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Abstract Atopic dermatitis (AD) is one of the most
common inflammatory skin diseases. The number of peo-
ple affected by AD is relatively high and seems to be
rising. Although mild and moderate forms of the disease
can be well controlled by the use of emollients, topical
corticosteroids, and topical calcineurin inhibitors, treat-
ment of severe is still a huge challenge. The new hope is
biologic drugs, magic bullets in allergy, targeted at dif-
ferent points of the complex pathomechanism of
inflammation in AD. In this review, novel biologic thera-
pies are discussed, including recombinant monoclonal
antibodies directed against various interleukin pathways
(such as IL-4, IL-13, TSLP, IL-31, and IL-12/23), on
immunoglobulin E, molecules acting as T cells, B cells,
etc. Of biological drugs, the most promising seems to be
anti-IL-4/IL-13 therapy (dupilumab—the biological agent)
and phosphodiesterase-4 inhibitor (crisaborole—a small
molecule). A deep understanding of the AD pathomecha-
nism provides a new perspective for tailor-made treatment
of severe atopic dermatitis.
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Introduction

Atopic dermatitis (AD) is a pruritic and chronic inflam-
matory skin disease with a very high prevalence in western
countries. AD frequency varies between 7 and 30% of
children and 1-10% of adults resulting in significant
decline of the quality of life of affected individuals (Wei-
dinger and Novak 2016). Vast majority of AD cases begin
within the first year of life and up to 95% start before the
age of five.

Although etiopathogenic sequelae leading to AD are not
completely understood, genetic, environmental, and
immunologic factors are related to skin barrier deteriora-
tion along with immunologic dysregulation. Several
therapeutic modalities exist to temporarily control signs
and symptoms of AD, but none of them succeed to cure the
disease. Taking this into consideration as well as adverse
effects of these drugs, there is understandable interest in
search for the new drugs that offer a better control over the
disease symptoms with minimal secondary adverse effects
(Ibler and Jemec 2015).

Many upcoming drugs focus on inhibiting different key
pathways of AD inflammation. Published results are
promising and launching of many biologicals as the first
biological treatment of AD can be expected soon. This will
lead to a new era in AD management. In this report, we
summarize the current knowledge on the most emerging
targets for biological treatments in AD.

The Pathogenesis of AD and Existing Treatments
The pathogenesis of AD is multifactorial including genetic

and environmental factors. The disease development is
initiated by an impaired skin barrier parallel to a
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dysfunctional immune response and trigger factors like
diminished bacterial biodiversity and allergic sensitization
(Fig. 1). Current management strategies mostly aim at
improving the skin barrier and suppressing the exaggerated
inflammation. A cornerstone of AD therapy is emollients
that restore skin barrier and act by moisturizing dry skin.
Their use may radically diminish the need for immuno-
suppressive treatment and to prevent atopic sensitization.
They have recently been demonstrated to reduce the risk of
developing AD in high-risk infants if applied from the
early infancy (Leitch et al. 2015).

The second most frequently used group of drugs effec-
tive in AD are topical glucocorticosteroids (GCS) (Torley
et al. 2013). They are offered in different potencies but
mid-potent are most widely used. They are highly effective
in the treatment of an acute flare but should not be used as a
long-term continuous therapy as they induce skin atrophy
and GCS-related skin damage. In addition, they can cause
steroid acne, steroid rosacea, and peri-oral dermatitis when
applied on face and even if inadvertently applied on face.
Topical calcineurin inhibitors (TCIs; e.g., tacrolimus and
pimecrolimus) act on different immunopathological path-
way of AD than GCS (Kwiek et al. 2008; Novak et al.
2005) but can achieve a comparable anti-inflammatory
effect and have a more favorable side effect profile. They
do not cause skin atrophy or steroid-related skin diseases,
but the main limitation is the stinging or burning sensation
observed with TCI application.
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Fig. 1 Factors involved in development and maintenance of atopic
dermatitis
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Systemic treatment is rarely used, since its mechanism
of action is general immunosuppression, and thus, it is
limited to patients who fail to control flares with topical
medications. The most commonly used drugs are: cyclos-
porin A (CsA) and oral GCS. The dilemma of systemic
treatment is that many of AD patients experience relapses
within several weeks after discontinuation. What is more,
CsA-treated patients demonstrate numerous adverse
effects, such as: hypercholesterolemia, high blood pressure,
immunosuppression, kidney dysfunction, and the GCS-
treated patients present with hyperglycemia, osteoporosis,
and growth failure, respectively. It should be noted that
CsA has not been specifically approved by the United
States Food and Drug Administration (US FDA) for use in
AD; however, in Japan and most European countries, CsA
is generally approved for the treatment of patients with
severe AD (Bieber and Straeter 2015).

