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Transcutaneous immunization refers to the topical application
of antigens onto the epidermis. Transcutaneous immunization
targeting the Langerhans cells of the skin has received much
attention due to its safe, needle-free, and noninvasive antigen
delivery. The skin has important immunological functions with
unique roles for antigen-presenting cells such as epidermal
Langerhans cells and dermal dendritic cells. In recent years,
novel vaccine delivery strategies have continually been
developed; however, transcutaneous immunization has not yet
been fully exploited due to the penetration barrier represented
by the stratum comeum, which inhibits the transport of
antigens and adjuvants. Herein we review recent achievements
in transcutaneous immunization, focusing on the various
strategies for the enhancement of antigen delivery and
vaccination efficacy. [BMB Reports 2013; 46(1): 17-24]

INTRODUCTION

Current vaccine delivery methods use the intradermal (ID), in-
tramuscular (IM), subcutaneous (SC), intranasal (IN), and oral
(OR) routes (1). Of these, IM, SC, and ID immunizations are
classified as needle-based techniques. Needle-based methods
are effective in achieving the desired immune responses; how-
ever, their use has numerous drawbacks, such as safety, cost
and compliance. The development of safer and more effective
vaccines is a global priority. One technology under develop-
ment administers vaccines through the skin painlessly via a
larger surface area than that used by a needle. Referred to as
transcutaneous immunization (TCI), topical application of an
antigen onto the skin targets immune cells resident therein,
such as Langerhans cells (2). However, the skin poses a formi-
dable barrier to hydrophilic macromolecules such as proteins,
peptides, and vaccines due to the impermeability of the stra-
tum corneum (3). To overcome the skin barrier to noninvasive
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delivery, numerous techniques for transcutaneous delivery are
being developed. Significant advances in transcutaneous deliv-
ery of proteins, peptides, and large hydrophilic molecules
have in recent years shown great promise, although commerci-
alization of these products remains a future prospect. Clinical
and pre-clinical trials in animals to test the safety and efficacy
of vaccines using various TCl techniques and antigens are be-
ing conducted (4). This review will focus on the developments
in TCI, with special emphasis on the concept of skin immunity
and the recent achievements of transcutaneous antigen deliv-
ery systems.

SKIN IMMUNE SYSTEM

The skin is an immunologically active site composed of three
layers: the stratum corneum, epidermis, and dermis (5). The
barrier function of the skin resides in the stratum corneum,
which is composed of dead corneocytes. Directly below the
stratum corneum is the epidermis, underneath which is the
dermis (6). The skin immune system includes keratinocytes
and Langerhans cells (LCs) in the epidermis; fibroblasts, den-
dritic cells (DCs), and mast cells in the dermis; and T and B
lymphocytes in the skin-draining lymph nodes (1). The number
of resident T lymphocytes in the skin is approximately twice
the total number of those circulating in the blood (7). Easy ac-
cess to this skin immune system makes it an attractive site for
vaccination.

LCs, specialized dendritic cells that contain large Birbeck
granules, form a network around keratinocytes in the supra-
basal layer of the epidermis. They represent a network of mi-
gratory immune cells that underlie approximately 25% of the
total skin surface area, and can transport antigens from the skin
into lymph nodes to elicit immune responses (8). The transfer
of antigens to lymphoid organs is a critical step in the in-
duction of immune responses. Immature LCs are typically lo-
cated in the basal layers of the epidermis, where they sample
and process antigens (1).

After encountering antigen in the epidermis, LCs become ac-
tivated and undergo maturation, acquiring the ability to capture
antigens and process them into immunogenic peptides, which
are presented as complexes with major histocompatibility com-
plex (MHC) proteins on their surfaces (1, 6). These cells then
migrate via afferent lymphatics to the skin-draining lymph no-
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des, where they present antigens to the resident lymphocytes.
During their migration via the afferent lymphatics they mature
and acquire the capacity to stimulate helper or cytotoxic activ-
ity in naive resting T cells. Subsequent T cell activation results
in the generation of both effector and memory cells, which
play distinct roles in protection against various infections.

