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Abstract

The pathogenesis of atopic dermatitis (AD) is multifactorial and complex. Conse-

quently, clinical signs and symptoms vary strongly depending on individually rele-

vant trigger factors and the stage of the disease. So far, treatment of AD was

commonly limited to topical treatment or, in more severe cases, to systemic drugs

mostly approved for other indications than AD. However, emerging data on new

anti-inflammatory agents have been published in the recent years. As these new

substances specifically focus on immune responses in AD, these are partially con-

sidered as possible ‘breakthrough’ in the treatment of AD. Therapeutic strategies

of the future appear to be ‘customized’ for inflammation in AD as they target

pro-inflammatory, highly relevant cytokines and cytokine receptors, such as

IL-4Ra, IL-13, IL-31, and IL-17. Further innovative therapeutic approaches aim

to block the function of relevant molecules such as thymic stromal lymphopoi-

etin, chemoattractant-receptor homologous molecule expressed on Th2 lympho-

cytes (CRTh2), and phosphodiesterase (PDE)-4 inhibitors. Recently, anti-

inflammatory effects in AD by antagonizing the histamine (H)-4 receptor have

also been detected. Finally, specific immunotherapy is under further investigation

as treatment option for AD patients with clinically relevant sensitization.

Atopic dermatitis (AD) is an inflammatory skin disease charac-

terized by a chronic relapsing course and severe symptoms of

itch (1). In the presence of a complex genetic predisposition (2),

manifold adaptive immune responses to potential trigger factors

such as food and inhalant allergens, microbial antigens, and

self-antigens have been identified so far (3, 4). Pro-inflammatory

immune responses in AD are mediated by both the humoral

and the cellular immune system involving T cells, dendritic cells,

mast cells, and keratinocytes (5). Signs and symptoms of AD

vary strongly depending on the stage of the disease (6). So, due

to a complex pathogenesis and the individual course of the dis-

ease (7), effective treatment with long-term improvement of skin

inflammation still represents a challenge (8, 9).

Here, we provide an overview on emerging new findings in

research on therapeutic agents and interventions which open

promising perspectives on anti-inflammatory treatment in

AD in future (Table 1).

Targeting cytokines and cytokine receptors

Anti-IL-4 receptor – a milestone in treatment of AD

IL-4 represents a classical Th2-type cytokine as it is responsi-

ble for the induction of Th2 polarization of na€ıve Th0

lymphocytes and, in turn, is secreted by Th2 cells, but also

by basophils and natural killer T cells (10). In various stud-

ies, the pathophysiological relevance of IL-4 secretion for

acute inflammation and, particularly, for allergen-specific

immune response mechanisms in AD has been reported. For

example, house dust mite-specific T lymphocytes have been

demonstrated to secrete significant amounts of IL-4 in AD

(11). A significant increase in serum levels of IL-4 could also

be observed in grass-pollen-sensitized patients experiencing a

significant flare-up of AD upon grass-pollen exposure (12).

In addition, IL-4 secretion has recently been detected also for

CD8+ T cells specific for the autoallergen a-NAC (13). It is

well established that IL-4 promotes antibody isotype class

switching to immunoglobulin E (IgE) (14) and acts as an

inflammatory cytokine. As IL-4 induces a significantly

reduced filaggrin expression (15, 16), it is also considered to

substantially contribute to an impaired skin barrier function

in AD. IL-4 binds to the IL-4 receptor as well as to the

IL-13 receptor and, therefore, shares a variety of immunolog-

ical functions with IL-13.

Based on this, therapeutic approaches resulting in a block-

ade of IL-4 functions have extensively been studied. Here, a

fully human monoclonal, namely dupilumab, represents the

most emerging new drug currently studied for the treatment
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of AD (5). Dupilumab targets the IL-4 receptor alpha sub-

unit (IL-4Ra), which is shared by IL-4 and IL-13 receptors,

and therefore antagonizes IL-4 and IL-13 signal transduction

(17). In phase II studies, subcutaneous administration of

dupilumab in patients with AD was highly effective leading

to rapid improvement of both eczematous lesions and subjec-

tive symptoms (17–19). Furthermore, dupilumab shows a

good safety profile: So far, nasopharyngitis has been reported

as most frequent adverse event (19). Considering these

promising data, approval of dupilumab for the indication of

AD is eagerly expected. There are actually several phase III

trials ongoing on long-term safety of dupilumab in children

and adults with AD (20).

IL-13

IL-13 binds to the IL-13 receptor (i.e. IL-13Ra1 and IL-

13Ra2) and also the IL-4 receptor (i.e. IL-4Ra–IL-13Ra1).
Therefore, its functions are in part congruent with those of

IL-4 (5). IL-13 is predominantly secreted by CD4+ Th2

lymphocytes as well as by CD8+ cells (21) and substantially

activates B cells with following differentiation and IgE syn-

thesis. Comparison of the cytokine production of peripheral

blood mononuclear cells of extrinsic AD and intrinsic AD

patients and normal control individuals after stimulation

with anti-CD3 and/or anti-CD28 monoclonal antibodies

revealed that in AD, signaling by the T-cell receptor complex

with increased IL-13 secretion is largely independent of CD2

costimulatory signals (22). IL-13 plays a key role in cuta-

neous inflammation in the acute stage of AD, but is also dis-

cussed to contribute to the chronification of eczema (23).

Beyond this, increased serum levels of IL-13 have been

described as an immunological characteristic of an ‘allergic

march-associated AD phenotype’ (24).

Treatment with monoclonal antibodies directed against IL-

13, such as lebrikizumab and tralokinumab, in AD is cur-

rently being trialed in phase II studies (25, 26).

IL-17 – therapeutic option for intrinsic AD?

The majority of members of the IL-17 family, that is, IL-17A,

IL-17F, and IL-17AF, are produced by Th17 cells, while

IL-17E is secreted by Th2 cells (5). Next to T cells, mast cells

have also been found to produce IL-17 (27). Effects of this

cytokine are particularly relevant for inflammation in psoria-

sis. As a consequence, a monoclonal IgG1 antibody directed

to IL-17A, secukinumab, has been approved for the indication

of psoriasis vulgaris.

However, increased numbers of Th17 cells could also be

detected in acute eczematous lesions and peripheral blood of

patients with AD (28). Interestingly, this observation was

made in Asian AD which has been characterized as a pheno-

type unifying features of psoriasis and AD (29). Further-

more, comparison of the molecular and cellular skin

pathology between severe extrinsic and intrinsic AD revealed

a higher activation of Th17 and Th22 cells and positive cor-

relations between Th17-related molecules and SCORAD

scores in patients with intrinsic AD (30). With regard to their

functional relevance, ‘tissue remodeling’ properties have been

identified for Th17 cells in AD (31).

Based on this, it might be supposed that treatment target-

ing IL-17 has beneficial effects particularly in patients with

intrinsic AD. However, data from clinical trials are required

for sufficient evaluation of possible risk and benefits of anti-

IL-17 treatment in AD. There is actually one randomized,

placebo-controlled phase II study investigating the effects of

secukinumab in both extrinsic and intrinsic AD (32).

IL-22

IL-22 is a member of the IL-10 cytokine family. In AD,

CD4+ T cells, namely Th17 and Th22 cells, and CD8+ T

cells (21) as well as natural killer cells and mast cells (33)

have been reported as sources for IL-22 production. Acti-

vated Th22 cells could be observed in the circulation of

patients with AD and, moreover, increased numbers of skin-

homing Th22 cells have been detected in inflamed skin

lesions (34, 35). IL-22 binds to the IL-22 receptor 1 on kera-

tinocytes. Its key functions comprise tissue repair as well as

host defense mechanisms at the mucosa by stimulating

epithelial cells (5, 36). It is further discussed that IL-22-pro-

ducing Th22 lymphocytes are particularly relevant for transi-

tion to the chronic stage of AD (37). This hypothesis is

Table 1 Overview on current clinical trials on treatment of AD.