Throughout the last 15 years, only two new medications
have been approved for the treatment of AD (tacrolimus
and pimecrolimus). Drug development in AD is falling
behind in relation to some other inflammatory and malig-
nant skin diseases (Fig. 2), but many patients are peaking
out for these drugs, and marketing perspectives seem
brilliant. The first and only biologic medicine for the
treatment of moderate-to-severe atopic dermatitis has
recently been approved (28 March 2017).

Over the last years, investigators have identified medi-
ators, cytokines, and receptors that are decisive for AD
development and may become attractive targets for
immunotherapy (Eyerich et al. 2015). Current research
focuses on different immune cell subtypes, their related
cytokines in acute and chronic AD lesions, and on the role
of microbial colonization. Many new compounds are
monoclonal antibodies depleting cytokines or binding to
cytokine receptors to block specifically AD-related
immune pathways (Fig. 3). Several clinical trials have tried
to transfer drugs that are approved for asthma, psoriasis, or
rheumatological diseases to AD treatment, but either drugs
showed that a poor efficacy or a beneficial outcome was
limited to single subjects. As AD can present in many
different clinical ways with heterogeneous courses, ranging
from self-limited to chronic disease, another research goal
is to characterize specific subtypes to predict disease
activity and to individualize medical treatment.

Scientific Rationale and New Therapeutic Targets

AD is a T helper 2 (Th2) cell dominant inflammatory
disease like asthma and allergic rhinoconjunctivitis that
belong to the group of atopic diseases. The crucial Th2
cytokines are interleukin (IL)-4, IL-5, and IL-13. All of
them cause an increased immunoglobulin E (IgE)
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Fig. 2 New agents registered for inflammatory and malignant skin diseases. Timeline demonstrating the introduction and registration by the US
FDA of new compounds in the treatment of skin diseases (atopic dermatitis, psoriasis, and malignant melanoma) since 2001
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Fig. 3 Overview of atopic dermatitis (AD) pathogenesis and possible
therapeutic targets for biologic therapy. AD inflammation is associ-
ated with a Th2 imbalance and increased secretion of IL-4, IL-5, IL-
13, and IL-31. Th2 cells migrate into the dermis and epidermis, and
released cytokines recruit inflammatory cells (including Thl, Thl7,
and Th22) and additionally drive IgE synthesis by B cells. Th2

production and contribute to allergic sensitization (Fig. 3).
Mast cells express FceRI (the high affinity IgE receptor),
which binds IgE, that may cross-link after antigen binding.
Then, the mast cells release histamine, prostaglandins, and
other mediators. They cause an enhanced vascular perme-
ability, local swelling, and itch.

However, AD demonstrate a tendency towards allergic
sensitization, mainly due to the impaired epidermal barrier,
that allows allergen penetration and ingestion by the

cytokines additionally act directly on keratinocytes to disrupt barrier
function and lead to epithelial damage with release of TSLP, IL-33,
and IL-25. All the mechanisms can be blocked using biologic
therapies directed against particular mechanisms, cytokines, or
receptors. Blue boxes indicate therapeutic approaches that were
already tested in clinical trials

antigen-presenting cells within skin. This way of sensiti-
zation is currently believed to be the main route of life-
threatening type 1 allergy to some food allergens (e.g.,
peanut) (Brough et al. 2015).

Importantly, the local inflammation differs between
acute and chronic AD lesions. At the beginning and sen-
sitization phase, primarily Th2 driven cells as well as Th22
and dendritic cells (DCs) migrate into the skin and secrete
high amounts of IL-4, IL-13 and IL-22 (Eyerich and Novak
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2013). IL-4 is the key cytokine in driving loco-regional IgE
production. Pro-inflammatory cytokine milieu disturbs
keratinocyte differentiation, leading to further worsening of
skin barrier (Howell et al. 2009). Keratinocytes also release
pro-inflammatory mediators, such as thymic stromal lym-
phopoietin (TSLP), known for propelling Th2-driven
responses including production of IL-13 and IL-31 that act
in concert with nerve growth factor (NGF) and substance P.
Both NGF and substance P were recently identified as
strong mediators of itch and serum markers of AD severity
(Lauffer and Ring 2016).

In the chronic phase, the Thl and Th17 lymphocytes
also migrate into the lesions, releasing their key cytokines:
interferon (IFN)-y, and IL-17A (Eyerich and Novak 2013;
Gittler et al. 2012). These cytokines display strong pro-
inflammatory action and contribute to tissue remodeling.
Consequently, epidermal barrier stays impaired and per-
meable stimulating immune cell activation and
inflammation. Thus, the chronic AD is characterized by a
self-perpetuating inflammation, leading to a vicious circle
of immunological activation and defective barrier.

