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a  b  s  t  r  a  c  t

Transcutaneous  immunization  (TCI)  systems  that  use the  skin’s  immune  function  are  promising  needle-
free, easy-to-use,  and  low-invasive  vaccination  alternative  to  conventional,  injectable  vaccination
eywords:
ranscutaneous vaccination
kin
atch formulation

methods.  To develop  effective  TCI  systems,  it is essential  to  establish  fundamental  techniques  and  tech-
nologies  that deliver  antigenic  proteins  to  antigen-presenting  cells  in  the  epidermis  and  dermis  while
overcoming  the  barrier  function  of the  stratum  corneum.  In this  review,  we  provide  an  outline  of  recent
trends  in  the  development  of techniques  for the  delivery  of antigenic  proteins  and  of  the  technologies
used  to enhance  TCI systems.  We  also  introduce  basic  and  clinical  research  involving  our  TCI  systems
that  incorporate  several  original  devices.
icroneedle
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. Introduction

Infectious disease is the most common cause of death, account-
ng for approximately one-third of fatalities worldwide. Recent

aves of transnational migration of people and materials enhanced
y the development of transportation facilities, changes in social
tructure, and war have increased the global spread of emerging
nfections, such as severe acute respiratory syndrome and avian
nfluenza virus [1,2]. In addition, declining sanitation and the onset
f drug-resistant pathogenic organisms have increased the spread
f re-emerging infectious diseases, such as tuberculosis and malaria
3,4]. Although major treatment for these infectious diseases is
ntibiotic administration, the only fundamental prophylaxis is vac-
ination for a biological preparation that improves immunity to a
articular disease. Vaccine development, which has a long history,
as progressed recently with the development of new approaches
nd technologies based on advances made in the fields of bacteri-
logy, virology, and molecular biology.

Conventional vaccination is, however, performed mainly by
njection, which has several inherent problems: pain, the need for
rained personnel, associated needle-related diseases or injuries,
nd storage or transport issues. In some areas, vaccine coverage
gainst infection is low due to failure in follow-up as well as a
ack of trained medical personnel and facilities. The reuse of nee-

les causes the death of at least 1.3 million people per year from
epatitis B and AIDS [5].  Thus, the development of needle-free,
asy-to-use, and low-invasive vaccination methods is an urgent
ask. With its advantages that overcome the inherent problems

ig. 1. Skin immune system. The skin is enriched with various immunocompetent cells 

he  induction of innate immunity. LCs and dDCs capture external Ag, migrate into regio
ctivated T cells and B cells migrate to each tissue and induce Ag-specific immune respon
1 (2013) 2403– 2415

of vaccination by injection, transcutaneous immunization (TCI) or
intranasal immunization (INI) is now attracting attention as an
alternative vaccination route.

INI, which is needle-free vaccination method, is highly expected
as a hopeful vaccination procedure to stimulate both mucosal and
systemic immune responses. The mucosal antigen (Ag)-specific
immune response, however, is weak, thus it is necessary to develop
a mucosal vaccine adjuvant to develop mucosal vaccines. The
cholera toxin (CT) and heat-labile enterotoxin (LT) are potent
mucosal adjuvants, but recent reports showed that a human vac-
cine containing inactivated influenza virus and LT as an adjuvant
resulted in a very high incidence of Bell’s palsy [6].  Therefore,
mucosal vaccine adjuvants with high efficacy and safety for the
purpose of a clinical application are necessary.

The skin has important immune functions as a pro-
inflammatory organ [7–9]. The epidermis and dermis are highly
populated by dendritic cells (DCs), which are potent Ag-presenting
cells (APCs) with important immunostimulatory and migratory
activities (Fig. 1). Langerhans cells (LCs) in the epidermis and
dermal DCs (dDCs) in the dermis are important for the induction
of Ag-specific immune responses in the TCI system. Thus, if Ag can
be efficiently delivered to LCs or dDCs resident in the epidermal
layer or dermis, TCI might elicit an effective immune response.
However, there is a difficulty to overcome for development of

TCI system. The uppermost layer of the epidermis is the stratum
corneum (SC), which consists of about 20 layers off lattened,
enucleate, and keratin-filled corneocytes surrounded by lamellae
of around eight lipid bilayers [10,11]. The lipid bilayers consist

such as LCs, keratinocytes, and several dDCs. Keratinocytes are mainly involved in
nal lymph nodes, present Ag to T cells, and activate Ag-specific T cells and B cells.
ses.
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Fig. 2. Several types of skin-resident professional APCs in mice and humans.The skin contains two  main populations of LCs in the epidermis and dDCs in the dermis in mice
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nd  humans. Murine dDCs and human dDCs can be distinguished into several subse
D103-negative, CD11b-negatice dDCs in mice, and CD1a/1c-positive dDC, CD14-p

rimarily of cholesterol, free fatty acids, and ceramides. As the SC is
he principal barrier to the penetration of substances, it is difficult
o efficiently deliver adequate Ag to cutaneous APCs through
he SC by just applying Ag onto bare skin. Therefore, in order to
evelop effective TCI systems, technologies must be established
hat promote Ag penetration through the SC.

In this review, we outline the mechanisms of the skin immune
ystem and recent transcutaneous antigenic protein delivery tech-
iques, technologies, and devices. Furthermore, we introduce the
rogress we have made in our research into the practical applica-
ion of TCI in basic, preclinical, and clinical investigations.

