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Main challenges in skin vaccination are overcoming the stratum corneum (SC) barrier and targeting the
antigen presenting cells (APC) in the epidermis and the dermis. For this purpose many delivery tech-
niques are being developed. In vivo immunogenicity and safety studies in animals are mandatory before
moving to clinical trials. However, the results obtained in animals may or may not be predictive for
humans. Knowledge about differences and similarities in skin architecture and immunology within a spe-
cies and between species is crucial.

In this review, we discuss variables, including skin morphology, skin barrier function, mechanical prop-
erties, site of application and immunology, which should be taken into account when designing animal
studies for vaccination via the skin in order to support the translation to clinical trial outcomes.

� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The skin is the largest organ in the body and protects against
environmental challenges, such as pathogens, injuries and UV
radiation. It harbors many immune cells, making it an attractive
site for vaccination. The smallpox vaccine, the first vaccine used
and also the most successful, was delivered in the skin, using
bifurcated needles. Nowadays only three other vaccines are on
the market for intradermal delivery: the bacillus Calmette-Guerin
(BCG) and rabies vaccine are both administered in the skin using
hypodermic needles and since 2009, an influenza vaccine was
reformulated for use in a novel microinjection system (BD
Soluvia™). This system enables medical personnel to inject the
vaccine intradermally on a more reliable and consistent manner.

Regulations require that immunogenicity and safety of vaccines
is first determined in animal models before entering clinical trials.
The results of animal studies are difficult to extrapolate to the
human situation. This is especially true for cutaneous vaccines.
For this reason the risk of failure of clinical studies is high.
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An example is the development of a cutaneous vaccine patch
against travelers diarrhea. The vaccine contains heat-labile entero-
toxin (LT) from Enterotoxinogenic Escherichia coli (ETEC), an impor-
tant causative agent of travelers diarrhea. Preclinical studies in
mice immunized with LT applied on intact skin demonstrated very
high anti-LT titers and full protection against lethal systemic chal-
lenge with the toxin (Beignon et al., 2001; Glenn et al., 1998). In a
first clinical trial (Glenn et al., 2000) on intact skin, IgG titers were
induced but responses were not as high as in preclinical trials. In
following clinical trials (Behrens et al., 2014; Steffen et al., 2013),
the investigators applied an abrasion step before vaccine applica-
tion to reduce the skin barrier function. Although the delivery of
LT in the skin was demonstrated, antibody titers remained much
lower than in mice studies and the antibody titers were not
protective.

Knowledge about differences in skin architecture and skin
immunology between different species and within species is cru-
cial in order to understand the limitations of skin immunization
in experimental animals with respect to the situation in humans.
For cutaneous vaccination, the difference in epidermis (especially
stratum corneum) and dermis thickness is an additional challenge
in the translation of animals to human. In this review, we discuss
variables between animal species used to test cutaneous vaccines,
some of which can be controlled by the investigator and which
should be considered in the translation of animal-clinical studies
of vaccines delivered via the skin.

The skin is composed of three layers: the epidermis, the dermis
and the subcutis. The viable epidermis is composed of mainly ker-
atinocytes (90%). The other 10% of the cells are represented by
Langerhans Cells (LC), melanocytes and mast cells. Keratinocytes
differentiate in the epidermis and during the differentiation, the
cells move to the upper layer of the viable epidermis. Terminally
differentiated keratinocytes are called corneocytes (dead cells),
which form the surface layer of the skin, the stratum corneum
(SC). This SC forms the main barrier for water loss from the body
(inside-out diffusion) and for invading pathogens from the envi-
ronment (outside-in diffusion). The dermis is located underneath
the epidermis and is composed of dense fibroelastic connective tis-
sue with lymph vessels, nerves, sebaceous glands, sweat glands
and hair follicles. The cells present in the dermis are fibroblasts,
dermal dendritic cells (dDC), mast cells, monocytes and macro-
phages. The subcutis is the deepest layer of the skin and is com-
posed of mainly fat tissue.

Cutaneous vaccination delivers the vaccine either onto the SC,
or deeper in the skin, in the epidermis or the dermis. In literature,
there is a variety in definitions for vaccination into or onto the skin.
In this review, we will use the terms ‘‘topical vaccination’’, ‘‘intra-
dermal vaccination’’ and ‘‘cutaneous vaccination’’ (Table 1).
Table 1
Definition of terminology used in this review.

Delivery site of vaccine

Topical application Onto intact SC or partly removed or altered SC

Intradermal application In epidermis or dermis

Cutaneous application Onto SC or in epidermis or dermis
With topical application, the vaccine is applied onto intact skin
or pre-treated skin. The vaccine formulation diffuses through (a
part of) the SC, into the epidermis and the dermis. With intrader-
mal delivery, the SC diffusion is circumvented by for example nee-
dle injections, liquid or solid jet injections, or microneedle
insertion. With intradermal vaccination, the vaccine is delivered
directly into the epidermis or the dermis. Cutaneous vaccination
will be used to assign both topical and intradermal application.