Target Agent

Current status

of clinical trial

phase

IL-4Ra Dupilumab Phase III

IL-13 Lebrikizumab Phase II

Tralokinumab Phase II

IL-17 Secukinumab Phase II

IL-22 ILV-094 Phase II

IL-31 CIM331

(Nemolizumab)

Phase II

IL-31R BMS-981164 Phase I

IL-12/IL-23p40 Ustekinumab Phase II

TSLP Medi9929 Phase II

CRTh2 QAW039 Phase II

JAK inhibitor Pf-04965842 Phase II

PDE-4 inhibitor Topical

Cipamfylline Phase II

Crisaborole Phase III

E6005 Phase II

Oral

Apremilast Phase II

IgE-specific

immunoadsorption

– Phase II

CD20 Rituximab –

Histamine-4 receptor ZPL-389 Phase II

Specific immunotherapy in

aeroallergen-sensitized

atopic dermatitis patients

Extracts from

different inhalant

allergens

Phases II and III

JAK, Janus kinase; TSLP, thymic stromal lymphopoietin.
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supported by previous findings from experimental studies

that demonstrated an increased IL-22 secretion in skin-infil-

trating CD4+CD45RO+CD45RA� memory T cells induced

by staphylococcal exotoxin B (38). Similarly to Th17 cells, a

higher activation in patients with intrinsic AD has also been

reported for Th22 cells (30).

To date, no data on clinical experience with anti-IL-22

therapy in AD are available. There is actually one ongoing

phase II study investigating the effects of intravenous appli-

cation of an anti-IL-22 antibody (ILV-094) on clinical signs

and symptoms of AD (39).

IL-31 – breaking the vicious circle

IL-31 represents a pro-inflammatory cytokine with multidi-

mensional functions in the pathogenesis of AD (40–42):
Sonkoly et al. (43) reported significant overexpression of

IL-31 in pruritic eczematous lesions and, moreover, serum

levels of IL-31 in children with AD have been demonstrated

to correlate significantly with the disease severity (44). Th2-

and Th22 cells, but also mast cells, have been identified as

source of IL-31 (27, 41). Thus, the detection of IL-31 and its

functions further elucidated the complex pathogenesis of itch

symptoms in inflamed skin in AD (45).

As IL-31 is induced by staphylococcal exotoxins (46), this

cytokine is also supposed to be involved in Staphylococcus

aureus-related skin inflammation. IL-31 acts as an inflamma-

tory cytokine on keratinocytes (47). Moreover, data from a

human organotypic skin model indicate that IL-31 has

interfering effects on keratinocyte differentiation and the

expression of filaggrin expression (48). So, IL-31 seems to con-

tribute to an impairment of the skin barrier function in AD.

Considering the broad potential of pro-inflammatory

effects of IL-31 in AD, therapeutic interventions antagoniz-

ing this cytokine or its receptor would be expected to reduce

itch symptoms and acute skin inflammation and, finally, to

contribute to a reconstitution of the skin barrier function.

First promising data of a phase I/Ib clinical trial using a

humanized anti-IL-31 receptor A monoclonal antibody

(CIM331) have been published in 2016 (49). Here, patients

received a single subcutaneous injection of the antibody. At

week 4, a decrease in subjective symptoms (pruritus and

sleeplessness) was observed while the substance was well

tolerated (49). Meanwhile, a 12-week, double-blind, placebo-

controlled, phase II trial on the efficacy and safety of

different dose regimen of the same agent in AD has been

performed (50). In this study, data analysis also revealed a

significant improvement of pruritus in those patients who

had received subcutaneous injections of CIM331 compared

to placebo. The mean change in EASI score was 44.6% upon

treatment with 0.5 mg/kg CIM331 (vs 20.9% in the placebo

group) (50). In addition, injections of this monoclonal anti-

body were well tolerated.

A phase I study on the safety of an antibody targeting

IL-31 (BMS-981164) has been completed, but corresponding

data have not been published so far (51).

In summary, antagonizing IL-31 or IL-31R seems to be a

promising treatment strategy. Further in vitro and clinical

research is necessary to assess the complete spectrum of

immunological and clinical effects of anti-IL-31(R) therapy

in AD.

IL-12/IL-23p40

The cytokines IL-12 and IL-23 have been described to stimu-

late macrophages, dendritic cells, natural killer cells, and acti-

vated T cells (36). Both these cytokines consist of the subunit

p40. By targeting the IL-12/IL-23p40 subunit, the mono-

clonal IgG1 antibody ustekinumab antagonizes Th1, Th17,

and Th22 activation. Treatment with this agent has been

approved for the indication of psoriasis vulgaris.

Based on experiences in patients with psoriasis, Puya et al.

(52) used ustekinumab for off-label treatment in a 21-year-

old Caucasian patient suffering from severe refractory AD.

Treatment doses were administered according to the psoriasis

therapy regimen. Remarkably, pruritus already improved

after 2 weeks and healing of eczematous lesions started

1 month after first dosing. Similar observations were made in

another patient with extrinsic AD (53). Successful treatment

with ustekinumab has recently been reported also for an ado-

lescent patient with AD who had been treated with 45 mg

ustekinumab per dose according to the psoriasis therapy regi-

men (54). By contrast, Samorano et al. (55) published clinical

data from two patients with extrinsic AD where treatment

with ustekinumab was not successful.

Robust data from randomized, controlled studies using

ustekinumab in AD remain to be generated to have a repre-

sentative overview on its possible therapeutic effects. To date,

results from a first double-blind controlled study including 33

patients suffering from moderate-to-severe disease have been

published (56): While ustekinumab was well tolerated, non-

significant improvement of AD in the verum group (mea-

sured by SCORAD) was observed at weeks 12, 16, and 20.

The authors further describe immunological findings with

modulated Th1, Th17, Th22, and Th2 genes. As the use of

mild topical glucocorticosteroids was allowed throughout the

study, this condition is discussed as relevant interfering factor

for the outcome of this study. Another phase II study has

been completed in Japan, but corresponding data are not yet

available (57).

Targeting molecules of special interest

Thymic stromal lymphopoietin

Thymic stromal lymphopoietin (TSLP) has been identified as

a relevant molecule for inflammatory immune processes par-

ticularly located at the epithelial interface. In the skin, TSLP

is released by keratinocytes and Langerhans cells (58). In a

mouse model, it was further demonstrated that via the TSLP

receptor, which is expressed on antigen-specific T cells, TSLP

leads to the secretion of Th2 cytokines and that Th2 polar-

ization could, in turn, be blocked again by anti-TSLP (59).

Beyond this, TSLP seems also to contribute to IL-17A pro-

duction (60). Aside from these pro-inflammatory effects,

TSLP seems also to play an important role for the induction
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of itch. In an animal model, Wilson et al. (61) observed

TSLP-mediated interaction between keratinocytes and cuta-

neous sensory neurons.

Considering this, TSLP is currently discussed as a relevant

therapeutic target for the treatment of allergic diseases and

AD (62). Indeed, several studies on effects of anti-TSLP ther-

apy mainly in asthma have been initiated so far. With regard

to AD, there is actually one ongoing phase II study (63).

Results from randomized, placebo-controlled clinical trials

will further elucidate the therapeutic potential of anti-TSLP

treatment in AD.

Chemoattractant-receptor homologous molecule expressed on

Th2 lymphocytes (CRTh2)

CRTh2 represents a prostaglandin receptor selectively

expressed on Th2 cells (64). In AD, a preferential increase

in CRTh2+ cells could be observed particularly within the

disease-related cutaneous lymphocyte-associated antigen

(CLA)-positive, but not within the CLA-negative, CD4+
lymphocyte compartment (64). By genotyping for polymor-

phisms in CRTh2, genetic variation of CRTh2 has been dis-

covered that has an influence on the development of allergic

diseases (65).

A series of CRTh2 antagonists has already been investi-

gated for the treatment of allergic diseases in clinical studies

(66–68). For the indication of AD, a phase II trial on effects

of oral treatment with a CRTh2 antagonist in patients with

moderate-to-severe disease has been completed (69), but the

outcome of this study has not been published so far.