. The role of the skin as an immunological organ

The skin, the access site for TCI, acts not only as a physical
arrier but also as an immunologic barrier and is enriched with var-

ous immunocompetent cells such as LCs, keratinocytes, and dDCs
Fig. 1).

In special, LCs and dDCs take important roles in induction of Ag-
pecific immune responses. Under non-inflammatory conditions,
Cs and dDCs are, for the most part, immature, meaning they have a
trong endocytic capacity. When external Ag enter the skin, LCs and
DCs capture them and increase the expression of costimulatory
actors, which play a role in the presentation of Ag to T cells, and
CR7 to permit the movement of APCs away from the skin and their
ubsequent entry into and localization within the draining lymph
odes [12]. After that, LCs and dDCs present Ag to CD4 and CD8
cells and activate Ag-specific T cells and B cells.
Keratinocytes also involved in induction of Ag-specific immune
esponses by activating the innate immune system. Keratinocytes
ould effectively convert exogenous stimuli into host homeostatic
esponses [7,13].  In particular, they express numerous toll-like
he basis of phenotype and function; CD103-positive dDC, CD11b-positive dDC, and
 dDCs, and CD141-positive dDCs in humans.

receptors on their surface or in endosomes [14]. Also, another
type of receptor has been discovered on keratinocytes: nucleotide
binding-domain oligomerization domain-like receptors [15,16].
These receptors allow the keratinocytes to recognize bacterial com-
ponents, namely, pattern-associated molecular patterns (PAMPs).
In case external Ag do enter, keratinocytes produce cytokines and
chemokines. TNF-� and IL-1� constitute the signals necessary for
LCs or dDCs to migrate to a regional lymph node [17]. Like kera-
tinocytes, LCs and dDCs express these receptors that contribute
to the maintenance of an inflammatory environment [18,19]. This
inflammatory microenvironment, innate immunity, arises from the
first contact with a vaccine component and contributes to differ-
ent extents to the production of pro-inflammatory molecules that
strongly contribute to the primary events of the adaptive immune
response, that is, activation of skin-resident APCs. When vaccine
Ag is administrated into skin, Ag-specific immune responses are
induced by these mechanisms. Thus, the skin is clearly an attractive
organ for Ag delivery to elicit immune responses.

Several types of professional APCs inhabit the healthy skin and
the studies about function of skin-resident APCs involved in induc-
tion of skin immunity have been investigated (Fig. 2). In mice,
skin-resident APCs were classified into two  categories; LCs in the
epidermis and dDCs in the dermis. LCs and dDCs seemed to induce
Th2-type and Th1-type immune responses, respectively [20,21].
However, some studies suggested that LCs were not involved in
induction of immune responses [22]. In a few years, also, reports
suggesting the existence of several dDC subsets have been pub-
lished in mice [23,24].  It was  generally assumed that the expression

of langerin in the skin was  strictly confined to LCs in the epider-
mis, but this view has been altered by current data indicating that
a large population of langerin-positive cells corresponds to dDCs
[25–27]. Classical langerin-negative dDCs express the macrophage



2406 K. Matsuo et al. / Vaccine 31 (2013) 2403– 2415

Table 1
Transcutaneous vaccine delivery techniques.

Technique Principle Characteristics Ref.

Electroporation Method to transiently increase permeability of a
membrane by applying a single or multiple
short-duration pulses

Advantage
Activation of immunocompetent cells
Disadvantages
High cost, need for power-supply device, disruption of
cutaneous barrier

[35–39]

Iontophoresis Method to enhance transport of ionic or charged
molecules through a biological membrane by the
passage of direct or periodic electric current through
an electrolyte solution with an appropriate electrode
polarity

Advantage
Activation of immunocompetent cells
Disadvantages
High cost, need for power-supply device, disruption of
cutaneous barrier

[40–43]

Sonophoresis Method to enhance substance penetration through the
SC by disrupting the structure of the membrane with
low-frequency ultrasound

Advantage
Activation of immunocompetent cells
Disadvantages
High cost, need for power-supply device, disruption of
cutaneous barrier

[44–47]

Jet  injectors Devices that use pressure to deliver substances into
the skin

Advantage
Activation of immunocompetent cells, hand-size devise
Disadvantage
Pain, need of cold-chain

[48–52]

Patch formulations Devices to enhance penetration of antigens into the
skin

Advantage
Painless, easy-to-use (self-administration)
Disadvantages
Poor antigen permeability, need for disruption of the SC in
some cases

[53–62]

Microneedles Devices that can create a transport pathway large
enough for proteins and nanoparticles but small
enough to avoid pain

Advantage
Painless, easy-to-use (self-administration)
Disadvantage
Difficulty of fabrication, disruption of cutaneous barrier

[68–78]

Nanoparticles Nano-bio interaction, Consequent induction of
transient and reversible opening of SC, through hair
follicles

Advantage
Ags protected from external environment
Disadvantage
Low efficiency

[65,79–83]

Lipid-based vesicles Nano-bio interaction, flexible bilayer mixes with SC
and disrupts it

Advantage
Ags protected from external environment

[84–88]
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arkers CD11b, F4/80, and CX3CR1, whereas langerin-positive
DCs express CD103, CD8�, and XCR1 without CD11b, F4/80, or
X3CR1 [28]. It was also reported that CD103-negative, CD11b-
egative dDCs exist in the dermis [29]. Especially, CD103-positive
DCs but neither dermal CD103-negative dDCs nor LCs were shown
o have a crucial role in the induction of Ag-specific CD8-positive T
ells (Th1-type immune responses) [30].