2. Topical application

2.1. Stratum corneum as the main barrier

The main challenge of topical applications is the passage
through the SC in a consistent way such that a substantial part of
the antigen dose is delivered to the immune cells. The SC is com-
posed of corneocytes (dead keratinocytes) and intercellular lipids,
arranged in a brick and mortar structure, composed of corneocytes
and lipids, respectively. This structure forms a barrier against
invading pathogens. Topically applied vaccine formulations have
to penetrate through this SC in order to reach the immune cells
in the epidermis and the dermis. The thicker the SC, the longer
the diffusion pathway for penetrating substances. Body sites with
thinner SC would therefore be more appropriate for topical appli-
cation. The thickness of skin (epidermis + dermis) is subject of
many studies. However, data specifically on SC thickness is limited.
SC thickness in animals is measured by using microscopic tech-
niques on biopsy samples prepared by conventional formalin-
paraffin processing or by cryo techniques. Formalin-paraffin pro-
cessing distorts the skin morphology caused by swelling and
shrinking and often results in a basket-wave appearance of the
SC. This artefact makes thickness quantification a difficult task.
Cryo-preparation techniques cause minimal structural changes of
the sample. Boundaries between viable epidermis and SC in biopsy
samples might be difficult to determine resulting in less accurate
measurements. Monteiro-Riviere et al. compared the SC and viable
epidermis thickness at 5 body sites in 8 animal species, by paraffin
sections and frozen sections (Monteiro-Riviere et al., 1990). A
selection of their data is presented in Table 2. The two methods
showed significantly different results with smaller SC thickness
with paraffin sections as compared to frozen sections. With the fro-
zen section method, for some body sites relatively thick SC was
found, sometimes even comparable to the viable epidermis thick-
nesses (SC of ear of rats is 8.49 lm; viable epidermis is 8.8 lm).
This was confirmed by Bronaugh et al. (1983) and Sato et al.
(1991). In these sections, the boundaries between viable epidermis
and SC in biopsy samples might be difficult to define which may
cause the large differences between the two methods when
Delivery techniques

Skin patches, sometimes in combination with pre-treatment of the skin by:
– Emery paper
– Tape stripping
– Electroporation
– Ultrasound
– Hydration, permeation enhancers
– Microneedle pre-treatment

– Microneedles (coated, hollow, dissolving)
– Fluid Jet injections
– Powder jet injections
– Needle and syringe injections
– Invasive electroporation
– Tattooing



Table 2
Effect of skin biopsy preparation method on apparent SC thickness. SC thickness (mean and standard error) in different species and different sites.

Species Site SC (lm) Viable epidermis Epidermis (lm) Method Ref.

Mouse Back 5.8 ± 0.3 12.6 ± 0.8 Frozen section Bronaugh et al. (1982)
6.26 ± 0.44 9.04 ± 0.88 15.3 ± 0.98a Frozen section Monteiro-Riviere et al. (1990)

2.9 ± 0.12 13.32 ± 1.19 16.22 ± 1.20a Paraffin section Monteiro-Riviere et al. (1990)
Buttock 4.4 ± 0.44 6.95 ± 0.6 11.35 ± 0.74a Frozen section Monteiro-Riviere et al. (1990)

2.78 ± 0.27 9.09 ± 0.66 11.87 ± 0.71a Paraffin section Monteiro-Riviere et al., 1990
Ear 9.73 ± 1.23 12.05 ± 1.36 21.78 ± 1.83a Frozen section Monteiro-Riviere et al. (1990)

5.56 ± 0.71 14.19 ± 1.34 19.75 ± 1.52a Paraffin section Monteiro-Riviere et al., 1990
Abdomen 7.3 ± 2.69 10.43 ± 1.16 17.73 ± 2.93a Frozen section Monteiro-Riviere et al. (1990)

3.01 ± 0.3 9.73 ± 2.28 12.74 ± 2.30a Paraffin section Monteiro-Riviere et al. (1990)

Hairless mouse Back 8.8 ± 1.0 18 ± 1.5 Frozen section Sato et al. (1991)
8.9 ± 0.4 28.6 ± 0.9 Frozen section Bronaugh et al. (1982)

Rat Back female 18.4 ± 0.5 32,1 ± 1,3 Frozen section Bronaugh et al., 1982
18.2 ± 0.1 31.2 ± 1.5 Frozen section Bronaugh et al.

Back male 34.7 ± 2.3 61.1 ± 3.0 Frozen section Bronaugh et al. (1983)
Back 12.31 ± 1.68 9.53 ± 1.6 21.84 ± 2.32a Frozen section Monteiro-Riviere et al., 1990

5 ± 0.85 21.66 ± 2.23 26.66 ± 2.39a Paraffin section Monteiro-Riviere et al. (1990)
Abdomen female 13.7 ± 0.6 34.8 ± 1.81 Frozen section Bronaugh et al., 1983
Abdomen male 13.8 ± 0.7 30.4 ± 1.5 Frozen section Bronaugh et al. (1983)
Abdomen 6.02 ± 1.10 9.27 ± 0.66 15.29 ± 1.28a Frozen section Monteiro-Riviere et al. (1990)

4.56 ± 0.61 11.58 ± 1.02 16.14 ± 1.19a Paraffin section Monteiro-Riviere et al. (1990)
Buttock 13.34 ± 1.26 13.71 ± 3.91 27.05 ± 4.11a Frozen section Monteiro-Riviere et al. (1990)

4.09 ± 0.27 15.52 ± 1.02 19.61 ± 1.06a Paraffin section Monteiro-Riviere et al. (1990)
Ear 8.49 ± 0.97 8.8 ± 0.95 17.29 ± 1.36a Frozen section Monteiro-Riviere et al. (1990)

3.63 ± 0.4 13.48 ± 1.24 17.11 ± 1.30a Paraffin section Monteiro-Riviere et al. (1990)

Hairless rats Abdomen 15.4 ± 3.3 23.8 ± 5.3 Frozen section Sato et al. (1991)

Pig Back 17.5 ± 2.4 50.7 ± 11.4 Frozen section Sato et al. (1991)
15.06 ± 0.63 41.55 ± 1.94 56.61 ± 2.04a Frozen section Monteiro-Riviere et al. (1990)
12.28 ± 0.72 51.89 ± 1.49 64.17 ± 1.65a Paraffin section Monteiro-Riviere et al. (1990)

Abdomen 15.29 ± 1.14 30.58 ± 1.62 45.87 ± 1.98a Frozen section Monteiro-Riviere et al., 1990
14.9 ± 1.91 46.76 ± 2.01 61.66 ± 2.77a Paraffin section Monteiro-Riviere et al. (1990)

Buttock 18.07 ± 1.82 46.02 ± 3.8 64.09 ± 4.21a Frozen section Monteiro-Riviere et al. (1990)
12.01 ± 0.95 56.68 ± 3.08 68.69 ± 3.22a Paraffin section Monteiro-Riviere et al. (1990)

Ear 17–28 60–85 77–113 Frozen section Jacobi et al. (2007)
13.13 ± 1.8 44.63 ± 4.26 57.76 ± 4.62a Frozen section Monteiro-Riviere et al. (1990)

9.88 ± 1.16 51.43 ± 9.05 61.31 ± 9.12a Paraffin section Monteiro-Riviere et al. (1990)
? 26.4 ± 0.4 65.8 ± 1.8 Frozen section Bronaugh et al. (1982)

(?) Site is unknown.
a Calculated epidermis value = SC + viable epidermis.
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considering the SC and the viable epidermis thickness separately.
This is confirmed by the sum of the viable epidermis thickness
and the SC thickness, which results in a calculated total epidermis
thickness (viable epidermis + SC). This calculated total epidermis
thickness is comparable for the two methods.