LCs are recognized mainly by virtue of their human leukocyte
antigen (HLA)-DR, the adhesion marker E-cadherin, and unique
cytoplasmic organelles named Birbeck granules (BGs) or
Langerhans granules (1, 6). The C-type lectin Langerin (CD207)
is responsible for BG formation and is a key marker of the LC
lineage (9). LCs also strongly express CD1a (10). LC migration
and maturation are associated with the expression of chemokine
receptors on the surface of the cells. During LC maturation, the
skin-homing chemokine receptors CCR1, CCR2, CCR5, and
CCR6 are down-regulated, while receptors involved in homing
to lymph nodes (CCR4, CXCR4, and CCR?) are up-regulated
(11). Even in the absence of inflammatory signals, approx-
imately 3% of LCs circulate naturally from the skin to the lymph
nodes. The chemokine receptor CCR7 regulates the migration of
LCs to the lymph nodes under the influence of secondary lym-
phoid tissue chemokines such as CCL20 (1, 12).

DCs are key regulators in the immune system. They constitute
a link between the innate and adaptive immune systems, and
determine whether immunity or tolerance is induced. In addi-
tion to classical LCs in the epidermis, several distinct subsets of
Langerin-negative dermal DCs (dDCs) have been characterized,
including CD14+ dDCs and CD1a+ dDCs in human skin (4,
12). CD14+ dDCs are most easily characterized by their ex-
pression of CD14, in addition to DC-SIGN (DC-specific inter-
cellular adhesion molecule-3 (ICAM-3)-grabbing non-integrin,
CD209), CD11c and CD11b (4, 13, 14). Dermal CD1a+ dDCs
were shown to express CD1a, CD11c, and CD11b (15). In con-
trast, Langerin-positive CD103 + dDCs in mice showed low ex-
pression of CD11b and high expression of CD103 (16).

The distinct DC subsets in human skin differ with respect to
their expression of cell markers and functions in the adaptive
immune response. Human LCs are involved in the function of
CD4+ and CD8+ T cells, and they preferentially induce the
secretion of Th2-type cytokines (17). The CD1a+ dDCs also
elicited some secretion of Th2 type cytokines, but less than
that elicited by LCs. CD14+ dDCs were reported to promote
the differentiation of naive B cells into IgM-secreting plasma
cells via the induction of CD4+ T cells and secretion of inter-
leukin (IL)-6 and IL-12 (18, 19), whereas LCs did not (17). Even
though the precise role of skin DCs in the immune response
has not been determined, soluble antigens can directly diffuse
to the draining lymph nodes, and can be taken up by the large
population of DCs therein (20). This topic is important for the
design of novel vaccines targeting DC subsets.

TRANSCUTANEOUS IMMUNIZATION

TCl, the topical application of antigen onto the epidermis, is
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an emerging vaccine delivery system. Due to the easy access
to the skin immune system by topical application of antigens,
TCl is considered a promising technique for vaccine delivery.
However, topical antigen application is limited by the im-
permeable barrier function of the stratum corneum, the outer-
most layer of the epidermis (21). For an antigen to be deliv-
ered passively via the stratum corneum, it must have suitable
lipophilicity and a molecular mass of <500 Da (1, 21, 22).

The stratum corneum is comprised of dead corneocytes in-
terspersed within a lipid-rich matrix. Its structure and lipophilic
nature account for the barrier function of the skin. The stratum
corneum exhibits selective permeability and allows only rela-
tively lipophilic compounds to diffuse into the lower layers.
Passive topical penetration of hydrophilic molecules and those
of molecular mass >500 Da is difficult.