In summary, although the inflammatory component of
AD is becoming better understood, the mechanisms behind
the drugs used today in clinical practice (GCS, calcineurin
inhibitors, and cyclosporine) are based primarily on a local
or systemic immunosuppression. Therefore, new approa-
ches are needed for more targeted therapy of AD.

Here, we discuss the current research aiming at the
development of new drugs directing on different types of
immune cells atopic dermatitis and its exacerbations.

Therapy Directed Against the CD20: Rituximab

Rituximab is a chimeric monoclonal anti-CD20 antibody,
which eliminates B cells from the circulation. The CD20
antigen is presented on the surface of pre-B cells and B
cells, however, not on plasma cells. The rituximab leads to
the cell lysis, but its precise mechanism of action has not
been fully elucidated. Contrary to the T cells, the B cells
and its role in the pathogenesis of AD is not fully under-
stood. Nevertheless, systemic expansion of chronically
activated CD27% memory, plasmablast, and IgE-express-
ing memory B cells is seen in AD patients, and they are
consistently found among the cells migrating to the skin
lesions (Czarnowicki et al. 2016). Until now, targeted
therapy against CD20 has been widely used in the treat-
ment of proliferative diseases with B cells and autoimmune
diseases, e.g., rheumatoid arthritis, systemic lupus erythe-
matosus, as well pemphigus vulgaris (Sanchez-Ramon
et al. 2013).

In 2008, Simon and Sediva presented two reports on
treatment of AD with rifuximab on six and two patients
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each. Simon et al. (2008a) initiated treatment of severe
atopic dermatitis by intravenous courses of rituximab (two
doses of 1000 mg 2 weeks apart). Their research demon-
strated an impressive clinical and histological improvement
during 4-8 weeks of treatment. What is more, all six
patients, who participated in that study, did not suffer from
any significant adverse effects of rituximab.

However, Sediva et al. (2008) did not observe such
tremendous results in two patients treated by his group. The
SCORAD (SCORing Atopic Dermatitis) index of the first
patient decreased 99-58 by week 10, whereas the second
patient demonstrated exacerbation (SCORAD index
increased 63-74). The most likely explanation for the
above-mentioned variance could result from more severe
atopic dermatitis as well as insufficient dose (two doses of
500 mg intravenously after 2 weeks apart) that could not
eliminate CD20™ B cells effectively enough to improve the
clinical condition of the skin or reduce the total concen-
tration of IgE.

At the beginning of 2016, another study with three
patients demonstrated no improvement in symptoms [based
on index Eczema Area and Severity Index (EASI) and
Dermatology Life Quality Index (DLQI)] at the end of
6-month follow-up (McDonald et al. 2016). Due to the
divergent results of studies evaluating the efficacy of
rituximab, there is a compelling need for a double-blind
placebo-controlled study.

Therapy Against IgE

The potential role of IgE in the pathogenesis of AD is
equivocal. Increased serum concentration of IgE is
observed in about 80% cases of AD, whereas the mast cells
in the dermis and epidermis of patients with AD express
FceRI (the high affinity IgE receptors), which binds IgE
(Fernandez-Anton Martinez et al. 2012). However, one-
fifth of patients have normal levels of IgE. Nevertheless, it
was hypothesized that interference with IgE activity in skin
and blood may be beneficial in AD.

Omalizumab

Omalizumab is a murine monoclonal antibody directed
against IgE. The antibody may bind to the IgE receptor-
binding site (in both, FceRI and FceRII) on the surface of
basophils and mast cells, thereby preventing the degranu-
lation and the activation of cellular mediators. In addition,
omalizumab was also shown to inhibit the FceRI expres-
sion, on the surface of DCs. Therefore, anti-IgE therapy
was believed to play a significant role in initiating the
inflammatory reaction caused by allergens.
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Omalizumab was successfully used for treatment for
moderate-to-severe asthma in adolescent and adults with
severe asthma. The dosages and schedule are adjusted to
the body weight as well as the initial serum of total IgE
levels (Fernandez-Anton Martinez et al. 2012).

The treatment with omalizumab in AD has already been
documented in several reports. A recent meta-analysis of
available reports (Wang et al. 2016) has demonstrated
excellent results in 44 out of 103 analyzed patients. Eleven
out of thirteen studies included in the meta-analysis were
case series. This antibody was significantly more effective
in patients who had total IgE levels below 700 IU/ml. Kim
et al. (2013) have shown in an open study that eight
treatment cycles with omalizumab 300 mg repeated every
14 days resulted in a clinical improvement in all ten
patients with AD refractory to systemic treatment [reduc-
tion in the SCORAD index and VAS (Visual Analogue
Scale) index, improvement in the quality of life-DLQI, and
decrease in sleep disorders and itch]. After 2-month follow-
up, two patients sustained remarkable improvement
(SCORAD index was at least halved); in five cases, it
decreased about 25-50%, whereas three patients failed to
respond to treatment. Similar effects were observed in
school age patients (6—19 years) treated with omalizumab
(Lacombe Barrios et al. 2013).

