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1. Introduction

ABSTRACT

Transcutaneous immunization (TCI) is a non-invasive and easy-to-use vaccination method. We demon-
strated the efficacy and safety of a transcutaneous vaccine formulation using a hydrogel patch in animal
experiments. In the present study, we performed a clinical study to apply our TCI formulation for vac-
cination against tetanus and diphtheria in human. The TCI device was a hydrogel patch (antigen-free)
applied to the left brachial medial skin of 22 healthy volunteers for 48 h. Next, the hydrogel patch, con-
taining 2 mg tetanus toxoid (TT) and 2 mg diphtheria toxoid (DT) as the TCI formulation, was applied
to 27 healthy volunteers for 24 h and some volunteers were vaccinated again by TCI formulation. For
safety assessment, the patch application site was observed to assess local adverse events, and systemic
adverse events were determined by a blood test. The antigen-free hydrogel patch and TCI formulation
containing TT and DT did not induce local or systemic severe adverse events. For vaccine efficacy estima-
tion, toxoid-specific serum antibody titers were determined by ELISA and the toxin-neutralizing activity
of the induced antibody was evaluated in a passive-challenge experiment. The anti-TT IgG titer and the
anti-DT IgG titer increased, and a significant effect was detected by paired t-test. The antibody titers were
maintained at higher level than that before vaccination for at least 1 year. Moreover, toxoid-specific anti-
bodies were produced by the second vaccination in some subjects. Antibodies induced by application of
the TCI formulation neutralized the toxin and prevented toxic death in mice. In addition, changes in the
skin condition due to application of the TCI formulation were observed under in vivo confocal Raman
spectroscopy. The amount of water and patch components in the stratum corneum increased after appli-
cation of the TCI formulation, suggesting that the change in the skin condition was related to antigen
penetration. These data indicate that this easy-to-use TCI system induces an immune response without
severe adverse reactions in humans. This easy-to-use and safe TCI formulation enables mass treatment in
an outbreak setting and increased vaccination rates in developing countries, and will greatly contribute
to worldwide countermeasures against infectious diseases.

© 2012 Elsevier Ltd. All rights reserved.

and highly pathogenic avian influenza (H5N1) [2] and the threat
of reemergence infectious diseases such as tuberculosis [3] and

Vaccination is the only fundamental prophylaxis against ill-
ness and death from infectious disease. The epidemic of emerging
infectious diseases such as severe acute respiratory syndrome [1]

Abbreviations: DT, diphtheria toxoid; ICDRG, International Contact Dermatitis
Research Group; IU, International Unit; LC, Langerhans cell; TCI, transcutaneous
immunization; TT, tetanus toxoid.
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malaria [4] emphasize the importance of vaccination. One example
of the global threat of infectious disease is the recent outbreak of
new influenza A (H1N1), which was declared to have a phase 6 pan-
demic status by the World Health Organization in June 2009 [5]. The
availability of novel vaccination methods is urgently needed at the
outset of a pandemic or bioterrorism attack, because conventional
injectable vaccination is associated with several problems such as
pain, requirement for medical personnel or techniques, needle-
related disease or injuries, and storage and transportation issues
such as the need for a cold chain [6,7]. Transcutaneous immuniza-
tion (TCI) is an attractive vaccination method that eliminates these
problems of injectable vaccination [8,9].
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The skin as a target organ for TCI contains various immunocom-
petent cells such as Langerhans cells (LCs), keratinocytes, dermal
dendritic cells, and mast cells [10-13]. In particular, LCs have a
critical role as potent antigen-presenting cells against external anti-
gens. TCI must deliver antigenic proteins to the LCs in the epidermal
layer to induce antigen-specificimmune responses. This is difficult,
however, because the stratum corneum provides a physical barrier
to substance penetration [14-16]. Other transcutaneous vaccine
delivery techniques like electroporation [17,18] and iontophore-
sis [19,20] include risks of inflammation and infection resulting
from damage to the stratum corneum. In addition, these methods
require large-size and specific equipment to use for vaccination.
Therefore, an easy-to-use and safe TCI system must be developed
for cost-effective and widely available vaccination.

