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A B S T R A C T

The human skin plays an important role in thermal regulation, the maintenance of the correct water and

electrolyte balance; it is also the main source of the vitamin D for the organism. Moreover, the skin forms

an effective barrier against microorganisms, protecting the organism against xenobiotics and harmful

external factors. It must also be mentioned that the skin is an essential organ involved in immunological

mechanisms. This article summarizes current knowledge about skin-induced suppression induced via

epicutaneous (EC) application of an antigen and is described in both Th1- and Tc1-mediated contact

sensitivity (CS) in mice. The skin-induced suppression is also considered in the regulation of

experimental models of autoimmune diseases such as experimental autoimmune encephalomyelitis

(EAE), collagen-induced arthritis (CIA) and colitis ulcerosa. Furthermore, the efficacy of treatment of

multiple sclerosis (MS) patients with EC immunization is discussed. Second part of this review

introduces new subject of immunopotentiation induced via EC immunization with an antigen in the

presence of various pathogen-associated molecular patterns (PAMPs). Finally, the review describes

dermal immunization in the therapy of allergic diseases.
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Introduction

The skin is the largest human organ with its weight making up
approximately 12–15% of the total body mass. The total surface of
human skin varies between 1.5 and 2.0 m2, which makes this organ
the second largest surface of the organism’s contact with external
environment, whilst the mucous membrane is the largest one. The
most external part of the skin is the epidermis attached to the basal
membrane, under which there is dermis and subcutaneous adipose
tissue. In describing the skin composition, one must not forget
about its microbiome. It has been proven that the epidermal
corneal layer is the area populated by non-pathogenic micro-
organisms, such as bacteria, fungi, viruses and protozoa. As it was
shown, the natural skin flora (microbiota) plays a significant role in
the process of wound healing, defence against pathogenic
microorganisms and also determines the correct development of
the immune system.

The human skin plays also an important role in thermal
regulation, the maintenance of the correct water and electrolyte
balance; it is also the main source of the vitamin D for the
organism. Moreover, the skin forms an effective barrier against
microorganisms, protecting the organism against xenobiotics and
harmful external factors. It must also be stressed that the skin is an
essential organ involved in immunological mechanisms.

The skin immune system

Epidermis, in its 95%, is built of keratinocytes. The other
epidermal cells are melanocytes, Merkel’s cells and Langerhans
cells. Keratinocytes play a key role in the skin defence mechanisms
by means of their ability to recognize and eliminate pathogens.
These cells have a wide repertoire of innate immunity receptors –
PRR (pattern recognition receptors) such as Toll-like receptors
(TLR), NOD-like receptors (NOD1 and NOD2), RIG-I-like receptors
(RLR) and dectin-1 receptor (Dectin-1) [1]. As a result of the
pathogen recognition by PRR receptors, keratinocytes release a
wide spectrum of substances capable of killing microorganisms,
such as b-defensins and RNAses. It is worth observing that
keratinocytes release also a number of pro-inflammatory cytokines
(TNF-a, IL-1b, IL-6, 1L-18) as well as anti-inflammatory ones (IL-
10 and TGF-b). These cytokines ensure proper immune response.
Moreover, the chemokines (CXCL8, CXCL9, CXCL10, CXCL11 and
CCL20) released by keratinocytes, play an important role in the
recruitment of T lymphocytes, monocytes and neutrophils to the
skin [2].

Langerhans cells are located mostly in the spinous layer of the
epidermis and their dendrites reach the corneal layer of the
epidermis, which allows these cells to detect microorganism on the
most external layer of the skin. Langerhans cells, after the capture
and uptake of antigen in the environment of the cytokines (TNF-a,
IL-6) which are released by keratinocytes, migrate to dermis and
then travel from there, along the lymphatic vessels to the local
lymph nodes, where they present the antigen to T lymphocytes. For
many years it was believed that Langerhans cells take part only in
the induction of the immune response to various antigens,
including the skin pathogens (Candida albicans, Staphylococcus

aureus) promoting Th17-mediated immune response [3,4]. How-
ever, the recent studies have shown that Langerhans cells play also
a significant role in inhibiting the immune response by depletion of
T lymphocytes and the induction of regulatory T lymphocytes
(Treg) [5].