A 2010 randomized control trial (RCT) by Heil et al.
(2010), with 20 AD patients, demonstrated a reduction in
the IgE concentration as well as decreased IgE saturation
on the cell surface decreased within 16 weeks of obser-
vation. However, these effects were not associated with
clinical improvement, suggesting complexity of the
immune phenomena and other than IgE-related mecha-
nisms in the pathomechanisms of the disease (Heil et al.
2010). Lack of improvement in two double-blind studies
with omalizumab highlights the fact of a great need for
RCT in AD.

In another study, the immune effect of omalizumab and
its clinical impact was evaluated in the pediatric population
with severe refractory atopic dermatitis (Iyengar et al.
2013). In this report, there was a significant decrease of
TSLP, TARC/CCL17 (thymus and activation regulated
chemokine), as well as OX40L (OX40 ligand) in the
omalizumab-treated group. Interestingly the parallel clini-
cal improvement (SCORAD index) was observed both in
omalizumab and placebo-treated groups.

A new approach to improve the treatment efficacy was
based on simultaneous administration of low doses of
omalizumab (150 mg subcutaneously every 14 days, and
increase in the dose to 300 mg after 2 months) and infusion
of intravenous immunoglobulin (IVIG) preparation (3-h
infusion 10 g IVIG) (Toledo et al. 2012). At 6 weeks of
treatment, 75% of patients improved their SCORAD index
by more than 50% and this effect was associated with

baseline IgE decrease of 50%. Monotherapy with IVIG was
shown to be effective in uncontrolled studies (Kwiek and
Novak 2010) and that makes it hard to estimate the impact
of individual drug on the final outcome.

Another approach to use combined treatment with
omalizumab was conducted by Zink et al. (2016). Authors
have used IgE immunoadsorption followed by omalizumab
overcoming the problem of very high IgE levels in AD. As
with other combined therapies, the question of individual
influence of each active compound needs to be addressed in
the future, especially that IgE immunoadsorption was
successfully used as monotherapy in recalcitrant AD
(Kasperkiewicz et al. 2014).

Basing on the observation of the crucial role of IgE in
initiation phase of the AD, an interesting approach was
proposed by Hotze et al. (2014), who investigated response
to treatment with omalizumab in patients with primary
dysfunction of the skin barrier (filaggrin gene mutation,
FLG). They received 14 cycles of omalizumab (150 mg) in
14-day intervals, with follow-up therapy in non-responders
group. Intriguingly, none of the patients affected by the
filaggrin gene responded to treatment (seven patients),
whereas patients without this mutations showed a very
good clinical response (four patients SCORAD reduction
>50%; four patients SOCRAD reduction 25-50% com-
pared to baseline). This study further confirms existence of
two arms in the pathology of atopic dermatitis: the role of
the immune system and dysfunction of skin barrier plays.

Ligelizumab

A novel potential therapeutic agent in the treatment of
atopic dermatitis is ligelizumab, an anti-IgE heavy chain
IgGl monoclonal antibody, demonstrating significantly
higher avidity for IgE than omalizumab. Unfortunately,
despite its promising preclinical efficacy profile, studies
evaluating the clinical applicability are still lacking (so far
examined only the safety and its pharmacokinetics) (Arm
et al. 2014).

Th2 Response: Therapy Directed Against IL-4/IL-
13

Dupilumab

Since IL-4 and IL-13 are defined as key cytokines in AD
pathogenesis, clinical investigations were aimed at
assessment of the applicability of monoclonal antibodies
directed against these cytokines. IL-4 and IL-13 act via
common o subunit of IL-4 receptor (IL-4Ra) and their
increased expression results in decreased synthesis of skin
barrier proteins (i.e., filaggrin). Skin with disrupted barrier
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is more prone to penetration of environmental allergens
and pathogens into deeper skin layers (Brough et al. 2015).
Dupilumab, fully human monoclonal antibody aimed
against IL-4Ra blocks binding of IL-4 and IL-13 to the
receptor. Dupilumab, initially tested in patients with severe
asthma, showed improvement of the disease (Wenzel et al.
2013). After these promising results, clinical trials in
patients with moderate-to-severe AD who do not respond
to topical treatment have started.

