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line for AD. To make the review as current and pertinent as 
possible, we selected to focus on AD-related therapies avail-
able in the clinicaltrials.gov database with a first received 
date after January 1, 2014, up until May 31, 2017. We ex-
cluded therapies that could be categorized as either tradi-
tional Chinese medicine, herbal medicine, probiotics, hista-
mine/leukotriene blockers, immuno-adsorption, or immu-
nostimulants.  © 2018 S. Karger AG, Basel 

 Introduction 

 Atopic dermatitis (AD) is the most common inflam-
matory dermatological disorder. It is chronic or chroni-
cally relapsing, and characterized by intense pruritus and 
dry skin. While the incidence of AD has now stagnated, 
the dramatic increase during the last few decades has re-
sulted in 10–25% of children and 2–8% of adults in afflu-
ent nations being affected. Of all patients affected, up to 
one quarter fall in the category of moderate to severe dis-
ease  [1–3] . Approximately one third of patients carry the 
disease into adulthood, hence for some the disease is life-
long. The underlying aetiopathogenesis of AD is multi-
faceted with the key elements being an impaired skin bar-
rier and a dysregulated immune response, together fa-
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 Abstract 

 The pathogenesis of atopic dermatitis (AD) is multifactorial 
and intricate, and the clinical presentation of the condition 
varies greatly. Symptoms and severity depend on individual 
trigger factors and stage of the disease. The majority of AD 
patients are sufficiently treated with emollients in combina-
tion with existing topical or systemic therapies. Yet treat-
ment failure with existing drugs and treatment options can 
be a significant clinical problem. New treatments are under 
development, and the majority of these new drugs focus on 
targeting a skewed immune response in AD. Novel thera-
peutic approaches, which target the pathways involved in 
the pathogenesis of AD, may provide a potentially more ef-
fective and less harmful approach to systemic therapy. 
These pharmaceutical agents are designed to narrowly 
modify or directly block a specific cellular signal or pro-in-
flammatory pathway. We review systemic drugs in the pipe-
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cilitating the pathophysiological mechanisms driving the 
disease. The risk modifiers for AD are many, e.g. filaggrin 
null mutations, family predisposition and domestic hard 
water, with new ones being unveiled continuously  [4–6] . 
Moreover, the growing list of associated comorbidities 
including cardiovascular disease, attention deficit and 
hyperactivity disorder, lymphoma, and others gives rise 
to additional concern demanding early intervention and 
novel disease-modifying strategies  [7–11] . Chronic, mod-
erate to severe AD is a debilitating condition with a harm-
ful socio-economic impact on the patient, the family, and 
the society as a whole. In a minority of patients with AD, 
the severe pruritus, time-costly skin care routines, associ-
ated sleep disturbance and poor quality of life make the 
disease intolerable.

  Established Therapies 

 Various treatment approaches exist for alleviating the 
disease, including hydration and restoration of the skin 
barrier with the use of emollients, avoiding typical AD 
triggers, specific behavioural approaches to reduce 
scratching, antibacterial measures, and topical and/or 
systemic anti-inflammatory drugs  [12, 13] . Development 
of new topical and systemic therapies has been lacking. 
Furthermore, much of the evidence for systemic treat-
ment modalities used in AD is restricted to casuistic re-
ports, case series or retrospective studies. In mild to mod-
erate disease, the regular use of emollients and either 
topical corticosteroids or calcineurin inhibitors are rec-
ommended  [13, 14] . These agents are in most situations 
able to bring relief to the patient. They may, however, not 
be sufficient in more recalcitrant cases in patients with 
moderate to severe disease.

  Systemic Therapies 
 Despite poor evidence, systemic corticosteroids in 

combination with sedating antihistamines or the use of 
time-consuming phototherapy are sometimes used  [14] . 
Systemic corticosteroids are in general not recommended 
treatments for AD. Patients with severe disease refractory 
to conventional therapy may be treated with systemic 
non-steroidal treatment options with varying levels of ev-
idence including cyclosporine A, methotrexate, azathio-
prine, and mycophenolate mofetil. All these options have 
a proven effect in the treatment of inflammatory skin dis-
orders, including AD  [15–19] . Nevertheless, these drugs 
are non-specific immunosuppressants, each with its own 
unique set of undesirable side effects.