The cells within the dermis are packed much more loosely than
in the epidermis. The presence of blood vessels in the dermis
guarantees the inflow of the cells of the immune system if there is
such a need. On the other hand, the lymphatic vessels, which
originate within the dermis, deliver the antigen to the local lymph
nodes. In dermis, there is a large variety of cells involved in the
defence mechanisms, and, among them, various populations of
dendritic cells, mastocytes, TCRab lymphocytes and innate
lymphoid cells (ILC). Within the dermis, there are also TCRgd
lymphocytes, which are involved in the process of wound healing
[6]. Moreover, TCRgd lymphocytes producing various cytokines
play an important role during induction and effector phase of the
immune response [7].

Mast cells play an important role in the defence mechanism and
inflammatory reactions. For instance microorganism recognition
via TLR expressed by mast cells leads to a release of various
cytokines, chemokines, prostaglandins and leukotrienes [8]. The
release of TNF-a and CCL3 chemokine allows for the recruitment of
T lymphocytes, monocytes and neutrophils to the site of infection.

Within the dermis, there are two populations of dendritic cells –
dermal dendritic cells (dDC) with the expression of CD1c or CD141
respectively [1]. These cells play the key role in the uptake and
processing of the antigen and its transport to the local lymph
nodes, where they interact with T lymphocytes. Moreover, the
dermis contains numerous NK (natural killer) cells which belong to
ILCs. Because of their lytic activity, and the ability to release IFN-g,
NK cells play a significant role in the anti-infectious immunity as
well as in the anti-tumour response [1]. The number of these cells
increases significantly in the case of psoriasis [9].

Moreover, the skin is populated with numerous TCRab
lymphocytes which, in majority, belong to the population of
memory cells. The number of memory T cells in the skin exceeds
twice the number of these cells in the peripheral blood [10]. These
cells belong to the population of CD4+ T lymphocytes, among
which there are resident memory T cells (TRM) and circulating
memory T lymphocytes, known also as effector T cells (TEM). About
20% of CD4+ T cells in the skin are made up by Treg FoxP3+

lymphocytes that belong to the population of resident regulatory T
lymphocytes [11]. This population of Treg cells mostly inhabits the
areas in the vicinity of hair follicles and thus the areas of the skin
with larger amount of hair can be characterized with a larger
number of Treg lymphocytes in comparison with the skin with less
hair [12]. Currently, the cause of Treg lymphocyte location in the
area of hair follicles is not known. One of the reasons might be the
accumulation of natural flora in the hair follicles, playing a
significant role in the interaction between the immune system and
microbiome. Additionally, it is speculated that Treg cells are
preferentially recruited to immune privileged hair follicles to
prevent autoimmune attack [12]. Moreover, such location of Treg
lymphocytes may be connected with the recruitment of the above
population of cells to the place that is immunologically privileged,
such as hair follicles, which could protect the organism against an
autoimmunological attack.

The skin as the place of medicine administration

The first reports concerning the attempt to deliver medicinal
products onto the skin originate from the ancient China and date
from 2000 BC. This method was used for the therapy of skin lesions
and consisted in the application of herbal extract in a form of a
paste (emplastra) smeared on a fragment of a fabric and fixed onto
the skin with a rubber band [13]. Later on, Galen (130–200 AD)
applied cream (cold cream) containing herbal extract for the
treatment of skin diseases for the first time [14]. Another stage in
the drug administration was the application of ointment contain-
ing mercury (unguentum hydrargyri) for the treatment of syphilis in
the 15th century [15].

The first administration of a medical product onto the skin in
the therapy of remote organs took place in the 1940s. Zondek
showed, for the first time, that dermal administration of a
disinfectant, named chloroxylenol, in a form of ointment, was
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effective in the treatment of the infections of urogenital system
[16]. The further progress in dermal administration of drugs,
making it possible to control the dose, was the administration of a
drug in a form of a gauze dressing, which is a part of a patch. This
method of dermal application of medications was introduced in
the 1970s [17,18]. Currently, on the world market, there are many
patches containing medical products, applied, among others, in
hormone replacement therapy (Oestradiol) [19], pain relief
(Fentanyl) [20], alleviation of nausea and the treatment of car
motion sickness (Granisetron and Scopolamine) [21], or facilitating
quitting smoking (Nicotine) [22]. The place which is the most
frequently used for the drug administration is the arm, which is
related with the easiness of applying next patches onto the same
place and allows maintaining a similar concentration of the drug in
the blood serum.