Recent progress was made in identifying potential homologs of
ouse dDC subsets by examining human dDCs. Human skin APCs

lso divided into two groups on the basis of localization, LCs in
he epidermis and dDCs in the dermis. Epidermal LCs preferen-
ially induced the differentiation of CD4-positive T cells secreting
h2 cell cytokines and were efficient at crosspriming naive CD8-
ositive T cells [31]. Human dDCs can be distinguished into several
ubsets; CD1a/1c-positive dDC, CD14-positive dDCs, and CD1a/1c-
egative, CD14-negative, CD141-positive dDCs by phenotype and

unction in the homeostatic and inflamed skin [31–34].  Human
D1a/1c-positived dDCs and CD14-positive dDCs do not express

angerin and can be classified based on their reciprocal expres-
ion of CD1a and CD14, which are thought to be equivalent to
ouse CD11b-positive dDCs [32]. However, the relative contrib-

tions of these subsets to the generation of immunity or tolerance
re still unclear [32,33]. Yet, specialization of these different popu-
ations has become apparent. Human CD14-positive dDCs can
romote antibody production by B cells [31]. In addition, CD1a/1c-
egative, CD14-negative, CD141-positive DCs exhibit specialized
ross-presenting function and express a number of markers asso-

iated with mouse CD103+ DCs [34].

Although the immune mechanisms of the skin remain to be
ompletely elucidated and further analyses were should be inves-
igated, improved knowledge of the skin immune system could
Disadvantage
Low efficiency

lead to the induction of optimal immune responses, such humoral
immunity or cellular immunity, against infectious diseases.

3. Transcutaneous antigenic protein delivery techniques,
technologies, and devices

As previously noted, the SC acts as a physical barrier against
the penetration of substances into the skin. Various pharmaceutical
approaches and devices have been developed to enable TCI systems
to overcome the penetration barrier of the SC. In this section, the
techniques, technologies, and devices used for the enhancement of
TCI are reviewed (Table 1).

3.1. Electroporation

Electroporation is a method to increase the permeability of
the skin by applying single or multiple short-duration pulses. It
has been widely used to loosen the cell surface, allowing the
delivery of molecules into living cells. With high-voltage pulses
(75–100 V) delivered against the skin surface, microchannels or
local transport regions are created through lipid bilayer membranes
including the SC [35–39].  Zhao et al. reported that TCI with the
SL8 peptide derived from ovalbumin (OVA) and CpG oligodeoxy
nucleotide as an adjuvant using electroporation could induce OVA-
specific T cell responses equivalent to those induced by intradermal
injection [37], indicating that TCI using electroporation induced
Ag-specific immune responses. However, this method requires

power-supply equipment, thus they may  be useful procedures in
medical institutions but they cannot achieve an optimal ease of
self-administration. In addition, disrupting SC as skin barriers may
lead to secondary infection.
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.2. Iontophoresis

Iontophoresis is a method to enhance the transportation of ionic
r charged molecules through a biological membrane by passing
irect or periodic electric current through an electrolyte solution
ith an appropriate electrode polarity. This technique has been

pplied in the fields of transdermal drug delivery and has been
hown by several groups to promote penetration of peptides or pro-
eins such as insulin, calcitonin, or botulinum toxin through the SC
40,41,42]. The combination of electroporation and iontophoresis

akes substance penetration even more effective [43]. From these
eports, iontophoresis enhanced penetration of macro molecules
hrough SC into skin, thus application of this method to TCI systems
s expected. However, several problems about lack of convenience
nd risk of secondary infections remain because it requires power-
upply equipment and may  break cutaneous barrier.

.3. Sonophoresis (low-frequency ultrasound)

Sonophoresis is a method to enhance substance penetration by
isrupting the structure of the SC with low-frequency ultrasound.
avitation is the formation of gaseous cavities in an ultrasound-
oupling medium upon exposure to ultrasound and involves the
apid growth and collapse of a bubble (transient cavitation) or
low oscillatory motion of a bubble (stable cavitation) in the
ltrasound field. Oscillations and collapse of cavitation bubbles
isorder the lipid bilayers of the SC, thereby enhancing trans-
ort [44]. Dahlan et al. have shown that TCI using low-frequency
ltrasound with tetanus toxoid (TT) induced anti-TT IgG and neu-
ralizing antibodies [45,46]. Interestingly, Tezel et al. reported that
ltrasound treatment induced LC activation and enhanced the Ag-
pecific immune response, suggesting it acts as a physical adjuvant
47].Although TCI using sonophoresis induced Ag-specific IgG anti-
ody and have advantage of activating immunocompetent cells,
his method require power-supply equipment and disrupt cuta-
eous barrier, thus they have several issues in terms of usefulness
nd safety.

.4. Jet injectors

Jet injectors are devices that use pressure to deliver substances
nto the skin [48–51].  The first devices were multiple-use nozzle
et injectors, with which a large number of patient were vaccinated
hrough the same fluid stream and nozzle [48,49]. However, such
evices are no longer used because of cross-contamination. Recent
evelopment efforts have resulted in disposable syringe jet injec-
ors. Simon et al. reported a clinical study of the immunogenicity
f trivalent inactivated influenza vaccine administrated by the Lec-
raJet M3® RA disposable syringe jet injector, which was  cleared for
ale and use by the U.S. Food and Drug Administration in 2009 [52].
n jet injector systems, Ag-specific immune responses are induced
nd administration methods are simple, but ampoules are needed
n the same way as in conventional injection systems, indicating
he need of a cold-chain for transport and storage.