  Immunopathology of AD 
 The debate on the pathogenesis of AD concerning the 

inside-out versus the outside-in theory is not the subject 
of this paper; however, it is universally agreed upon that 
a compromised epidermal barrier function and a Th2/
Th22-dominated immune deviation are both central 
events in the development of the disease. The pathophys-
iology underlying the inflammatory response in AD is 
an exceedingly complex cytokine-mediated intercellular 
communication network. Cytokines most commonly 
bind to a specific cell-signalling receptor, initiating a cas-
cade of events within the target cell. This consequently 
leads to differentiation and maturation of the targeted cell, 
regulation of specific gene transcripts, and subsequently 
an altered production of other cytokines and/or chemo-
attraction. Targeting key mediators of disease, either via 
narrow isolated effects or broader downstream actions, is 
a potential means to alleviate the disease. Targeted and 
personalized therapy based on endophenotypic profiling 
and a greater comprehension of the pathogenesis of AD is 
the next step for drug development in AD  [10, 20–24] .

  Selecting Studies for This Paper 
 This review is comprised of papers on emerging sys-

temic therapies in AD and of data on current and com-
pleted clinical trials concerning new systemic treatment 
options for AD identified at clinicaltrials.gov. We selected 
AD-related therapies that have been reported from ran-
domized, controlled trials in phase II, phase III, and phase 
IV with a first received date after January 1, 2014. If an 
agent was represented with more than 1 trial in the clini-
caltrials.gov database, it was represented in the review 
and tables with only 1 study ( Table 1 ). We focused on the 
emerging drugs which are developed based on reasonable 
evidence of a potential effect in AD. In doing so, more 
speculative therapeutic approaches and alternative means 
of disease modification were prioritized lower down, de-
spite a possible capacity to benefit AD patients. Lastly, to 
increase readability we excluded therapies that could be 
categorized as either traditional Chinese medicine, herb-
al medicine, probiotics, histamine or leukotriene block-
ers, immuno-adsorption, or immunostimulants. All re-
viewed targets and therapies are listed in  Table 1 .

  Anti-Interleukin-4 and/or Anti-Interleukin-13 

 The Th2 cytokines interleukin (IL)-4 and IL-13 and 
their downstream effects are prominent in AD  [10, 25, 
26] . Th2-associated cytokines have pleiotropic effects on 
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the innate and adaptive immune system. In synergy with 
tumour necrosis factor α, IL-4 and IL-13 induce thymic 
stromal lymphopoietin (TSLP) production in keratino-
cytes and augment the ongoing Th2 skewing of the im-
mune system  [27] . Further, IL-4 and IL-13 downregulate 
mRNA expression and protein synthesis of several struc-
tural barrier proteins including filaggrin, involucrin, and 
loricrin  [28–31] , thus inducing skin barrier dysfunction 
and aggravation of keratinocyte-mediated immune acti-
vation. Due to the Th2-driven inflammatory characteris-
tics of AD, it seems sensible to inhibit Th2-related mole-
cules, in order to reduce inflammation and break the det-
rimental feedback loop  [32, 33] .

  Dupilumab 
 The humanized monoclonal antibody (mAb) dupil-

umab binds to the α-subunit of the IL-4 receptor, which 
is part of both the IL-4 and IL-13 receptor complex. Thus, 
dupilumab modifies signalling of both the IL-4 and IL-13 

pathways. Dupilumab has been subjected to intensive in-
vestigation with an accumulated total of 15 completed or 
ongoing clinical trials. The safety and efficacy of dupil-
umab was primarily established in 3 placebo-controlled 
studies with a total of 2,119 adult participants with mod-
erate to severe AD. Dupilumab showed significant clini-
cal effects across 3 distinct severity assessment tools: 
Eczema Area and Severity Index (EASI), Investigator’s 
Global Assessment (IGA), and SCORing Atopic Derma-
titis (SCORAD)  [34–36] . Moreover, dupilumab treat-
ment significantly reduced pruritus. The dupilumab-
treated patients displayed significant transcriptomic 
changes of lesional skin, most pronounced within genes 
related to dendritic cell activity and Th2-associated che-
mokines. No convincing effects were seen on pivotal 
structural barrier protein expression or on keratinocyte-
derived cytokines  [26] . An important observation was the 
positive effect of dupilumab independent of the patient’s 
AD phenotype (low vs. high IgE or levels of serum thy-