The application of a drug onto the skin makes it possible to omit
the oral route, so the substance is not disintegrated chemically or
enzymatically in gastrointestinal tract or liver. This is especially
important in the case of drugs which are proteins or peptides, which
are widely used in immunotherapy. It must be pointed out that the
dermal application of proteins and peptides can be some kind of
challenge in accordance with the ‘‘principle of 500 Daltons’’: the
particles larger than 500 Da cannot pass the skin barrier [23]. To
increase skin permeability many approaches are used. That is why,
many methods increasing the skin permeability and thus the
substance penetration, were worked out. These methods comprise
the removal of epidermis corneal layer with a sticky tape (tape
stripping) [24–26], the use of liposomes [27,28], transferosomes [29]
or membranes equipped with microneedles [30]. The penetration
enhancement mechanism of liposomes is thought to be through
disruption of the stratum corneum [27,28]. Transferosomes, are
more recent class of modified liposomes described as deformable,
highly deformable, elastic or ultra-flexible liposomes or vesicles.
Transferosomes are claimed to be able to squeeze through conduits
one-tenth the diameter of the vesicles, allowing them to spontane-
ously penetrate the stratum corneum [29]. The membranes
equipped with microneedles have tiny needles with the length of
which is 500–1000 mm, made of silicone, metal or biodegradable gel
and allow for the delivery of the medicine into the area of dendritic
cells of dermis, making it possible to stimulate the immune system
[31,32]. It should be also pointed out that the administration of a
protein or peptide in a form of a patch on an undamaged skin allows
for the antigen penetration by the epidermis. In this case, an
increased penetration of antigen by the epidermis is observed, which
is the result of an increased perspiration under the dressing
[33,34]. The changes in epidermal permeability take place already
4–10 h after the application of a patch. It is currently believed that
the degree of epidermal damage before the administration of an
antigen may determine the character of the induced immune
response. Superficial damage of the epidermis, leading to the release
of anti-inflammatory cytokines (TSLP, IL-25, IL-33) promotes the
induction of Th2 and Treg lymphocytes [35,36]. It is suggested that
Langerhans cells play an important role in promoting anti-
inflammatory reaction, as they are reached by the antigen after
the subtle damage of the epidermis. A more intensive damage of the
epidermis in turn, leads to the release of pro-inflammatory cytokines
(IL-1a, IL-6, TNF-a), and the delivery of the antigen to deeper-lying
dermal dendritic cells, which stimulates mostly the development of
Th1-dependent immune response [37].

The suppression of immune response via dermal application of
antigen in experimental conditions

The studies of dermal application induced suppression were
inspired by earlier observations showing that epicutaneous (EC)
application of protein antigen on the skin in a form of a gauze
dressing (patch method) induces the synthesis of IL-4 and IL-13,
which may potentially inhibit the immune response mediated by
CD4+ Th1 lymphocytes [38,39]. In the studies the model of Th1-
dependent contact sensitivity reaction (CS) in mice was used
(Fig. 1) [40]. In order to verify whether the EC application of protein
antigen may inhibit the progress of inflammatory reaction with the
participation of Th1 cells, 2,4,6-trinitrophenyl-conjugated mouse
immunoglobulins (TNP-Ig) were administered on days 0 and 4 in a
form of a gauze dressing with an attached patch, onto the shaved
skin on the back of the mice. After one week, the dressings with the
antigen were removed and the animals were sensitized with TNP-
Cl hapten, and then CS reaction was tested (Fig. 2). This simple
experiment allowed to prove that EC application of protein antigen
before induction of CS reaction inhibits the Th1-mediated
inflammatory response in the skin. Further studies showed that
anti-inflammatory cytokines, such as IL-4, IL-10 and TGF-b play a
significant role in the induction of skin-induced suppression. Then,
negative selection experiments with proper mAb and complement,
cell sorting experiments, use of NKT cell-deficient Ja18�/� mice
and in vitro cytokine neutralization revealed that EC induced
suppressor cells belong to the rare population of TCRab+ CD4+

CD8+ cells, which release suppressive TGF-b [41]. CD4+ CD8+ T cells
in naı̈ve mice are less than 1% of peripheral lymphocytes and their
origin is unclear. These cells may represent CD4+ CD8+ T cells that
have prematurely escaped from the thymus or CD4+ CD8� T cells
that re-express CD8 after activation or exposure to cytokines e.g. IL-
4, or are present due to prior ‘‘natural’’ suppressive events. In our
case we believe that CD4+ CD8+ T cells with regulatory activity
originate from prematurely escaped CD4+ T cells that acquire CD8
co-receptor. Our hypothesis is based on the observed increase in
CD4+ CD8+ T cells in lymph nodes 7 days post EC immunization,
and their subsequent decrease to the level observed in naı̈ve mice
within a week. These data can also suggest that these immature
CD4+ CD8+ suppressor cells then may become single positive CD4+