We previously reported the development of a TCI system using
a hydrogel patch that delivered antigenic proteins into the skin
without destroying or removing the stratum corneum [21]. We
demonstrated that LCs captured antigen proteins in the epider-
mal layer, and migrated to lymph nodes. We reported that the TCI
formulation effectively induced the production of antigen-specific
antibodies to several model antigens. In addition, a TCI formu-
lation containing tetanus toxoid (TT) and diphtheria toxoid (DT)
as practical antigens induced an immune response [22], and the
toxoid-specific antibodies produced by this TCI formulation neu-
tralized the tetanus and diphtheria toxins. Moreover, side effects
were not observed in animal experiments, based on Draize scoring,
pathologic examination, and blood tests. Thus, vaccination using
our TCI formulation is not only effective but also safe, and we
believe that this TCI system can be applied to humans.

Based on our previous results, we conducted a clinical study of
our TCI system using a hydrogel patch. Here we show that our TCI
formulation is a practical and novel vaccination system, by evalu-
ation of the safety and efficacy of the vaccine against tetanus and
diphtheria in humans.

2. Materials and methods
2.1. Mice

Female ICR mice (7 weeks old) were purchased from SLC Inc.
(Hamamatsu, Japan). Mice were maintained in the experimental
animal facility at the Osaka University and experiments were con-
ducted in accordance with the guidelines provided by the Animal
Care and Use Committee of Osaka University.

2.2. Hydrogel patch formulation

The hydrogel patch formulation, comprising cross-linked
HiPAS™ acrylate medical adhesives (CosMED Pharmaceutical Co.
Ltd., Kyoto, Japan): octyldodecyl lactate:glycerin:sodium hyaluro-
nan=100:45:30: 0.2 as weight ratio of composition, was prepared
as described previously [21-23].

2.3. Patch test of a hydrogel patch

Twenty-two healthy volunteers (22-74 years old; Asian people
(Japanese); Male 17, Female 5) were enrolled in the study. Informed
consent was obtained from all volunteers before enrollment. All
clinical procedures were approved by the ethics committee of Nara
Medical University.

A TCI device comprising an antigen-free hydrogel patch
(1cm x 1cm) was applied to the left brachial medial skin of the
volunteers for 48 h and covered with wound protection film (Libat-
ape Pharmaceutical Co. Ltd., Kumamoto, Japan) to allow for better
skin adherence (Fig. 1). Forty-eight hours after patch application,

the patch was removed from the investigational sites. Skin irrita-
tion reactions were scored according to the classification of the
International Contact Dermatitis Research Group (ICDRG)[24,25]to
assess local adverse events at 48 h and 72 h after applying the patch.
Blood samples were collected at Oh and 48 h. A general periph-
eral blood test and biochemical tests of liver and renal function
were performed to evaluate the presence of systemic adverse reac-
tions. In addition, the volunteers were interviewed regarding the
presence of subjective symptoms. During this period, the volun-
teers were instructed to avoid any activity that might influence the
investigational sites.

2.4. Safety and efficacy of the TCI formulation

Twenty-seven healthy volunteers (22-74 years old; Asian
people (Japanese); Male 16, Female 11) were enrolled in the
study. Informed consent was obtained from all volunteers before
enrollment. All clinical procedures were approved by the ethics
committee of Nara Medical University.

Toxoid solution, containing 2 mg TT and 2 mg DT (Lot number:
TT, FTC0604; DT, DC0408. The Research Foundation for Microbial
Diseases of Osaka University, Suita, Japan) in phosphate-buffered
saline was dropped on the surface of a hydrogel patch (5 cm x 8 cm),
and the water was absorbed under aseptic conditions. The hydrogel
patch containing both TT and DT as a TCI formulation was applied to
the left brachial medial skin of volunteers for 24 h and covered with
wound protection film to allow for better skin adherence (Fig. 2A).
Fig. 2B summarizes the vaccination protocol using the TCI formu-
lation. Twenty-four hours after application, the TCI formulation
was removed from the investigational sites. Skin irritation reac-
tions were scored according to the classification of the ICDRG to
assess local adverse responses at 24 h and 48 h. A general periph-
eral blood test and biochemical tests of liver and renal function
were performed at 0 h and 48 h to evaluate the presence of systemic
adverse responses. In addition, the volunteers were interviewed to
assess the presence of subjective symptoms. During this period, the
volunteers were instructed to avoid any activity that might influ-
ence the investigational sites. Sixty days after application of the
TCI formulation, serum was collected from all subjects to measure
toxoid-specific antibody titers. In addition, a second vaccination in
5 subjects was administered 140 days after first vaccination using
the same procedures. ICDRG scoring was performed on day 141
and 142, and a blood test was performed on day 140 and 142 to
evaluate possible side effects induced by the second vaccination.
To measure antibody production induced by the second vaccina-
tion, serum was collected on day 140 and 200. Moreover, to assess
long-term vaccine effects, serum was collected from 6 subjects 365
days after the first vaccination.