Beck et al. (2014) published results of four clinical trials
which assessed safety of dupilumab. In two clinical studies
(phase I), patients were given 75, 150, and 300 mg of
dupilumab or placebo subcutaneously for 4 weeks. In
another trial (phase I), patients were given 300 mg of
dupilumab or placebo for 12 weeks. The result of these
studies was quick, dose-dependent improvement of skin
condition measured by EASI and pruritus score. In addi-
tion, further improvement was observed after treatment
continuation. In 85% of patients treated for 12 weeks, 50%
reduction of EASI score was observed in comparison to
placebo (35% reduction of EASI because of high effec-
tiveness of emollients), and between weeks 4 and 12, the
number of patients with mild or no signs of AD doubled.
Fourth clinical trial (phase II) compared efficacy of dupi-
lumab with topical corticosteroids to placebo. After
4 weeks, 50% reduction of EASI score was observed in the
study group, whereas only half of placebo group had the
same outcome. In all clinical studies, mild adverse events
were noted without differences between placebo and study
group. However, severe adverse events such as exacerba-
tion of atopic lesions and skin infections were more often
in the placebo group (Beck et al. 2014).

Thaci et al. (2016) conducted clinical trial (phase II) to
compare different doses of dupilumab. Patients were
injected with 300 mg of dupilumab once a week, 300 mg
every 2 weeks, 200 mg every 2 weeks, 300 mg every
4 weeks, 100 mg every 4 weeks, or placebo once a week.
Their data confirmed promising results from the previous
studies. In the group receiving 300 mg of dupilumab once a
week, 50% reduction of EASI was observed in highest
percentage of patients, whereas 100 mg every 4 weeks was
only slightly better than placebo. Safety profile of dupilu-
mab was confirmed in this trial; there were no significant
differences in occurrence of adverse events between study
and placebo groups (Thaci et al. 2016).

Two phase III trials (SOLO 1 and SOLO 2) comparing
dupilumab with placebo were published in December 2016
and confirmed positive results from the previous studies. In
each trial adult (>18 years), patients with moderate-to-
severe AD were given 300 mg of dupilumab weekly/every
2 weeks or placebo for 16 weeks. At week 16, significantly
more patient receiving dupilumab demonstrated an
improvement measured with EASI and pruritus intensity.
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Similarly, a significant improvement was noted in other
clinical end points’ quality of life, intensity of eczema, or
symptoms of anxiety. No significant differences in inci-
dence of adverse events were noted. Serious adverse events
such as severe exacerbation of AD were rare. Injection-site
reactions and conjunctivitis occurred more often in dupi-
lumab-treated patients, whereas exacerbations of AD and
skin infections in placebo group (Simpson et al. 2016). A
different scientific approach was presented in recently
published study (4MAY2017)—the CHRONOS study
allowed concomitant use topical drugs (GCS, TCIs) along
with dupilumab. In group receiving dupilumab, 300 mg
weekly (plus topical agents) Investigator’s Global Assess-
ment score improved in 40% of patients, EASI-75 in 64%
after 1 year of treatment. The placebo group plus topical
treatment had higher rate of side effects vs. the dupilumab
(plus topical agents) groups. CHRONOS study and
adjunctive therapy provide a practical response to long-
term management of moderate-to-severe atopic dermatitis
(Strowd and Feldman 2017).

Due to positive result of phase I and II studies and rel-
ative good safety profile, dupilumab was announced a
“Breakthrough Therapy” in moderate-to-severe AD. On
28th March 2017, the US FDA approved dupilumab
(Dupixent®) injection to treat adults with moderate-to-
severe AD, especially with AD not controlled adequately
by topical treatment, or when topical therapies are not
advisable. Among others IL-13 is known for its antitumor
activity, and therefore, increased risk of tumor formation
cannot be excluded (Terabe et al. 2004). Moreover, dupi-
lumab was studied only in adult population so far.
However, due to high incidence of AD in pediatric patients
and need for effective treatment, clinical trial assessing
safety and tolerability of dupilumab in children (aged
6-18 years) has been recently completed and everyone is
waiting for publishing the results (NCT02407756 2015).

Pitrakinra

Another drug which targets o subunit of IL-4 receptor and,
therefore, blocks the effects induced by IL-4 and IL-13 is
human recombinant IL-4 variant—pitrakinra. Pitrakinra
was proven to be effective in patients with asthma (Wenzel
et al. 2007). One placebo-controlled clinical study testing
pitrakinra in atopic individuals was conducted. Phase 2a
was completed, but results are not available yet
(NCT00676884 2008).