In recent years, advances in biotechnology have led to the
development of techniques and instruments that can overcome
the difficulties associated with the stratum corneum barrier. To
overcome the skin barrier to noninvasive delivery, various so-
phisticated delivery systems, such as passive and active strat-
egies to optimize percutaneous delivery, have emerged (23).
The passive method needs strategies that increase perme-
ability, such as optimization of formulation or vaccine carrier.
Active methods rely on sophisticated delivery systems, such as
complicated nanocarriers or mechanical devices, to enhance
delivery. The delivery of antigens of different lipophilicities
and molecular weights has been shown to be improved by ac-
tive methods such as iontophoresis (24, 25), electroporation
(26), laser ablation (27), micro-/nano-needle techniques (28)
and ultrasound (29). However, the challenges in creating such
systems are the complicated processes involved and the poten-
tial negative impact on antigen stability. Moreover, the high
manufacturing costs of these advanced systems often offset
their advantages.

To circumvent these problems with the current methods, a
novel strategy of creating “skin-permeable proteins” that pos-
sess a skin-penetrating ability and thereby eliminate the need
for a transport vehicle was presented (3). Artificial skin-per-
meable proteins by simple conjugation of a protein to a
cell-penetrating peptide, LMWP, which transported the at-
tached protein into the skin by penetrating the stratum cor-
neum barrier, were chemically constructed. This immuniza-
tion strategy showed an advantage over conventional vacci-
nation: it elicited specific immune responses. This method-
ology for constructing artificial skin-permeable antigens of-
fered simple needle-free vaccination without the need for so-
phisticated vaccine carriers or expensive medical devices (3).

Bacterial and viral infectious diseases, neurodegenerative
diseases, autoimmune diseases, cancers and biological weap-
ons based on B. anthracis are promising targets of TCl vacci-
nation (6, 30).

Many complex events take place in the skin after vacci-
nation to mount an effective immune response. Many parame-
ters, including vaccine type, vaccination technique and the
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plasticity of skin antigen-presenting cells (APCs) targeted by
vaccination will determine the outcome and effectiveness of
the immune response. Studies with murine models have dem-
onstrated that the vaccine dose used during TCl often de-
termines the resultant immune response. It is now agreed that
transcutaneous vaccination with low-dose antigen doses not
distribute the antigen throughout the dermis, but targets solely
epidermal LCs and stimulates Th1 and cytotoxic T lymphocyte
(CTL) responses (1).

VACCINE CANDIDATES FOR TRANSCUTANEOUS
IMMUNIZATION

Here, we will briefly discuss the wide variety of agents that
have been studied as active vaccine candidates for TCI. DNA
vaccines refer to plasmid DNA that encodes the antigenic pro-
tein (6). Upon introduction to the target cells, the protein anti-
gen is expressed and induces an immune response against the
antigen. Several DNA vaccines; for example those for influen-
za (31) and HBsAg (32), have been demonstrated to induce
immune responses via TCI.

Immunodominant epitopes have been used widely as sub-
unit vaccines, and are advantageous for TCI due to their short
peptide sequences and ease of delivery across the skin (6, 33).
Specific peptide sequences from the antigen can improve im-
munogenicity for TCI via inducing a CD4+ T helper response
(6, 34) or CD8+ cytotoxic T cell response (6, 35). Human re-
combinant proteins are probably the most widely used vaccine
candidates to date. Notably, full-length protein vaccines can
be delivered across the skin by topical application, resulting in
induction of immune responses. Hydrogel patches (36), hyper-
thermia (37), and conjugation to cell-penetrating peptides
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(CPPs) stimulated delivery of the proteins across the stratum
corneum (3, 38). CPPs were notably able to transduce attached
cargos, such as proteins or DNA, across many types of bio-
logical barrier, including the intestinal wall, nasal mucosa, and
even the blood-brain barrier.