2.5. ELISA for TT and DT

TT- or DT-specific serum IgG titers were measured using an
ELISA kit (Tetanus IgG ELISA or diphtheria IgG ELISA; IBL Interna-
tional GmbH, Hamburg, Germany) according to the manufacturer’s
instructions. Serum IgG titers were expressed as International Units
per milliliter (IU/ml).

2.6. Passive-challenge experiment with tetanus toxin

Test sera were collected from 5 subjects on day 0 and 60. ICR
mice were injected subcutaneously with a 50-l mixture of 25-p.l
test serum dilution (dilution factor; 25, 50, 100, 200, 400, and 800)
and 25 pl of a solution containing a lethal amount (20 ng) of tetanus
toxin (Sigma-Aldrich Inc., St. Louis, MO) after incubation at 37°C
for 1 h. Mice were monitored for survival for 1 week.
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Fig. 1. Experimental design of patch test. (A) A hydrogel patch (1 cm x 1 cm) was applied to the left brachial medial skin. (B) Each experiment was conducted at the indicated
points.
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Fig. 2. Experimental design of TCI formulation. (A) A hydrogel patch (5cm x 8 cm) containing TT and DT (2 mg each) was applied on the left brachial medial skin. (B) Each
experiment was conducted at the indicated points.

2.7. Analysis of skin condition after application of the TCI
formulation

Raman spectra at a range of depth (skin surface down to 20 or

25 wm) were recorded using in vivo confocal Raman spectroscopy
(the Model 3510 Skin Composition Analyzer; River Diagnostics,
Rotterdam, the Netherlands) in 5 subjects. The left brachial medial
skin was measured immediately and 1 h after removing the hydro-
gel patch containing TT and DT. As a control, the Raman spectra of
the right brachial medial skin (untreated skin) were collected.

The water content (mass-%) in the stratum corneum was deter-

mined from the water: protein ratio obtained by Raman signal
intensity. Raman spectra were measured for skin components
(natural moisturizing factor, lactate acid, and ceramide) and the
components of the hydrogel patch (glycerin). Their amounts were
expressed as relative to the keratin concentration. These proce-
dures were conducted as reported by Caspers et al. [26].

2.8. Statistical analysis

The antibody analysis was performed using the natural loga-

rithm of the antibody values for the paired t-test analysis because

Table 1
Local adverse event according to ICDRG.

the raw data did not follow a Gaussian distribution. For the skin
condition analysis, the values at each time point were compared
using a Steel-Dwass test at every 2 pm.

3. Results
3.1. Safety of a hydrogel patch

For effective development of TCI, the TCI device should be
safe for application in humans. We previously confirmed that our
TCI formulation induces few side effects in animal experiments.
Accordingly, we estimated that the hydrogel patch was a safe TCI
device for humans based on degree of skin irritation and sys-
temic adverse effects. Immediately after patch removal, the scores
of most subjects were classified as negative (Table 1A). Although
patch application caused faint erythema in 8 subjects (36.4%), these
reactions disappeared completely within 24 h of patch removal. In
addition, patch application did not have systemic adverse effects
as determined by a general peripheral blood test and biochemical
tests of liver and renal function (Table S1). None of the subjects
described particularly adverse symptoms. Thus, we concluded that
our hydrogel patch was safe in humans and TCI using a hydrogel

Time after removal ICDRG score
_a ?2+b +C +4d
(A) Application of a hydrogel patch Oh 14/22(63.6%) 8/22(36.4%) 0/22(0.0%) 0/22(0.0%)
24h 22/22(100.0%) 0/22(0.0%) 0/22(0.0%) 0/22(0.0%)
(B) Application of TCI formulation Oh 17/27(63.0%) 4/27(14.8%) 6/27(22.2%) 0/27(0.0%)
24h 15/26(57.7%) 2[26(7.7%) 9/26(34.6%) 0/26(0.0%)

a n o o

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).
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Table 2

Distribution of anti-TT and anti-DT antibody titers before and 60 days after application of TCI formulation.