Other Therapies Directed Against I1.-13
One of the cytokines playing main part in pathogenesis of

allergic diseases including AD is IL-13. IL-13 is produced
mainly by Th2 lymphocytes and acts similar to IL-4,
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stimulating proliferation, and differentiation B lympho-
cytes, production of IgE antibodies, and recruitment of
eosinophils and mast cells (Shirakawa et al. 2000). Anti-
bodies against IL-13, lebrikizumab, and tralokinumab were
already investigated in the treatment of asthma and the
initial results show high efficacy (Hanania et al. 2015).
Implications of treatment of patients with AD with anti-IL-
13 antibodies were awaited with big expectations. Fur-
thermore, clinical trial assessing efficacy of lebrikizumab in
comparison to topical corticosteroids has been completed a
little while ago. Simpson et al. (2016) presented recently
primary efficacy data on lebrikizumab activity in AD and
they noted 20% reduction in EASI score. Moreover, also
topical corticosteroids plus 125 mg of lebrikizumab every
4 weeks resulted in a significant improvement in EASI and
SCORAD (NCT02340234 2015).

Therapy Against IL-31: Nemolizumab

IL-31 is another AD-related cytokine. It is produced mainly
by Th2 lymphocytes but also mast cells and keratinocytes,
and it is postulated as crucial cytokine triggering pruritus
(Sonkoly et al. 2006). In addition, serum level of IL-31 is
correlated with severity of the disease (Raap et al. 2008).
The role of IL-31 in exacerbation of the skin lesions is
uncertain. In two clinical trials, inhibition of IL-31 was
evaluated. The first one showed an impressive reduction in
intensity of pruritus and EASI index in nemolizumab group
vs. placebo receiving patients (Ruzicka et al. 2017). The
second evaluated safety and tolerance of this antibody
compared to placebo. This trial is completed; however, its
outcomes are not available yet (NCT01614756 2012).

Therapy Directed Against IL-5: Mepolizumab

In many inflammatory, skin diseases such as AD, in the
peripheral blood and the skin, eosinophils, and their
products are present. IL-5 stimulates the proliferation and
release of eosinophils from bone marrow. Furthermore, IL-
5 is well known as a chemoattractant for eosinophils.
Therefore, there is a strong belief that the reduction of
eosinophils may have alleviated symptoms of atopic der-
matitis. Therefore, mepolizumab (recombinant human
monoclonal anti-IL-5) was developed. Two other agents,
reslizumab and benralizumab (currently tested in asthma),
also belong to the anti-IL-5 family.

Oldhoff et al. (2005) conducted a randomized double-
blind placebo-controlled trial. In this study, 18 patients
received two courses of intravenous mepolizumab (750 mg
every 7 days) and 23 others received placebo. In the group
receiving the active compound, a significant improvement

in clinical assessment was observed in 22% of patients,
while only 5% of placebo-treated patients experienced
alleviation of symptoms. However, when averaged results
were analyzed, the difference in SCORAD index or itching
was not significant in mepolizumab-treated group. The
authors point out that the duration of the trials was too short
to allow for the proper assessment of maintenance of the
mepolizumab efficacy.

Therapy Directed Against TSLP

TSLP is a cytokine produced mainly by keratinocytes as
well as DCs and mast cells. TSLP stimulates transcription
of the IL-4 gene. IL-4 is crucial in the Th2 pathway. It
promotes differentiation of CD4* lymphocytes to Th2 and
production of various pro-inflammatory cytokines (Tatsuno
et al. 2015). IL-4 promotes up-regulation of the TSLP
receptor, which enhances the positive feedback loop
between these two cytokines. Abnormally high expression
of TSLP gene was observed in AD patients (Ziegler et al.
2013); therefore, it is a potential therapeutic target in
severe AD. Clinical trial assessing effectiveness of feze-
pelumab, monoclonal antibody against TSLP, in
comparison to placebo in patients with severe AD has been
recently completed and outcomes of this trial are eagerly
expected (NCT02525094 2015).

Non-Th2 Pathways

Although Th2 cytokines are crucial during initiation/ex-
acerbation phases of disease, AD is not clear Th2 disease.
Thl as well as Th17 pathways are believed to play a sig-
nificant role in its pathogenesis, especially in the chronic,
remodeling phase.

Therapy Directed Against IL-12/1L-23:
Ustekinumab

Ustekinumab is human monoclonal antibody against p40
subunit which is common to IL-12 and IL-23. IL-12 is
produced by macrophages and DCs, and it activates Thl
lymphocytes, whereas IL-23 induces proliferation and
activity of Th17 lymphocytes. A number of activated Thl
and Th17 lymphocytes were found in chronic atopic skin
lesions (Batista et al. 2015). Inhibition of these cells by
blockage of IL-12 and IL-23 may display a novel thera-
peutic approach in AD management. Regrettably, the only
data on the effects of ustekinumab use in AD patients are
drawn from few case studies. Ferndndez-Antén Martinez
et al. (2014) used ustekinumab in four patients with severe,
recurrent AD who needed systemic management. Antibody
was given in weeks 1 and 4 and subsequently every
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12 weeks. A significant improvement in SCORAD and
VAS was noted after second or third doses, and there were
no serious side effects (Fernandez-Anton Martinez et al.
2014). Excellent effects were reported in the two studies in
adults (Puya et al. 2012; Shroff and Guttman-Yassky 2014)
and other two in teenagers (Agusti-Mejias et al. 2013;
Wilodek et al. 2016). However, inadequate or even no
response to ustekinumab was also observed (Samorano
et al. 2016). In view of equivocal outcomes of management
AD with ustekinumab, role of this antibody remains
unclear. Study investigating ustekinumab in adults with
chronic AD is currently ongoing (NCT01806662 2013).