T lymphocytes [41]. To avoid cumbersome and inconvenient patch
method we developed another technique based on daily application
of neutral cosmetic Nivea cream containing different protein
antigens as additives on the shaved skin. Similarly to patch method
EC immunization with an antigen emulsified in cream caused strong
inhibition of CS response [42]. Similar observations were made also
in CS reaction mediated by CD8+ Tc1 lymphocytes. It was observed
that patching with the protein antigen labelled with DNFB hapten
(2,4-dinitrofluorobenzene) before DNFB sensitization significantly
inhibits Tc1-mediated inflammatory reaction in the skin
[43,44]. However, in this experimental pattern, the cell that was
responsible for inhibiting the CS reaction was Treg lymphocyte with
TCRab+CD4+CD25+FoxP3+ phenotype [45]. Moreover, our study in
Tc1-mediated CS showed that the EC induced tolerance was not
mediated by immunosuppressive cytokines as we could not detect
IL-10 and TGF-b, or Th2 type cytokines including IL-4 and IL-13
[45]. Our in vivo experiments using the cells after incubation in a
trans-well permeable system that permits for exchange of soluble
substances between tested compartments but precludes direct cell
membrane contact showed that EC induced suppression may
require direct cell to cell contact [45]. Additionally, our work showed
that the EC induced suppression is mediated by CTLA-4, as blocking
CTLA-4 abolished the EC induced suppression [45]. It must be
stressed that EC application of protein antigen after inducing CS
reaction was also effective in inhibiting inflammatory reaction in the
skin, which pointed to the potential possibility of the use of this
method in the therapy of CS reactions [45].

The effectiveness of the method of EC immunization with
protein antigen in inhibiting CS reaction triggered by T lympho-
cytes, encouraged the researchers to verify whether the manoeu-
vre of EC immunization turns out to be effective in the treatment of
autoimmune diseases. For this study, an animal model of murine
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multiple sclerosis was used (EAE – experimental autoimmune
encephalomyelitis). It was observed that EC application of myelin
basic protein (MBP) before the induction of the disease signifi-
cantly delays its development and alleviates its severity. The
observed alleviation of the disease was mediated by
TCRab+CD4+CD8+ suppressor lymphocytes which inhibited the
inflammatory reaction in the central nervous system via the
released TGF-b [46–48]. From the clinical point of view, it is
important to have the possibility to inhibit the ongoing disease. It
is worth noting that the EC administration of MBP at the first signs
of EAE, significantly alleviated the course of the disease. This
proves the effectiveness of this method in the treatment of ongoing
disease [46]. The effectiveness of skin-induced suppression was
also studied in collagen-induced arthritis (CIA) in mice, which is
the animal model of rheumatoid arthritis in humans. These studies
showed that EC application of type II collagen (COLL II) before
inducing of CIA significantly inhibits the severity of the disease
[49,50]. Moreover, the administration of COLL II at the first signs of
CIA also results in disease suppression [49]. Similarly Strid et al.
showed that EC immunization with COLL II effectively inhibits CIA
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in DBA/1-TCRb Tg mice [51]. It is interesting that the method of
skin-induced suppression turned out also to be effective in
inhibiting inflammatory reaction in the intestines in the animal
model of Colitis ulcerosa [52].

In summary, manoeuver of EC immunization with hapten-
conjugated protein antigen significantly suppresses T cell-mediat-
ed CS response in mice. Additionally, our findings suggest that CD4
Th1 and CD8 Tc1 cell-mediated immune responses are negatively
regulated by different populations of EC induced regulatory cells
that accomplish their regulatory function by distinct mechanisms
[41,45]. Furthermore, EC immunization with protein antigen
inhibits CD4-mediated inflammatory reaction in autoimmunity
via similar mechanisms described in CD4-mediated CS reaction.
Further work is required to investigate the effectiveness of
transdermal immunization in humans.

Observations made in animal models of CS reactions and
autoimmune disorders suggest that EC immunization with a
selected antigen may become a versatile and potentially unlimited
method for inducing tolerance and consequent control of
unwanted immune responses. This assumption became a starting
point for clinical trials in the group of patients suffering from
multiple sclerosis (MS).