 Table 1.  Reviewed targets and therapies

Name ID Status Phase n Target type Primary end point

Biologics
Fevipiprant NCT01785602 completed II 103 CRTH2 mAb change in EASI week 12
Timapiprant NCT02002208 completed II 142 CRTH2 mAb change in EASI week 16
Omalizumab NCT02300701 recruiting IV 62 IgE mAb improvement in AD week 24
Ligelizumab (QGE031) NCT01552629 completed II 22 IgE mAb change in EASI week 12
Ustekinumab NCT01945086 completed II 79 IL-12/IL-23 mAb change in EASI week 12
Lebrikizumab (3 doses) NCT02340234 completed II 212 IL-13 mAb EASI50 week 12
Tralokinumab NCT03131648 not yet recruiting III 780 IL-13 mAb IGA, EASI75 week 16
Secukinumab 300 mg NCT02594098 recruiting II 44 IL-17 mAb change in epidermal

thickness
Nemolizumab NCT03100344 not yet recruiting II 250 IL-31 mAb change in EASI week 24
Dupilumab NCT03054428 completed III 240 IL-4Ra mAb IGA, EASI75 week 16
Mepolizumab 100 mg NCT03055195 recruiting II 56 IL-5 mAb IGA week 16
Fezakinumab NCT01941537 not yet recruiting II 60 IL22 mAb SCORAD, safety
GBR 830 NCT02683928 recruiting II 64 OX40 mAb TEAE, improvement in 

pathology week 12
Tezepelumab NCT02525094 completed II 155 TSLP mAb EASI50 week 12

Small molecules
Baricitinib NCT02576938 completed II 124 JAK1 + 2 antagonist EASI50 week 16
AQX-1125 NCT02324972 completed II 54 SHIP1 activator TLSS
Aprimelast 30 or 40 mg NCT02087943 completed II 191 PDE4 antagonist change in EASI week 12
Serlopitant (2 doses) NCT02975206 recruiting II 450 NK1 receptor antagonist itch intensity week 6
Tradipitant NCT02651714 recruiting II 150 NK1 receptor antagonist pruritus VAS week 2
Asimadoline NCT02475447 recruiting II 200 κ-opioid receptor agonist number of patients with AE
Upadacitinib (3 doses) NCT02925117 recruiting II 167 JAK1 antagonist change in EASI week 16
PF-04965842 NCT02780167 recruiting II 268 JAK1 antagonist IGA week 12

 All studies are interventional randomized controlled trials. ID (unique NCT identifier) at www.clinicaltrial.gov, only primary end points are listed here. 
For secondary end points, please refer to www.clinicaltrial.gov. n, number of patients either recruited or to be recruited; CRTH2, chemoattractant receptor 
homologues molecule expressed on Th2 cells; mAb, monoclonal antibody; IgE, immunoglobulin E; IL, interleukin; TSLP, thymic stromal lymphopoietin; 
JAK, Janus kinase; SHIP1, SH2-containing inositol-5’-phosphatase 1; PDE, phosphodiesterase; NK, neurokinin; EASI, Eczema Area and Severity Index; IGA, 
Investigator’s Global Assessment; EASI50/75, the percentage of patients achieving 50%/75% reduction in the EASI score; SCORAD, Scoring Atopic Dermati-
tis; TEAE, treatment-emerging adverse event; TLSS, target lesion symptom score; AE, adverse event; VAS, visual analogue scale.
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mus- and activation-regulated chemokine, CCL17), im-
plying that dupilumab could be equally effective in intrin-
sic and extrinsic AD. Dupilumab treatment was in gen-
eral well tolerated with few serious adverse events. Side 
effects such as non-infectious conjunctivitis and inflam-
mation of the cornea were observed more commonly in 
the dupilumab group compared to placebo-treated sub-
jects  [34, 35] . In March 2017 the Food and Drug Admin-
istration approved dupilumab treatment for adults with 
moderate to severe AD, as did the European Medicines 
Agency in 2017. Several ongoing studies involving both 
children and adolescents will show whether these sub-
groups of the AD population may experience equally pos-
itive effects, expanding the treatment indication for dupi-
lumab further (NCT03054428).