TCl with a carbohydrate-based vaccine using a synthetic
hexasaccharide of the O-specific polysaccharide of V. cholerae
conjugated to bovine serum albumin was immunogenic (6).
Moreover, transcutaneous and subcutaneous boosting with a
neoglycoconjugate following oral cholera vaccination boosted
protective immune responses against V. cholerae (39). The
capsule polysaccharide of H. influenzae b was conjugated to
cross-reacting material, and induced a strong humoral immune
response after TCl (40). Glycoproteins and glycolipids, ex-
pressed on the surface of cancer cells, were used to develop
cancer immunotherapy (41, 42).

TRANSCUTANEOUS ANTIGEN DELIVERY TECHNOLOGY

Numerous technologies using diverse methods to transport an-
tigens across the skin have been developed (Fig. 1). Humoral,
CTL, and mucosal immune responses are induced via TCI.
Here, we will review key advances in transcutaneous antigen
delivery technologies with diverse antigen models, focusing
on the most-commonly studied vaccine carriers.

Combadiere and Liard categorized transcutaneous antigen
delivery technologies into three generations, although some of
the current TCI technologies can’t be properly classified (1).
First-generation TCI technologies include those that use ad-
sorption and passive distribution of very small lipophilic mole-
cules across the stratum corneum. Most of the patches, gels,
and sprays currently in clinical practice are first-generation TCI
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Fig. 1. Schematic illustration of several transcutaneous antigen delivery technologies used for transcutaneous vaccination. (A) Patch, (B) E.
coli vectors/Viral vectors, (C) Vesicular systems, such as liposomes, niosomes, transfersomes, and vesosomes, (D) Ultrasound, (E)

Nanoparticles or
jugated proteins (l) Tape-stripping.
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Microemulsions, (F) lontophoresis or Electroporation (G) Micro-needles/Nano-needles, (H) Cell penetrating peptide-con-
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technologies. Patch-based TCI with whole inactivated viruses
such as influenza (43) and herpes simplex virus (44) can in-
duce humoral and cellular immune responses. Moreover, in-
tact Escherichia coli particles can be used to activate APCs and
T cells, thereby acting as natural adjuvants during TCI (45).

Second-generation TCI technologies comprise those that re-
formulate vaccine preparations, such as encapsulation in lip-
osomes (46), transfersomes (47), and micro-emulsions (48).
Exterior energetic methods of forcing antigens across the stra-
tum corneum, including iontophoresis and ultrasound, also be-
long to this generation, although hydrophilic macromolecules
are not always transported across the skin. Commonly em-
ployed vesicular systems for TCl, including niosomes (49) and
vesosomes (50) have gained much attention recently as car-
riers of DNA and recombinant protein immunogens for TCI.
Vesicular systems have been suggested to target epidermal LCs
through hair follicles or pilosebaceous routes (6). In addition,
vesicular systems have the following advantages: enhanced an-
tigen stability, sustained antigen release, and synergistic func-
tion as an adjuvant. Nanoparticles targeting LCs in the hair fol-
licle are a potentially useful TCI strategy, much like vesicular
systems.

Third-generation TCI technologies include those that disrupt
the stratum corneum barrier transiently and in a highly lo-
calized manner. Methods using micro-needles (including solid
micro-needles, and coated, hollow, and dissolvable micro-nee-
dle arrays), lower-frequency ultrasound, and a pore-forming
peptide named magainine (4, 51) are under development with
the goal of creating transient pores in the stratum corneum.
Other techniques include thermal abrasion, using either heat-
ing patches or micro-lasers, and mechanical abrasion, such as
shaving or friction, sandpapering, tape-stripping, and cyanoa-
crylate skin surface stripping (1).

