16]. The first paper to demon-
strate the use of microneedles for transdermal delivery was not
published until 1998 [17], but since then microneedle arrays made
from silicon, metal, stainless steel, or titanium have been reported.
The clinical use of microneedle arrays has faced serious obstacles
because needles on microneedle arrays can fracture and remain in
the skin, which is a safety issue. In 2004, however, microneedle
systems made with biocompatible or biodegradable polymers began
to be developed [18]. These systems are superior to conventional
microneedle systems with regard to safety, leading to their early
clinical use. Moreover, there are now several microneedle designs,
such as solid microneedles, hollow microneedles, and coated micro-
needles. In the present study, we developed a dissolving microneedle
array as a novel TCI device. Our dissolving microneedle array is made
from sodium hyaluronate, as the base material. As sodium hyaluronate
is a component of skin tissue, it is safe for exogenous material inser-
tion. The needles inserted into the skin eventually dissolve because
of their ability to retain water. Because skin characteristics differ
between animal species, we conducted our experiments in both
mice and rats. We first evaluated our dissolving microneedle array as
a TCI device, and investigated its ability to induce immune responses
using model Ags, ovalbumin (OVA) as model soluble Ags, and adeno-
virus vector (Ad) as model particulate Ags.

2. Materials and methods
2.1. Animals and cell line

Fermnale C57BL/6 mice (6 weeks old), female BALB/c mice (6 weeks
old), female hairless rats (5 weeks old), and female Wistar ST rats
(5 weeks old) were purchased from SLC Inc. (Hamamatsu, Japan).
All animals were maintained in the experimental animal facility at
the Osaka University and experiments were conducted in accordance
with the guidelines provided by the Animal Care and Use Committee
of Osaka University.

Human embryonic kidney (HEK) 293 cells, the helper cell line for
adenoviral vector (Ad) propagation, were purchased from American
Type Culture Collection (Manassas, VA) and maintained in Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum.

2.2. Vector

Replication-deficient Ad was based on the adenovirus serotype 5
backbone with deletions of the E1 and E3 regions. Ad-Luc, which
expresses firefly luciferase under control of the cytomegalovirus pro-
moter, was previously constructed using an improved in vitro ligation
method [19]. Ad-Luc was propagated in HEK293 cells, purified by two
rounds of cesium chloride gradient ultracentrifugation, dialyzed, and
stored at — 80 °C. Vector particle titers were evaluated spectrophoto-
metrically using the method of Maizel et al. [20].

2.3. Hydrogel patch formulation

The hydrogel patch formulation was prepared as described previ-
ously [11-13]. The hydrogel patch formulation comprised cross-linked
HiPAS™ acrylate medical adhesives (CosMED Pharmaceutical Co. Ltd.,
Kyoto, Japan): octyldodecyl lactate: glycerin: sodium hyaluronan=
100:45:30:0.2, as a weight ratio of composition.

24. Fabrication of dissolving microneedle arrays and vaccination
procedure

The dissolving microneedle arrays containing Ags were fabricated
by micromolding technologies with sodium hyaluronate as the base

material. Briefly, sodium hyaluronate was dissolved in distilled
water, and then Ags were added and uniformly mixed. The aqueous
solution was cast into micromolds and dried in a desiccator at room
temperature. The dissolving microneedle arrays were obtained by
separating them from the molds. The microneedle arrays contained
over 200 microneedles/cm? that were 200, 300, or 800 um long,
each with a distance of 600 um between them. To form the micronee-
dle transcutaneous patch system, arrays with an area of 0.8 cm? were
fixed onto an adhesive film with a surface area of 2.3 cm? Henceforth,
we describe our dissolving microneedle array as the MicroHyala
(MH) with a needle length of 200 um (MH200), 300 um (MH300),
and 800 um (MH800).

The vaccination procedure is shown in Supplementary Fig. 1.
Forty-eight hours before application of each MH, the back skin of
animals except hairless rats was shaved using clippers, exposed by
removing hair with depilatory cream, washed with water, and
dried. All MHs were pressed on skin using a handheld applicator at
12.8 N/200 microneedles.

2.5. Dissolution kinetics analysis of microneedles on each MH

The MH200, MH300, and MH800 were applied to back skin of
BALB/c mice or Wistar ST rat for 5, 15, 30, or 60 min (Supplementary
Fig. 1). After removing the MH, the microneedles of each MH were
photographed using stereoscopic microscopy to measure the length
of the remaining.

2.6. In vivo skin irritation study

The MH200, MH300, and MH800 were applied to the back skin of
Wistar ST rat for 30 min. To estimate skin irritation by application of
each MH, the test sites were observed and scored for the signs of
erythema or edema according to the Draize dermal scoring criteria
[21] at 5min, and 2, 6, 24, 48, or 72 h after removing each MH.
Furthermore, to evaluate the degree of skin barrier dysfunction, the
skin surface impedance between the MH application area and the
non-application skin area was measured within 30 s using a Pocket
Tester (CDM-03D; Custom Inc., Kanagawa, Japan) 5, 15, 30, 60, or
120 min after removing each MH.

2.7. Substance delivery into the skin by each MH

After the application of each MH containing fluorescein isothio-
cyanate (FITC)-labeled ovalbumin (FITC-OVA; 1 pg) or FITC-labeled
amorphous silica particles (FITC-SP, particle size diameter: 300 um,
COREFRONT Co., Ltd., Tokyo, Japan; 1x 10° particle) for the indicated
duration, the skin was harvested, embedded in OCT compound
(Sakura Finetechnical Co., Ltd., Tokyo, Japan), and frozen in liquid
nitrogen. Frozen sections (10-pm thick) were mounted with Prolong
Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA), and then
photographed using fluorescence microscopy (BZ-8000; Keyence
Corporation, Osaka, Japan).

2.8. Vaccine protocol

To investigate the immune responses against (i) OVA (Sigma-
Aldrich Inc., St. Louis, MO) as a model soluble Ag and (ii) Ad as a
model particulate Ag, Wistar ST rats or hairless rats were vaccinated
according to the following methods.

(i) OVA (1 pg)-containing MH200, MH300, and MH800 were pre-
pared. These were applied to the back skin of C57BL/6 mice or
Wistar ST rats for 6 h. As subcutaneous immunization (SCI) or
intradermal immunization (IDI) groups, C57BL/6 mice or Wistar
ST rats were subcutaneously or intradermally injected with OVA
(1 pg). This procedure was repeated four times every 2 weeks.
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(ii) The Ad (7.7 x10° virus particle)-containing MH800 was pre-
pared. This was applied to the back skin of hairless rats for
6h. As control groups, hairless rats were subcutaneously
injected with Ad (7.7 x 10° virus particle), or transcutaneously
immunized with OVA (1pg) using a hydrogel patch. This
procedure was repeated three times every 2 weeks.