.5. Patch formulations

Patch formulations are one of the commonly used systems for
CI. Several groups have reported that TCI using gauze patches or
dherent patches induced Ag-specific immune responses [53–57].
pplication of a LT-containing single-ply polyester-rayon gauze
atch onto human skin increased the anti-LT IgG titer in serum

53]. Although the other groups also have reported developing
CI systems for practical use and showed their safety and effi-
acy [54–57],  these systems comprised a gauze patch as the TCI
evice. Because they require the gauze patch to be saturated with
1 (2013) 2403– 2415 2407

Ag solution just before application to the skin, such TCI systems are
inconvenient and require cold storage and transportation of the
Ag solution, as do conventional injectable vaccination systems. In
addition, the disadvantage of patch-based TCI system is the require-
ment of skin preparation system (SPS) or cyanoacrylate skin surface
stripping (CSSS) procedures to remove SC before patch application
for improvement of Ag penetration into skin. These methods may
carry a risk of increasing sensitivity to secondary infection by dis-
rupting SC as a cutaneous barrier, which is a safety issue. Thus, the
development of more easy-to-use and safer patch-based TCI system
is desirable.

In our research group, we  have developed a hydrogel patch as a
TCI devise, which is made of safe materials that have already been
applied to humans [58–62] and TCI formulation using a hydrogel
patch was shown to induce effective immune responses to tetanus
and diphtheria after application in absent of any treatment in ani-
mal  models [59]. We  also demonstrated its safety and efficacy by
performing a clinical study of our TCI formulation for vaccination
against tetanus and diphtheria in humans without disrupting SC
[62].

3.5.1. Ag delivery using our hydrogel patch formulations as the
TCI device

In our patch-based TCI system, we can prepare a TCI formulation
by dropping Ag solution to a hydrogel patch and leaving out at room
temperature for a while. The hydrogel patch formulation immersed
with TexasRed (TR)-labeled OVA solution formed a concentrated
Ag layer on its surface (Fig. 3A), because only water in Ag solution
absorbed by hydrogel polymer.

It is very important to deliver antigenic proteins to the skin-
resident APCs for induction of Ag-specific immune responses.
Therefore, we  analyzed biodistribution of Ag after transcutaneous
administration by a hydrogel patch. There was  marked penetra-
tion of the Ag into the epidermal layer of intact skin after 6-h
application of a hydrogel patch containing TR-OVA to the auricle
skin of mice (Fig. 3B). In human and tissue-engineered skin mod-
els, a hydrogel patch also promoted the penetration of antigenic
proteins through the SC [60]. Although theories of conventional
transdermal drug delivery suggest that skin structure and com-
position do not allow for the penetration of materials larger than
500 Da [10,11], our transcutaneous vaccination system delivered
antigenic proteins (45–150 kDa) into the epidermal layer [58,59].
We  proposed the following mechanisms for penetration of Ag into
the skin. First, the concentrated antigenic proteins on the surface of
the patch might generate a high concentration gradient of antigenic
proteins in the skin, which is critical for producing the driving force
needed to accelerate passive diffusion and distribution. This theory
is supported by our observation that the distribution of TR-OVA in
the epidermal layer was  not simply a result of spreading the TR-
OVA solution on the intact skin surface, and that the application of
the filter paper immersed in Ag solution did not enhance either Ag
penetration or antibody titer [58]. Second, humectation and hydra-
tion of the skin to which the hydrogel patch is applied might loosen
intercellular gaps in the SC, which contributes to improve the pene-
tration of water-soluble substances. According to our observations,
Ag penetration via our patch system occurred mainly through the
intercellular gaps of the SC. In fact, there are several reports that
an increased water content in the SC leads to increased membrane
fluidity and decreased electrical resistance [63,64]. Although it is
possible that antigenic proteins penetrate into the epidermal layer
through hair follicles – there are some reports that hair follicles
allow for even nanoparticles to reach the epidermal layer in skin

[65–67] – our hydrogel patch enhanced Ag penetration on a tissue-
engineered skin without pores [60], suggesting that this pathway
contributes little to the penetration of Ag into the skin promoted by
a hydrogel patch. Through a combination of these mechanisms, our
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Fig. 3. Characteristics of a hydrogel patch as a TCI device. (A) Section of TR-OVA (red)-immersed hydrogel patch. (B, C, D) Localization of TR-OVA in a skin section, an epidermal
sheet,  and a lymph node section. TR-OVA-immersed hydrogel patches were put on auricles of C57BL/6 mice. (B) Six hours later auricles were harvested and epidermal sheets
were  prepared. (C) Two  hours later auricles were harvested and an epidermal sheet was prepared. (D) Cervical lymph nodes were harvested 48 h after application of a
patch  for 24 h. The Epidermal sheets and the frozen sections were stained with Alexa488-conjugated anti-mouse langerin.The epidermal sheets (B) were photographed
under  a confocal laser microscope. Continuous cross-sectional views were digitally superimposed. The photograph is a longitudinal section of three-dimensional images
of  epidermal sheets. Epidermal sheets (C) and lymph node sections (D) were photographed under a fluorescence microscope. (B–D) red: TR-OVA as Ag, green: LCs, yellow
(arrowhead): merged with TR-OVA (red) and LCs (green). (E and F) TT- or DT-specific immune responses in HWY  hairless rats after transcutaneous vaccination. Hairless rats
were  transcutaneously vaccinated with TT alone (100 �g), DT alone (100 �g), or combined TT and DT (100 �g each) for 24 h eight times at 2-week intervals. A control group
w es at 