Therapy Directed Against I1.-22

IL-22 which belongs to the IL-10 family is produced
mainly by Th17 and Th22 lymphocytes. IL-22 activates
keratinocytes which results in up-regulation of pro-in-
flammatory molecules. It also promotes acanthosis
(thickening of epidermis) but inhibits differentiation of
keratinocytes (Boniface et al. 2005). Enhanced expression
of IL-22 was reported in the skin probes of patients being
in the acute as well as chronic phase of AD (Gittler et al.
2012). Fezakinumab, human monoclonal antibody against
IL-22, previously known from investigations in the treat-
ment of rheumatoid arthritis and psoriasis (trials were
discontinued) is being tested in the phase II clinical trial in
adults with AD (NCT01941537 2013).

Anti-IL-17 Secukinumab—an anti-IL-17 antibody is
currently registered for psoriasis and exhibits excellent
efficacy in this disease. The study on its use in AD is
currently ongoing (NCT02594098 2015).

Therapy Directed Against TNF-a

Tumor necrosis factor (TNF)-o is a well-recognised pro-
inflammatory cytokine in various diseases; however, its
role in pathogenesis of AD remains unclear. Several studies
suggested that serum level of TNF-a may be elevated in
AD, which makes it an interesting potential therapeutic
target (Itazawa et al. 2003). Only few studies assessing
effectiveness of TNF-a inhibitors in AD individuals have
been conducted so far. Buka et al. (2005) used etanercept
(human recombinant fusion protein binding to TNF-0) in
two patients, showing no satisfactory responses and serious
adverse effects (Staphylococcus aureus superinfection and
viral urticarial rush).

Adalimumab is TNF-o inhibitor (human recombinant
monoclonal antibody) used in the management of psoriasis.
There is only one case of management AD by this anti-
body, demonstrating worsening of AD symptoms (Yayli
et al. 2013).
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Infliximab 1is chimeric monoclonal antibody against
TNF-a. Jacobi et al. (2005) assessed its effectiveness in
prospective study in nine patients with severe, chronic AD.
During induction phase, a significant improvement was
reached according to EASI and intensity of pruritus
2 weeks after the latest dose of medication. Despite ini-
tially promising, satisfactory outcome in weeks 10, 14, and
30 six patients was excluded because of lack of further
improvement. In week 46, only two patients completed the
trial with excellent response to treatment (Jacobi et al.
2005).

Use of TNF-a inhibitors in therapy of AD is contro-
versial. Data on the effects of all the drugs are scarce and
contradictory. It is worth mentioned that AD-like adverse
events were reported after use of infliximab and etanercept
(Mangge et al. 2003; Wright 2003). To date, there were no
clearly promising effects. Further research is essential to
state whether TNF-o inhibitors may play the role in the
therapy of severe AD.

Therapy Directed Against IL-1: Anakinra

Anakinra is recombinant human receptor directed against
IL-1, consisting of two isoforms of IL-1a and IL-1f. IL-1
consists of a group of 11 cytokines, which plays a central
role in the regulation of immune and inflammatory
responses able to initiate and maintain immune response in
the course of autoimmune and chronic inflammatory dis-
eases, including AD (Pazyar et al. 2012). To date, however,
there are no promising clinical reports on this drug in the
therapy of AD.

Therapy Directed Against LFA-1: Efalizamab

Efalizumab is a recombinant monoclonal antibody which
specifically binds to the LFA-1 subunit, CD11. LFA-1 is a
T cell surface molecule crucial in the activation and
migration of T lymphocytes to the skin as well as the
cytotoxicity of T cells. By binding to CDl11a, the adhe-
sion between LFA-1 and ICAM-1 (molecule found in the
vascular endothelium responsible for adhesion) is
blocked.