  Tralokinumab 
 Tralokinumab is an mAb that targets the cytokine IL-

13. The effects of tralokinumab were initially evaluated in 
asthma patients, where it did not significantly reduce dis-
ease severity measured by the Asthma Control Question-
naire ACQ6, though it did reduce the use of β 2 -agonists. 
Subgroup analyses revealed an increased impact of tra-
lokinumab in patients with a high baseline serum level of 
IL-13 indicating better efficacy in more Th2-polarized 
disease  [37] . In a double-blind phase IIb study including 
204 adults who suffered from moderate to severe AD, 
tralokinumab demonstrated efficacy in the primary and 
key secondary end points and had an adverse event profile 
comparable to placebo  [38] . Treatment with tralokinu-
mab for 12 weeks, 150 and 300 mg, significantly reduced 
the total EASI from baseline (adjusted mean difference of 
–4.4,  p  = 0.027, and –4.9,  p  = 0.011, respectively) com-
pared with placebo. The number of patients achieving 
EASI 50  (reduction of EASI score by 50%) at week 12 in the 
tralokinumab 300-mg group was significantly higher 
compared with placebo (73.4 vs. 51.9%,  p  = 0.025). The 
patients were allowed to use topical corticosteroids in all 
treatment arms. The tralokinumab-treated group addi-
tionally revealed significant improvements in quality of 
life and pruritus (unpublished, presented at the annual 
meeting of the American Academy of Dermatology 2017). 
The most frequent adverse events in all groups (tralokinu-
mab and placebo) were nasopharyngitis (17%), upper re-
spiratory tract infection (9%), and headache (6%)  [38] . 
Several new phase III trials are planned (NCT02347176).

  Lebrikizumab 
 Lebrikizumab is a humanized mAb that specifically 

targets IL-13 (NCT02340234). The drug was originally 

subjected to clinical evaluation in an asthmatic adult pop-
ulation  [39] . Here it showed a significant improvement of 
disease severity indicated by increased forced expiratory 
volume in 1 s in the high-baseline periostin subgroup 
(biomarker correlating with Th2 immuno-activation). 
Furthermore, it also reduced the frequency of exacerba-
tions of disease. Regarding adverse events, musculoskel-
etal side effects were more commonly reported in the leb-
rikizumab-treated group compared with placebo (13.2 vs. 
5.4%). Other side effects were comparable in both groups. 
Since the turn of the year, 2 independent clinical trials 
further investigating the effects of lebrikizumab in asth-
ma patients have been terminated due to poor efficacy. 
However, the data on the 2 phase II studies investigating 
the drug in adult patients with moderate to severe AD 
have yet to be revealed (NCT02340234).

  Anti-Interleukin-12/Anti-Interleukin-23 

 IL-23 is thought to promote the expansion of both Th1 
and Th17 T cells, and Th17 T cells have been reported to 
play a role in lesional skin of acute AD inflammation, 
while a Th1 component is primarily notable in the pro-
longed chronic phase of the disease  [25, 40] . Consequent-
ly, by blocking IL-23 in AD, the Th17 and Th22 pathways 
are inhibited.

  Ustekinumab 
 Ustekinumab is an mAb able to specifically bind the 

p40 protein subunit, present in both IL-23 and IL-12 
(NCT01945086). Thus, binding its targets, ustekinumab 
is capable of disrupting the cytokine-driven propagation 
of Th17- and Th22-induced inflammation. Until recently 
only case series were reported on the effects of ustekinu-
mab in AD patients suffering from prolonged chronic 
moderate to severe AD, with varying efficacy  [41–43] . 
However, the first 2 randomized controlled trials com-
prising 79 and 33 patients in total have been completed, 
and the results show no significant decrease in severity 
scores. Thus, ustekinumab has a low potential as treat-
ment for moderate to severe AD  [44, 45] .

  Anti-Interleukin-17A 

 The rationale behind targeted IL-17A therapy is the 
emerging evidence that Th17 T cells play a potentially 
greater part in the AD-related immune activation, includ-
ing attraction of neutrophils, than thought earlier  [10, 46, 
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47] . Especially the subgroup of the AD population with 
low IgE and increased Th17 cell activation might be re-
sponsive to such therapy  [25] .

  Secukinumab 
 Secukinumab is a mAb directed against IL-17A, regis-

tered for the treatment of severe psoriasis, psoriatic ar-
thritis, and ankylosing spondylitis. A single phase II study 
involving 44 adults with AD (22 with intrinsic and 22 
with extrinsic AD) is now recruiting (NCT02594098). As 
anti-IL-17A therapy in psoriasis increases the risk of neu-
tropenia and skin and oral candida infections, it seems 
reasonable to be cautious, as AD patients are more prone 
to skin and mucosal infections than patients suffering 
from psoriasis.