w ean ± 

y legend

p
m

i
o
n
L
r
m

as  subcutaneously immunized with combined TT and DT (100 �g each) eight tim
as  assayed for IgG titers against (E) TT or (F) DT by ELISA. Data are expressed as m

ellow fluorescentspots. (For interpretation of the references to color in this figure 

atch vaccine system promoted the penetration of water-soluble
acromolecular proteins into the SC.
As shown in Fig. 3C and D, yellow fluorescent spots, indicat-

ng that TR-OVA localization accorded with LC localization, were
bserved in merged images of an epidermal sheet and lymph

ode sections prepared from mice with intact skin, suggesting that
Cs, which are cells critical for the induction of potent immune
esponses, captured antigenic proteins penetrated into the skin and
igrated into the regional lymph node. Thus, Ag-capturing LCs,
2-week intervals. At the indicated points, serum collected from these hairless rats
SE of results from 10 rats. Arrows indicate vaccination points. Arrowheads indicate
, the reader is referred to the web version of the article.)

which migrated from the epidermal layer to regional lymph nodes,
would greatly contribute to triggering and amplifying Ag-specific
immune responses induced by transcutaneous vaccination using
the hydrogel patch formulation.
3.5.2. Vaccination efficacy and safety of TCI using a hydrogel
patch

In an animal model of tetanus and diphtheria infection, the vac-
cination efficacy of TCI using a hydrogel patch was  evaluated. TCI
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sing a hydrogel patch elicited toxoid-specific immune responses
nd the serum titer of antibody in the TCI groups were equiva-
ent to or greater than those of the subcutaneous immunization
SCI) group (Fig. 3E and F). In rats vaccinated with combined TT and
T, both TT and DT-specific IgG antibodies were detected in serum
s efficiently as that in rats vaccinated with each toxoid alone,
uggesting that our TCI using a hydrogel patch is applicable to a
ombination vaccine. As mixed inoculationis now recommended
n vaccination, our TCI formulation is suitable for practical use.

e also demonstrated that TCI using a hydrogel patch containing
T and DT induced little adverse reactions in local and systemic
oxicity assessments [61], indicating that hydrogel patch-based
CI formulation is a non-invasive vaccination method. In addition,
n the basis of IgG subclass analysis, it was suggested that our
CI using the hydrogel patch formulation predominantly elicited

 Th2-type immune response rather than a Th1-type immune
esponse [58,59].  Further analyses are necessary to elucidate the
h2-dominant mechanism in our patch vaccination.

In our hydrogel patch-based TCI system, we can simply prepare a
anageable TCI formulation like general fomentations with a con-

entrated Ag layer on the surface of the hydrogel patch. Our TCI
ystem using a hydrogel patch enhanced Ag penetration into the
kin and induced Ag-specific immune responses by single appli-
ation onto skin surface without disrupting SC. This is superior to
ther patch-based TCI formulation in terms of avoiding secondary
nfections by breaking skin barriers.

.6. Microneedles

Patch formulations, such as the hydrogel patch, are less effective
t promoting penetration of particulates and insoluble Ags through
he SC. Most practical vaccine Ags are in a particulate state, for
xample, the less virulent strains of bacteria. The development of

 different TCI system that is effective for use with all Ag forms
s needed. A microneedle array contains many micrometer-sized

eedles that can create a transport pathway large enough for pro-
eins and nanoparticles, but small enough to avoid pain [68–74].

icroneedle arrays can penetrate the SC barrier and deliver Ag to
mmunocompetent cells in the skin more efficiently than other TCI

ig. 4. Dissolving microneedle array patch (MicroHyala®; MH). (A) Bright-field micrograp
r  300 �m)  and cone-shaped MH (needle length: 300, 500, or 800 �m). (B) Bright-field mi
r  after insertion into skin. Each MH was applied on the back skin of BALB/c mice. One hou
C)  Konide-shaped MH300 or cone-shaped MH800 encapsulating FITC-labeled silica parti
rozen  sections were photographed under a fluorescence microscope. The nucleus was c
otted  line and the middle dotted line is the SC, area between the middle dotted line and

s  the dermis. (For interpretation of the references to color in this figure legend, the reade
1 (2013) 2403– 2415 2409

systems. In addition, the use of a disposable array is suitable for self-
administration. Thus, microneedles are the most attractive devices
for the development of effective TCI systems. Microneedles were
first conceptualized for drug delivery in a 1976 patent [75]. Since
then, several type of microneedles have been developed and they
are classified into four types with respect to mechanism of action:
(1) solid microneedles for pretreatment of the skin to increase per-
meability, (2) microneedles coated with drug that dissolves in the
skin, (3) polymer microneedles encapsulating the drug that fully
dissolves in the skin, and (4) hollow microneedles for infusing the
drug into the skin.