Janus kinase inhibitor

The JAK–STAT pathway plays a key role for Th2 polariza-

tion, activation of eosinophils, and B-cell differentiation and

is activated by IL-4 (70).

As successful oral treatment with the Janus kinase (JAK)

inhibitor tofacitinib citrate in a case of plaque psoriasis and

alopecia totalis had previously been reported (71), its efficacy

was further investigated in six consecutive patients with mod-

erate-to-severe AD (72). Indeed, marked improvement upon

this therapy could also be observed in AD with significant

decrease in SCORAD index score in all patients during

8–29 weeks of treatment (72). Moreover, data on topical

treatment with tofacitinib in adulthood AD have recently

been reported: In a 4-week, double-blind, vehicle-controlled

phase IIa study, 69 patients with moderate-to-severe AD

were randomly allocated to a treatment group, who received

2% tofacitinib ointment twice daily, or to a control group.

At week four, a significantly higher decrease in EASI score

could be observed in the treatment group compared to the

vehicle control group (73).

In conclusion, JAK inhibitors represent a further promis-

ing treatment option. Therapeutic effects remain to be further

investigated in randomized, controlled trials. There is actually

one phase II trial recruiting patients with AD for systemic

treatment with the JAK inhibitor Pf-04965842 (74).

Phosphodiesterase (PDE)-4 inhibitors

PDE-4 has been detected in T and B cells, macrophages,

monocytes, neutrophils, and eosinophils (75). Twenty years

ago, Hanifin et al. (76) demonstrated a reduced prostaglan-

din E2, IL-10, and IL-4 production in atopic mononuclear

leukocyte cultures by selective high-potency PDE inhibitors.

With regard to topical treatment with PDE-4 inhibitors in

clinical trials, beneficial therapeutic effects of cipamfylline

cream in AD were less compared to a moderately potent

topical steroid (77). By contrast, first data on a new com-

pound, namely crisaborole, are promising: Recently, in two

phase III studies ‘Investigator’s Static Global Assessment’

success was observed in a higher proportion of patients

applying crisaborole compared to the vehicle-treated group

(78). Additionally, an earlier decrease in pruritus was

observed upon verum treatment compared to the vehicle con-

trol (78). In a Japanese study, the safety and efficacy of topi-

cal application of another PDE-4 inhibitor, E6005, over a

period of 4 weeks in adulthood AD have been investigated

(79). This agent was well tolerated and, furthermore, first

clinical assessments also reflect trends toward improvement

of AD with significant reduction in EASI score and objective

SCORAD and SCORAD-C (79). Further investigation of the

efficacy of different concentrations of E6005 for topical local-

ized, short-term treatment in AD revealed concentration-

dependent effects with a significant reduction in severity

scores by treatment with 0.2% E6005 ointment (80).

In addition to topical treatment, systemic therapy with

PDE-4 inhibitors has been investigated. Apremilast repre-

sents a PDE-4 inhibitor with approval for the indication of

moderate-to-severe plaque psoriasis and active psoriasis

arthritis. Meanwhile, therapeutic effects of apremilast have

also been investigated for AD. In an open-label study

including 16 patients with AD, dosing of 20 mg apremilast

daily over 3 months was described to significantly reduce

pruritus and to improve quality of life, while a dose of

30 mg apremilast daily led to a significant reduction in

EASI score (81). In a similar study, 10% of subjects receiv-

ing 20 mg apremilast daily reached EASI-75 and another

10% EASI-50 (82). Apremilast was well tolerated in both

studies. Moreover, data have been published on beneficial

effects of apremilast in an 8-year-old patient with refractory

AD (83). In this case report, the patient had already

received systemic therapy with glucocorticosteroids, exten-

sive topical anti-inflammatory treatment, and omalizumab

for asthma. Due to persisting high disease activity, off-label

treatment with apremilast 30 mg once daily was started

5 months later (83). The authors observed rapid improve-

ment of pruritus by 2 weeks of treatment followed by a

reduction in inflammation and excoriation of the skin

lesions.

Overall, for comprehensively evaluating the therapeutic

potential of PDE-4 inhibitors in AD, randomized, placebo-

controlled trials remain to be initiated. To date, one random-

ized, placebo-controlled phase II multicenter study on the

efficacy of apremilast in AD has been completed, but the

data are not available yet (84).
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Targeting B cells and IgE antibodies

In the skin and blood of patients with AD, significantly

increased numbers of cluster of differentiation (CD)

19+CD20+ B cells can be observed (85). Additionally, the

vast majority of patients with AD show elevated total and/or

specific IgE levels. Consequently, B cells and IgE antibodies

have both been investigated as further targets for anti-inflam-

matory treatment strategies in AD.

While the humanized, monoclonal anti-IgE antibody

omalizumab is approved for the treatment of severe

bronchial asthma, case series and controlled studies with

patients with AD revealed beneficial effects of this agent

only in individual cases (86–88). Based on this, omal-

izumab cannot actually be recommended for treatment of

AD (89, 90). However, first data support the

hypothesis that there is a subgroup of patients with AD

that might respond to treatment with omalizumab. These

patients are supposed to be characterized by the absence

of filaggrin mutations and a distinct lipid metabolite profile

(91).

As further therapeutic approach in targeting IgE antibod-

ies, ex vivo immunoadsorption has been investigated. In an

open-label pilot study, 12 severely diseased adults with total

IgE levels >4500 IU/l were included (91): The patients under-

went a total of 10 immunoadsorptions within 5 weeks using

polyclonal sheep antihuman immunoglobulin antibodies. By

week 3, a significant reduction in the mean SCORAD

occurred which could still be observed at week 13 (59%

reduction) (92). In a further pilot study in this field, extracor-

poreal immunoadsorption was combined with omalizumab

treatment in 10 patients (93). During and 6 months after

treatment, IgE levels continuously decreased in all patients.

Concomitantly, AD symptoms improved during the treat-

ment phase, but a relapse was observed after the end of

treatment (93).

Rituximab represents a chimeric monoclonal antibody

binding to CD20 which is expressed on immature and mature

B cells (94). This agent has been approved for several indica-

tions in hemato-oncology and rheumatology.

In a pilot study including six patients with AD, two intra-

venous doses of 1 g rituximab at an interval of 14 days led

to a significant decrease in EASI score within 4–8 weeks

(95). In a further case report, a women suffering from recal-

citrant AD experienced marked improvement of the disease

severity after having received rituximab once (96). By con-

trast, Sediva et al. (97) presented two cases of severe AD

where long-term improvement of AD could not be achieved

by treatment with rituximab. In both these cases, two doses

(at an interval of 14 days) of only 500 mg rituximab were

administered.

Taken together, data from (further) randomized, placebo-

controlled trials on the safety and beneficial effects of

immunoadsorption as well as rituximab in AD are lacking.

Treatment of AD with IgE-specific immunoadsorption is cur-

rently investigated in a phase II study (98). Notably, ritux-

imab is currently not under investigation for the indication

of AD in clinical trials.

Histamine-4 receptor – a new target for anti-

inflammatory therapy

Severe itch represents a key symptom of AD: Dry or, partic-

ularly, inflamed skin accompanied by itch symptoms pro-

vokes scratching which, in turn, further contributes to

perpetuation of skin inflammation.

Neuropeptides, pro-inflammatory cytokines such as IL-31,

TSLP and, classically, histamine have been identified as rele-

vant mediators of this phenomenon which has been termed

‘itch-scratch-circle’ (45, 99).

While in patients with chronic urticaria, oral therapy with

antihistamines targeting the histamine (H)-1 receptor repre-

sents the first step of a multistep therapy regimen (100), there

is no evidence for beneficial therapeutic effects of H1 antago-

nists in AD. According to the current guideline on treatment

in AD, H1 antihistamines should only be used in combina-

tion with other treatments for individual, severe cases of

adulthood AD (89, 90). Notably, in infants and adolescents

the Commission on Drug Safety in Children of the German

Society of Pediatrics and Adolescent Medicine advises against

the use of sedating over-the-counter antihistamines as these

carry the risk for a series of relevant side-effects such as

paradoxical and neurotoxic reactions (89).