MS therapy via dermal application of antigen

The pathogenesis of MS is thought to result from antigen-
specific autoimmunity where autoreactive immune cells, T and B
lymphocytes, directed at myelin-related peptides mediate the
destruction of myelin within the central nervous system (CNS)
[53–55]. Immunosuppressants, which block harmful immune
response to self-antigens, are widely used in the therapy of MS
and other autoimmune diseases originating from the improper
reaction of the immune system. The disadvantage of currently used
therapeutics is their lack of antigen-specificity. This treatment in
addition to blocking unwanted immune response to self-antigens
also inhibits the immunity to microbial antigens, which may lead
to the development of serious infections. It is also worth noting
that patients treated with such immunosuppressants are at higher
risk for cancer [56–58]. In contrast, antigen-specific therapy aims
to selectively target cells specific for a given antigen, thus disabling
only a small part of the immune system responsible for an
autoimmune response, which for MS includes antigens associated
with the myelin sheath.

In many laboratories worldwide there are intensive studies
aimed to develop an antigen-specific therapy which is free of side
effects. Thus, the development of efficient, antigen-specific and at
the same time free of side effects therapy for treatment of
autoimmune diseases is an essential challenge in modern
medicine. It is believed that, in MS, the immune system recognizes
and responds to various antigens in CNS, such as myelin basic
protein (MBP), myelin proteolipid protein (PLP) and myelin
oligodendrocyte glicoprotein (MOG). A double-blind, placebo-
controlled study in a group of 30 patients was carried out in order
to verify whether, similarly to animal models, the EC application of
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myelin antigens in patients with MS alleviates the disease
symptoms. The patients were divided into three groups: the
control group receiving placebo and the groups receiving the mix
of myelin peptides (MBP 85-99, PLP 139-151 and MOG 35-55) in a
dose of 1 mg or 10 mg. The mixture of peptides and placebo were
applied onto the patient’s arm in a form of a gauze dressing with a
patch attached to it. In the first month the patients were treated
with peptides or placebo once a week and in the next following
months, they received the treatment once per month. The results
of the MRI examination and clinical tests proved the effectiveness
of the EC therapy with myelin peptides in relapsing-remitting form
of MS [59]. This is of particular interest in light of the results with
previous trials with antigen-specific therapy in MS, where despite
induction of immune tolerance the clinical efficacy was limited.

Moreover, the method of EC induced tolerance does not
manifest adverse effects. Additionally, immunological studies
showed that EC application of myelin peptides (MBP 85-99, PLP
139-151 and MOG 35-55) leads to the development of immuno-
logical tolerance to these peptides. The procedure of dermal
immunization with these peptides led to the activation of
Langerhans cells in the skin, induction of a unique population of
granular dendritic cells and IL-10 producing Tr1 regulatory cells in
local lymph nodes. Moreover, transdermal immunization with
myelin peptides reduced lymphocyte proliferative response to the
peptides and suppressed IFN-g synthesis [60].

Our work shows that EC exposure to an antigen results in the
induction of regulatory cells. The ease by which regulatory cells
can be generated through EC immunization may have important
implications for designing new needle-free vaccines aimed at
modulating immune responses to self-antigens involved in
autoimmune diseases.

Immunopotentiation induced via transdermal immunization

The positive effects of experimental and clinical trials pointing
to the possibility of eliciting the state of immunological tolerance
through the skin directed the attention of researchers to further
studies. The question which was asked was whether the
application of poorly immunogenic antigen will make it possible
to induce an immunological reaction. Contrary to the studied
system where the pure protein antigen was used for immuniza-
tion, the microorganisms, apart from immunogenic determinants
are equipped also with so-called pathogen-associated molecular
patterns (PAMPs) which are recognized by pattern recognition
receptors of innate immunity which most likely may play the key
role not only in the induction of immune response, but also in
breaking the state of tolerance [61]. The research carried out in
animal model of CS reaction have shown that EC application of
protein antigen with TLR ligands led to breaking the immunologi-
cal tolerances induced by the application of the same antigen alone
(Fig. 2). The observed phenomenon of breaking the state of
tolerance is mediated by TCRab+CD4+ lymphocytes and requires
the presence of IFN-g and IL-12 [62–64]. Moreover, it was shown
that EC immunization with an antigen in the presence of ligands of
PRR receptors other than TLR also allows for breaking the immune
tolerance. It was observed that the stimulation of Dectin-1 receptor
during EC immunization with protein antigen led to breaking the
skin-induced suppression and this process is IL-17A dependent
[65]. Breaking the state of tolerance was also observed with EC
immunization with a protein antigen in the presence of ligand
stimulating NOD2 receptor, with IFN-g playing a significant role in
the described process [66]. The above findings prove that EC
immunization with protein antigen in the presence of a wide range
of PRR ligands leads to breaking the state of immunological
tolerance, which might suggest that this method might be effective
in designing vaccines. To verify the effectiveness of EC vaccination,
the murine model of pneumonia was used. In these studies the
animals were EC immunized with phosphorylcholine (PC), which is
one of the main antigens present in the wall of Streptococcus