Traditional microneedle arrays made from silicon, metal, stain-
less steel, or titanium were reported in the early stages of
development, but the clinical use of microneedle arrays has faced
serious obstacles because needles on microneedle arrays can
fracture and remain in the skin, creating a safety issue. These con-
ventional microneedle arrays suffer from the risk of fracture of
microneedle fragments in the skin, therefore, in 2004, micronee-
dle systems made with biocompatible or biodegradable polymers
began to be developed [69], and their superior safety has led to
early clinical use. This system, however, remains the risk of break-
ing cutaneous barrier by insertion of microneedles into skin. In
manufacture of dissolving microneedles, the technical innovation is
required to allow Ag to be incorporated into the matrix of micronee-
dle material using mild procedures that do not cause the decrease
of antigenicity or compromise material strength.

Our research group has developed a dissolving microneedle
array (MicroHyala®; MH)  as a TCI device, which was fabricated
using micromolding technologies with biocompatible sodium
hyaluronate as the base material and this approach demonstrated
effective vaccination effects comparable to those of conventional
injection systems [76–78].

3.6.1. Characteristics of our MH as a TCI device
We have developed a dissolving microneedle array, MH as men-
tioned above, made of sodium hyaluronate as the base material
(Fig. 4A). We  successfully fabricated several types of MH in vari-
ous forms and lengths: konide-shaped MH (needle length 200 or
300 �m)  and cone-shaped MH (needle length 300, 500, or 800 �m)

h of whole MH.  There are two  type of MH,  konide-shaped MH (needle length: 200
crograph of microneedles on konide-shaped MH300 or cone-shaped MH800 before
r later, each MH was removed and photographed under a stereoscopic microscope.
cles were applied on the back skin of BALB/c mice and skin was harvested 6 h later.
ounterstained with 4′ ,6-diamidino-2-phenylindole (blue). Area between the upper

 the lower dotted line is the living epidermis, and area below the lower dotted line
r is referred to the web version of the article.)
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Fig. 5. Protection of vaccinated mice against challenge with influenza virus. BALB/c mice were transcutaneously vaccinated with HA from [A/PR/8/34 (H1N1)] (0.4 �g) for 6 h
twice  at 4-week intervals. Control groups were treated with TCI without HA, intramuscular injection of HA (0.4 �g), or intranasal application of HA (0.4 �g) combined with
CT  (10 �g) as an adjuvant twice at 4-week intervals. Two  weeks after last vaccination, these mice were each infected intranasally with 6 × 105 PFU of the A/PR/8/34(H1N1)
virus.  (A) At the indicated points, sera collected from the mice were assayed for the titer of HA-specific IgG by ELISA. (B) Body weight was measured each day after infection
a ix day
i presse
v

(
t
i
m
d
p
r
i
p
I
t
c
u
f
o
c
d

3

g

nd  is presented as a percentage of the original weight before infection (day 0). (C) S
n  the lung homogenate was determined with a plaque assay system. Data are ex
accination points.

Fig. 4A). The microneedles on the MH  were dissolved by water in
he skin and thus had no danger of remaining in the skin, mak-
ng our MH  safer than traditional microneedle arrays made of

etal or stainless steel. In fact, the microneedle tips were fully
issolved at 1 h (Fig. 4B). Application of each MH  caused only tem-
orary skin irritation and the skin barrier function after insertion
ecovered immediately [76], suggesting that the holes caused by
nsertion of each MH  closed up quickly. These results suggest low
robability of causing secondary infection by application of MH.

n observation of skin sections after application of each MH con-
aining fluorescein isothiocyanate (FITC)-silica particles, they were
learly detected (Fig. 4C), suggesting that the MH  delivered partic-
late Ag into the epidermis or dermis without regard for the Ag
orm. In addition, the MH  size can be used to control the depth
f Ag delivery, meaning that each MH  might deliver Ag to spe-
ific skin-resident APCs, LCs in the epidermis or several dDCs in the
ermis.
.6.2. Vaccination efficacy and safety of TCI using MH
We  examined the efficacy of vaccination with influenza hemag-

lutinin (HA) Ag, which is particulate Ag. In an influenza virus
s after infection, the lungs were collected from the mice and the number of viruses
d as mean ± SE of results from (A) 13 or (B and C) 10 mice. Arrowheads indicate

challenge, TCI with HA alone elicited production of HA-specific
functional IgG antibody equivalent to that after intramuscular
immunization (IMI) with HA alone or INI with combined HA and
CT as an adjuvant (Fig. 5A). On the other hand, little anti-HA IgA
antibody was detected in the TCI and IMI  groups [77]. After chal-
lenge with A/PR/8/34 influenza virus, mice in the TCI group showed
no remarkable weight loss, similar to those in the IMI group and INI
with CT group (Fig. 5B). In addition, the virus titer in the lungs of
the TCI group was below the detection limit (Fig. 5C), demonstrat-
ing that our TCI system provided protection equal to that of IMI  or
INI with adjuvant. In INI system, mucosal vaccine adjuvants with
high efficacy and safety for the purpose of a clinical application
are necessary. As compared to INI system, our TCI could efficiently
elicit Ag-specific vaccine effect without an adjuvant, which is an
advantage of our TCI system.

In addition, the vaccination efficacy of TCI using MH  was also
demonstrated in tetanus, diphtheria, and malaria infection models.

On the basis of these results, TCI system using MH suggested to
induce Ag-specific immune responses against any vaccine Ags, such
as soluble Ags, insolubleAgs, or particulate Ags, which conventional
TCI system fail to do so.
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Table 2
Clinical studiesof TCI.