Anti-TT antibody titer

Anti-DT antibody titer

1U/mL Day 0" Day 60° IU/mL Day 0 Day 60°
<0.1 8 7 <0.1 1 1

0.1-1.0 15 9 0.1-1.0 17 8

1.0-5.0 4 9 1.0-2.0 7 12

5.0< 0 2 2.0< 2 6

Total 27 27 Total 27 27

Range <0.10-1.83 <0.10-6.47 Range <0.10-2.87 <0.10-6.15
Geometric mean 0.22 0.39 Geometric mean 0.56 1.06

Day 0 vs. 60, p<0.01 in both anti-toxoids IgG titer by paired t-test.
 Number of subjects.

patchis promising for application without local or systemic adverse
effects.

3.2. Adverse responses due to application of TCI formulation

We prepared a novel TCI formulation containing TT and DT
using a hydrogel patch, which was verified to be a safe vac-
cine device in humans. TT and DT are used practically all over
the world as antigen proteins for injectable vaccine. We exam-
ined the safety of our TCI formulation in humans. More than
half of the subjects were scored as having a negative reaction
24h after application (Table 1B). Faint erythema was elicited in
4 subjects (14.8%) and a weak positive reaction was observed
in 6 subjects (22.2%). Although the number of positive subjects
increased (34.6%) within 24 h after removal of the TCI formulation
and some subjects described an itching sensation, those irritant
responses disappeared several days later. Additionally, systemic
adverse responses were not recognized by a general peripheral
blood test or biochemical tests of liver and renal function (Table S2).
The second vaccination tended to induce similar local and systemic
adverse responses (Tables S3 and S4). Taken together, these find-
ings indicate that the TCI formulation using our hydrogel patch
can be applied to humans without inducing severe side reac-
tions.

A7

Anti-TT IgG titer (IU/mL)

3.3. Immune response to vaccination using TCI formulation

Because we confirmed the safety of a hydrogel patch contain-
ing antigen proteins in humans, we next evaluated the efficacy of
the TCI formulation against tetanus and diphtheria. As shown in
Table 2 and Fig. 3, anti-TT IgG and anti-DT IgG increased (paired
t-test; p<0.01) following the first vaccination using the TCI formu-
lation, indicating that a single application of our TCI formulation
could induce an immune response in humans. We also adminis-
tered a second vaccination to 5 subjects in whom neither antibody
titer was significantly increased by the first vaccination. The IgG
titers increased in a part of subjects following the second vac-
cination, suggesting that an additional application increases the
efficacy of the TCI formulation (Table 3 and Fig. 4A and B). Anti-
body titers on day 365 after application of the TCI formulation were
maintained at a higher level than those on day 0 in all subjects
examined, although antibody titers tended to be lower on day 365
than on day 60 (Table 4 and Fig. 4C and D). Moreover, to evaluate
the toxin-neutralizing effects of the induced antibodies, we per-
formed a passive-challenge experiment with tetanus toxin using
the sera of 5 subjects whose antibody levels were increased by the
first vaccination. The maximum dilution factor of sera that neutral-
ized toxin on day 60 was higher than that on day 0 in all subjects
examined (Table 5). Thus, the TCI formulation induced a protec-
tive immune response against bacterial toxin. Therefore, our TCI

B "7
B—
5 5
Z
2
T 4
P
Q
D 3 4
l_
N
1 -
L
0
Day 0 Day 60

Fig. 3. Toxoid-specific IgG titer before and 60 days after application of TCI formulation. The hydrogel patch containing TT and DT (2 mg each/5 cm x 8 cm) was applied on the
left brachial medial skin for 24 h. Sixty days later, the serum were collected and anti-TT (A) or DT (B) IgG titer was determined by ELISA. Open circle indicated each sample,

and bar indicated geometric mean value.
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Table 3

Distribution of anti-TT and anti-DT antibody titers before (Day 140) and 60 days (Day 200) after second application of TCI formulation.