  Anti-Interleukin-31/Anti-Interleukin-31 Receptor 

 IL-31 is a member of the IL-6 family and related to AD. 
It is mainly produced by Th2 cells and to a lesser extent 
dendritic cells, mast cells, and monocytes. Several studies 
have investigated IL-31 serum levels in AD patients and 
have shown inconsistent, but mainly elevated levels and 
correlation with disease severity  [10, 48–51] . Emerging 
studies have indicated a critical role of IL-31 in the patho-
physiology of itch  [52–54] . This link is strengthened by 
(i) the augmentation of both the cytokine and its receptor 
complex on keratinocytes in involved and uninvolved 
skin of AD patients compared to healthy individuals and 
non-pruritic psoriatic patients  [55] , (ii) the stimulation 
with Th1 cell-derived interferon-γ induces IL-31 receptor 
A upregulation in keratinocytes  [56] , (iii) IL-31 receptors 
are localized in dorsal root ganglia in humans  [55] , and 
(iv) increased scratching behaviour in transgenic mice 
overexpressing IL-31.

  Nemolizumab 
 The mAb nemolizumab is directed against the IL-31 

receptor A, which together with the oncostatin M recep-
tor constitutes the functional IL-31 receptor. The first 
phase I study revealed a statistically significant 50% re-
duction in itch, assessed by the pruritus visual analogue 
scale, 4 weeks after initiation of treatment compared 
to the placebo group (20% reduction)  [57] . Moreover, 
nemolizumab decreased sleep disturbance and use of top-
ical hydrocortisone. The study did not include any pri-
mary outcomes regarding disease severity. Side effects 
were nearly negligible encompassing increased creatine 
phosphokinase levels in the treatment group compared to 

placebo. A phase II study of nemolizumab in 264 AD pa-
tients (moderate to severe) unable to adequately control 
disease activity by topical therapy shows significantly de-
creased pruritus  [58] . However, despite marked reduc-
tions of both the EASI and SCORAD severity scores, 
these changes did not reach levels of statistical signifi-
cance possibly due to sample size. A dose-ranging phase 
II study of the effects of nemolizumab (not yet recruiting) 
in moderate to severe AD subjects with severe pruritus 
with an estimated enrolment of 250 participants will sup-
ply additional evidence regarding the use of nemolizum-
ab in AD (NCT03100344).

  BMS-981164 Monoclonal Antibody 
 BMS-981164 is an mAb targeted at circulating IL-31, 

which completed an initial investigation in a phase I study 
2 years back; however, results from this study have not 
been released, nor is any new trial announced.

  TSLP and Anti-OX40 

 The relation between TSLP and the pathogenesis of 
AD is implied by its elevated expression in keratinocytes 
from AD patients and in skin samples subjected to bar-
rier disruption by tape stripping  [59–62] . Moreover, in-
creased TSLP production in keratinocytes is facilitated by 
 Staphylococcus aureus,  a common skin-colonizing mi-
croorganism, in AD patients  [63] . In AD, serum levels of 
TSLP are significantly increased in both children and 
adults when compared to healthy controls  [10, 64, 65] . 
TSLP has been shown to act as inducer of myeloid den-
dritic cells, Th2 responses, mast cells, and natural killer T 
cells, thereby launching cytokine secretion and the devel-
opment of AD  [66] . When activating dendritic cells, TSLP 
facilitates a Th2-polarizing signal, priming naïve T cells 
to increased production of Th2-typical cytokines. In ad-
dition, the influence of TSLP on dendritic cells generates 
another highly Th2-polarizing signal, the OX40 ligand 
 [67] , which is pivotal in the generation of long-term Th2 
memory response  [68] , optimal T-cell activation and in-
flammatory conditions like allergic asthma and AD  [69, 
70] . Taken together TSLP and OX40 are both pivotal cy-
tokines in the activation and Th2 skewing of the immune 
system in AD  [71] .

  Tezepelumab (MEDI9929/AMG-157) 
 Tezepelumab (formerly termed MEDI9929 and previ-

ously AMG-157) is an mAb directed against circulating 
TSLP. The phase I trial involving the drug was completed 
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back in 2011, and the subsequent phase IIa, randomized, 
double-blind, placebo-controlled study to evaluate the ef-
ficacy and safety of MEDI9929 in 155 adult subjects with 
moderate to severe AD has recently been completed, 
though no data have been published yet (NCT02525094). 
However, in 2012 another anti-TSLP drug, MK-8226, was 
tested in a phase Ib study (NCT01732510), which was ter-
minated in early testing, albeit no data posted. Thus, de-
spite positive results in asthmatic subjects  [72] , and TSLP 
being a very meaningful target for AD therapy  [73] , anti-
TSLP treatment is still to prove valuable in the context of 
AD.