Device Antigens Dose Phase Results Ref.

Patch (SPS) LT 37.5 �g II • Safety of vaccination technique
• Induction of anti-LT antibody titer
• 75% protection against moderate E. coli diarrhea, 84%
against acute E. coli diarrhea

[53]

Patch  (CSSS) Live-attenuated measles 103 pfu I/II • Pretreatment with tape-stripping procedures
• Safety
• Induction of Ag-specific salivary IgA
•  Detection of Ag-specific IFN-�-producing T cells

[54]

Patch  (CSSS) Inactivated influenza/tetanus vaccine 15 �g I • Pretreatment of abrasion by emery paper with 10%
glycerol and 70% alcohol
•  Safety
• Better seroconversion rate than IMI

[90]

Patch (hydrogel patch) TT and DT 2 mg each Clinical study • Safety
• Induction of neutralizing IgG antibody

[62]
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Hollow microneedle Inactivated influenza vaccine 3–6 �g 

Thus, we can conclude that our TCI system using MH  which
s dissolved in the skin effectively confers protective immu-
ity without causing serious adverse reactions in an animal
odel.
Conventional microneedle array made of metal or stainless steel

as difficulties in clinical application because needles on micronee-
le arrays can fracture and remain in the skin, which is serious
roblem. However, the microneedles on the MH were dissolved
y water in the skin and thus had no danger of remaining in the
kin, indicating that TCI using MH  would be attractive vaccination
ethod in terms of both safety and efficacy.

.7. Nanoparticles

Recent studies suggested that nanoparticles are attractive
eans for transcutaneous Ag delivery. By disrupting the SC as a

esult of the nano-bio interaction with skin lipids, antigenic pro-
eins encapsulated in the nanoparticles can be delivered through
he SC into the skin. Some researchers reported that nanoparti-
le vaccine compounds can penetrate via the hair follicles where
here is a high density of APCs and enhanced immune responses.
here are numerous nanoparticle systems available, including
olymeric poly (d-l-lactic-co-glycolic acid) and poly (lactic acid)
anoparticles, biodegradable chitosan nanoparticles, and metal
anoparticles [65,79–83].

.8. Lipid-based vesicles

In addition, lipid-based vesicles such as liposomes, transfer-
omes, or niosomes have structures similar to those of biological
embranes and facilitate skin penetration [84–88].  When mixed
ith SC lipids, flexible liposomes (FLs) can carry a remarkable

mount of lipid mass into the skin and can, therefore, be advan-
ageous in promoting cutaneous drug disposition after disrupting
he skin barrier with their flexible bilayers [88]. It also has been
eported that FLs stimulated a transcutaneous immune response
y acting as an adjuvant [89].

The design of novel formulations especially nanoscale systems,
uch as nanoparticles and lipid-based vesicles, can be helpful for
rotecting the Ag from external environment and keeping the long

erm activity. These properties are conductive to the application
f transcutaneous vaccine. However, the development of novel
anoscale systems for TCI is limited by the low efficiency in eliciting
obust immune responses.
• Mild and transient local reaction
•  Induction of immunogenic responses

[91]

4.  Clinical studies of transcutaneous vaccination

For the diffusion of the vaccine worldwide including in devel-
oping countries, patch formulations and microneedles are more
suitable because of their ease of use and efficacy. Several research
groups have conducted clinical studies of TCI using patch formula-
tions or microneedle systems in recent years (Table 2). Glenn et al.
first reported the results of TCI using a patch in humans [55]. Appli-
cation of a patch containing LT as Ag resulted in robust LT-specific
antibody responses. In addition, their group used LT to investigate
patch vaccination against traveler’s diarrhea in a phase II clini-
cal trial and found that the 59 LT-patch recipients were protected
against moderate-to-severe diarrhea (protective efficacy [PE] 75%)
and severe diarrhea (PE 84%)[53]. LT-patch recipients who became
ill had shorter episodes of diarrhea (0.5 vs 2.1 days) with fewer
loose stools (3.7 vs 10.5) than recipients of placebo [55]. Since
then, numerous studies of devices that serve as simple, easy-to-use,
and low-invasive TCI systems have been undertaken. Etchart et al.
showed that TCI of human adult volunteers with live-attenuated
measles induced Ag-specific immune responses in their phase I/II
clinical study [54]. Combadiere et al. demonstrated that TCI with
an inactivated influenza vaccine induced a significant increase in
influenza vaccine-specific CD8 responses compared with those
obtained from the intramuscular route [90]. However, these TCI
systems require cyanoacrylate skin surface stripping for Ag deliv-
ery into skin, which might cause skin irritation as one of the side
effects.

Microneedle-based TCI systems have also been applied in clin-
ical trials. Van Dammeet al. reported the results of a clinical study
of influenza vaccination in which a hollow microneedle device
(MicronJet) was  used [91]. Local adverse reactions were signifi-
cantly more frequent than those with intramuscular vaccination,
but were mild and transient in nature. After TCI, immunogenic
responses increased in humans. In addition, the safety and efficacy
of several microneedle devices have been assessed in applications
other than vaccination [92,93]. In the future, more clinical studies
will be conducted for needle-free, easy-to-use, low-invasive, and
low-cost vaccination methods.