The MH was covered with wound management film (BIOCLUSIVE;
Johnson & Johnson Medical, Ltd., Tokyo, Japan) to allow for better skin
adherence.

2.9. Antibody titer measurement

Serum was collected from immunized mice or rats at the indicated
time points, and the Ag-specific IgG titer was determined by enzyme-
linked immunosorbent assay (ELISA) following the previously
described protocols [12]. End-point titers of the Ag-specific antibody
were expressed as the reciprocal log, of the last dilution that had
0.1 absorbance units after subtracting the background.

2.10. ELISPOT assay

C57BL/6 mice were transcutaneously, subcutaneously, or intrader-
mally vaccinated with 100 pg OVA three times at 2-week intervals.
Two weeks after the final vaccination, single-cell suspensions of
lymph node cells or splenocytes were isolated from the mice and
seeded onto 96-well plates at 4.0 x 10° cells/well. After 24-h stimula-
tion with 1 mg/ml OVA, the frequency of interferon (IFN)~y and inter-
leukin (IL)-4-secreting cells specific for OVA was evaluated using a

A MH200

5 min

Application time ) Application time TJ
15 min 5 min 60 min

30 min

60 min

MH300

mouse IFN-vy or [L-4 ELISPOT kit (Mabtech AB, Nacka Strand, Sweden)
according to the manufacturer's protocol.

2.11. Inhibitory experiment for Ad infection

Two weeks after the final vaccination, hairless rats vaccinated three
times with Ad were intravenously injected with Ad-Luc at vector
particle titers of 10%. Two days later, the liver was removed from these
hairless rats, weighed, and homogenized in phosphate-buffered saline
containing 10 pg/ml aprotinin and 100pM phenylmethylsulfonyl
fluoride. Luciferase activity in the homogenates was determined using
a luciferase assay system (Promega, Madison, WI).

3. Results
3.1. Fabrication and characteristics of each MH as a TCI device

We successfully fabricated three types of dissolving microneedle
arrays made of sodium hyaluronate and in various forms and lengths:
MH200, MH300, and MH800 (Fig. 1A). We examined the microneedles
dissolution process at different times after skin insertion. For the
MH200 and MH300 applied on both mice and rats, the microneedle
tips dissolved within 5 min and were fully dissolved at 1 h (Fig. 1B,C).
For the MH800, the microneedles were reduced in length by 50% within
5 min, and had completely dissolved by 1 h. These data showed micro-
needles surely dissolved in skin of animals with different thick stratum
corneum. Thus, our TCI system using the MH should be applied for
atleast 1h.

MH800

Fig. 1. Micrograph of dissolving microneedle arrays and dissolution kinetics of microneedles of each MH after skin insertion. (A) Bright-field micrograph of microneedles on MH200,
MH300, and MHS800. (B, C) The MH200, MH300, or MH800 was applied on the back skin of BALB/c mice (B) or Wistar ST rats (C) for 5, 15, 30, or 60 min. After removal of the MH, the

microneedles remaining on each MH were photographed under a stereoscopic microscope.
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3.2. Skin irritation caused by the application of each MH

We evaluated erythema and edema at the application site using the
Draize scoring system after 30-min application of each MH (Fig. 2A).
The skin of all rats showed no edema or erythema before application
(data not shown). After 30 min application of each MH, edema was not
observed in any rats. The MH800 induced slight or moderate erythema
that gradually disappeared within a few days (Fig. 2B). The MH200 and
MH300 induced slight erythema that disappeared within a few hours.
In addition, we measured the skin impedance to evaluate the skin
barrier dysfunction caused by each MH (Fig. 2C). Application of each
MH decreased skin impedance immediately after removal: MH800
(20%) >MH200 (60%) >MH300 (70%), but these values recovered with-
in 2 h. On the other hand, on tape-stripped skin in which the stratum
corneum was physically removed, the relative skin electric impedance
was decreased to 20% and did not recover within 2 h. This result suggests
that the holes caused by insertion of each MH closed up quickly. Thus,
application of each MH caused only temporary skin irritation, indicating
that our dissolving microneedle arrays are low-invasive TCI devices.

3.3. Localization of antigens delivered by each MH

We evaluated whether the MH could deliver not only soluble
Ags but also particulate Ags into the skin using FITC-OVA (soluble

substance) and FITC-SP (particulate substance). For mice, MH200
delivered FITC-OVA (green spot) or FITC-SP (green spot) into the
epidermis and upper layer of the dermis, whereas MH300 and
MHB800 delivered them into mainly the dermis (Fig. 3A). On the
other hand, for rats, MH200 and MH300 delivered FITC-OVA or
FITC-SP into the epidermis and upper dermis layer, whereas MHS800
delivered them from the epidermis to the lower dermis layer in the
skin (Fig. 3B). These results indicated that the MH delivered various
Ags into the skin regardless of the Ag form. In addition, the MH size
can be used to control the Ag delivery site.

3.4. Characterization of immune responses induced by TCI using the
Ag-encapsulating MHs

We investigated whether our TCI system using each MH induced
Ag-specific IgG production against OVA as a model soluble Ag. TCI
using each MH increased anti-OVA IgG titer in the sera of both
C57BL/6 mice and Wistar ST rats (Fig. 4A,B). The effect tends to be
equal or superior to that of SCI or IDI group. Additionally, in com-
parison of antibody production between TCI using MH200, MH300,
and MH800, for C57BL/6 mice, anti-OVA IgG titer induced by TCI
using MH300 or MH800 was higher than that of MH200 (Fig. 4a).
On the other hand, Wistar ST rats vaccinated once with MH800
showed higher OVA-specific IgG production than that in the TCl
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Fig. 2. Assessment of skin irritation caused by application of each MH. The MH200, MH300, or MH800 was applied to the back skin of Wistar ST rats for 30 min. (A) After MH
removal, the application site was observed. (B) The degree of erythema on the skin of Wistar ST rats was scored using the Draize scoring system: 0, no erythema or edema; 1,
very slight erythema and/or barely perceptible edema; 2, well-defined erythema and/or slight edema; 3, moderate to severe erythema or moderate edema, and 4, severe erythema
and/or edema. Mean value is shown as a bar. (C) Skin impedance between the MH application area and non-application area was measured 5, 15, 30, 60, and 120 min after
the removal of each MH. As the control group, the back skin of Wistar ST rats was tape-stripped. Data are expressed as mean = SE of results from three rats. TS, tape-stripped,
TCl; transcutaneous immunization. In each section, the stratum corneum lies between the top line and the middle line, the living epidermis lies between the middle line and bottom

line, and the dermis lies under the bottom line.