Using the same techniques, the study showed significant dif-
ferences between the same site in different species but for some
species also between different anatomical sites within a species
(Table 2). The SC of the back of rats as measured with the frozen
sections is a factor 2 thicker than the SC of the abdomen. This
was confirmed by Bronaugh et al. (1983) for male rats
(Table 2). In this latter study a considerable difference in SC
thickness of the back of rats was also observed between gender
(Bronaugh et al., 1983). The SC of the back of male rats
(34.7 ± 2.3 lm) is twice as thick as the back of female rats
(18.2 ± 1.0 lm). No difference between gender was found for
the abdominal SC thickness. In the same study permeability
experiments with benzoic acid showed a difference in absorption
between back and abdominal skin of the male rat and a sex-relat-
ed absorption difference through back skin. The absorption
increased with decreasing SC thickness. These findings are of con-
siderable importance since topical application in rats (and mice)
is mostly done on the abdomen or the back because of the avail-
able large surface area. In male rats, the choice between abdomen
and back might influence the absorption of the topically applied
formulation.

For SC thickness in humans, more data is available as compared
to animals. A summary of human SC thickness reported in
literature is provided in Table 3. For humans, non-invasive meth-
ods have also been used to measure the SC in vivo. Examples are
confocal laser microscopy, confocal raman spectroscopy (Bohling
et al., 2014; Egawa et al., 2007) confocal reflectance microscopy
(Huzaira et al., 2001; Robertson and Rees, 2010) and ultrasound
echoscopy (Ploin et al., 2011). The advantage of these techniques
is that no biopsies and no skin preparation is needed. It should
be kept in mind that some of these techniques only give an estima-
tion of the SC thickness because boundaries between SC and viable
epidermis are difficult to define and the depth resolution might be
limited. A technique such as Raman spectroscopy measures a ‘‘stra-
tum corneum apparent thickness’’, which include the upper part of
the stratum granulosum in addition to the SC (Egawa et al., 2007).
The different techniques result in a wide value range of SC thick-
nesses. In literature, SC thickness of the forearm from 5 to 40 lm
(Agache et al., 2004; Robertson and Rees, 2010) and of the abdo-
men from 6 to 17 lm (Holbrook and Odland, 1974; Robertson
and Rees, 2010) are published. Absolute values obtained with dif-
ferent techniques can therefore not be compared from one study
to another. Within one study, using the same technique, SC thick-
nesses can be compared. Beside the different techniques, measur-
ing conditions (skin hydration will lead to increased skin
thickness as it can absorb around 300% of its dry weight
(Bouwstra et al., 2003)), skin conditions (i.e. UV exposure) and
environmental conditions (i.e. humidity) can also contribute to
the variation in SC thickness. Differences in SC thickness are con-
siderable at different body sites but vary less between individuals
(Egawa et al., 2007; Sandby-Moller et al., 2003).



Table 3
SC thickness measured with different techniques in humans at various body sites.

SC (lm) Viable epidermis (lm) Epidermis (lm) Measuring technique Lit.

Chest 18.2 ± 3.3 Frozen section Sato et al. (1991)
6.5 56 Reflectance confocal microscopy Robertson and Rees (2010)

Forearm 19.5 ± 2.8 Confocal raman spectroscopy Bohling et al. (2014)
18.3 ± 4.9 56.6 ± 11.5 74.9 ± 12.7 (⁄) Frozen section Sandby-Moller et al. (2003)
22.6 ± 4.33 Raman spectroscopy Egawa et al. (2007)

Outer forearm 10.9 60.3 Reflectance confocal microscopy Robertson and Rees (2010)
Inner forearm 6.2 59.4 Reflectance confocal microscopy Robertson and Rees (2010)

8.1–16.2 Frozen section Holbrook and Odland (1974)
Forearm 23 years 18 57 73 Multiphoton laser tomography Koehler et al. (2010)
Forearm 47 years 16 48 64 Multiphoton laser tomography Koehler et al. (2010)
Forearm 72 years 25 49 73 Multiphoton laser tomography Koehler et al. (2010)

Inner upperarm 6.4 58.2 Reflectance confocal microscopy Robertson and Rees (2010)
Upper arm 21.8 ± 3.63 Raman spectroscopy Egawa et al. (2007)

Palm 208.8 ± 41.7 Confocal raman spectroscopy Bohling et al., 2014
173 ± 36.96 Raman spectroscopy Egawa et al. (2007)

Cheek 12.8 ± 1.5 Confocal raman spectroscopy Bohling et al. (2014)
16.8 ± 2.84 Raman spectroscopy Bohling et al. (2014)

Abdomen 6.3 61.3 Reflectance confocal microscopy Robertson and Rees (2010)
6.9–9.8 Frozen section Holbrook and Odland (1974)
16.8 ± 0.7 46.9 ± 2.3 Frozen section Bronaugh et al. (1982)

Buttock 14.9 ± 3.4 81.5 ± 15.7 96.5 ± 16.1 (⁄) Frozen section Sandby-Moller et al. (2003)

Back 8.4 55.6 Reflectance confocal microscopy Robertson and Rees (2010)
8.2–11.3 Frozen section Holbrook and Odland (1974)

Shoulder 11.0 ± 2.2 70.3 ± 13.6 81.3 ± 13.5 (⁄) Frozen section Sandby-Moller et al. (2003)
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Obvious sites for topical application of vaccines in human are
the abdomen (Beignon et al., 2001), the back, the deltoid/upper
arm (Behrens et al., 2014) or the forearm (Etchart et al., 2007).
Several studies suggest, based on absorption measurements, a
more resistant barrier of the skin of the forearm as compared to
the skin of the abdomen or back (Holbrook and Odland, 1974).
As shown in Table 3, the forearm has a thicker SC as compared
to the abdomen or the upper arm. This suggests that body sites
such as upper arm, thigh, abdomen and back are likely most effec-
tive sites for topical application in humans.