As a result, research in this field focuses more and more

on the relevance of other histamine receptors of which the

H4 receptor seems to play an important role in AD. Expres-

sion of H4 receptors was detected on Th2 cells, Th17 cells,

keratinocytes and, moreover, sensory neurons (101–103)
(Fig. 1). Remarkably, antipruritic, but also anti-inflamma-

tory, effects could be observed by antagonizing the H4 recep-

tor (104, 105). In a clinical phase IIa trial, the effects of the

H4 receptor antagonist JNJ-39758979 vs placebo in AD were

investigated over a period of 6 weeks (106). As two patients

developed severe neutropenia, the study had to be discontin-

ued prematurely. Despite low patient numbers, data analysis

revealed significant dose-dependent effects on pruritus and

(nonsignificant) improvement of eczema in verum-treated

patients (106). In a further randomized, placebo-controlled

phase IIa study, the selective H4 receptor antagonist, ZPL-

3893787, was administered orally over 8 weeks to patients

with moderate-to-severe AD (107). Above all, this agent was

well tolerated. Remarkably, after treatment a 50% reduction

in eczema area and severity index (EASI) score (vs 27% in

the placebo group) and 41% reduction in SCORAD index

score (vs 26% in the placebo group) occurred, while there

were no significant differences in improvement of worst itch

symptoms during the last 8 h between the two groups. The

excoriation score extracted from the EASI score and the pru-

ritus score extracted from the SCORAD score revealed, how-

ever, significant differences between the study and the

placebo group (107). Based on this, it could be concluded

that this H4 receptor antagonist particularly has anti-inflam-

matory properties that are effective in AD.

Taken together, the H4 receptor represents a new target

for anti-inflammatory treatment strategies in AD. Further

clinical and experimental studies on selective H4 receptor
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antagonists such as ZPL-389 are needed to better

define related therapeutic effects in AD, the risk/benefit ratio

and, finally, characteristics of patients with AD who may

particularly benefit from treatment with H4 receptor

antagonists.

Targeting allergen-specific immune response

mechanisms

Specific immunotherapy

Eighty percent of adult patients with AD are characterized

by specific IgE sensitization to seasonal and/or perennial

allergens. A seasonal flare-up has been reported for a sub-

group of sensitized patients supporting the relevance of inha-

lant sensitization in these patients (108, 109). Indeed, in a

recent randomized, placebo-controlled, double-blind proof-

of-concept study, significant worsening of eczema upon

grass-pollen exposure in grass-pollen IgE-sensitized AD

patients could be observed (12). Moreover, late-type reac-

tions to food in a subgroup of sensitized children and adults

with AD could be verified (109). In conclusion, there is

increasing evidence for the relevance of allergen-specific sensi-

tization for signs and symptoms of AD in a subgroup of

patients (110–113).
For these patients, specific immunotherapy (SIT), unlike

pharmacotherapy, represents an efficient causal treatment

option. Since the last century, this approach has been investi-

gated for AD. Despite promising data from randomized, con-

trolled trials in this field (114, 115), the overall evidence on

beneficial effects of SIT in AD is currently not sufficient as

has been stated in a systematic Cochrane review this year

(116). Notably, from their systematic data analysis the

authors further conclude that SIT in AD is not accompanied

by an increased risk for local or systemic adverse events

(116).

According to the current recommendations on treatment in

AD, SIT can be recommended in patients with AD for the

indication of allergic airway diseases (89). For the indication

of AD, SIT can be considered in patients who suffer from

severe AD suspected to be substantially triggered by inhalant

allergens (89).

As in vitro data indicate that the phenotype of allergen-

specific T cells differs between allergic airway diseases and

AD (11), further studies in this field are necessary. The next

step in optimizing SIT in AD could be a modified

composition of allergen extracts. These should be adapted to

disease-specific immunological features present in AD. For

this purpose, further data from T-cell epitope mapping of rel-

evant allergens using peripheral blood from patients with AD

remain to be generated.

Funding

No funding was received for this work.

Conflicts of interest

The authors declare that they have no conflicts of interest.

References

1. Bieber T, Akdis C, Lauener R, Traidl-Hoff-

mann C, Schmid-Grendelmeier P, Schappi

G et al. Global Allergy Forum and 3rd

Davos Declaration 2015: atopic dermatitis/

Eczema: challenges and opportunities

toward precision medicine. Allergy

2016;71:588–592.

2. Marenholz I, Esparza-Gordillo J, Ruschen-

dorf F, Bauerfeind A, Strachan DP, Spy-

cher BD et al. Meta-analysis identifies

seven susceptibility loci involved in the ato-

pic march. Nat Commun 2015;6:8804.

3. Roesner LM, Werfel T, Heratizadeh A.

The adaptive immune system in atopic

dermatitis and implications on therapy.

Expert Rev Clin Immunol 2016;

12:787–796.

4. Wollenberg A, Feichtner K. Atopic der-

matitis and skin allergies – update and out-

look. Allergy 2013;68:1509–1519.

5. Werfel T, Allam JP, Biedermann T, Eyerich

K, Gilles S, Guttman-Yassky E et al. Cellu-

lar and molecular immunologic mechanisms

in patients with atopic dermatitis. J Allergy

Clin Immunol 2016;138:336–349.

6. Mortz CG, Andersen KE, Dellgren C, Bar-

ington T, Bindslev-Jensen C. Atopic der-

matitis from adolescence to adulthood in

the TOACS cohort: prevalence, persistence

and comorbidities. Allergy 2015;70:836–845.

Figure 1 The histamine (H)-4 receptor is expressed on sensory neurons as well as on CD4+ T cells and dendritic cells (kindly provided by

Steve Liu, Ziarco Pharma Ltd).

Allergy 71 (2016) 1666–1675 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1671

Heratizadeh and Werfel Anti-inflammatory therapies in AD



7. Dharmage SC, Lowe AJ, Matheson MC,

Burgess JA, Allen KJ, Abramson MJ. Ato-

pic dermatitis and the atopic march revis-

ited. Allergy 2014;69:17–27.

8. Simon D, Bieber T. Systemic therapy for

atopic dermatitis. Allergy 2014;69:46–55.

9. Bieber T, Straeter B. Off-label prescriptions

for atopic dermatitis in Europe. Allergy

2015;70:6–11.

10. Simon D, Kozlowski E, Simon H. Natural

killer T cells expressing IFN-gamma and

IL-4 in lesional skin of atopic eczema.

Allergy 2009;64:1681–1684.

11. Roesner LM, Heratizadeh A, Begemann G,

Kienlin P, Hradetzky S, Niebuhr M et al.

Der p1 and Der p2-specific T cells display a

Th2, Th17, and Th2/Th17 phenotype in

atopic dermatitis. J Invest Dermatol

2015;135:2324–2327.

12. Werfel T, Heratizadeh A, Niebuhr M,

Kapp A, Roesner LM, Karch A et al.

Exacerbation of atopic dermatitis on grass

pollen exposure in an environmental chal-

lenge chamber. J Allergy Clin Immunol

2015;136:96–103.

13. Roesner LM, Heratizadeh A, Wieschowski

S, Mittermann I, Valenta R, Eiz-Vesper B

et al. Alpha-NAC-specific autoreactive

CD8 + T cells in atopic dermatitis are of

an effector memory type and secrete IL-4

and IFN-gamma. J Immunol 2016;196:

3245–3252.

14. Ramadani F, Upton N, Hobson P, Chan

YC, Mzinza D, Bowen H et al. Intrinsic

properties of germinal center-derived B cells

promote their enhanced class switching to

IgE. Allergy 2015;70:1269–1277.

15. Howell MD, Kim BE, Gao P, Grant AV,

Boguniewicz M, DeBenedetto A et al.

Cytokine modulation of atopic dermatitis

filaggrin skin expression. J Allergy Clin

Immunol 2009;124:R7–R12.