14 K. Matsuo et al. / Journal of Controlled Release 161 (2012) 10-17

MH800 Non-treated skin

>
=
I
N
[=]
[=)
=
ju
w
(=]
o

(a) FITC-OVA

s

e

AN
N

(b) F-SP

MH800 Non-treated skin

oY)
=
=
]
=]
5]
=
=
]
<]
)

(a) FITC-OVA

(b) F-SP

Fig. 3. Skin sections from animals vaccinated with each MH encapsulating FITC-OVA or FITC-SP. FITC-OVA (green) or FITC-SP (green)-containing MH200, MH300, and MH800 were
applied on the back skin of C57BL/6 mice (A) or Wistar ST rats (B) for 6 h. The skin was harvested and frozen. Frozen sections (6-um thick) were photographed under a fluorescence
microscope. The nucleus was counterstained using DAPI (blue).

groups using MH200 and MH300, but the anti-OVA IgG titer To evaluate the Th1/Th2 balance in the immune responses induced
reached maximum levels by the fourth vaccination in all TCI groups by our TCl, we analyzed the OVA-specific IgG subclass. On the analysis
(Fig. 4B). of 1gG subclass in C57BL/6 mice, OVA injection induced mainly anti-
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Fig. 4. OVA-specific antibody responses after transcutaneous vaccination. C57BL/6 mice (A) or Wistar ST rats (B) were transcutaneously vaccinated with 1 pg OVA using MH200,
MH300, or MH80O0 for 6 h four times at 2-week intervals. A control group was subcutaneously or intradermally immunized with 1 ug OVA. At the indicated points, sera collected
from these mice or rats were assayed for the OVA-specific IgG titer by ELISA. TCl; transcutaneous immunization, SCI; subcutaneous immunization, IDI; intradermal immunization.
Arrowhead indicates vaccination point.
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Fig. 5. Analysis of OVA-specific IgG subclass. An OVA (1 pg)-encapsulated MH200, MH300, or MH800 were applied to the back skin of C57BL/6 mice (A) or Wistar ST rats (B) for 6 h
four times at 2-week intervals. A control group was subcutaneously or intradermally immunized with 1 pug OVA. Two weeks after the final vaccination, serum collected from these
animals was assayed for OVA-specific IgG subclass (IgG1, 1gG2a, 1gG2b, 1gG2c) titer by ELISA. Data are expressed as mean + SE of results from 5 animals. ND; not detectable, TCI;
transcutaneous immunization, SCI; subcutaneous immunization, IDI; intradermal immunization.

OVA IgG subclass 1gG1 (Th2-type IgG subclass) not 1gG2c (Th1-type
1gG subclass), whereas TCI using MH200, MH300, and MH800 induced
both IgG1 and IgG2c specific for OVA (Fig. 5A). On the other hand,
in Wistar ST rats vaccinated by TClI using each MH, mainly IgG1 and
IgG2a (Th2-type subclass) not IgG2c (Thi-type subclass) were
increased, as well as in SCI group (Fig. 5B). TCI using MHs induced
distinct immune responses between C57BL/6 mice and Wistar ST
rats. The cause of these results might require further investigation.
Since, in C57BL/6 mice, interferon (IFN)-y (Th1-type cytokine) and
interleukin (IL)-4 (Th2-type cytokine) induce a class switch to IgG1
and IgG2c, we analyzed IFN-y and IL4-secreting lymphocyte cells upon
stimulation of OVA. In ELISPOT assay, the frequency of IFN-y-secreting
cells and IL-4-secreting cells in both lymph node cells and splenocytes
of C57BL/6 mice vaccinated with OVA by TCI using MH200, MH300, or
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MHB800 were detected fewer than that of SCI group (Fig. 6). This result
contradicted above data of IgG subclass analysis. Since various immune
events might contribute Th1/Th2 immune balance, to understand the
characteristics of immune responses induced by TCl using each MH
in detail, we need to investigate Ag-capturing APC subsets and the Ag-
presenting function of the APC subsets.

3.5. Protective efficacy against particulate antigen by TCl using
Ag-encapsulating MHs

Furthermore, to examine whether our TCI system induced im-
mune responses against particulate Ags, we evaluated the vaccine
efficacy of the TCl using the MH800 against Ad as a particulate
model Ag (Fig. 7A). TCl using MH800 increased the Ad-specific 1gG

900
800
700~
600 -
500 -
400+
300
200+
100

o

{b) IFN~y

Positive spots/10° cells

TCI TCI TCl

(MH200) (MH300) (MHsoo) '©F  SCI

300 - (b) IFN-y

200

100 4

Positive spots/10° cells

TCl TCl TCl

(MH200) (MH300) (MHgoo) '°F  SC!

Fig. 6. Cytokine production in lymphoid tissue of mice vaccinated transcutaneously with OVA. C57BL/6 mice were transcutaneously vaccinated with 1 pg OVA using MH200, MH300,
or MH800 four times at 2-week intervals. As control groups, C57BL/6 mice were intradermally or subcutaneously immunized with 1 ug OVA. Two weeks after the final vaccination,
single-cell suspensions of draining lymph node cells (A) or splenocytes (B) were prepared and an ELISPOT assay was performed after stimulating the cells with (W) or without (0J)
1 mg/ml OVA for 24 h. Data are expressed as mean = SE of results from five mice. TCl; transcutaneous immunization, SCI; subcutaneous immunization, IDI; intradermal immunization.
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Fig. 7. Inhibitory effects for Ad infection in hairless rats vaccinated transcutaneously with Ad. Ad (7.7 x 10° VP) was applied on the back skin of hairless rats using an MH800 for
6 h, or using a hydrogel patch for 24 h at 2-week intervals. A control group was subcutaneously immunized with Ad (7.7 x10° VP). (A) At the indicated points, sera collected
from these rats were assayed for the Ad-specific IgG titer by ELISA. (B) Two weeks after the final vaccination, hairless rats vaccinated with Ad were intravenously injected with
Ad-Luc at vector particle titers of 10%. Two days later, luciferase activity in liver homogenates was determined using a luciferase assay system. Data are expressed as mean = SE
of 3 to 5 rats. Arrowheads indicate the vaccination point. TCl; transcutaneous immunization, SCI; subcutaneous immunization.

titer after the first vaccination. This effect was equal to that of the SCI
group. On the other hand, hairless rats vaccinated with TCI using a hy-
drogel patch showed no Ad-specific IgG antibody production, because
the hydrogel patch could not promote particulate Ag penetration
through the stratum corneum. Next, to evaluate the neutralization ac-
tivity of the anti-Ad IgG antibody, we intravenously injected into hair-
less rats 2 weeks after the final vaccination. Two days later, luciferase
activity in the liver of hairless rats vaccinated transcutaneously using
the MH800 was repressed compared with that of TCI using a hydrogel
patch, comparable to that of the SCI group (Fig. 7B). Thus, TCI using
the MH induced neutralizing antibodies against particulate antigens.