Many vaccines (e.g. vaccines of childhood vaccination pro-
grams, influenza vaccine) are licensed for a selective age range.
Therefore SC thickness and structure as function of age should be
considered. Several groups reported that SC thickness is indepen-
dent of age in the range of 20–68 years (Koehler et al., 2010;
Sandby-Moller et al., 2003). This was confirmed by Fairley and
Rasmussen (1983) for the range of 3 month-46 years. More recent
reports showed however a thinner SC for infants (3–12 months) as
compared to adults (Fluhr et al., 2014; Nikolovski et al., 2008).
Nikolovski et al. (2008) showed with TEWL (Trans Epidermal
Water Loss) measurements, that the skin barrier function of infants
younger than 1 year is more permeable than adult skin. Fluhr et al.
(2014) showed structural differences between infant SC and adult
SC: neonates and 5–6 weeks old children had a less organized sur-
face anatomy than older children groups and adults. These struc-
tural differences might influence the barrier function of the skin.
A successful topical application for very young children (<1 year)
might therefore not work on adult skin. Consequently, for transla-
tion studies, different animals or site of application might be need-
ed in preclinical studies depending on the target group.

In many papers, a single value of SC thickness is given without
specification of body site. These values are probably not calculated
averages but rather isolated measurements of a specific site. One
has to be aware of this when using a SC thickness value from lit-
erature for e.g. interspecies comparisons. From the available
laboratory animals, the skin of pigs is reported to resemble most
that of humans (Simon and Maibach, 2000). In one study, Sato
et al. (1991) compared the SC thickness of 6 different species
(microscopy of cryo-prepared sections). The results for mice, rats,
pigs and humans are shown in Table 2. In this study it was con-
firmed that at the measured sites, the pig SC thickness indeed
resembles human SC thickness most. The SC thickness of the abdo-
men of hairless rats showed however also comparable SC thick-
ness. Beside the SC thickness, the number of cell layers in the SC
is also comparable in humans and pigs. The SC of humans
(Bouwstra et al., 2003; Holbrook and Odland, 1974) and pigs
(Swindle, 2008) is composed of 10–15 cell layers whereas mice
have only approximately 6 cell layers (Rissmann et al., 2009).

Apart from thickness of the SC, the intercellular lipids play a key
role in the skin barrier function. The SC lipids are organized in two
characteristic crystalline lamellar structures with repeat distances
of approximately 13 nm and 6 nm. The 13 nm lamellar phase is
more effective in creating an effective skin barrier function than
the 6 nm lamellar phase (de Jager et al., 2006). Both phases are pre-
sent in human and pigs (Bouwstra et al., 1995, 1991) whereas in
mice the 13 nm phase is abundantly present (Bouwstra et al.,
1994). The packing of the lipids, that is the lipid organization with-
in the lamellae, also contribute to the barrier function. A dense
orthorhombic organization results in a lower permeability than a
hexagonal gel phase or the less dense disordered liquid phase
(van Smeden et al., 2014). In human and mouse SC, lipids form
mainly an orthorhombic structures, while in pig SC mainly a hex-
agonal packing is present (Caussin et al., 2008). As both the
13 nm lamellar phase and the orthorhombic lateral packing are
abundantly present in mouse SC, the higher SC permeability in
mice cannot be attributed to the differences in lipid organization.
Therefore, the increased permeability in mouse skin may be due
to a reduced SC thickness, an increased follicular density (see
below), a lower number of cell layers in the SC or a reduced overlap
in corneocyte stacking.
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2.2. Penetration enhancement

Sufficient penetration through the SC to obtain a therapeutic
effect was thought to be limited to molecules smaller than
500 Da (Bos and Meinardi, 2000). This was based on penetration
studies with small drug molecules with the target being either
the systemic circulation or the dermis. However, Glenn et al.
(1998, 1999a,b) showed with a variety of vaccine antigens and
adjuvants, which exceed by far the 500 Da limit, that potent
immune responses can be induced upon topical application on
hydrated skin. In studies with topically applied LT, with a molecu-
lar weight of �85 kDa, and tetanus antigen, protective antibody
responses were induced in mice. However, mice SC is thinner
and has less cell layers than human SC and therefore antigen
penetration through human skin may be less efficient. In additional
studies topical application of protein antigens on intact skin was
shown to be feasible: Scharton-Kersten et al. applied several anti-
gens on untreated mouse skin and induced antibody responses
that were sometimes comparable to the intramuscular (i.m) injec-
tion (Scharton-Kersten et al., 1999). However, other groups
obtained no or poor immune responses upon topical application
of antigen on intact skin (Ding et al., 2009b; Glenn et al., 1999a).
Therefore, pretreatment of the skin, with e.g. abrasion with emery
paper or tape stripping, to enhance SC permeation is applied.
Chemical penetration enhancers such as water, alcohols, glycols
and surfactants can also enhance penetration through the SC.
These molecules increase permeability by distortion of the SC lipid
structure or by increasing the solubility of the active in the SC
(Benson, 2005; Chantasart and Li, 2012; Lane, 2013; Williams
and Barry, 1992). Chemical penetration enhancers are difficult to
combine with vaccine antigens. They may have a poor solubility
and stability may be affected. Also, the enhancing effect for large
compounds, such as vaccine antigens, is limited. Therefore, chemi-
cal enhancers are not often used in combination with vaccines.
Moghadam et al. (2013) analyzed, in vitro on human skin, the suit-
ability of several chemical enhancers for the absorption of IFN-a
(19 kDa). In 1% (w/v in water), Tween-80 the protein was stable
and a permeation enhancement of a factor 6 was achieved.
Hammond et al. showed in mice an increase in antibody response
against CT when the skin was pre-treated with a combination of
glycerol and isopropanol (Hammond et al., 2001a). Some deter-
gents are known to have penetration enhancement effects on skin
and are compatible with some protein antigens and would be
suitable in vaccine formulations. Their penetration enhancement
effect has not yet been tested on human skin when combined
with antigens, but it is expected that the increased penetration will
not be sufficient for these large molecules to penetrate the skin in a
reasonable contact time and achieve a therapeutic effect,
since doses in the microgram range are usually needed for
vaccination.