Therefore, efalizumab prevents from the migration of T
lymphocytes from peripheral blood to the skin. Its effect is
reversible and not associated with a reduction in the
number of circulating T cells. Unfortunately, due to risk of
the progressive multifocal leukoencephalopathy, a brain
infection caused by reactivation of latent JC virus infec-
tion, the efalizumab was withdrawn from the European and
the US markets.
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Therapy Directed Against LFA-3: Alefacept

Alefacept is a fusion protein LFA-3/IgG1, which is adja-
cent to CD2 on T cells, thereby preventing interaction of
LFA-3 and CD2 and induces apoptosis through the per-
forin-granzyme system. In human studies, anti-LFA-3
therapy results in a decrease of histological changes typical
for AD, i.e., diminished hyperkeratosis, acanthosis, spon-
giosis, and a reduction in the number of B and T
lymphocytes, eosinophils in the dermis and epidermis, as
well as drop in the concentration of particular cytokines
(IL-5, IL-10, IL -13, and IFN-y) involved in the patho-
genesis of atopic eczema. (Simon et al. 2008b). The sale of
alefacept has been discontinued since 2011, but this deci-
sion was not the result of a safety concern.

Inhibitors of Phosphodiesterase IV

Since the 1980s, it has been known that patients with AD
demonstrated a higher activity of phosphodiesterases
(PDE), which are responsible for the excessive activation
of leukocytes and occurrence of inflammation (Chan et al.
1993). Up to now, 11 different PDE inhibitors have been
recognised in the human body. Inhibition of PDE4 (PDE4
is expressed on leukocytes) leads to the accumulation of
cAMP which activates protein kinase A and other effectors.
This activation results in inhibition of the transcription of
not only pro-inflammatory cytokines, but also neutrophil
degranulation, chemotaxis, or endothelial cell adhesion.

Crisaborole

Standards in the topical treatment of atopic dermatitis have
not changed for 15 years. Crisaborole is non-steroidal
topical phosphodiesterase-4 inhibitor that has been just
approved as 2% ointment for topical treatment of mild to
moderate AD in adults and children older than 2 years.
According to physicochemical properties (low-molecular-
weight compound—251 g/ml (http://www.chemspider.
com/24701949)), crisaborole may fully penetrate through
dermis and epidermis to the source of inflammation (Zane
et al. 2016). Crisabole-treated patients achieved improve-
ment in Investigator’s Static Global Assessment and
pruritus (63% reduction at day 29) much faster than vehicle
treated patients in a randomized, double-blind, conducted
trial conducted in adults and children over 2 years of age
(Paller et al. 2016). The most frequent transient adverse
effect was the application site pain. Crisaborole represents
a promising, novel, non-steroidal topical treatment for
patients with mild-to-moderate AD. Also other clinical

trials concerning on PDE4 group were completed (E6005,
OPA-15406—in pediatric patient).

Apremilast

Apremilast is currently considered as an oral drug that due
to blocking PDE4 [molecular weight 450.5 g/mol (http://
www.chemspider.com/9736448)], inhibits the production
of inflammatory mediators such as TNF-o, IL-12, IL-2,
IFN-vy, IL-5, IL-8, LTB4, and adhesion of molecules CD18/
CD11b, and also stimulates the production of IL-10, which
is known as inhibitor other pro-inflammatory chemokines
(Schafer et al. 2010). Despite promising results of first
clinical studies (Samrao et al. 2012), the results of the
recently updated phase 2 clinical study (April 2017) show
that apremilast oral administration failed to demonstrate
any efficacy so PDE4 inhibition is unlikely to be an
alternative option for the treatment of AD (NCT02087943
2014).

Conclusion and Further Research

For a long time, controlling patients with severe AD has
been an enormous clinical challenge. Current systemic
therapies are mainly off-label, limited in efficacy, and have
an unfavorable side effect profile. After years of stillness,
the area of AD medications is just becoming active. Pro-
found understanding of AD pathogenesis allowed the
development of new compounds, which selectively inhibit
particular AD key pathways. Amongst all drugs, anti-IL-4/
IL-13 strategy seems to be the most promising. Dupilumab
is the furthest advanced biologic from this group. PDE4
inhibitors, members of a small molecule drugs family, are
another drugs that are changing our treatment paradigm
with crisaborole being already approved for topical treat-
ment. Another PDE4 inhibitor, apremilast already
approved for psoriasis treatment, seems to have beneficial
effects in AD, as well. Several biologics are in phase II
studies, giving reason to expect a fascinating area of clin-
ical application within the next years. Therefore double-
blind placebo-controlled trials are so important in the dis-
ease in which thorough daily use of emollients may
essentially improve the long-term results. High rates of
improvement in patients receiving placebo in RCT are at
least partially related to study protocols that offer patients
unlimited amount of good quality emollients, tools that
increase adherence (diaries), and doctor appointments
every 1 or 2 weeks.

Despite first successes, this research, however, still faces
numerous open questions:
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1. Do we understand of AD pathogenesis enough to
propose more individualized treatment approaches?

2. Despite overall confidence and negligible side effects
are the new biologics safe long-term?

3. Are the particular subtypes of AD defined good
enough to early identify those patients that are in the
need of a most tailored treatment?

And finally, are we ready for this tremendous change in
the management of AD?
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