Based on these results, our TCl system using the MH induced
immune responses against particulate Ags as well as soluble Ags,
suggesting that our original device would be applicable to every
type of vaccine Ag.

4. Discussion

In the present study, we developed our original TCI system using
dissolving microneedle arrays; the MH made of sodium hyaluronate,
which was fabricated in various forms and lengths; MH200, MH300,
and MH800. The microneedles on the MH were dissolved by water
in the skin and thus had no danger of remaining in the skin, making
our MH safer than traditional microneedle arrays made of metal or
stainless steel. In fact, the condition of the skin on which each MH
was applied recovered immediately after MH removal.

In both animal species, mice and rats, each MH showed similar in-
sertion characteristics and induction of immune response, suggesting
that our MHs dissolved in the skin and delivered Ags into skin with
various characteristics. Our results suggested that the MH can be
developed for clinical use, because it will be suitable for insertion into
people of different races with different skin characteristics all over the
world. It is reported that the force required for the insertion of micro-
needles into skin is over 0.058 N/needle [18]. As the microneedles on
each MH had enough force for insertion (data not shown), application
to human skin is promising.

In addition, TCI using each MH induced Ag-specific immune
responses. This result is due to the ability of Ag to be delivered by
each MH into a living epidermis and dermis in which APCs are present.
This is important information to advance the development of each
MH. Human skin characteristics vary (skin thickness, skin turgor,

and so on) with those of rodent models, thus we are now investigating
the characteristics of Ag delivery and microneedle insertion in a
human skin model.

Furthermore, TCI using the each type of MH induced immune
responses against both soluble and particulate Ags, suggesting that
this system is applicable to not only soluble Ags like toxoids, but
also to inactivated whole-organism vaccines and live vaccines. In
this respect, further studies of the activity retention of Ags contained
in the MH are needed.

In addition, there were difference in strength of Ag-specific anti-
body production induced by TCI using MH200, MH300, and MH800
in both mice and rats. This distinct immune response seemed to be
due to differences in the APC subset involved in Ag capture. The
APC subset differs in each layer of the skin, such as LCs in living epi-
dermis [22] or dDC in dermis [23]. If Ags were delivered to different
skin layers, then distinct immune responses would be induced. In
mice, Ags administrated into living epidermis and part of dermis by
TCI using MH200 are captured mainly by LCs, whereas LCs as well
as dDCs captured Ags delivered into both living epidermis and dermis
by TCI using MH300 and MH800. On the other hand, in rats, Ags
might be delivered into living epidermis and part of dermis by TCI
using MH200 and MH300, and are thus captured mainly by LCs.
Also, in rats vaccinated by TCI using MH800, LCs and dDCs capture
Ags delivered into both living epidermis and dermis. Though the
distinct immune function mechanism between LCs and dDCs is not
completely clear, dDCs might migrate into regional lymph nodes
more quickly than LCs in Ag administration [24]. We are currently
working to identify the Ag-capturing APC subsets in TCI using each
MH and to analyze the in vivo kinetics of these cells.

In addition, dDC were recently classified into two subsets; langerin
(C-type lectin receptor; CD207)-positive dDC, or langerin-negative
dDC [25-27]. The immune responses induced by these APC subsets
in the skin, such as LC, langerin-positive dDC, or langerin-negative
dDC, have not been investigated in vivo. Because the MH might deliver
the Ags into particular skin layers, such as living epidermis and upper
or lower layers of the dermis, the Ag can be selectively delivered to
specific APC subsets, suggesting that it is possible to analyze the
in vivo mechanism of immune function induced by these APC subsets.
On the basis of these analyses, we will clarify the skin immune system
and also discuss the detail immune characteristics of our TCI system.
We are currently analyzing the association between Ag delivery site,
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Ag-capturing cell groups, and immune responses by TCI using the
MH200, MH300, and MHB800.

5. Conclusion

These data indicated that our MH, as a novel TCI device, delivered
Ags into the skin regardless of the Ag form. Therefore, TCI using the
MH safely and effectively induced immune responses against soluble
and particulate Ags. The application of our TCI system against practical
infectious disease, such as influenza, is now being evaluated. In addi-
tion, we are currently working to analyze the mechanism of immune
responses induced by our TCL

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.jconrel.2012.01.033.
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ABSTRACT

Transcutaneous immunization (TCI) is an attractive alternative vaccination route compared to the commonly
used injection systems. We previously developed a dissolving microneedle array for use as a TCI device, and
reported that TCI with the dissolving microneedle array induced an immune response against model anti-
gens. In the present study, we investigated the vaccination efficacy against tetanus and diphtheria, malaria,
and influenza using this vaccination system. Our TCI system induced substantial increases in toxoid-
specific IgG levels and toxin-neutralizing antibody titer and induced the production of anti-SE36 IgG,
which could bind to malaria parasite. On influenza HA vaccination, robust antibody production was elicited
in mice that provided complete protection against a subsequent influenza virus challenge. These findings
demonstrate that TCl using a dissolving microneedle array can elicit large immune responses against infec-
tious diseases. Based on these results, we are now preparing translational research for human clinical trials.

Influenza

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Global epidemics of emerging infectious diseases such as highly path-
ogenic avian influenza [1,2] and the threatening reemergence of infec-
tious diseases like malaria [3,4] are a major concern, emphasizing the
importance of vaccination. Vaccination is the only fundamental prophy-
laxis against illness and death from infectious disease. The availability of
novel vaccination methods is urgently needed at the outset of a pandemic
or bioterrorism attack [5,6], because several problems are associated with
conventional injectable vaccination systems, such as pain, requirement
for medical personnel or techniques, needle-related disease or injuries,
and storage and transportation issues.

Transcutaneous immunization (TCl) is a novel method that holds
great potential for increasing the compliance and efficacy of future global
vaccination programs [7,8]. A number of alternative strategies to deliver-
ing Antigens (Ags) into the skin, such as electroporation [9], iontophoresis

Abbreviations: Ag, antigen; APC, antigen-presenting cell; BSA, bovine serum albu-
min; CT, cholera toxin; DT, diphtheria toxoid; HA, hemagglutinin; HI, hemagglutination
inhibition; IDI, intradermal immunization; IMI, intramuscular immunization; MH,
MicroHyala; PBS, phosphate-buffered saline; RBC, red blood cell; SCI, subcutaneous im-
munization; TCl, transcutaneous immunization; TT, tetanus toxoid.