pneumoniae together with unmethylated cytidine–guanosine
dinucleotides (CpG), which is the ligand of TLR9 receptor prior
to the intra-tracheal administration of live S. pneumoniae. The
described procedure significantly alleviated the symptoms of
pneumonia, which suggested that this method may be potentially
useful for the preparation of vaccines [67]. It is believed that the
core of protective role of EC immunization in this experimental
model lies in the increased release of pro-inflammatory cytokines,
such as IFN-g, IL-17A and TNF-a [67]. The results of the animal
studies, quoted here point to the fact that depending on the
immunization method, i.e. either with the antigen alone or with
the antigen in the presence of PRR ligands, the skin may be the
place for the induction of immunological tolerance or immuno-
potentiation.

Dermal immunization in the therapy of allergic diseases

Allergic diseases are the result of immune response to
innocuous environmental antigens and currently affect about
25% of population [68,69]. It is believed that Th2 lymphocytes
releasing IL-4, IL-5 and IL-13 play a key role in the synthesis of IgE
antibodies and the development of allergy [70]. Allergy treatment
includes allergen avoidance and pharmacotherapy. Commonly
used symptomatic therapy of allergic diseases includes corticoste-
roids, antihistamines and inhaled b2-adrenoreceptor agonists,
which efficiently ameliorate IgE-mediated symptoms. This type of
treatment, however, does not treat disease per se, as pharmaco-
therapy benefits are not sustained after treatment is discontinued
[69]. Thus, numerous efforts have been made to develop a
treatment able to control allergy-associated immune responses
in a specific manner.

Allergen immunotherapy (AIT) induces symptomatic relief not
only during treatment but after its discontinuation as well
[71]. The goal of AIT is to promote Th1-dependent response with
the production of IFN-g with a simultaneous inhibition of the
response with the participation of Th2 lymphocytes, an increase of
IL-10 and TGF-b production and the activation of Treg lympho-
cytes. This type of immunotherapy is also aimed at the synthesis of
IgG antibodies specific for the allergen [72].

AIT includes subcutaneous allergen-specific immunotherapy
(SCIT) and sublingual immunotherapy (SLIT). It is believed that
subcutaneous or sublingual immunization with an antigen favours
the production of Th1 cytokines such as IFN-g over Th2 cytokines
and activates IL-10 and TGF-b producing Treg cells [73]. Further
efforts to find safer and more effective AIT have led scientists to
study alternative routes of immunization. Both animal and clinical
studies showed the effectiveness of – intralymphatic (ILIT)
administration of allergens. It was shown that ILIT strengthened
the efficacy of immunization causing production of high levels of
allergen-specific IgG2a antibodies. Moreover, ILIT increased
production of IL-2, IFN-g, IL-4, and IL-10 when compared to SCIT,
suggesting that ILIT does not polarize the response towards Th1,
Th2 or Treg cells but generates overall stronger immune response
[74,75].

The beginnings of the immunotherapy specific for the allergen
go back to 1920s when Philips began the therapy of the patients
with hay fever [76]. He observed that subcutaneous injections of
the grass extracts significantly alleviated the symptoms of the
disease. The currently used SCIT is based on Philips’s observations
and consists of several dozen subcutaneous injections of the
allergen with an increasing dose within the period of a few years.
The need for many injections and the risk of systemic side-effects
limit broad patient acceptance of SCIT [77–79]. Another method of
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Fig. 3. Study design to evaluate atopic dermatitis. Mice were EC immunized for

2 weeks with OVA alone or OVA plus CpG or CpG alone or PBS. After a 1-week

interval, all animals were challenged with OVA for 1 week before bleeding and skin

sample collection.