Apart from molecular excipients, vesicular systems composed
of lipids and/or surfactants such as Transfersomes� and elastic
vesicles can act as either carriers of entrapped substances or as
penetration enhancers (Cevc and Blume, 1992; Cevc et al., 2002;
Foldvari et al., 1990; Honeywell-Nguyen et al., 2003; Mezei and
Gulasekharam, 1980). Transfersomes� and elastic vesicles are
deformable vesicles and their components or the vesicles them-
selves are reported to penetrate into the SC and subsequently alter
the SC intercellular lipid structure. Gupta et al. (2005a) showed
higher antibody responses with tetanus toxoid containing transfer-
somes as compared to conventional liposomes upon topical appli-
cation with the same antigen dose. The entrapment efficiency of
tetanus toxoid in the vesicles was measured and by centrifugation-
al separation of the vesicles and free antigen. Transfersomes
revealed significantly higher entrapment efficiency (73%) in com-
parison to liposomes (42%). Vesicle structures for topical
application of vaccines have only been tested in animal studies
(Gupta et al., 2005a, 2005b; Mishra et al., 2006).

2.3. Shaving/hair follicles

The transfollicular pathway is an alternative pathway for non-in-
vasive cutaneous vaccination, avoiding passage through the SC mor-
tar and brick network. In all mammals, hair follicles are, depending
on hair type and body region, more or less deeply located in the skin.
They are anchored in the dermis but can also penetrate through the
dermis into the hypodermis. The hair follicle is covered along its
total length by follicle sheaths (Meyer, 2009). The follicular sheaths
on the one hand increase the surface area and depth into the epider-
mis and on the other hand, the hair follicles constitute a reservoir for
topically applied substances. This may contribute to a better absorp-
tion into the epidermis. Moreover, the environment of the hair fol-
licular duct represents a powerful immunological milieu with LCs
along the epidermal sheath.

Using liposomes Jung et al. (2006) performed experiments on
pig ear skin because the hair follicle density corresponds well with
the hair follicle density on the human back and chest. They pre-
pared liposomes (200–400 nm) incorporating fluorescent dyes
and the penetration depth was measured by laser scanning micro-
scopy in histological sections. They showed that positive charged
liposomes and very weak negative charged liposomes have the
highest efficacy of follicular penetration.

Fan et al. (1999) applied hepatitis B naked DNA topically on skin
of normal mice and nude mice. They showed that fluorescence
labeled plasmids were absorbed into the hair follicles and that
the presence of intact hair follicles is required for topical applica-
tion. Mahe et al. (2009) demonstrated that fluorescent polystyrene
nanoparticles and Vaccinia virus expressing green-fluorescent pro-
tein (MVA-eGFP), after topical application on mouse skin, penetrat-
ed via hair follicle openings and translocated into the viable tissue,
where they were internalized by skin APCs. The applied MVA-eGFP
particles induced strong cellular responses (CD4 and CD8). With
confocal microscopy, it was shown that the nanoparticles migrat-
ed, most likely in association with migrating APCs, to the lymph
nodes. Penetration and transport was more efficient with 40 nm
particles than with 200 nm particles. The more efficient penetra-
tion of 40 nm particles via hair follicles was also demonstrated
by Vogt et al. They showed, that transcutaneously applied 40 nm
fluorescent labeled nanoparticles, but not 750 or 1500 nm,
penetrated the dermis of human skin and entered epidermal den-
dritic cells in vitro (Vogt et al., 2006).

In a phase I clinical study (Combadiere et al., 2010), cyanoacry-
late skin surface stripping (CSSS) was used to pre-treat the skin on
the upper arm. With this stripping method, approximately 30% of
the stratum corneum is removed, inducing mild barrier disruption
and cellular debris from hair follicles are removed, thereby increas-
ing the number of hair follicles available for penetration. Topical
application of an influenza vaccine resulted in a superior CD4
and CD8 T cell responses in healthy volunteers and HIV-infected
patients, as compared to the i.m route, using the same dose.
However, neutralizing antibodies were only induced after i.m
injection and not by topical application. Nevertheless, this study
demonstrated that penetration through hair follicles in humans
is an alternative vaccination route by which cellular responses
can be induced. Although in this study, the procedure was painless
and well tolerated by the participants, this study was performed
with a small cohort (n = 12), and the question remains whether this
method is really painless and well tolerated when using a larger
cohort including participants with varying degrees of body hair
densities.

The differences in hair densities between animals and humans
should be considered in animal–human translating studies of
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topically applied vaccines. Human and pigs have a sparse follicular
density (average 14–30 hair follicles/cm2 on the back) compared to
rats and mice (average 290 hair follicles/cm2) (Monteiro-Riviere,
2010; Swindle, 2008). An important difference in the experimental
setup between animal and human studies, which is related to the
difference in hair density, is the shaving procedure in animal
experiments. For topical application, the skin of animals is shaved
24 h to 48 h before application whereas in clinical trials, this step is
lacking. Shaving bears a risk that irritation and wounds can affect
the immune response. Although the skin is always checked for irri-
tations and wounds, the shaving process is a stress factor that
could influence the immune reaction. Ruutu et al. showed that
stress factors such as mechanical stimulus to skin achieved by a
simple application of a flat metal plate was enough to create a tem-
porary depletion of LCs resulting in a significantly impaired
immune response (Ruutu et al., 2011).