* Corresponding author. Tel./fax: +81 6 6879 8176.
** Corresponding author. Tel.: +81 6 6879 8175; fax: +81 6 6879 8179.
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nakagawa@phs.osaka-u.ac.jp (S. Nakagawa).
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[10] and jet injector [11], are under investigation and some are undergo-
ing clinical studies. Such approaches, however, require large-size and spe-
cific equipment to use for vaccination, or are accompanied by pain similar
to standard injection systems. Some microneedle array designs have been
developed [12], but most are made from metal or stainless steel, and sorne
needles on microneedle arrays may fracture and remain in the skin,
which is a safety issue. In comparison with these methods, dissolving
microneedles offer several potential advantages [13]. First, this system is
minimally invasive and has no need for needle disposal because the
microneedles dissolve in the skin's interstitial fluid. These features
might allay patient fears of needles and syringes, and also eliminate
the risks of biohazardous sharps. Second, this system is simple and
easy-to-use for vaccination. The use of a disposable array is suitable
for self-administration by the patient. Third, this TCI system will likely
cost much less than an injection system or other TCl system because
the other methods require a cold chain for storage and transportation,
such as TCl using a gauze patch that must be saturated with Ag solution
just before application. In addition, clinical waste is eliminated because
our microneedle array dissolves in the skin's interstitial fluid.

We developed dissolving microneedle arrays, called MicroHyala
(MH), as a TCI device [14]. TCI using the MH induces immune re-
sponses against ovalbumin and adenovirus vector, with an efficacy
comparable to that of injected vaccination systems [14]. In the pres-
ent study, we investigated the vaccination efficacy of our TCI system
for practical infectious disease models, which is essential for validating
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the use of this TCI system. We examined the potential advantage of the
TCI system using tetanus toxoid (TT), diphtheria toxoid (DT), SE36, and
influenza hemagglutinin (HA) as Ags. In addition, we compared the vac-
cination efficacy of our TCI system to that of conventional immunization
systems, such as subcutaneous immunization (SCI), intradermal immu-
nization (IDI), intramuscular immunization (IMI), and intranasal immu-
nization (INI), which is a recently introduced method of administrating
attenuated influenza vaccine via the nasal cavity. Our findings revealed
that our TCl system induced an immune response that provides excellent
protection against infectious diseases. Based on these results, we are
continuing our studies to facilitate the application of this vaccination sys-
tem using MH for clinical use as a simple, easy-to-use, and effective vac-
cination method to provide infectious disease prophylaxis.

2. Materials and methods
2.1. Animals

Fermnale BALB/c mice (6 weeks old), ICR mice (6 weeks old), and
hairless rats (5 weeks old) were purchased from SLC Inc. (Hamamatsu,
Japan). All animals were specific pathogen free and maintained in the
experimental animal facility at the Osaka University. The experiments
were conducted in accordance with the guidelines provided by the An-
imal Care and Use Committee of Osaka University. Our permit number
for this study is “douyaku23-3-0".

2.2. Ags

TT, DT, SE36 [15], seasonal trivalent influenza HA from each of A/
Brishbane/59/2007(H1N1), A/Uruguay/716/2007(H3N2), and B/Florida/
4/2006, which were the influenza Ags recommended for inclusion for
the 2007-2008 season, and influenza HA from mouse-adopted influen-
za virus A/PR/8/34 were kindly provided by the Research Foundation
for Microbial Diseases of Osaka University, Suita, Japan.

2.3. MH fabrication

Sodium hyaluronate was dissolved in distilled water, and then Ags
were added and uniformly mixed. The aqueous solution was cast into
micromolds and dried in a desiccator at room temperature. MHs were
obtained by separating them from the molds. MHs were either
300 pm (MH300) or 800 pum (MH800) high, and contained over
200 microneedles/cm?. To form the microneedle patch system, arrays
with an area of 0.8 cm? were fixed onto an adhesive film with a sur-
face area of 2.3 cm®.

2.4. Vaccination protocol

2.4.1. TT/DT vaccination

Combined TT and DT-containing MH300 (1 or 3 pg each) and
MH800 (0.1, 1, or 10 pg each) were applied onto the back skin of hair-
less rats for 6 h. Control SCI groups were subcutaneously immunized
with combined TT and DT (10 pg each). These procedures were re-
peated five times at 2-week intervals. At the indicated periods, sera
were collected from the rats to determine the toxoid-specific IgG
titer, and sera collected 2 weeks after last vaccination were assayed
for analysis of the IgG subclass and the passive challenge experiment
described below.

2.4.2. SE36 vaccination

SE36-containing MH300 (0.1 or 2 pg) and MH800 (0.1 or 2 pg)
were applied onto the shaved back skin of BALB/c mice for 6 h. In
the SCI group, BALB/c mice were subcutaneously injected with SE36
(0.1 or 5 pg). These procedures were repeated four times at 2-week
intervals. At the indicated periods, sera were collected from the
mice to determine the toxoid-specific IgG titer, and sera collected

2 weeks after the last vaccination were assayed for analysis of 1gG
subclass and immunofluorescence assay as described below.

2.4.3. Influenza HA vaccination

For the seasonal trivalent influenza vaccination, three influenza
HA-containing MH800 (0.2 pg each) were prepared. The MHs were
applied to the shaved back skin of BALB/c for 6 h. For the control
groups, BALB/c mice were treated by either IMI or IDI with three
HAs (0.2 pg each) alone or with alum (100 pg), or by INI with three
HAs (0.2 pg each) alone or with 10 pg cholera toxin (CT). These proce-
dures were repeated twice at 4-week intervals. At the indicated periods,
sera were collected from the mice to determine the HA-specific IgG
titer. Sera collected 2 weeks after the last vaccination were assayed for
analysis of IgG subclass and HI titer measurement.

For the live influenza virus challenge experiment, HA from mouse-
adopted A/PR8/34 (0.4 pg)-containing MH800 was used. Control IMI or
INI groups were treated with intramuscular injection of HA (04 nug)
and intranasal application of HA (0.4 pg), respectively, plus CT (10 pg).
The non-immunized group received Ag-free MH800. These procedures
were repeated twice at 4-week intervals. At the indicated periods, sera
were collected from the mice to determine the HA-specific IgG titer.
Sera collected 2 weeks after the last vaccination were assayed for analy-
sis of IgG subclass and HI titer measurement.

2.5. Antibody titer measurement

Serum was collected from animals at the indicated time-points,
and the Ag-specific IgG or IgG subclass titer was determined by
ELISA following previously described protocols [16]. End-point titers
of Ag-specific antibody were expressed as the reciprocal log, of the
last dilution that showed 0.1 absorbance units after subtracting the
background.

2.6. Passive challenge experiment for tetanus toxin

Neutralization activity of test sera collected from hairless rats that
had been vaccinated five times with TT and DT was evaluated following
previously described protocols [16]. Two weeks after the final vaccina-
tion, test sera were collected from hairless rats that had been vaccinated
five times with TT and DT. ICR mice were injected subcutaneously with
a 50-pl mixture of 25-ul test serum diluted at 1/1, 1/10, 1/100, 1/1000,
and 25-p solution containing 20 ng tetanus toxin (Sigma-Aldrich, Inc.,
St. Louis, MO) after incubation at 37 °C for 1 h. Mice were monitored
for survival every 3 h for 96 h.