16. Seltmann J, Roesner LM, von Hesler FW,

Wittmann M, Werfel T. IL-33 impacts on

the skin barrier by downregulating the

expression of filaggrin. J Allergy Clin

Immunol 2015;135:1659–1661.

17. Beck LA, Thaci D, Hamilton JD, Graham

NM, Bieber T, Rocklin R et al. Dupilumab

treatment in adults with moderate-to-severe

atopic dermatitis. N Engl J Med

2014;371:130–139.

18. Simpson EL, Gadkari A, WormM, Soong

W, Blauvelt A, Eckert L et al. Dupilumab

therapy provides clinically meaningful

improvement in patient-reported outcomes

(PROs): a phase IIb, randomized, placebo-

controlled, clinical trial in adult patients with

moderate to severe atopic dermatitis (AD).

J Am Acad Dermatol 2016;75:506–515.

19. Thaci D, Simpson EL, Beck LA, Bieber T,

Blauvelt A, Papp K et al. Efficacy and

safety of dupilumab in adults with

moderate-to-severe atopic dermatitis inade-

quately controlled by topical treatments: a

randomised, placebo-controlled, dose-ran-

ging phase 2b trial. Lancet 2016;387:40–52.

20. Regeneron Pharmaceuticals. https://clinical-

trials.gov/ct2/results?term=dupilumab%

2C+atopic+dermatitis&Search=Search.

21. Hijnen D, Knol EF, Gent YY, Giovannone

B, Beijn SJ, Kupper TS et al. CD8(+) T

cells in the lesional skin of atopic dermatitis

and psoriasis patients are an important

source of IFN-gamma, IL-13, IL-17, and

IL-22. J Invest Dermatol 2013;133:973–979.

22. Simon D, Von Gunten S, Borelli S, Braa-

then LR, Simon HU. The interleukin-13

production by peripheral blood T cells

from atopic dermatitis patients does not

require CD2 costimulation. Int Arch

Allergy Immunol 2003;132:148–155.

23. Purwar R, Werfel T, Wittmann M. IL-13-

stimulated human keratinocytes preferen-

tially attract CD4 + CCR4 + T cells: pos-

sible role in atopic dermatitis. J Invest

Dermatol 2006;126:1043–1051.

24. Lee E, Lee SH, Kwon JW, Kim YH, Cho

HJ, Yang SI et al. Atopic dermatitis pheno-

type with early onset and high serum IL-13

is linked to the new development of bron-

chial hyperresponsiveness in school chil-

dren. Allergy 2016;71:692–700.

25. [Anonym]. A phase 2b, randomized, double-

blinded, placebo-controlled, dose-ranging

study to evaluate the efficacy and safety of

tralokinumab in adult subjects with moder-

ate-to-severe atopic dermatitis. MedImmune

LLC. https://clinicaltrialsgov/ct2/show/

record/NCT02347176?term=tralokinumab

%2C+atopic+dermatitis&rank=1.

26. [Anonym]. A phase II, randomized, double-

blind, placebo-controlled study to evaluate

the safety and efficacy of lebrikizumab in

patients with persistent moderate to severe

atopic dermatitis that is inadequately con-

trolled by topical corticosteroids. Hoffmann-

La Roche. https://clinicaltrialsgov/ct2/

show/record/NCT02340234?term=lebrik-

izumab%2C+atopic+dermatitis&rank=1.

27. Otsuka A, Kabashima K. Mast cells and

basophils in cutaneous immune responses.

Allergy 2015;70:131–140.

28. Koga C, Kabashima K, Shiraishi N,

Kobayashi M, Tokura Y. Possible patho-

genic role of Th17 cells for atopic dermati-

tis. J Invest Dermatol 2008;128:2625–2630.

29. Noda S, Suarez-Farinas M, Ungar B, Kim

SJ, de Guzman Strong C, Xu H et al. The

Asian atopic dermatitis phenotype combi-

nes features of atopic dermatitis and psoria-

sis with increased TH17 polarization. J

Allergy Clin Immunol 2015;136:1254–1264.

30. Suarez-Farinas M, Dhingra N, Gittler J,

Shemer A, Cardinale I, de Guzman Strong

C et al. Intrinsic atopic dermatitis shows

similar TH2 and higher TH17 immune acti-

vation compared with extrinsic atopic der-

matitis. J Allergy Clin Immunol

2013;132:361–370.

31. Simon D, Aeberhard C, Erdemoglu Y,

Simon HU. Th17 cells and tissue remodel-

ing in atopic and contact dermatitis.

Allergy 2014;69:125–131.

32. [Anonym]. A pilot study to evaluate the effi-

cacy and safety of secukinumab in the treat-

ment of moderate to severe atopic dermatitis.

Icahn School of Medicine at Mount Sinai.

https://clinicaltrialsgov/ct2/show/record/

NCT02594098?term=atopic+dermatitis%

2C+secukinumab&rank=1.

33. Mashiko S, Bouguermouh S, Rubio M,

Baba N, Bissonnette R, Sarfati M. Human

mast cells are major IL-22 producers in

patients with psoriasis and atopic dermatitis.

J Allergy Clin Immunol 2015;136:351–359.

34. Czarnowicki T, Gonzalez J, Shemer A,

Malajian D, Xu H, Zheng X et al. Severe

atopic dermatitis is characterized by selec-

tive expansion of circulating TH2/TC2 and

TH22/TC22, but not TH17/TC17, cells

within the skin-homing T-cell population. J

Allergy Clin Immunol 2015;136:104–115.

35. Nograles KE, Zaba LC, Shemer A,

Fuentes-Duculan J, Cardinale I, Kikuchi T

et al. IL-22-producing “T22” T cells

account for upregulated IL-22 in atopic

dermatitis despite reduced IL-17-producing

TH17 T cells. J Allergy Clin Immunol

2009;123:1244–1252.

36. Boyman O, Kaegi C, Akdis M, Bavbek S,

Bossios A, Chatzipetrou A et al. EAACI

IG Biologicals task force paper on the use

of biologic agents in allergic disorders.

Allergy 2015;70:727–754.

37. Gittler JK, Shemer A, Suarez-Farinas M,

Fuentes-Duculan J, Gulewicz KJ, Wang

CQ et al. Progressive activation of T(H)2/T

(H)22 cytokines and selective epidermal

proteins characterizes acute and chronic

atopic dermatitis. J Allergy Clin Immunol

2012;130:1344–1354.

38. Niebuhr M, Mainardy J, Heratizadeh A,

Satzger I, Werfel T. Staphylococcal exotox-

ins induce interleukin 22 in human th22

cells. Int Arch Allergy Immunol

2014;165:35–39.

39. [Anonym]. Phase II study to determine the

safety, tolerability, pharmacodynamics and

clinical efficacy of ILV-094 (an IL-22 anti-

body) in subjects with atopic dermatitis

(AD). Rockefeller University; 2016.

https://clinicaltrialsgov/ct2/show/

NCT01941537?term=atopic+dermatitis%

2C+ILV-094&rank=1.

40. Bilsborough J, Leung DY, Maurer M,

Howell M, Boguniewicz M, Yao L et al.

IL-31 is associated with cutaneous lympho-

cyte antigen-positive skin homing T cells in

Allergy 71 (2016) 1666–1675 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1672

Anti-inflammatory therapies in AD Heratizadeh and Werfel

https://clinicaltrials.gov/ct2/results?term=dupilumab%2C+atopic+dermatitis&amp;Search=Search
https://clinicaltrials.gov/ct2/results?term=dupilumab%2C+atopic+dermatitis&amp;Search=Search
https://clinicaltrials.gov/ct2/results?term=dupilumab%2C+atopic+dermatitis&amp;Search=Search
https://clinicaltrialsgov/ct2/show/record/NCT02347176?term=tralokinumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02347176?term=tralokinumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02347176?term=tralokinumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02340234?term=lebrikizumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02340234?term=lebrikizumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02340234?term=lebrikizumab%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02594098?term=atopic+dermatitis%2C+secukinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02594098?term=atopic+dermatitis%2C+secukinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02594098?term=atopic+dermatitis%2C+secukinumab&rank=1
https://clinicaltrialsgov/ct2/show/NCT01941537?term=atopic+dermatitis%2C+ILV-094&rank=1
https://clinicaltrialsgov/ct2/show/NCT01941537?term=atopic+dermatitis%2C+ILV-094&rank=1
https://clinicaltrialsgov/ct2/show/NCT01941537?term=atopic+dermatitis%2C+ILV-094&rank=1


patients with atopic dermatitis. J Allergy

Clin Immunol 2006;117:418–425.