ADJUVANTS FOR TRANSCUTANEOUS ANTIGEN
DELIVERY

Adjuvants are the most important issue in TCI, because the im-
mune response is adjuvant-dependent. A large number of po-
tent adjuvants that enhance the immune response after TCI
have emerged. Co-application of adjuvants with antigens is re-
quired to elicit successful immune responses by TCI (21, 52).
Successful adjuvants for vaccines include bacterial toxins, mi-
crobial products, cytokines, liposomes, oligodeoxynucleotides,
and mineral salts (53). Of these, the most commonly used ad-
juvants, including alum, monophosphoryl lipid A, and an
MF59 emulsion, are undesirable for TCl, likely due to their
limited transport across the stratum corneum (4, 54).
Moreover, some adjuvants are too toxic for clinical use. To
achieve a strong, directed immune response and reduce non-
specific adverse inflammatory responses, the optimal adjuvant
must be identified. Moreover, newer vaccines based on re-
combinant proteins, synthetic peptides, and plasmid DNA
tend to induce weaker immune responses, so proper adjuvants
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for selective activation of the receptors on skin DC subsets are
vital. Here, we will discuss briefly the most promising TCI
adjuvants.

ADP-ribosylating exotoxins

Bacterial ADP-ribosylating exotoxins, such as cholera toxin
(CT) and E. coli heat-labile toxin (LT), and their derivatives,
have received considerable attention owing to their marked
adjuvanticity (6, 55, 56). They are used most often in pre-clin-
ical studies of transcutaneous antigen delivery systems (4). CT
and LT have ADP-ribosyl transferase activity, and bind to the
GM1-ganglioside receptor (4, 57). Application of CT to intact
mouse skin resulted in not only anti-CT antibody production
(4, 39, 56), but also provoked immune responses against anti-
gens (58). Although the exact mechanisms are unclear, CT dif-
fuses rapidly throughout the epidermis and results in a cAMP
enhancement, which may stimulate the secretion of proin-
flammatory cytokines and tumor necrosis factor-a (6). These
may in turn promote the activation LCs and their migration to
regional lymph nodes. Novel TCl system induced an anti-
gen-specific antibody response in the presence of sodium sali-
cylate even without adjuvants, such as CT (53). Sodium salicy-
late had an adjuvant-like effect via activation of antigen pre-
senting cells. Besides antibody production, CT was superior to
other adjuvants in its ability to prime memory CD8 +T cells
(58). The adjuvant effect of CT was independent of typical TLR
and inflammasome signaling pathways, but CT adjuvanticity
required Type-l IFN responses (59). Bacterial ADP-ribosylating
exotoxins have been widely used and are popular adjuvants in
TCI studies (60). However, application of CT to intact mouse
skin can induce and enhance autoimmune disease (61).
Specifically, dermal exposure to CT, with or without auto-
antigen, exacerbated the severity of autoimmune disease.
Moreover, inclusion of adjuvants that exhibit high toxicity via
the oral or intranasal routes always poses a safety concern, al-
though they are relatively safe when used with TCI. So far, re-
searchers have been unable to find a safer alternative; thus ap-
plication of ADP-ribosylating exotoxin in a pharmaceutical
product remains a challenge.

TLR ligands

Innate immunity is mediated by pathogen-recognition re-
ceptors (PRRs). Toll-like receptors (TLRs) are important PRRs
involved in host defense (4). The distribution of TLRs in im-
mune-active skin cells differs according to cell type. This heter-
ogeneity may modulate the immune responses to TCI
adjuvants. Therefore, use of TLR ligands as adjuvants for trans-
cutaneous antigen vaccination is appropriate. One example is
imiquimod, a synthetic immunomodulatory agonist of TLR7,
which can activate dendritic cells and B cells to induce cyto-
kines optimal for Th1 cell immunity, thus enhancing antibody
production (62). A microneedle delivery of imiquimod with in-
fluenza subunit vaccine elicited strong immune responses
compared to vaccine alone in skin-based influenza vaccines
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(63). Gardiquimod (64) and R848 (resiquimod) (65) are the li-
gands known to activate TLR7/TLR8 most strongly. As a vac-
cine adjuvant, resiquimod provoked prominent Th1 immune
responses and promoted priming of CTLs to antigens.