Anti-TT antibody titer

Anti-DT antibody titer

IU/mL Day 140 Day 200 IU/mL Day 140° Day 200
<0.1 2 2 <0.1 1 0
0.1-1.0 3 3 0.1-1.0 3 4
1.0-5.0 0 0 1.0-2.0 1 1
5.0< 0 0 2.0< 0 0
Total 5 5 Total 5 5
Range <0.10-0.46 <0.10-0.63 Range <0.10-1.09 <0.10-1.33
Geometric mean 0.09 0.12 Geometric mean 0.24 0.31
* Number of subjects.
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Fig. 4. Toxoid-specific IgG titer in second application or 365 days after first application. The hydrogel patch containing TT and DT (2 mg each/5 cm x 8 cm) was applied on
the left brachial medial skin for 24 h. The second vaccination in 5 subjects was administered 140 days after first vaccination using the same procedures. Serum was collected
on days 140 and 200 and anti-TT (A) or DT (B) IgG titer was determined by ELISA. Additionally, serum was collected from 6 subjects 365 days after the first vaccination and
anti-TT (C) or DT (D) IgG titer was determined by ELISA. Open circle indicated each sample, and bar indicated geometric mean value.

formulation appears to be applicable in humans based on the anti-
body production by single or multiple vaccinations, the long-term
vaccine effect, and the toxin-neutralizing effect.

3.4. Analysis of skin condition after application of TCI formulation

We used in vivo confocal Raman spectroscopy to analyze the
condition of the TCI application site on the skin at the molecular

Table 4

level. Immediately after removing the TCI formulation, the water
content in the stratum corneum near the skin surface (0-6 wm)
was increased (Fig. 5A), suggesting that corneum hydration is asso-
ciated with water-soluble antigen penetration of the skin. The
water content returned to the level of untreated skin within 1h
after removing the TCI formulation. Natural moisturizing factor
in the stratum corneum near the epidermal layer (6-10 wm) also
slightly increased (Fig. 5B), although the reason for the increase

Distribution of anti-TT and anti-DT antibody titers before, 60 days, and 365 days after application of TCI formulation.

Anti-TT antibody titer

Anti-DT antibody titer

IU/mL Day 0 Day 60° Day 365 IU/mL Day 0 Day 60° Day 365
<0.1 2 2 1 <0.1 0 0 0

0.1-1.0 4 1 5 0.1-1.0 6 1 2

1.0-5.0 0 3 0 1.0-2.0 0 4 4

5.0< 0 0 0 2.0< 0 1 0

Total 6 6 6 Total 6 6 6

Range <0.10-0.54 <0.10-1.57 <0.10-0.76 Range 0.17-0.77 0.64-2.96 0.57-1.67
Geometric mean 0.16 0.43 0.23 Geometric mean 0.43 1.54 1.02

" Number of subjects.
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Fig. 5. Profile change of skin components or patch compositions in the stratum corneum. The hydrogel patch containing TT and DT (2 mg each/5 cm x 8 cm) was applied
on the left brachial medial skin for 24 h. Raman spectra were recorded from the left brachial medial skin immediately (®) and 1h (a) after patch removal, and from the
right brachial medial skin as untreated skin (O). (A) Water content profiles are expressed in mass-% (grams of water per 100 g of wet tissue). (B-E) The amount profiles are
expressed as relative intensity (a. u.) to keratin, (B) natural moisturizing factor, (C) glycerin, (D) lactate acid, (E) ceramide. Data are expressed as mean = SEM of results from
5 subjects. *p<0.05 vs. untreated skin and p<0.05 vs. immediately after patch removal by a Steel-Dwass test between groups at every 2 wm.

is unclear. There were no critical changes on other skin compo-
nents, such as cholesterol, t-urocanic acid (pH 4.0), t-urocanic acid
(pH 8.0), urea, pyrrolidone-5-carboxylic acid, serine, or proline
(data not shown), indicating that application of the TCI formulation

Table 5
Passive-challenge experiment of mice with tetanus toxin.
ID Maximum dilution factor of sera for neutralizing toxin
Day 0 Day 60
06 400 800<
07 100 800<
09 100 200
20 25 200
22 50 200

800<; survival of mice injected with the mixture of serum (dilution factor; 800) and
tetanus toxin.