41. Szegedi K, Kremer AE, Kezic S, Teunissen

MB, Bos JD, Luiten RM et al. Increased

frequencies of IL-31-producing T cells are

found in chronic atopic dermatitis skin.

Exp Dermatol 2012;21:431–436.

42. Kasraie S, Niebuhr M, Werfel T. Inter-

leukin (IL)-31 activates signal transducer

and activator of transcription (STAT)-1,

STAT-5 and extracellular signal-regulated

kinase 1/2 and down-regulates IL-12p40

production in activated human macro-

phages. Allergy 2013;68:739–747.

43. Sonkoly E, Muller A, Lauerma AI, Pivarcsi

A, Soto H, Kemeny L et al. IL-31: a new

link between T cells and pruritus in atopic

skin inflammation. J Allergy Clin Immunol

2006;117:411–417.

44. Raap U, Weissmantel S, Gehring M, Eisen-

berg AM, Kapp A, Folster-Holst R. IL-31

significantly correlates with disease activity

and Th2 cytokine levels in children with

atopic dermatitis. Pediatr Allergy Immunol

2012;23:285–288.

45. Buddenkotte J, Steinhoff M. Pathophysiol-

ogy and therapy of pruritus in allergic and

atopic diseases. Allergy 2010;65:805–821.

46. Niebuhr M, Mamerow D, Heratizadeh A,

Satzger I, Werfel T. Staphylococcal alpha-

toxin induces a higher T cell proliferation

and interleukin-31 in atopic dermatitis. Int

Arch Allergy Immunol 2011;156:412–415.

47. Kasraie S, Niebuhr M, Baumert K, Werfel

T. Functional effects of interleukin 31 in

human primary keratinocytes. Allergy

2011;66:845–852.

48. Cornelissen C, Marquardt Y, Czaja K, Wen-

zel J, Frank J, Luscher-Firzlaff J et al. IL-31

regulates differentiation and filaggrin expres-

sion in human organotypic skin models. J

Allergy Clin Immunol 2012;129:426–433.

49. Nemoto O, Furue M, Nakagawa H, Shi-

ramoto M, Hanada R, Matsuki S et al.

The first trial of CIM331, a humanized

antihuman interleukin-31 receptor A anti-

body, in healthy volunteers and patients

with atopic dermatitis to evaluate safety,

tolerability and pharmacokinetics of a sin-

gle dose in a randomized, double-blind,

placebo-controlled study. Br J Dermatol

2016;174:296–304.

50. Kabashima K, Furue M, Hanifin J, Pulka

G, Mlynarczyk I, Wollenberg A. Human-

ized anti-interleukin-31 receptor A antibody

nemolizumab (CIM331) suppresses pruritus

and improves eczema in patients with mod-

erate-to-severe atopic dermatitis. J Invest

Dermatol 2016;136:S161.

51. [Anonym]. A two-part, phase 1, single-dose

study of IL-31 mAb (anti-interleukin 31

monoclonal antibody); in healthy subjects

and adults with atopic dermatitis. Bristol-

Myers Squibb. https://clinicaltrialsgov/ct2/

show/NCT01614756?term=IL-31&rank=1.

52. Puya R, Alvarez-Lopez M, Velez A, Casas

Asuncion E, Moreno JC. Treatment of sev-

ere refractory adult atopic dermatitis with

ustekinumab. Int J Dermatol 2012;51:115–

116.

53. Agusti-Mejias A, Messeguer F, Garcia R,

Febrer I. Severe refractory atopic dermatitis

in an adolescent patient successfully treated

with ustekinumab. Ann Dermatol

2013;25:368–370.

54. Wlodek C, Hewitt H, Kennedy CT. Use of

ustekinumab for severe refractory atopic

dermatitis in a young teenager. Clin Exp

Dermatol 2016;41:625–627.

55. Samorano LP, Hanifin JM, Simpson EL,

Leshem YA. Inadequate response to ustek-

inumab in atopic dermatitis – a report of

two patients. J Eur Acad Dermatol Venereol

2016;30:522–523.

56. Khattri S, Brunner PM, Garcet S, Finney

R, Cohen SR, Oliva M et al. Efficacy and

safety of ustekinumab treatment in adults

with moderate-to-severe atopic dermatitis.

Exp Dermatol 2016. doi: 10.1111/exd.13112.

57. [Anonym]. A randomized, double-blind, pla-

cebo-controlled, multicenter, parallel-group

study of ustekinumab in adult Japanese sub-

jects with severe atopic dermatitis. Janssen

Pharmaceutical K.K.; 2016. https://clinical-

trialsgov/ct2/show/record/NCT01945086?

term=atopic+dermatitis%2C+ustek

inumab&rank=1.

58. Nakajima S, Igyarto BZ, Honda T, Egawa

G, Otsuka A, Hara-Chikuma M et al.

Langerhans cells are critical in epicutaneous

sensitization with protein antigen via thymic

stromal lymphopoietin receptor signaling. J

Allergy Clin Immunol 2012;129:1048–1055.

59. He R, Oyoshi MK, Garibyan L, Kumar L,

Ziegler SF, Geha RS. TSLP acts on infil-

trating effector T cells to drive allergic skin

inflammation. Proc Natl Acad Sci U S A

2008;105:11875–11880.

60. Mizutani N, Sae-Wong C, Kangsanant S,

Nabe T, Yoshino S. Thymic stromal lym-

phopoietin-induced interleukin-17A is

involved in the development of IgE-

mediated atopic dermatitis-like skin lesions

in mice. Immunology 2015;146:568–581.

61. Wilson SR, The L, Batia LM, Beattie K,

Katibah GE, McClain SP et al. The epithe-

lial cell-derived atopic dermatitis cytokine

TSLP activates neurons to induce itch. Cell

2013;155:285–295.

62. Ito T, Liu YJ, Arima K. Cellular and

molecular mechanisms of TSLP function in

human allergic disorders–TSLP programs

the “Th2 code” in dendritic cells. Allergol

Int 2012;61:35–43.

63. [Anonym]. A phase 2a, randomized, double-

blinded, placebo-controlled study to evaluate

the efficacy and safety of MEDI9929 in

adult subjects with moderate-to-severe atopic

dermatitis. MedImmune LLC. https://clini

caltrialsgov/ct2/show/record/NCT02525094?

term=Medi9929&rank=5.

64. Iwasaki M, Nagata K, Takano S, Taka-

hashi K, Ishii N, Ikezawa Z. Association of

a new-type prostaglandin D2 receptor

CRTH2 with circulating T helper 2 cells in

patients with atopic dermatitis. J Invest

Dermatol 2002;119:609–616.

65. Cameron L, Depner M, Kormann M,

Klopp N, Illig T, von Mutius E et al.

Genetic variation in CRTh2 influences

development of allergic phenotypes. Allergy

2009;64:1478–1485.

66. Straumann A, Hoesli S, Bussmann C,

Stuck M, Perkins M, Collins LP et al.

Anti-eosinophil activity and clinical efficacy

of the CRTH2 antagonist OC000459 in

eosinophilic esophagitis. Allergy

2013;68:375–385.

67. Krug N, Gupta A, Badorrek P, Koenen R,

Mueller M, Pivovarova A et al. Efficacy of

the oral chemoattractant receptor homolo-

gous molecule on TH2 cells antagonist BI

671800 in patients with seasonal allergic

rhinitis. J Allergy Clin Immunol

2014;133:414–419.