  GBR 830 Monoclonal Antibody 
 The therapeutic mAb GBR 830 is an OX40 antagonist, 

exclusively binding and blocking the OX40-mediated sig-
nalling in AD. It is the first OX40 antagonist globally to 
complete phase I studies, and it is now being evaluat-
ed in a larger phase II setting, still enrolling patients 
(NCT02683928). As OX40 has proven a potent costimu-
latory receptor on T cells, there is a potential promise that 
blocking this pathway and reverting the Th2 immune ac-
tivation could mitigate a key pathogenic event and allevi-
ate the disease.

  Targeting Janus Kinase/Signal Transducer and 

Activator of Transcription Pathways 

 The Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) signalling axis has been 
shown to play a critical role in the dysregulation of im-
mune responses in AD, involving amplification of Th2 
cell response, instigation of eosinophils, and suppression 
of regulatory T cells  [74] . In addition, the JAK/STAT 
pathway, when activated by IL-4, IL-13, and TSLP, plays 
an important role in the pathogenesis of AD by upregu-
lating the expression of epidermally derived chemokines 
and a cascade of pro-inflammatory cytokines as well as 
downregulating structural epidermal proteins, e.g. fil-
aggrin, involucrin, or loricrin, ultimately diminishing 
the skin barrier function  [29, 30, 75–77] . Additionally, 
downstream signalling in this pathway has been shown 
to prevent the induction of genes encoding innate im-
mune response proteins, including β-defensins and ca-
thelicidin  [78] , thus raising the vulnerability of patients 
to both viral and bacterial skin infections. Inhibitors of 
the JAK/STAT signalling axis are categorized as small 
molecules blocking intracellular targets in comparison to 
anticytokine/antireceptor agents. The relevance in tar-

geting this family of kinases is that they constitute the 
main signalling pathway for several cytokines, thus pro-
viding an opportunity to prevent the downstream signal-
ling of numerous AD-typical Th2 cytokines. Several 
pharmaceutical agents targeting TYK2, JAK1, JAK2, and 
JAK3 are being evaluated for the treatment of moderate 
to severe AD.

  Baricitinib 
 Baricitinib is a small molecule inhibiting both JAK1 

and JAK2. The first phase II study to investigate safety 
and efficacy of the drug has recently been completed 
(NCT02576938). A total of 124 adults with moderate to 
severe AD were enrolled, but no data from the study have 
been released yet. The drug has been thoroughly tested in 
rheumatoid arthritis (RA), psoriasis, alopecia areata, and 
other inflammatory or auto-immune conditions, with 
promising results and only few side effects primarily con-
fined to a slightly increased rate of infection, risk of low 
neutrophils and reduced haemoglobin levels. Baricitinib 
is, in contrast to the mAbs, an oral treatment taken once 
daily, thus reducing costs and inconvenience for the pa-
tient in relation to administration.

  Tofacitinib 
 Tofacitinib is another small molecule. It inhibits JAK1 

and JAK3 and in theory interferes to a larger extent with 
lymphocyte activation and Th2 skewing than the inhibi-
tors also targeting JAK2 which are more involved in Th1 
signalling  [79] . It has been studied in a minor case series 
involving 6 patients revealing a significant reduction in 
SCORAD  [80] . The oral formulation of the drug is not 
subject to any clinical trials involving AD; however, it is 
already approved for severe RA, and is in phase III trials 
for psoriasis. Side effects comprise increased rates of di-
arrhoea, infections, low neutrophils and lymphocytes, 
and increased levels of creatinine and lipids, and more 
concerning a possible increased risk of lymphoma  [81, 
82] .

  Upadacitinib 
 Upadacitinib is a small molecule targeting only JAK1. 

It is investigated in a phase IIb placebo-controlled multi-
centre study to evaluate the safety and efficacy in adult 
participants with moderate to severe AD (NCT02925117). 
There are many other studies of upadacitinib with 15 on-
going and 3 completed involving a range of diagnoses in-
cluding both RA and Crohn’s disease. Positive results 
were seen, and the safety profile was reasonable with in-
creased rates of infections as a main finding  [83, 84] .
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  PF-04965842 Molecule 
 PF-04965842 is a small molecule targeting solely JAK1. 