Table 1
Experimental and clinical application of trans-dermal immunotherapy.

Disease Tested

Mouse Human

CD4+-mediated CS Yes [41,42] No

CD8+-mediated CS Yes [44,45] No

Multiple sclerosis (EAE) Yes [46–48] Yes [59,60]

Arthritis (CIA) Yes [49–51] No

Colitis ulcerosa Yes [52] No

Pneumococcal pneumonia Yes [67] No

Atopic dermatitis Yes [87] No
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immunotherapy, SLIT, consists of the sublingual administration of
the allergen [80]. This method, similarly as SCIT requires the
administration of many doses of allergen and may lead to local
allergic reactions within the oral cavity. Currently allergen specific
epicutaneous immunotherapy (EPIT) gains a lot of interest. This
method of immunization is attractive, as it allows for a needleless
administration of an antigen to the surface of the epidermis
containing Langerhans cells. An additional advantage of this
immunization method is the lack of vasculature in the place of
antigen application, which prevents the systemic reaction to occur.
The presence of Langerhans cells and the lack of vasculature in the
place of antigen application make the epicutaneous immunization
effective and safe. The attractiveness of EC immunotherapy
resulted in the fact that some attempts of the treatment of allergic
diseases with the EPIT method were taken up [81]. In order to
increase the epidermis permeability for the antigen, the surface of
the epidermis was delicately damaged by adhesive tape stripping.
This procedure, not only removes the corneal layer, but also acts as
a ‘‘physical adjuvant’’ activating keratinocytes to release IL-1, IL-6,
IL-8, TNF-a and IFN-g, thus contributing to the maturation of DC
cells and their migration from the skin to the lymph nodes [82]. The
clinical trials showed that the application of pollen extract in a
dressing applied on the adequately prepared skin leads to the
alleviation of the symptoms of hay fever in comparison with the
placebo group. This therapy resulted solely in some skin lesions.

The suppression of allergic reaction via EC immunization with
an antigen and TLR ligand in experimental conditions

Within the last ten years many clinical trials have been carried
out in which CpG, being TLR9 ligand, were used as an adjuvant in
the therapy of oncological diseases, allergies and as an ingredient
of vaccines [83]. The therapeutic effects of CpG were observed in
many animal studies, proving its efficiency with many routes of
administration, including injection, inhalation, oral and even
intravaginal route [83]. The numerous clinical studies showed
that the administration of allergen together with CpG increased the
efficiency of vaccinations. Some promising results were obtained
also in a group of patients with prostate cancer and with melanoma
[84,85]. It must be pointed out that the clinical trials in a group of
patients with hay fever showed that subcutaneous administration
of allergen with CpG alleviates clinical symptoms in comparison
with the placebo group [86]. It must be noted that the CpG
injections frequently lead to the occurrence of many local and
systemic adverse effects, whose intensity depends on CpG dose.
Local symptoms comprise pain, skin flushing, oedema and pruritus
[83]. Systemic symptoms are more severe, including headache,
myalgia, fever, nausea and vomiting [83].

In order to eliminate the adverse symptoms with the
preservation of the therapeutic effect some attempts of EC
administration of antigen together with CpG were made in order
to treat the murine atopic dermatitis (AD) (Fig. 3). These studies
showed that EC application of antigen with CpG inhibits the
production of antigen specific IgE antibodies with the simulta-
neous increase of the synthesis of IgG2a antibodies [87]. It is worth
pointing out that in mice EC treated with allergen together with
CpG, a significantly lower activity of eosinophil peroxidise (EPO) in
the skin was observed. It must be stressed that EC administration
of antigen with CpG during an ongoing allergic reaction led to a
significant alleviation of the course of the disease [87]. The
observed changes in the synthesis of antibodies and EPO activity
were accompanied with inhibited production of Th2 type
cytokines such as IL-4, IL-5, IL-10 and IL-13 [87]. The inhibition
of allergic reaction was mediated by T lymphocytes releasing
significant quantities of IFN-g and IL-17A [87]. The positive results
of the studies evoked a great interest among clinicians.
Coda

The skin constantly exposed to many antigens plays a crucial
role in body protection from different pathogens present in the
external world. While development of the immune response to
pathogens is of vital importance to the macroorganism, response to
innocuous antigens is not required and even more, sometimes it
can be harmful leading to allergy or autoimmunity. Thus,
discrimination between pathogen-associated antigens and innoc-
uous antigens, in order to induce either an effector immune
response or tolerance, is of utmost importance in the skin. This
supports the possibility of the using the skin as a focus of strategies
to induce immunopotentiation or tolerance of selected antigens.