We  performed a clinical study of our original hydrogel patch for-
mulation containing combined TT and DT in humans (Fig. 6A and B)
[62]. In the safety assessment to evaluate local adverse responses

at 0 h and 24 h after patch removal, a TCI formulation containing
TT and DT was shown not to induce local severe adverse events
(Fig. 6C). As shown in Fig. 6D, anti-TT IgG and anti-DT IgG increased
(paired-t test; p < 0.01) following the first vaccination using the
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Fig. 6. Clinical study of a TCI formulation using a hydrogel patch. (A) A hydrogel patch (5 cm × 8 cm)  containing TT and DT (2 mg each) was  applied on the left brachial medial
skin  for 24 h. (B) Experimental design about clinical study of TCI formulation using a hydrogel patch contatining TT and DT. Each experiment was conducted at the indicated
points.  (C) Local adverse events after applying the TCI formulation. Twenty-four hours after application, the TCI formulation was removed from the investigational sites. Skin
irritation reactions were scored according to the classification of the International Contact Dermatitis Research Group (ICDRG) to assess local adverse responses at 0 h and
24  h after removal. The data represent the number and percent of subjects who showed each symptom. −: negative reaction; ?+: doubtful reaction (faint erythema only); +:
weakly  (non-vesicular) positive reaction (erythema, infiltration, and possibly papules); ++: strongly(vesicular) positive reaction (erythema, infiltration, papules, and vesicles).
(D)  Toxoid-specific IgG titer before (Day 0 or Day 140) and 60 days (Day 60 or Day 200) after first or second application of TCI formulation. At indicated points, serum was
collected  and anti-TT or DT IgG titer was determined by ELISA.
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ig. 7. Clinical study of a TCI formulation using a MH.  (A) Schematic drawing of tra
H  on left brachial lateral skin. c: Application of MH with an applicator. d: Coverin

sing  a MH containing trivalent influenza HA Ags. Each experiment was conducted

CI formulation, indicating that a single application of our TCI for-
ulation could induce an immune response in humans. We  also

dministered a second vaccination to five subjects in whom neither
ntibody titer was significantly increased by the first vaccination.
he IgG titers increased in a part of subjects following the second
accination, suggesting that an additional application increases the
fficacy of the TCI formulation. Antibody titers on day 365 after
pplication of the TCI formulation were maintained at a higher
evel than those on day 0 in all subjects examined, although anti-
ody titers tended to be lower on day 365 than on day 60 [62].
onventional patch-based TCI systems require the pre-treatment
f disrupting or removing SC, but our hydrogel patch achieved Ag
enetration into skin without removing the SC and Ag-specific anti-
odies were produced in some subjects by a single application in
umans, which represents a safety and efficacy advantage.

We also conducted a clinical evaluation of TCI using MH (Fig. 7).
g-free konide-shaped MH300, cone-shaped MH500, and cone-
haped MH800 as TCI devices were applied on left brachial lateral
kin (Fig. 7A) and they caused no serious local or systemic adverse
eactions (in preparation). To evaluate the efficacy of vaccination
Fig. 7B), we used trivalent influenza HA Ags. HA-containing cone-
haped MH800 induced HA-specific IgG responses against three HA
gs without severe adverse events (in preparation), indicating that
ur MH-based TCI system was safe and efficacious in humans.

These simple, easy-to-use, low-invasive, and effective TCI for-
ulations might be applicable for mass treatment in the event

f an outbreak and for increasing vaccination rates in developing
ountries. We  expect that our TCI system as an innovative vacci-
ation method will be put to practical use at an early date and
reatly will contribute to decrease the mortality and morbidity by
nfectious diseases.

. Conclusion and future perspectives

The development of vaccines, which represent the only basic

rophylaxis against infectious diseases, is drawing attention
orldwide. The main objective of vaccine development is the

stablishment of manufacturing technologies that supply safe and
ffective vaccine Ag rapidly and stably, but the problem of how
aneous vaccination procedure. a; bright-field micrograph of whole MH, b: putting
 an adhesive tape. (B) Experimental design about clinical study of TCI formulation

 indicated points.

to carry out enough vaccinations to prevent infectious diseases
remains to be solved. In order to distribute the vaccine across
the world to people who need it, especially those in develop-
ing countries, easy-to-use, low-cost, and low-invasive vaccination
methods instead of conventional injection systems are required.
TCI offers an attractive avenue for the development of needle-
free prophylaxis. The main challenge to be addressed during the
development of TCI systems is to ensure accurate delivery of Ag
to the epidermis and dermis through the SC. As we introduced in
this review, various approaches to overcome the SC barrier have
been developed and basic, preclinical, or clinical studies of these
approaches have been conducted.

Recent studies have demonstrated that intradermal vaccine
delivery to skin-resident APCs can increase the magnitude of the
immune response rather than IMI. For example, some studies eval-
uating intradermal delivery of influenza vaccine have suggested
that dose sparing relative to IMI  can be achieved [94,95].  Nowa-
days, INTANZA®/IDFlu® is marketed as a new trivalent inactivated
influenza vaccine administered by the intradermal route. Thus, TCI
systems targeting the skin immune system are attractive vaccina-
tion methods that can supplant conventional IMI  or SCI in terms of
not only ease and safety but also efficacy.

Practical use of these easy-to-use, low-cost, low-invasive, and
effective transcutaneous vaccination methods in the near future
would contribute to a global countermeasure against infectious
disease and would greatly benefit countries with poor vaccination
rates.
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