2.7. Immunofluorescence assays

Sera collected 2 weeks after the last vaccination of SE36 were assayed
for analysis of immunofluorescence assay as described below. Percoll-
purified red blood cells (RBC) infected by trophozoites and schizonts
were prepared following the previously described protocol [17]. The
RBCs were fixed with 3% paraformaldehyde/phosphate-buffered saline
(PBS) for 20 min at 4 °C, centrifuged at 1870 g for 10 min at 4 °C, and
resuspended in 3% bovine serum albumin (BSA; Sigma-Aldrich)/PBS.
The fixed RBCs were dropped onto slide glass and dried at room temper-
ature for 10 min. Then, 1% Triton X-100 in PBS was added, the plates
were placed at room temperature for 1 h and then washed with PBS
three times. The RBCs were blocked with 3% BSA/PBS for 1 h at room
temperature. After washing twice with PBS, serum diluted 1:100 with
3% BSA/PBS was added to RBCs and incubated for 1 h at room tempera-
ture. The RBCs were washed five times with PBS and Alexa Fluor 488-
conjugated anti-mouse IgG antibody (20 pg/ml; Invitrogen, Carlsbad,
CA) was added. After 1h incubation at room temperature, the RBCs
were washed with PBS five times and mounted with Prolong Gold anti-
fade reagent with 4',6-diamidino-2-phenylindole (Invitrogen).
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2.8. Hemagglutination inhibition (HI) titer measurement

In influenza vaccination, sera collected 2 weeks after the last vaccina-
tion were assayed for analysis of HI titer measurement following estab-
lished protocols. Briefly, sera were treated with receptor-destroying
enzyme (DENKA SEIKEN Co., Ltd., Tokyo, Japan) at 37 °C overnight
according to the manufacturer's instructions. After treatment, 25-u ali-
quots of 2-fold serially diluted serum were incubated with 25 pl of 4
HA units of each HA at 37 °C for 1 h, followed by incubation with 50 p
of 0.5% chicken RBC (Nippon Biotest Laboratories Inc., Tokyo, Japan) at
25 °C for 45 min. The HI titer was defined as the reciprocal of the highest
serum dilution that inhibited hemagglutination.

2.9. Influenza virus challenge

The live influenza virus challenge was conducted at Japan Biolog-
ical Science (Osaka, Japan). Two weeks after the last vaccination, mice
were challenged by intranasal instillation of 5x 10% PFU of mouse-
adapted influenza virus A/PR/8/34. After that, mice were monitored
for weight loss and signs of illness on a daily basis and evaluated as
described in Supplementary Table 1. Six days after the challenge,
the lungs were collected to determine the degree of lung consolida-
tion based on the following scale: 1, no consolidation; 2, <1/3 lobe;
3,>1/3to <1/2 lobe; 4, >1/2 to <2/3 lobe; and 5, >2/3 lobe, to mea-
sure the virus plaque using a plaque assay system, and to perform a
histopathologic assessment by hematoxylin and eosin staining. In-
flammation level of bronchial pneumonia and interstitial pneumonia
was scored according to severity, as follows: 0, none; 1, very slight; 2,
mild; 3, moderate; and 4, severe. In addition, the pneumonia was cat-
egorized as bronchopneumonia or interstitial pneumonia as follows:
bronchopneumonia; hypertrophy of bronchus mucous epithelium,
hyperplasia of bronchus mucous epithelium, denaturation or necrosis
of bronchus mucous epithelium, and infiltration with mononuclear
cells and polymorphonuclear neutrophil leukocyte of bronchial sub-
mucosa. Interstitial pneumonia; focal atelectic lung or alveolus of
the lung, focal hydrops or alveolus of the lung, focal bleed or alveolus
of the lung, infiltration with mononuclear cells and polymorphonu-
clear neutrophil leukocyte of alveolar septum and infiltration with
mononuclear cells and polymorphonuclear neutrophil leukocyte of
alveolus of the lung.

3. Results
3.1. Efficacy of TI/DT vaccination

We examined the vaccination efficacy of our TCI system for TT and
DT as typical clinical vaccine Ags. Hairless rats vaccinated by TCl using
MHS800 had an increased anti-TT IgG titer after the first vaccination at
a low Ag dose, which was comparable to that of the SCI groups
(Fig. 1A, B). The anti-DT IgG titer increased following vaccination using
either MH800 or SCI, and this effect was dose-dependent. In the TCl
group using MH300, the anti-TT or DT IgG titer increased with the
increasing number of vaccinations, and achieved maximum levels
equivalent to the MH800 and SCI groups (Fig. 1C, D). With the MH800,
the anti-DT IgG titer was dose-dependent, suggesting that TT had high
antigenicity. To evaluate the Th1/Th2 immune balance in our TCI system,
we analyzed the toxoid-specific IgG subclass (Fig. 1E, F). Among the rat
1gG subclasses, 1gG1 and IgG2a are classified as Th2-dependent, and
1gG2c as Th1-dependent [18]. SCI group induced IgG1, 1gG2a, and IgG2c.
On the other hand, TCI using MH300 or MH800 induced mainly 1gG1
and I1gG2a, but not IgG2c. Thus, our TCI system elicited a Th2-type im-
mune response rather than a Thl-type. In a passive-challenge experi-
ment, all mice treated with serum from non-immunized rats died
(Table 1). On the other hand, 4 of 4 test sera (1/100 dilution) from rats
vaccinated by TCI using MH800 with combined TT and DT (10 pg each)
neutralized the tetanus toxin, and this activity was also observed in TCl

group using MH800 (0.1 or 1 pg each). In the TCI group using MH300, 1
of 4 test sera (1/100 dilution), or 2 of 4 test sera (1/10 dilution) neutral-
ized the tetanus toxin. These results indicated that our TCI system using
each MH type induced toxoid-specific neutralization antibody and
blocked the development of infection.

3.2. Efficacy of SE36 vaccination

We examined whether anti-SE36 IgG was produced by our TCI sys-
tem. In mice vaccinated by TCI using MH800, anti-SE36 IgG increased in
a dose-dependent manner equivalent to that in SCI group (Fig. 2A). TCI
using MH300 containing 2 pg SE36 induced SE36-specific IgG production
equivalent to TCI using MH800 and SCI, but achieving the maximum IgG
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Fig. 1. Toxoid-specific IgG antibody responses after TCl. Combined TT and DT-containing
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" each) were applied to the back skin of hairless rats for 6 h five times at 2-week intervals.
As a control SCI group (u), hairless rats were injected with combined TT and DT (10 mg
each). At the indicated points, sera collected from these hairless rats were assayed for
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Table 1
Passive-challenge experiment of mice with tetanus toxin.