CpG

Bacterial CpG motifs are unmethylated CpG dinucleotides
within nucleic acid motifs that are recognized by vertebrate
TLR9 (4, 66-68). Under the influence of TLR9, CpG induced
the secretion of the pro-inflammatory cytokines IL-12, TNF-a
and IFN-y, resulting in both Th1 and Th2 immune responses
with a bias towards Th1 type (69). The adjuvanticity of CpG
was dependent on the immunization route and carrier (70).
CpG functioned as a TCl adjuvant when co-administered with
DT, the model antigen ovalbumin, or DNA vaccine encoding
influenza M protein, resulting in elevated antibody titers (4,
69, 71). Notably, topical application of an HIV peptide gp160
together with a mixture of CT and CpG induced a strong
HIV-specific CTL response (4, 72). CpG-ODN acted synergisti-
cally with tape-stripping (6, 73) or CT in the lipid-based ad-
juvants Lipid C matrix (74). Therefore, co-administration of
CpG-ODNs with other adjuvants could be a promising alter-
native to single high doses of adjuvants for transcutaneous
vaccination.

Other approaches

Topically applied cytokines can act as potent adjuvants, be-
cause they are important mediators of cutaneous immune
responses. Granulocyte macrophage colony-stimulating factor
(GM-CSF), chemokine (C-C motif) ligand 20 (CCL-20), and
fms-related tyrosine kinase 3 ligand (FIt3L) are known to be po-
tent adjuvants in TCI (6, 75). Surfactants, such as sodium lauryl
sulfate, are known to enhance the antibody response to a topi-
cally applied antigen (76). Moreover, combinations of com-
mon chemicals (77) can enhance the delivery and im-
munogenicity of topically applied antigens.

Skin disruption is highly immunostimulatory, and can en-
hance antigen-specific immune responses through the secre-
tion of proinflammatory cytokines and facilitate the migration
of LCs. Several methods of skin barrier disruption, such as ul-
trasound, micro-needle techniques, electroporation, and gene
gun delivery, have the potential to induce immune responses
against topically applied vaccines (6). Hyperthermia activates
the immune system, and can induce migration and maturation
of LCs by increasing the expression of CD80 and CD86 (37).
Mice transdermally immunized with diphtheria toxoid using
local hyperthermia as an adjuvant without any adjuvant or
penetration enhancing reagent resulted in an antibody re-
sponse to the toxin. Heat-sensitive liposomes that quickly re-
lease their contents under hyperthermic conditions (40 to
41°C, the phase transition temperature of the liposomes) were
also developed. The concept of using heat as a trigger to turn
the immune system on or off, as well as to enhance gene ex-
pression, seems to be an attractive technique without risk of

http://bmbreports.org

Transcutaneous immunization
Mi-Young Lee, et al.

needle-stick injuries.

CONCLUDING REMARKS

Since the initial development of transcutaneous vaccination
using bacterial exotoxin as an adjuvant by Glenn in 1998, nu-
merous methods of efficient antigen delivery and vaccination
have been developed. Although topical and transcutaneous
administration of antigens has been limited, mainly due to the
relatively low permeability of the stratum corneum, continued
advances in the development of transcutaneous delivery sys-
tems and numerous technical innovations have led to the de-
velopment of techniques and instruments that can overcome
the difficulties associated with TCl. However, transcutaneous
vaccination remains challenging and commercialization of
transcutaneous  vaccination products remains a future
prospect. The main challenges are to ensure accurate antigen
delivery across the epidermis, where LCs reside, and to en-
hance vaccine efficacy by effective activation of defined types
of specific immune cells. The use of vaccines targeted to spe-
cific subsets of skin LCs is a promising way to improve vaccine
efficacy by coupling the antigen to specific cell receptors on
LCs. In addition, most TCl studies are currently performed in
laboratory animal models. The physiological and structural dif-
ferences of the skin and immune system between humans and
laboratory animals should be taken into consideration to facili-
tate translation of the results of animal models to clinical
studies. Finally, safer and more efficient adjuvants for TCl
should be identified for the development of painless and
self-administrable transcutaneous vaccination.
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