had little adverse effect on skin. Moreover, the amount of glyc-
erin, lactate acid, and ceramide increased in the stratum corneum
near the skin surface following application of the TCI formula-
tion (Fig. 5C-E), suggesting that glycerin and octyldodecyl lactate
which are components of the hydrogel patch penetrated the stra-
tum corneum. The amount of change in the octyldodecyl lactate
can be inferred from the lactate acid and ceramide levels, because
octyldodecyl lactate consists of lactate acid and carbon chains,
which are ceramide structures. Glycerin is a humectant, holding
water in the skin and softening the skin [27]. Octyldodecyl lac-
tate is an absorption enhancer that disrupts the lipid bilayer of
the corneum and promotes the transmission or absorption of a
material [28]. It is thus assumed that these components penetrat-
ing the stratum corneum act to enhance the delivery of antigen
proteins into the skin. These data demonstrate that corneum
swelling and disruption by application of the TCI formulation
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contribute to enhance the permeation of antigens into the stratum
corneum.

4. Discussion

In this clinical study, we confirmed that our hydrogel patch was
safe for use as a TCI device and observed that a hydrogel patch
containing TT and DT as a TCI formulation induced an immune
response in humans without a severe adverse reaction. Although
other groups have reported developing TCI systems for practical use
[29,30], these systems comprised a gauze patch as the TCI device.
TCI systems using a gauze patch are inconvenient and require a
cold storage and transportation for the antigen solution as well as a
conventional injectable vaccination system, because these systems
require that the gauze patch was saturated with antigen solution
just before application to the skin. Additionally, safety is an issue in
a TCI system using the gauze patch, because the stratum corneum
must be disrupted for transcutaneous delivery of enough antigens
to induce an immune response. On the other hand, in our system,
we can prepare a manageable TCI formulation like general fomen-
tations with a concentrated antigen layer on the surface of the
hydrogel patch [21]. Our hydrogel patch is made of safe materi-
als that are already applied to humans. In fact, the TCI formulation
caused few severe side effects, and the toxoid-specific antibodies
were produced in some subjects by a single application without
removing the stratum corneum. Moreover, antibody titers were
higher at 1 year after the first vaccination than that on day 0. The
immune response is expected to be enhanced by several applica-
tions, because a second application of the TCI formulation increased
the antibody titers in a part of subjects. Fifth vaccinations are rec-
ommended as standard for vaccine against tetanus and diphtheria
toxoids [31,32]. In several applications, this easy-to-use TCI system
might be a better formulation than an injectable vaccination with
regard to administration. We previously reported that the hydrogel
patch promotes antigen penetration through the stratum corneum
by causing corneum hydration in an animal experiment [23]. To
clarify the mechanism of antigen permeation in humans, we ana-
lyzed the skin condition after applying the TCI formulation by using
in vivo confocal Raman spectroscopy, and demonstrated that the
water content in the stratum corneum increased immediately after
patch application. In addition to hydration of the stratum corneum,
some of the patch components (glycerin and octyldodecyl lactate)
penetrated the stratum corneum. The humectation of the stratum
corneum induced by the glycerin [27] and the disruption of the
lipid bilayer induced by the octyldodecyl lactate [28] were likely
associated with the antigen permeation. Unfortunately, although
we planned to examine the antigen permeation of the stratum
corneum, we were unable to obtain specific Raman spectra of TT or
DT. We speculated that the TCI formulation delivered antigens to
the LCs by changing the skin properties without destroying the stra-
tum corneum as a physical barrier, because the immune response
was actually induced by application of the TCI formulation. There-
fore, we developed an easy-to-use TCI formulation to induce an
immune response without severe side effects in humans.

The number of subjects classified as having a doubtful reac-
tion or non-vesicular positive reaction following TCI application
was higher than that following a patch test. We assumed that the
erythema induced by antigen-free hydrogel patch resulted from
the application of adhesive to the skin. On the other hand, when
a hydrogel patch containing antigens was applied, local irritation
was observed not only at Oh but also at 24 h after removal of
the TCI formulation. We thought that physical stimulation and an
inflammatory reaction occurred. In other words, antigens pene-
trated the skin and induced an immune response to protect the
body. One potential reason is that the immunocompetent cells

were stimulated by the antigens penetrating the skin. In 10 sub-
jects of the 13 subjects who reported skin irritation, either or both
of the anti-TT and DT antibody titers on day 60 increased more than
0.11U/mL than that on day 0. Another potential reason is that the
subjects already had antibodies against the antigens. Of these 13
subjects, 2 subjects had a high antibody titer against DT on day 0
(1.9 or 2.81U/mL). Thus, we inferred that the irritant responses to
application of the TCI formulation are not simply side effects, but
rather are indicative of immune responses or protective reactions
against antigens penetrating the skin. Fever as a systemic symptom
and flare or swelling as a local adverse event are observed with
injectable vaccine [31,32]. Because there was no group that was
vaccinated by injection in this study, we did not directly compare
adverse effects between injectable and transcutaneous vaccination.
Based on the results of this study, we do not think that there are
likely to be large differences between injectable and transcuta-
neous vaccination. Therefore, we believe that this TCI system will be
able to overcome several of the problems in injectable vaccination
and achieve safe and easy-to-use vaccination.