It completed phase I trials in both Europe and Asia in 
2014, and its safety and efficacy are now evaluated in a 
phase II trial of adults with moderate to severe AD 
(NCT02780167). A discontinued phase II study in pso-
riasis patients (NCT02201524 – not terminated for rea-
sons of safety and/or efficacy) revealed some effects on 
PASI and no serious adverse events. Rates of adverse 
events were markedly increased in the high-dose group 
compared to placebo, but it was primarily reports of nau-
sea, headache, and hypertension.

  Inhibiting the Enzyme Phosphodiesterase-4 

 The potential therapeutic use of phosphodiesterase-4 
(PDE4) inhibitors in a variety of inflammatory diseases, 
including AD, is based on the recognized intracellular 
role of PDE4 in keratinocytes  [85, 86] . PDE4 is an enzyme 
which is increased in AD and in part is responsible for 
the hydrolyzation of cyclic adenosine monophosphate 
(cAMP)  [87] . This consequently diminishes levels of 
cAMP, which lead to increased transcription of numer-
ous cytokines, including pro-inflammatory ones, and ac-
celerates a number of other intracellular functions in-
volved in acute and chronic inflammation  [87] . Current-
ly, there are several trials investigating various topically 
and systemically administered PDE4 inhibitors that sup-
press the release of pivotal pro-inflammatory cytokines 
which elicit AD flares  [88] .

  Apremilast 
 Apremilast is an oral PDE4 inhibitor evaluated in 2 

smaller open-label phase II studies and 1 larger recently 
completed trial for patients with moderate to severe AD 
(NCT02087943). The minor studies revealed modest re-
duction of EASI and the IGA score, with the key side ef-
fects not unexpectedly being nausea, vomiting, and head-
ache  [89, 90] . Results from the newest study have just 
been listed in clinicaltrials.gov (NCT02087943) but are 
not published yet. Compared to placebo treatment, apre-
milast 30 or 40 mg daily demonstrates mean EASI reduc-
tions of –15.01 and –20.60 points, respectively, at 12 
weeks, with only the latter being a statistically significant 
drop. The percentage of participants who achieved a 
score of 0 (clear) or 1 (almost clear) and at least a 2-point 
reduction from baseline in a Static Physician’s Global As-
sessment of Acute Signs at week 12 did not reach statisti-
cally significant levels in either treatment group when 

compared to placebo. Neither did the average weekly pru-
ritus Numerical Rating Scale score at week 4 decrease sig-
nificantly. Few serious adverse events were reported in 
both the 30- and 40-mg treatment groups and comprised 
sporadic cases of cellulitis, pneumonia, glomerulonephri-
tis and squamous cell carcinoma. The rate of less serious 
side effects was markedly higher in both treatment groups 
compared to placebo and included predominantly typical 
PDE4-related gastrointestinal disorders like nausea, 
vomiting, abdominal discomfort, and diarrhoea; more-
over, nasopharyngitis was more commonly seen in the 
treatment groups.

  Chemoattractant Receptor Homologues Molecule 

Expressed on Th2 Cells Antagonist 

 Chemoattractant receptor homologues molecule ex-
pressed on Th2 cells (CRTH2 or DP 2 ) is a receptor for the 
ligand prostaglandin D 2 , which is a product from cyclo-
oxygenase activity. When exposed to an allergen chal-
lenge, the production of prostaglandin D 2  increases, and 
when binding to CRTH2 it facilitates the activation and a 
positive feedback loop in chemotaxis of Th2 cells, eosino-
phils, and to lesser extent basophils  [91] . CRTH2 signal-
ling is thought to be involved in the activation of allergo-
logical pathways and Th2 immune activation  [92] ; thus, 
the development of small molecules targeting the CRTH2 
could be beneficial to AD patients as a means of correcting 
a skewed Th2 response and reducing eosinophil activity.

  Fevipiprant 
 Two CRTH2 antagonists have recently completed 

phase II trials, fevipiprant (NCT01785602) and timapip-
rant (NCT02002208). Data on both studies are accessible 
on clinicaltrials.gov but are somewhat scarce and supply 
no statistical analyses estimating levels of significance. 
The fevipiprant study of 103 AD patients with three 
fourths receiving the active drug revealed a mean EASI 
reduction from baseline of –8.65 points in the fevipiprant 
group and –6.95 points in the placebo group. Despite 
negligible standard errors of the mean (both 0.01), it is 
doubtful whether this holds any clinical significance.