68. Hall IP, Fowler AV, Gupta A, Tetzlaff K,

Nivens MC, Sarno M et al. Efficacy of BI

671800, an oral CRTH2 antagonist, in

poorly controlled asthma as sole controller

and in the presence of inhaled corticos-

teroid treatment. Pulm Pharmacol Ther

2015;32:37–44.

69. [Anonym]. A randomized, double-blind, pla-

cebo-controlled, parallel group study evaluat-

ing efficacy and safety of QAW039 in the

treatment of patients with moderate to severe

atopic dermatitis. Novartis Pharmaceuticals.

https://clinicaltrialsgov/ct2/show/record/

NCT01785602?term=atopic+dermatitis%

2C+QAW039&rank=1.

70. Bao L, Zhang H, Chan LS. The involve-

ment of the JAK-STAT signaling pathway

in chronic inflammatory skin disease atopic

dermatitis. JAKSTAT 2013;2:e24137.

71. Craiglow BG, King BA. Killing two birds

with one stone: oral tofacitinib reverses

alopecia universalis in a patient with plaque

psoriasis. J Invest Dermatol 2014;134:2988–

2990.

72. Levy LL, Urban J, King BA. Treatment of

recalcitrant atopic dermatitis with the oral

Janus kinase inhibitor tofacitinib citrate.

J Am Acad Dermatol 2015;73:395–399.

73. Bissonnette R, Papp KA, Poulin Y,

Gooderham M, Raman M, Mallbris L et al.

Topical tofacitinib for atopic dermatitis: a

phase IIa randomized trial. Br J Dermatol

2016 doi:10.111/bjd.14871 (epub ahead of

print).

Allergy 71 (2016) 1666–1675 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1673

Heratizadeh and Werfel Anti-inflammatory therapies in AD

https://clinicaltrialsgov/ct2/show/NCT01614756?term=IL-31&rank=1
https://clinicaltrialsgov/ct2/show/NCT01614756?term=IL-31&rank=1
http://dx.doi.org/10.1111/exd.13112
https://clinicaltrialsgov/ct2/show/record/NCT01945086?term=atopic+dermatitis%2C+ustekinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT01945086?term=atopic+dermatitis%2C+ustekinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT01945086?term=atopic+dermatitis%2C+ustekinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT01945086?term=atopic+dermatitis%2C+ustekinumab&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02525094?term=Medi9929&rank=5
https://clinicaltrialsgov/ct2/show/record/NCT02525094?term=Medi9929&rank=5
https://clinicaltrialsgov/ct2/show/record/NCT02525094?term=Medi9929&rank=5
https://clinicaltrialsgov/ct2/show/record/NCT01785602?term=atopic+dermatitis%2C+QAW039&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT01785602?term=atopic+dermatitis%2C+QAW039&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT01785602?term=atopic+dermatitis%2C+QAW039&rank=1
http://dx.doi.org/10.111/bjd.14871


74. [Anonym]. A phase 2b randomized,

double-blind, placebo-controlled, parallel, mul-

ticenter, dose-ranging, study to evaluate the

efficacy and safety profile of Pf-04965842 in

subjects with moderate to severe atopic der-

matitis. Pfizer. https://clinicaltrialsgov/ct2/

show/record/NCT02780167?term=jak%

2C+atopic+dermatitis&rank=1.

75. Felding J, Sorensen MD, Poulsen TD, Lar-

sen J, Andersson C, Refer P et al. Discov-

ery and early clinical development of 2-

{6-[2-(3,5-dichloro-4-pyridyl)acetyl]-2,3-

dimethoxyphenoxy}-N-propylacetamide

(LEO 29102), a soft-drug inhibitor of phos-

phodiesterase 4 for topical treatment of

atopic dermatitis. J Med Chem

2014;57:5893–5903.

76. Hanifin JM, Chan SC, Cheng JB, Tofte SJ,

Henderson WR Jr, Kirby DS et al. Type 4

phosphodiesterase inhibitors have clinical

and in vitro anti-inflammatory effects in

atopic dermatitis. J Invest Dermatol

1996;107:51–56.

77. Griffiths CE, Van Leent EJ, Gilbert M,

Traulsen J, Cipamyflline Study G. Ran-

domized comparison of the type 4 phos-

phodiesterase inhibitor cipamfylline cream,

cream vehicle and hydrocortisone 17-buty-

rate cream for the treatment of atopic der-

matitis. Br J Dermatol 2002;147:299–307.

78. Paller AS, Tom WL, Lebwohl MG, Blumen-

thal RL, Boguniewicz M, Call RS et al. Effi-

cacy and safety of crisaborole ointment, a

novel, nonsteroidal phosphodiesterase 4

(PDE4) inhibitor for the topical treatment of

atopic dermatitis (AD) in children and adults.

J Am Acad Dermatol 2016;75:494–503.

79. Furue M, Kitahara Y, Akama H, Hojo S,

Hayashi N, Nakagawa H et al. Safety and

efficacy of topical E6005, a phosphodi-

esterase 4 inhibitor, in Japanese adult

patients with atopic dermatitis: results of a

randomized, vehicle-controlled, multicenter

clinical trial. J Dermatol 2014;41:577–585.

80. Ohba F, Matsuki S, Imayama S, Matsug-

uma K, Hojo S, Nomoto M et al. Efficacy

of a novel phosphodiesterase inhibitor,

E6005, in patients with atopic dermatitis:

an investigator-blinded, vehicle-controlled

study. J Dermatolog Treat 2016;27:467–472.

81. Samrao A, Berry TM, Goreshi R, Simpson

EL. A pilot study of an oral phosphodi-

esterase inhibitor (apremilast) for atopic

dermatitis in adults. Arch Dermatol

2012;148:890–897.

82. Volf EM, Au SC, Dumont N, Scheinman

P, Gottlieb AB. A phase 2, open-label,

investigator-initiated study to evaluate the

safety and efficacy of apremilast in subjects

with recalcitrant allergic contact or atopic

dermatitis. J Drugs Dermatol 2012;11:341–

346.

83. Saporito RC, Cohen DJ. Apremilast use

for moderate-to-severe atopic dermatitis in

pediatric patients. Case Rep Dermatol

2016;8:179–184.

84. [Anonym]. A phase 2, multicenter, random-

ized, double-blind, placebo-controlled, paral-

lel-group, efficacy and safety study of

apremilast (CC-10004) IN subjects with

moderate to severe atopic dermatitis. Cel-

gene Corporation. https://clinicaltrialsgov/

ct2/show/record/NCT02087943?

term=atopic+dermatitis%2C+apremi-

last&rank=1.

85. Czarnowicki T, Gonzalez J, Bonifacio KM,

Shemer A, Xiangyu P, Kunjravia N et al.

Diverse activation and differentiation of

multiple B-cell subsets in patients with

atopic dermatitis but not in patients with

psoriasis. J Allergy Clin Immunol

2016;137:118–129.

86. Krathen RA, Hsu S. Failure of omal-

izumab for treatment of severe adult atopic

dermatitis. J Am Acad Dermatol

2005;53:338–340.

87. Vigo PG, Girgis KR, Pfuetze BL, Crit-

chlow ME, Fisher J, Hussain I. Efficacy of

anti-IgE therapy in patients with atopic

dermatitis. J Am Acad Dermatol

2006;55:168–170.

88. Belloni B, Ziai M, Lim A, Lemercier B,

Sbornik M, Weidinger S et al. Low-dose

anti-IgE therapy in patients with atopic

eczema with high serum IgE levels. J

Allergy Clin Immunol 2007;120:1223–1225.

89. Werfel T, Heratizadeh A, Aberer W,

Ahrens F, Augustin M, Biedermann T

et al. S2k guideline on diagnosis and treat-

ment of atopic dermatitis–short version.

J Dtsch Dermatol Ges 2016;14:92–106.