Antibody titers increased and a significant effect was detected
by paired t-test. On the other hand, antibody titers in some subjects
did not increase even after one or two applications. Almost sub-
jects had already been vaccinated against tetanus and diphtheria
as infants. We assumed that in these subjects an increase of the anti-
body titers was not induced by application of the TCI formulation
because the antibody titers were already at their maximum level.
Antibody titers greater than 0.1 IU/ml are reported to be necessary
for prophylaxis for tetanus [31] or diphtheritic neuropathy [32].
On day 0, the anti-TT antibody titer was higher than 0.1 IU/ml in 19
subjects, and the anti-DT antibody titer was higher than 0.1 IU/ml in
26 subjects. Unfortunately, this explanation could not be confirmed
because the vaccination histories of the subjects in this study were
not collected. Antibody titers did not increase in 7 of 8 subjects in
whom antibody titers were lower than 0.1 IU/ml before TCI appli-
cation, although antibody titer of 1 subject increased more than
0.151U/ml. This suggests that TCI using a hydrogel patch induced
little immune response as a primary vaccination. For this reason,
we thought that antigens penetrating the skin were insufficient to
induce animmune response. We have analyzed the antigen perme-
ation in animal experiments, although we could not in human skin.
A hydrogel patch containing 12°I-labeled TT or DT was applied to
rats, and the amount of antigen distributed to the stratum corneum
and antigen penetrating the stratum corneum was calculated from
the radioactivity using a gamma counter. The data indicated that
the amount of antigen penetrating the skin was a few percent
of the antigen applied to the skin [unpublished data], suggesting
that the antigen-delivery amount by TCI formulation was small in
humans. Additionally, there might be individual differences in the
antigen penetration of the stratum corneum. Probably, the potency
of the immune response likely differs individually. The current
injectable vaccination contains aluminum salts as an adjuvant with
few dozens of micrograms of the antigen. Adjuvants would enhance
the immune response against antigens in the TCI system as well as
in injection. Increasing antigen penetration into the skin or devel-
oping a transcutaneous adjuvant might improve the response rate.
Moreover, costs may be cut by decreasing the antigen quantity
used for the TCI. Studies are in progress to improve the antigen
penetration by modifying the hydrogel patch and to develop a tran-
scutaneous adjuvant to activate the immune system like toll-like
receptor ligands.

A previous study revealed that the TCI system, which deliv-
ers antigens through the stratum corneum, seems to enhance
Th2-dominant immune responses, likely in relation to actions
of LCs [21]. To analyze the role of LCs in detail, we are now
investigating the characteristics of the immune response in trans-
genic mice, whose LCs or CD11c-positive cells can be depleted.
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Evaluation of how the TCI formulation impacts the Th1/Th2 bal-
ance in humans will help to define the characteristics of the TCI
system, and to determine additional applications of the hydro-
gel patch. For example, our TCI system might be applicable for
treating Th1-type autoimmune diseases by correcting the Th1/Th2
balance. Moreover, the hydrogel patch formulation has potential for
awide variety of applications, not only for vaccine/immunotherapy
but also for drug delivery therapy in diseases such as atopic
dermatitis.

5. Conclusions

We developed a hydrogel patch as a TCI device and demon-
strated that our TCI formulation using a hydrogel patch could
induce an immune response without causing local and systemic
severe adverse reactions in humans. For practical application of
our TCI system, the hydrogel patch must be improved and manu-
facturing methods for the TCI formulation must be established. This
easy-to-use TCI formulation might be applicable for mass treatment
in the event of an outbreak and for increasing vaccination rates in
developing countries. We expect that our TCI system as an inno-
vative vaccination method will greatly contribute to decrease the
mortality and morbidity by infectious diseases.
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