Our work shows that EC exposure to an antigen, results in the
induction of regulatory cells that inhibit T cell-mediated immune
responses. Additionally, our work shows that EC immunization
with an antigen in the presence of PAMPs reverses skin-induced
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tolerance suggesting that skin may be the place for the induction of
immunopotentiation. Finally, our work shows that EC immuniza-
tion with allergen in the presence of TLR9 ligand inhibits allergic
reaction. The ease by which regulatory cells can be generated
through EC immunization may have important implications for
designing new needle-free vaccines aimed at modulating immune
responses (Table 1).
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D, et al. Epicutaneous (EC) immunization with type II collagen (COLL II)
induces CD4(+)CD8(+) T suppressor cells that protect from collagen-induced
arthritis (CIA). Pharmacol Rep 2016;68:483–9.

http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0440
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0440
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0440
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0445
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0445
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0450
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0450
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0450
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0455
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0455
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0455
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0460
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0460
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0465
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0465
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0465
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0470
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0470
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0470
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0475
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0475
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0475
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0480
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0480
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0480
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0485
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0485
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0485
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0485
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0490
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0490
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0490
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0495
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0500
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0500
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0505
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0505
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0505
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0510
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0510
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0510
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0515
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0515
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0520
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0520
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0520
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0525
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0525
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0525
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0530
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0530
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0530
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0535
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0535
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0540
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0540
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0540
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0545
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0545
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0545
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0550
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0550
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0555
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0555
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0555
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0560
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0560
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0560
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0565
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0565
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0565
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0570
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0570
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0575
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0575
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0580
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0580
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0585
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0585
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0585
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0590
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0590
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0595
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0595
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0595
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0595
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0600
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0600
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0600
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0600
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0605
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0605
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0605
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0610
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0610
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0615
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0615
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0615
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0620
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0620
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0625
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0625
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0625
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0630
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0630
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0630
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0635
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0640
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0645
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0645
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0645
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0645
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0650
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0650
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0650
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0650
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0655
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0655
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0655
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0655
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0660
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0660
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0660
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0665
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0665
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0665
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0665
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0665
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0670
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0675
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0675
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0675
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0680
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0685
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0685
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0685
http://refhub.elsevier.com/S1734-1140(16)30022-6/sbref0685


M. Szczepanik, M. Majewska-Szczepanik / Pharmacological Reports 68 (2016) 773–781 781
[51] Strid J, Tan LA, Strobel S, Londei M, Callard R. Epicutaneous immunization with
type II collagen inhibits both onset and progression of chronic collagen-
induced arthritis. PLoS ONE 2007;2:e387.
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Strzępa A, Dorożyńska I, et al. Epicutaneous immunization with protein
antigen TNP-Ig alleviates TNBS-induced colitis in mice. Pharmacol Rep
2012;64:1497–504.

[53] Codarri L, Fontana A, Becher B. Cytokine networks in multiple sclerosis: lost in
translation. Curr Opin Neurol 2010;23:205–11.

[54] Franciotta D, Salvetti M, Lolli F, Serafini B, Aloisi F. B cells and multiple
sclerosis. Lancet Neurol 2008;7:852–8.

[55] Hafler DA, Slavik JM, Anderson DE, O’Connor KC, De Jager P, Baecher-Allan C.
Multiple sclerosis. Immunol Rev 2005;204:208–31.

[56] Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, Francis G, et al.
Fingolimod (FTY720): discovery and development of an oral drug to treat
multiple sclerosis. Nat Rev Drug Discov 2010;9(11):883–97.

[57] Giacomini PS, Darlington PJ, Bar-Or A. Emerging multiple sclerosis disease-
modifying therapies. Curr Opin Neurol 2009;22:226–32.

[58] Coles AJ, Wing MG, Molyneux P, Paolillo A, Davie CM, Hale G, et al. Monoclonal
antibody treatment exposes three mechanisms underlying the clinical course
of multiple sclerosis. Ann Neurol 1999;46:296–304.

[59] Walczak A, Siger M, Ciach A, Szczepanik M, Selmaj K. Transdermal application
of myelin peptides in multiple sclerosis treatment. JAMA Neurol 2013;
70:1105–9.
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