3. Intradermal immunization

With intradermal immunization, the vaccine formulation is
delivered directly in the viable epidermis or the dermis. Consistent
intradermal immunization with conventional needles is technically
difficult to perform. A lot of effort is put in the development of easy-
to-handle intradermal devices, preferably without the use of nee-
dles, that allow consistent delivery. Jet injectors are gas- or spring
powered needle-free devices that deliver liquids or powders at high
velocity. The power of the device and, in the case of powders, the
mass and size of the particles, determine how deep the formulation
is delivered. Needle based devices consist of minineedles and
microneedles. The most recently registered intradermal vaccine
(Intanza, influenza vaccine) is delivered with the Soluvia microinjec-
tion system of BD. This is a single injection system with a 30 gauge,
short bevel minineedle of 1.5 mm, which allows relatively easy and
reliable intradermal delivery. Microneedles and microneedle patch-
es (Kim et al., 2012; Kommareddy et al., 2013; Koutsonanos et al.,
2013; Prausnitz et al., 2009; Quan et al., 2013; van der Maaden
et al., 2014a) use much smaller needles (micron-scale). The length
and shape of the microneedles and the application pressure deter-
mine the delivery depth.

Using these techniques differences in SC thickness and structure
are less relevant, but differences in the skin morphology are impor-
tant when comparing human skin with animal skin. Immunization
sites with thicker viable epidermis and dermis are the most relevant
sites to assure real intradermal immunization. Immunization on
sites that have thin viable epidermis/dermis thickness will increase
the chance of (partial) subcutaneous immunization. Data of dermis
thickness is limited. Laurent et al. measured in human the epider-
mis–dermis thickness at different sites (Laurent et al., 2007). In
humans, the usual site of id injection is the upper arm (deltoid area),
the suprascapular region, the lower quadrant of the abdomen and
the antero-lateral area of thigh (Laurent et al., 2007). These sites
are chosen because they are close to the draining lymph nodes in
axillary and neck areas, and their ease of access for vaccination. A
study in 2007 (Laurent et al., 2007) in humans has shown that a skin
penetration depth of 1.5 mm is appropriate for intradermal delivery.
Delivery at this injection depth is not pain free because of the pres-
ence of nerve endings. In a clinical trial, 38–43% of the subjects
reported pain, which is comparable to the i.m injection (Leroux-
Roels and Weber, 2013). Echographic measurements of the epider-
mis and dermis revealed that the total skin thickness depend on
body site but that age, gender, ethnic origin and body mass index
(BMI) did not affect the skin thickness at each measured body site
(Laurent et al., 2007).

In animal studies, intradermal vaccines are delivered on the
abdomen, the back or the ear. The total epidermis thickness of
the back and abdomen are of the same range within female rats,
mice and pigs (Bronaugh et al., 1983; Monteiro-Riviere et al.,
1990). In male rats, the total epidermis thickness of the back is
twice as thick as the abdomen (see Table 2). The ear is composed
of mainly SC, viable epidermis and dermis. There is little loose tis-
sue in the ear pinnae, hence subcutaneous delivery is not possible.
The ear will separately be discussed further in this review.

Beside the epidermis and dermis thickness, elasticity of the skin
has also to be considered when developing intradermal delivery
systems. Because of the skin elasticity, force and speed of injection
is important for efficient piercing, as well as the needle length. This
was shown in a study by Verbaan et al. who showed that with
300 lm microneedles, the skin was only pierced when an electric
applicator, with a fixed adjusted speed, was used (Verbaan et al.,
2008, 2007). This electric applicator was developed to prevent
negative effects caused by the elasticity of the skin, like folding
of the skin around the needle without penetration. Human skin
has a high content of elastic tissue in the dermis compared to other
mammalian skin (Starcher et al., 2005). The difference in elasticity
between human and animal skin may be critical.
4. The ear as a vaccination site in preclinical studies

The most common site for topical and intradermal vaccination
in animals is the abdomen or the back. These sites are easily acces-
sible. Another popular site for vaccination in mice and rats is the
ear. The choice for the ear as vaccination site is however not based
on a better translation between man and animals but rather on
anatomical and practical features of the ear.

The ear is a site that is less accessible to oral grooming prevent-
ing oral vaccination. It is a hairless surface and no shaving of the
vaccination site is needed preventing possible abrasion and skin
damage. As discussed before, even without abrasion, the shaving
process is a stress factor that could influence the immune system.
Moreover, injection into the ear dermis is mainly intradermally.
Due to the lack of tissue under the skin dermis in the ear, there
is no possibility for accidental subcutaneous injection in this site.

Studies with microneedle patch application in the ear showed
excellent immune responses which were superior to i.m injections
(Fernando et al., 2010) or ID injections in the ear (Carey et al.,
2011). However, in case of i.m injections, most probably other
draining lymph nodes are targeted and therefore a comparison
should be done with care.

Several studies have been performed to compare the ear with the
abdomen or back as immunization site in a same species. These
studies resulted in divergent outcomes and give no answer to the
question whether in animals, the skin of the ear is superior to the
skin of the back or abdomen for translation studies to humans.

Belyakov et al. (2004) immunized the inner side of the ear (ven-
tral side), abdomen and back of mice with an HIV peptide vaccine.
The skin was pretreated with saline hydration and then with
emery paper. A patch containing the vaccine solution is then
applied on the pretreated skin. Comparable CTL responses were
found after vaccination on the back and the abdomen. This
immune response was however higher than the immune response
induced after vaccination via the ear.

Naito et al. (2007), obtained better results with ear immuniza-
tion as compared to immunization via the abdomen. The skin on
the abdomen and the dorsal (outer) side of the ear was pretreated
with a 70% ethanol swab before patch application containing oval-
bumin as an antigen (Naito et al., 2007). With a prolonged topical
application (up to 32 h) procedure, good antibody responses even
without the presence of cholera toxin (CT) were obtained. For the
prolonged topical application, a gauze patch was used which was
fixed with medical tape. Prolonged topical application in animal
studies is, compared to human studies, difficult to perform.
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Animals are mostly anesthetized for cutaneous immunization
enabling only limited application time.

van der Maaden et al. (2014b) confirmed with ovalbumin, high-
er immune responses with ear skin as compared to the ventral
abdomen skin. When ovalbumin was applied on microneedle pre-
treated ear skin, an IgG titer was measured that was 36-fold higher
than the IgG response obtained via the ventral abdomen.