Vaccination Survival ratio

Route Device Toxoid (pg/site) 1/1° 1/10° 1/100"
TC MHS800 10 pg each 4/4 4/4 4/4
Ta MH800 1 pg each 3/3 3/3 2/3
TCI MH800 0.1 pg each 4/4 4/4 2/4
TCl MH300 3 pg each 4/4 4/4 1/4
TCl MH300 1pg each 4/4 2/4 0/4
scl Injection 10 pg each 4/4 4/4 3/4

2 Test sera were collected 2 weeks after the final vaccination from hairless rats that
were vaccinated 5 times at 2-week intervals. The mice were injected subcutaneously
with a 50-pl mixture of the indicated dilutions of test sera and 20 ng tetanus toxin
after incubating the mixture at 37 °C for 1 h.

b Dilution ratio of test sera.

titer level required additional vaccinations. Next, we investigated wheth-
er the anti-SE36 IgG antibody binds to the malaria parasite. An immuno-
fluorescence assay in the TCI and SCI groups detected green fluorescence
derived from SE36-specific igG in the same region of the blue
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points. Statistical significance was evaluated by one-way analysis of variance
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fluorescence produced by the malaria parasite, suggesting that the in-
duced antibody binds to the malaria parasite (Fig. 3). Because other
groups reported that IgG2a, IgG2b, and IgG3 among the IgG subclasses
have important roles in the antiproliferative effect of malaria parasites
[19], we analyzed the anti-SE36 IgG subclass. In TCl using MH300 con-
taining 2 ig SE36 and MH800 containing 0.1 or 2 pg SE36, 1gG1 was the
main subclass, and 1gG2a, 1gG2b, and IgG3 were also produced (Fig. 2B).
These results demonstrated that TCI using MH could induce an acquired
immune response and provide adequate protection against malaria.

3.3. Efficacy of influenza HA vaccination

We compared the immune response induced by TCI using MH800
with that of the IMI, IDI, or INI groups. The results of the anti-HA IgG
titer measurement (Fig. 4A-C) indicate that the IgG production pro-
file in the TCI group was similar to that of IMI groups with or without
alum as an adjuvant. The INI mice with HA alone produced a much
lower anti-HA titer than the other groups. The IgG titer of the IDI
mice with HA alone was also quite low. On the other hand, the anti-
HA IgG titer increased in mice vaccinated by INI with HA plus CT or
IDI with HA plus alum. Moreover, a sufficiently high IgG titer was
still detected 16 weeks after the last vaccination, suggesting that the
anti-HA IgG induced by the TCI system would remain effective
throughout the duration of the flu season. In addition, we analyzed
the HA-specific IgG subclass. Among the mouse IgG subclasses, IgG1
is classified as Th2-dependent, and IgG2a as Thi-dependent [20,21].
TCl with HAs had a similar IgG subclass pattern as the IMI and IDI
groups, whereas the INI group had greater induction of the Th1-type
IgG subclass (IgG2a) than the other vaccinated groups (Fig. 4D-F). We
then analyzed the HI titer of sera as the serological measure of
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Fig. 3. Fluorescence microscopic analysis of antibody-binding activity. BALB/c mice
were transcutaneously vaccinated with SE36 (2 ug/MH300) or (2 pg/MH800) for 6 h
four times at 2-week intervals. A control group was subcutaneously injected with
SE36 (5 pg) four times at 2-week intervals. Two weeks after the final treatment, sera
were collected from these mice. Trophozoite- and schizont (CDC1)-infected erythro-
cytes were identified in the sera. Anti-SE36 antibody binding to CDC1-infected erythro-
cytes was stained with Alexa Fluor 488-conjugated goat anti-mouse IgG antibody. The
nucleus was counterstained using 4’,6-diamidino-2-phenylindole, and then CDC1-
infected erythrocytes were photographed under a fluorescence microscope, TCl; trans-
cutaneous immunization, SCI; subcutaneous immunization.
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Fig. 4. Anti-HA immune responses in BALB/c mice after TCL. BALB/c mice were transcu-
taneously vaccinated with trivalent seasonal influenza HA from [(A,D) A/Brisbane/59/
2007 (HIN1), (B,E) A/Uruguay/716/2007 (H3N2), and (CF) B/Florida/4/2006] (0.2 mg
each; r) for 6 h twice at 4-week intervals. Control groups were treated with intra-
muscular (£), intradermal (), or intranasal (+) application of HAs (each 0.2 mg) twice
at 4-week intervals. Another control group was treated with intramuscular injection of
HA Ags (each 0.2 mg) with alum (100 mg) (¢), intradermal application of HA Ags (each
0.2 mg) combined with alum (100 mg) (¢), or intranasal application of HA Ags (each
0.2 mg) with CT (10 mg) (*) twice at 4-week intervals. (A-C) At the indicated points,
sera collected from these mice were assayed to determine the HA-specific 1gG titer by
ELISA. (D-F) Sera collected 2 weeks after the last treatment were assayed for HA-specific
IgG subclass (1gG1 and 1gG2a) by ELISA. (G) Two weeks after the final treatment, sera
collected from these mice were assayed for the HI titer. Hl activity expressed as the highest
dilution that resulted in complete inhibition of hemagglutination. Data are expressed
as mean =+ SE of results from 5-7 mice. INI; intranasal immunization, IDI; intradermal
immunization, N.D.; not detectable. Statistical significance was evaluated by one-way
analysis of variance followed by Tukey’s test for multiple comparisons. *; p < 0.01 versus
TCl (MH800) group.

functional antibodies. HI activity of TCI group was comparable to thatin
the IMI and IDI groups (combined with alum), and the levels appeared
to correlate with the levels of anti-HA IgG antibody response (Fig. 4G).
On the other hand, the IDI group (without alum) and INI group had
lower HI activity than the TCI group. INI (with CT) induced high HA-
specific IgA production which has a critical role in protecting against in-
fection, whereas little anti-HA IgA was detected in the other vaccination
groups, suggesting that our TCI system could not induce an HA-specific

IgA response to the same extent as the conventional injection system
(Supplementary Fig. 1). The results presented above indicate that TCI
using MH induced strong antibody responses with significant HI titers.