90. Wollenberg A, Oranje A, Deleuran M, Simon

D, Szalai Z, Kunz B et al. ETFAD/EADV

Eczema task force 2015 position paper on

diagnosis and treatment of atopic dermatitis

in adult and paediatric patients. J Eur Acad

Dermatol Venereol 2016;30:729–747.

91. Hotze M, Baurecht H, Rodriguez E, Chap-

man-Rothe N, Ollert M, Folster-Holst R

et al. Increased efficacy of omalizumab in

atopic dermatitis patients with wild-type

filaggrin status and higher serum levels of

phosphatidylcholines. Allergy 2014;69:132–

135.

92. Kasperkiewicz M, Schmidt E, Frambach Y,

Rose C, Meier M, Nitschke M et al.

Improvement of treatment-refractory atopic

dermatitis by immunoadsorption: a pilot

study. J Allergy Clin Immunol

2011;127:267–270.

93. Zink A, Gensbaur A, Zirbs M, Seifert F,

Suarez IL, Mourantchanian V et al. Target-

ing IgE in severe atopic dermatitis with a

combination of immunoadsorption and

omalizumab. Acta Derm Venereol

2016;96:72–76.

94. Wong KJ, Timbrell V, Xi Y, Upham JW,

Collins AM, Davies JM. IgE+ B cells are

scarce, but allergen-specific B cells with a

memory phenotype circulate in patients

with allergic rhinitis. Allergy 2015;70:420–

428.

95. Simon D, Hosli S, Kostylina G, Yawalkar

N, Simon HU. Anti-CD20 (rituximab)

treatment improves atopic eczema. J

Allergy Clin Immunol 2008;121:122–128.

96. Ponte P, Lopes MJ. Apparent safe use of

single dose rituximab for recalcitrant atopic

dermatitis in the first trimester of a twin

pregnancy. J Am Acad Dermatol

2010;63:355–356.

97. Sediva A, Kayserova J, Vernerova E,

Polouckova A, Capkova S, Spisek R et al.

Anti-CD20 (rituximab) treatment for atopic

eczema. J Allergy Clin Immunol

2008;121:1515–1516.

98. [Anonym]. Interventional trial with IgE-spe-

cific immunoadsorption in severe atopic der-

matitis. Universitaire Ziekenhuizen Leuven.

https://clinicaltrialsgov/ct2/show/record/

NCT02365246?term=atopic+dermatitis%

2C+immunoadsorption&rank=1.

99. Gschwandtner M, Mildner M, Mlitz V,

Gruber F, Eckhart L, Werfel T et al. His-

tamine suppresses epidermal keratinocyte

differentiation and impairs skin barrier

function in a human skin model. Allergy

2013;68:37–47.

100. Zuberbier T, Aberer W, Asero R, Bindslev-

Jensen C, Brzoza Z, Canonica GW et al.

The EAACI/GA(2) LEN/EDF/WAO

guideline for the definition, classification,

diagnosis, and management of urticaria: the

2013 revision and update. Allergy

2014;69:868–887.

101. Gutzmer R, Mommert S, Gschwandtner

M, Zwingmann K, Stark H, Werfel T. The

histamine H4 receptor is functionally

expressed on T(H)2 cells. J Allergy Clin

Immunol 2009;123:619–625.

102. Mommert S, Gschwandtner M, Koether B,

Gutzmer R, Werfel T. Human memory

Th17 cells express a functional histamine

H4 receptor. Am J Pathol 2012;180:177–

185.

103. Rossbach K, Nassenstein C, Gschwandtner

M, Schnell D, Sander K, Seifert R et al.

Histamine H1, H3 and H4 receptors are

involved in pruritus. Neuroscience

2011;190:89–102.

104. Thurmond RL. The histamine H4 receptor:

from orphan to the clinic. Front Pharmacol

2015;6:65.

105. Rossbach K, Schaper K, Kloth C, Gutzmer

R, Werfel T, Kietzmann M et al. Histamine

H4 receptor knockout mice display reduced

Allergy 71 (2016) 1666–1675 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1674

Anti-inflammatory therapies in AD Heratizadeh and Werfel

https://clinicaltrialsgov/ct2/show/record/NCT02780167?term=jak%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02780167?term=jak%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02780167?term=jak%2C+atopic+dermatitis&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02087943?term=atopic+dermatitis%2C+apremilast&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02087943?term=atopic+dermatitis%2C+apremilast&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02087943?term=atopic+dermatitis%2C+apremilast&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02087943?term=atopic+dermatitis%2C+apremilast&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02365246?term=atopic+dermatitis%2C+immunoadsorption&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02365246?term=atopic+dermatitis%2C+immunoadsorption&rank=1
https://clinicaltrialsgov/ct2/show/record/NCT02365246?term=atopic+dermatitis%2C+immunoadsorption&rank=1


inflammation in a chronic model of atopic

dermatitis. Allergy 2016;71:189–197.

106. Murata Y, Song M, Kikuchi H, Hisamichi

K, Xu XL, Greenspan A et al. Phase 2a,

randomized, double-blind, placebo-con-

trolled, multicenter, parallel-group study of

a H4 R-antagonist (JNJ-39758979) in Japa-

nese adults with moderate atopic dermati-

tis. J Dermatol 2015;42:129–139.

107. Werfel T, Lynch V, Asher A, Tsianakas A,

Gupta B, Sarmiento R et al. A phase 2a

proof of concept clinical trial to evaluate

ZPL-3893787 (ZPL-389), a potent, oral his-

tamine 4 receptor antagonist for the treat-

ment of moderate to severe atopic

dermatitis. Abstract 2016; EAACI

Congress.

108. Kramer U, Weidinger S, Darsow U,

Mohrenschlager M, Ring J, Behrendt H.

Seasonality in symptom severity influenced

by temperature or grass pollen: results

of a panel study in children with

eczema. J Invest Dermatol 2005;124:

514–523.

109. Folster-Holst R, Galecka J, Weissmantel S,

Dickschat U, Rippke F, Bohnsack K et al.

Birch pollen influence the severity of atopic

eczema – prospective clinical cohort pilot

study and ex vivo penetration study. Clin

Cosmet Investig Dermatol 2015;8:539–548.

110. Reekers R, Busche M, Wittmann M, Kapp

A, Werfel T. Birch pollen-related foods

trigger atopic dermatitis in patients with

specific cutaneous T-cell responses to birch

pollen antigens. J Allergy Clin Immunol

1999;104:466–472.

111. Tupker RA, De Monchy JG, Coenraads

PJ, Homan A, van der Meer JB. Induction

of atopic dermatitis by inhalation of house

dust mite. J Allergy Clin Immunol

1996;97:1064–1070.

112. Darsow U, Laifaoui J, Kerschenlohr K,

Wollenberg A, Przybilla B, Wuthrich B

et al. The prevalence of positive reactions

in the atopy patch test with aeroallergens

and food allergens in subjects with atopic

eczema: a European multicenter study.

Allergy 2004;59:1318–1325.

113. Heratizadeh A. Atopic dermatitis: new evi-

dence on the role of allergic inflammation.

Curr Opin Allergy Clin Immunol

2016;16:458–464.

114. Werfel T, Breuer K, Rueff F, Przybilla B,

Worm M, Grewe M et al. Usefulness of

specific immunotherapy in patients with

atopic dermatitis and allergic sensitization

to house dust mites: a multi-centre, ran-

domized, dose-response study. Allergy

2006;61:202–205.

115. Novak N, Bieber T, Hoffmann M, Folster-

Holst R, Homey B, Werfel T et al. Efficacy

and safety of subcutaneous allergen-specific

immunotherapy with depigmented polymer-

ized mite extract in atopic dermatitis. J

Allergy Clin Immunol 2012;130:925–931.

116. Tam HH, Calderon MA, Manikam L, Nan-

kervis H, Nunez IG, Williams HC et al.

Specific allergen immunotherapy for the

treatment of atopic eczema: a Cochrane sys-

tematic review. Allergy 2016;71:1345–1356.

Allergy 71 (2016) 1666–1675 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1675

Heratizadeh and Werfel Anti-inflammatory therapies in AD