The studies referred to above, show that the ear is often but not
always a superior site for topical immunization.

5. Skin as an immunological organ

After the first challenge of overcoming the skin barrier, the key
players involved in shaping the most appropriate immune respons-
es for that particular vaccine should be targeted. Several cell types
that are present in the skin can contribute to the control of patho-
gens (Heath and Carbone, 2013). Vaccine induced immune
responses are orchestrated by antigen presenting cells (APC).
Therefore, we will describe below, how different APC in human
skin relate to those in skin of mice and pigs. With respect to the
subsequent T and B cell responses, these are only mentioned
briefly for mice and humans, since little is known about these cells
in the porcine situation.
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The skin contains several types of APC that are difficult to dis-
tinguish. Based on mouse data, a new nomenclature for mononu-
clear phagocytes, comprising of dendritic cells, monocytes and
macrophages, was suggested recently. The ontogeny of cells was
used for primary classification and location, function and pheno-
type as secondary identification tools (Guilliams et al., 2014). In
short, cells either can be of embryonic origin, or be derived from
haematopoietic stem cells. With respect to the skin, mouse LC
belong to the first group (Chorro et al., 2009). Dermal DCs belong
to the lineage of haematopoietic stem cells, that can be further
divided into monocyte-like cells, plasmacytoid DCs and pre-DCs.
These findings seem to be quite conserved between mice and
man (Haniffa et al., 2013, 2014; Malissen et al., 2014; Merad
et al., 2013) and recent publications show that this will also likely
translate to pigs, (Marquet et al., 2014; Summerfield et al., 2014)

An important point of consideration in vaccine development is
the type of APC to target, since the diverse subtypes can induce dif-
ferent types of immune responses. Some general functions were
found, for example CD103+ cells in mice and CD141+ cells in human
are the subset best capable of inducing CD8 T cell responses,
whereas the CD11b+ cells in mice and their human CD1c+ counter-
part are strong activators of naïve helper T cells, as was excellently
reviewed by Haniffa et al. (2013). The monocyte derived cells are
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strong inducers of follicular helper T cells and subsequent induc-
tion of humoral response, though this was mostly studied in the
human situation. LC seem to be able to play various roles that is
heavily depending on the environmental factors (Romani et al.,
2012). Of note, though human and mouse APC subsets seem quite
conserved, care should be taken in the extrapolation of murine
findings to the human situation, since subsets resembling a certain
subset in another species are alike but not identical (Bigley et al.,
2014).

Regarding the situation in pigs, Marquet et al. divided the der-
mal DC in three different subsets based on the expression of
CD163 and CD172 (Marquet et al., 2011) that were recently pro-
posed to be included into a unified mammalian DC classification
(Marquet et al., 2014) (Fig. 1).

Next to the cells present under steady state conditions, several
additional APC subsets can be found in the skin when inflammato-
ry conditions are induced, which also applies to vaccination. For
example, pDC are not generally present in the skin under
homeostatic conditions, but are recruited in case of an inflammato-
ry response. Further, different types of inflammatory DC can be
recruited from the blood (Haniffa et al., 2014) (Fig. 1, only given
for the human situation).

Classically, upon vaccination through the skin, APC in the skin
are studied and subsequently adaptive immune responses are
studied elsewhere. Importantly, it has been shown that antigens
can also be directly drained to lymph nodes (Bachmann and
Jennings, 2010) and that lymph node resident APC can be impor-
tant mediators of immune responses upon vaccination through
the skin (Anandasabapathy et al., 2014). On the other hand, it
was shown that skin resident memory T cells can be more impor-
tant in protection from (re)infection, as compared to circulating
memory T cells. The role of these cells was thoroughly reviewed
(Heath and Carbone, 2013; Shin and Iwasaki, 2013). Both findings
might lead to new vaccine strategies.

In addition, other tissue specific cells will play a role in shaping
the environmental conditions. In the skin the keratinocytes play an
important role herein, as they can produce anti-microbial peptides,
cytokines and chemokines upon activation. Cytokines can activate
APC and give direction to the type of immune response induced,
whereas chemokines are involved in recruitment of immune cells,
such as the inflammatory APC, to the skin. In addition, ker-
atinocytes have been reported to function as non-professional anti-
gen presenting cells themselves via surface expression of MHC
class II molecules (Nestle et al., 2009).

In conclusion, current knowledge on mouse, human and pig
skin immunology indicates care should be taken when translating
results from animal experiments to the human situation, but sev-
eral similarities exist. Interestingly in this respect is the recent
increase in knowledge of the porcine skin immunology and the
parallels with the human situation. Though tools for porcine stud-
ies are still limited compared to those for mice, they are steadily
increasing (Summerfield et al., 2014).
6. Adjuvants