In virus challenge experiment, TCI elicited HA-specific functional
IgG antibody production equivalent to that in the IMI and INI groups
(Fig. 5A-C), whereas little anti-HA IgA antibody was detected in the TCI
and IMI groups (Supplementary Fig. 2). After A/PR/8/34 influenza virus
challenge, control mice treated with Ag-free MH800 (MH800/placebo)
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Fig. 5. Protection of vaccinated mice against influenza virus challenge. BALB/c mice
were transcutaneously vaccinated with HA from [A/PR/8/34 (HIN1)] (0.4 mg) for 6 h
twice at 4-week intervals. Control groups were treated with transcutaneous applica-
tion without HA, intramuscular injection of HA (0.4 mg), or intranasal application of
HA (0.4 mg) combined with CT (10 mg) twice at 4-week intervals. These mice were
each infected intranasally with 6 x 10° PFU of the A/PR/8/34(H1N1) virus. (A) At the
indicated points, sera collected from these mice were assayed for the HA-specific IgG
titer by ELISA. (B,C) Two weeks after the final treatment, sera collected from these
mice were assayed for (B) anti-HA IgG subclass (IgG1 and IgG2a) and (C) the HI titer.
HI activity is expressed as the highest dilution that resulted in complete inhibition of
hemagglutination. Data are expressed as mean = SE of results from 13 mice. (D) Body
weight was measured each day and is presented as a percentage of the original weight
before infection (day 0). (E) The performance status of the mice was scored every day.
(F) Six days after infection, the lungs were collected from these mice and number of virus-
es in the lung homogenate was determined using a plaque assay system. (G) The degree of
inflammation of the lung was scored as follows: 0, none; 1, very slight; 2, mild; 3, moder-
ate; and 4, severe. Pathologic findings were classified into bronchopneumonia and inter-
stitial pneumonia. {D-G) Data are expressed as mean =+ SE of results from 10 mice.
Statistical significance was evaluated by one-way analysis of variance followed by Tukey's
test for multiple comparisons. *; p < 0.01 versus TCl (MH800placebo) group. #; p < 0.01
versus TCI (MH800) group.
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Table 2
Degree of lung consolidation.

Vaccination Lung weight (g; mean = SE) Consolidation (/tested mice) Score (mean = SE)*

Lh Rl) Lh Rb R&Lb No Lb R\J
TCl (placebo) 0.15440.007 0.2434:0.022 1 0 9 0 42402 34405
TCl 0.068 4-0.007 0.1424+0.013 0 1 0 9 1.0+0.0 1.1+0.1
IMI 0.0594-0.003 0.123 4 0.005 0 0 0 10 1.0+0.0 1.0+£00
INI 0.057 4 0.002 0.117 £ 0.003 0 0 0 10 1.0+00 1.0+£00

2 Degree of consolidation: 1; no consolidation, 2; <1/3 lobe, 3; >1/3 to <1/2 lobe, 4; >1/2 to <2/3 lobe, and 5; >2/3 lobe.

b L; left lobe, R; right lobe, R&L; right and left lobes.

succumbed; they lost 30% of their body weight and showed worsening
of symptoms (Fig. 5D, E). In contrast, TCl group mice showed no re-
markable weight loss or other symptoms of illness, similar to the IMI
and INI groups. In MH800/placebo group mice, influenza virus was
detected at 10° plaque forming units (PFU)/g/ml, but the virus titer in
the lungs of the TCI group was below the detection limit, demonstrating
that our TCI system provided protection equal to that of IMI and INI
(Fig. 5F). The weight of lungs harvested from mice vaccinated by TCl
was equal to that of the IMI and INI groups. In the macroscopic findings,
consolidation was not observed in 9/10 of the TCI group, 10/10 of the
IMI group, and 10/10 of the INI group (Table 2). On the other hand, in
the non-immunized group, lung weight was much greater than in the
other groups and consolidation was detected in all of the mice. Based
on our evaluation of the degree of bronchial pneumonia and interstitial
pneumonia, the TCI group had a tendency toward a lower degree of
lung inflammation compared with the non-immunized group, and the
inflammation score in the IMI and INI groups was significantly lower
(Fig. 5G). On the basis of these results, our TCI system confers protective
immunity as effectively as IMI and INI administrations.

4. Discussion

We developed a novel TCl system using dissolving microneedle arrays,
comprising MHs. This study demonstrated the vaccination efficacy of our
TCl system against tetanus and diphtheria, malaria, and influenza as prac-
tical infection models.

TCl using MH without adjuvant induced effective immune re-
sponses as well as IMI, ID], and SCI, indicating that this TCI system
can replace the conventional injection system. INI system is attractive
because it can induce the mucosal immune responses based on IgA
production. Unfortunately, in this study, our TCI system did not in-
duce the HA-specific IgA. Other reports showed that TCI system com-
bining with some adjuvants such as CT, heat-labile toxin, or CpG
could induce mucosal immune responses [22,23)]. Therefore, we are
currently exploring adjuvant candidates for our TCI system to im-
prove our TCI system such as induction of mucosal immunity or cellu-
lar immunity.

In a previous report [24] on TCl using a hydrogel patch containing
TT and DT, 100 pg each of TT and DT was needed to induce the max-
imum effect. Our TCI system using MH induced the same maximal ef-
fect with a lower Ag dose; 1/100-1/1000 as compared with that of a
hydrogel patch, suggesting that the TCI system using MH is superior
to that using a hydrogel patch in terms of Ag dose reduction. We
also investigated whether TCI using a hydrogel patch containing SE36
induced SE36-specific IgG antibody production, and the results showed
that TCl using a hydrogel patch with or without adjuvant did not induce
anti-SE36 1gG production (Supplementary Fig. 3). Moreover, TCI using
MH effectively induced immune responses against particulate Ags,
like influenza HA. Based on these results, TCl using MH represents a sig-
nificant advance over previous TCI approaches.

There were difference in strength of Ag-specific antibody production
induced by TCI using MH300 and MHS800 in TT/DT or SE36 vaccination.
This distinct immune response seemed to be due to differences in the
Ag-presenting cell (APC) subset involved in Ag capture. Additionally,

based on the IgG subclass analysis, TCl using MH induced a greater
Th2-dominant immune response than the injection system in TT/DT vac-
cination, but almost the same IgG subclass pattern as the injection system
in influenza vaccination. The detailed mechanism underlying the immune
responses or Th1/Th2 balance is unknown. APCs are thought to have an
important role in controlling the characteristics of immune responses,
and therefore we are now investigating the characteristics of the immune
response in Lang-DTR-EGFP mice [25] or CD11¢-DTR-EGFP mice [26], in
which the Langerhans cells or CD11c-positive cells can be depleted by in-
traperitoneal injection of diphtheria toxin to study the role of APCs in our
TClI system. Evaluation of the impact of our TCI using MH300 and MH800
on the strength of immune responses and Th1/Th2 balance in animals will
help to define the characteristics of the TCI system, and to determine ad-
ditional applications of our TCI system.

5. Conclusion

The findings of our present study indicate that our TCl system
using MH induced effective immune responses against infectious dis-
eases. For clinical application of this TCI system, we are planning
translational studies and manufacturing methods for the TCI formula-
tion must also be established. We expect that our vaccine delivery
technology will lead to the launch of a TCI system that is efficacious,
easy-to-use, cost-effective, and widely acceptable to the public.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jconrel.2012.04.001.
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