For the induction of strong and the appropriate type of immune
response with topical or intradermal vaccination, strong stimuli
are generally needed. Adjuvants can provide these signals and sev-
eral adjuvants have been tested for topical application. However,
licensed adjuvants, including alum, MF59 and AS03 (O’Hagan
et al., 2013) can probably not be used for this administration route,
because of their physical appearance, i.e. insoluble micrometer
sized particles or oil in water emulsions. Adjuvants that are used
experimentally for applications in the skin are ADP ribosylating
exotoxins and TLR ligands.
The ADP ribosylating exotoxins, CT and LT, consist of 2 subunits,
of which the B subunit binds to GM1 ganglioside receptors on the
cell membrane of DC and the A subunit displays ADP-ribosyl trans-
ferase activity. They trigger both systemic and mucosal antibody
responses in mice and humans and elicit strong T cell responses.
The mechanism by which CT and LT exerts its adjuvant activity is
not exactly known. Partidos et al. (2004) showed that CT induced
apoptosis of keratinocytes when applied on intact skin. The apop-
totic keratinocytes secrete cytokines that condition the LC to initi-
ate T cell responses in the lymph nodes. Another theory is that
apoptosis partially disrupts the barrier function of the skin, result-
ing in a more rapid diffusion of molecules through the intercellular
space of the epidermis (Partidos et al., 2004). CT is not only an
adjuvant but also an antigen. The antibody response against cuta-
neous applied CT was investigated in C57BL/6, BalB/c, C3H/HeJ and
C3H/HeN mouse strains (Scharton-Kersten et al., 1999). When CT
was topically applied on the ear of the mice, the IgG response
was superior in C57BL/6 mice followed by BalB/c, C3H/HeJ and
C3H/HeN. The differences between the strains was ascribed to
the effects of the H-2 MHC genes. In the same study, it was found
that mouse strains responded differently when another antigen
was co-administered with CT. Only C57BL/6 and BaLB/c mice were
able to induce an antibody response against diphtheria toxoid,
whereas C57BL/6 mice were the only strain that could not mount
a response to hen egg lysozyme. Moreover, several studies have
reported these exotoxins to influence the quality of the immune
response induced, ranging from a Th1 bias (Bal et al., 2010; Ding
et al., 2009a, 2009b), to Th2 bias (Godefroy et al., 2003; Kahlon
et al., 2003), or a mixed Th1/Th2 response (Hammond et al.,
2001b; Scharton-Kersten et al., 2000) but also CD8 cytotoxic T cell
response (Kahlon et al., 2003; Olvera-Gomez et al., 2012). Thus,
adding CT or LT as an adjuvant will not only effect the strength
of the response, but also the quality of the response and is not only
dependent on the co-administered antigen but also on genetic
background of mice. Therefore, several strains should be consid-
ered during early vaccine development.

In clinical trials, LT as an adjuvant, was only tested with anti-
gens that were administered simultaneously via the i.m route
(Frech et al., 2005). Elderly (>60 years) were vaccinated with sea-
sonal influenza via the i.m route followed by the application of
an LT patch distal to the vaccine injection site after mild abrasion
of the skin. This group showed a significant increase in antibody
titer as compared to the group that was vaccinated with only an
influenza vaccine i.m injection. Interestingly, intradermal adminis-
tration has been found to induce mucosal protection and these
exotoxins are known to be strong mucosal adjuvants (Enioutina
et al., 2000).

Besides the exotoxins CT and LT, TLR ligands are widely explored
for cutaneous applications and are mostly associated with the
induction of CD8 T-cells. TLRs are widely expressed by both immune
cells, like DC and non-immune cells, such as keratinocytes. So far, 13
different TLR have been identified in humans and mice together. The
majority of the TLRs both has a human and a mouse equivalent, but
for example TLR 11, 12 and 13 are not present on human cells. TLRs
can be expressed at the cell membrane (TLR1, 2, 4, 5) or intracellular
in endosomal compartments (TLR3, 7, 8, 9) (Lai and Gallo, 2008).
Different cell types have a different expression panel of TLRs. It
was demonstrated that LC express only virus-recognizing TLRs,
whereas dermal DC express TLR recognizing both bacteria and
viruses (van der Aar, 2007). Also expression patterns of mouse DC
are not always comparable to TLRs expressed by human DC.
Promising TLR ligands are CpG ODN that interacts with TLR9
(Cheng et al., 2014), Imiquimod that activates TLR7/8 (Li et al.,
2014; Stein et al., 2014) and polyribosinic–polyribocytidylic acid
(Poly I:C) (Weldon et al., 2012) that signals via TLR3. Many studies
have been performed testing the efficacy of different combination
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of TLR ligands on the induction of specific immune responses both in
mouse models and human skin models. In general, it can be con-
cluded from these studies that TLR ligands have proven to be effec-
tive adjuvants that have the capacity to induce both cellular and
humoral arm of the immune system. The adjuvant mechanism of
TLR ligands is not clear yet. Cheng et al. (2014) speculate that topical
CpG adjuvant induces keratinocyte as well as DC activation, multi-
plying immunogenic stimuli without promoting systemic inflam-
mation. Depending on the type of immune response needed to be
induced by the vaccine, it should be possible to combine TLR ligands
in order to achieve activation of specific immune cells and induction
of the right type of response, but more studies are warranted.
7. Conclusion

For cutaneous immunization, consistent and efficient delivery
of vaccine is needed. The epidermis and dermis region of the skin
is relatively thin with a SC barrier which is highly impermeable.
For topical application, overcoming this SC is the main challenge.
To this purpose, penetration enhancers and physical disruption of
the SC enhance the penetration of antigens. Within a species, dif-
ferences exist between the SC thicknesses at different sites.
Choosing a site with the thinnest SC will shorten the pathway to
the viable epidermis and dermis. With topical application, an alter-
native route to overcome the SC is the hair follicle. Animals have
unlike human, abundant hair follicles. Therefore, hairless surfaces,
such as the ear, are attractive sites for preclinical studies. For intra-
dermal immunization, skin characteristics such as epidermis and
dermis thickness and skin elasticity are factors that influence the
delivery depth. In addition, anatomical and immunological differ-
ences are important factors for selecting proper animal models.

With respect to costs, knowledge and available tools, mice are
interesting models. However the pig model also has other advan-
tages compared to the mice, such as larger sample volume, possi-
bility of repeated sampling and a closer resemblance to humans
compared to mice, both genetically and physiologically. For exam-
ple, the skin of pigs, like that of humans, is tightly attached to the
subcutaneous connective tissue whereas rodent skin is only loosely
connected. Several other characteristics mentioned earlier, includ-
ing the density of hair follicles and thickness of the pig skin resem-
ble the human situation.

Since the immunological knowledge and available analytical
tools for the pig model are both increasing, the pig is an increasing-
ly interesting preclinical model for cutaneous vaccination
(Summerfield et al., 2014).
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