  Timapiprant 
 The timapiprant study included 142 patients, with 139 

finishing the study, randomized 1:   1 to either 50 mg daily 
of timapiprant or placebo. The effect on the primary end 
point of change from baseline EASI was a reduction of 
–3.8 points (standard error 1.72) in the treatment group 
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and –6.1 points (standard error 1.71) in the placebo 
group, thus evidently there was no meaningful treatment 
response. Taken together the CRTH2 antagonist does not 
look promising in the adult subset of AD patients with 
moderate to severe disease.

  SH2-Containing Inositol-5 ′ -Phosphatase 1 Activator 

 SH2-containing inositol-5 ′ -phosphatase 1 (SHIP1) is 
an endogenous inhibitor of the phosphoinositide-3-ki-
nase pathway that is involved in the activation and che-
motaxis of various immune cells. SHIP1 is capable of 
downregulating the signalling processes in cells of the 
haematopoietic lineage predominantly, including many 
inflammatory cells  [93] . SHIP1 mediates its downregula-
tory function after repositioning from a cytoplasmic lo-
calization to the plasma membrane where it converts its 
substrate, thereby terminating phosphatidylinositide-
3-kinase-mediated signalling  [94] . Consequently, SHIP1 
interferes with immune cells to diminish their activation 
and migration, thereby reducing inflammation. Drugs 
that activate SHIP1 can therefore potentially reduce the 
activity and function of AD-involved immune cells and 
have an anti-inflammatory effect.

  AQX-1125 Molecule 
 AQX-1125 is a small molecule administered by daily 

oral dosing, evaluated in a study to assess the effect of 12 
weeks of treatment compared to placebo on change from 
baseline in Target Lesion Symptom Score (TLSS) in sub-
jects with mild to moderate AD (NCT02324972). The re-
sults from the completed study are accessible in a modi-
fied form as a press release from the manufacturing com-
pany  [95] . In conclusion, the AQX-1125 phase II trial 
failed to demonstrate efficacy in 54 patients with mild to 
moderate AD evaluated by the primary end point TLSS at 
week 12 compared to baseline. It was stated that the trial 
demonstrated AQX-1125 to be well tolerated and adverse 
events were consistent with prior clinical trials  [95] . No 
serious adverse events were recorded during the trial.

  Anti-IL-22 Antibody 

 Recently, a new subset of Th cells producing IL-22 in 
the absence of IL-17 was identified and characterized in 
AD skin inflammation  [96] . These skin-homing Th22 
cells express the CC chemokine receptors CCR4 and 
CCR10, and are increased in acute and chronic lesion skin 

of AD patients correlating with disease severity  [40, 75, 97, 
98] . IL-22 mediates its cellular effects via a heterodimeric 
receptor complex composed of IL-22 receptor subunit 1 
(IL-22R1) and IL-10R2, the IL-22R1 being primarily pres-
ent on keratinocytes and other skin-resident cells  [98] . 
The effects of IL-22 signalling in keratinocytes have been 
described to hamper filaggrin expression and processing 
and thereby impairing the epithelial barrier  [99] . More-
over, IL-22 is able to impede the keratinocyte terminal dif-
ferentiation and to prompt epidermal hyperplasia as seen 
in chronic AD  [96] . In conclusion, the involvement of this 
novel Th-cell subset and the production of IL-22 could be 
targeted in AD and help improve disease  [100] .

  Fezakinumab (ILV-094) 
 Fezakinumab is an mAb that binds and blocks the ac-

tions of IL-22. It is being trialled in a phase II study of 
estimated 60 adult AD patients with chronic moderate to 
severe disease (NCT01941537). As the bulk of data on IL-
22-mediated inflammation and possible effects of anti-
IL-22 therapy have been obtained from animal models, 
which may not be applicable to humans, this study might 
be the first to shed light on the possible implications of 
Th22/IL-22 signalling in AD. Fezakinumab was previous-
ly studied in a phase I study in psoriasis and a phase II 
study in RA, but the results were never communicated, 
and these indications have been abandoned.

  Anti-IL-5 Antibody 

 Elevated numbers of blood and tissue eosinophils are 
often present in AD  [101, 102] , and evidence suggests that 
eosinophils play a perhaps restricted, but still noticeable 
role in the disease pathogenesis. Eosinophils are impor-
tant producers of IL-5, and moreover the regulation of 
eosinophil maturation, recruitment, and survival is par-
tially under the control of IL-5  [103] . Given the role of 
eosinophils in allergy and atopic disease, IL-5 is a poten-
tial molecular target in the treatment of these diseases 
 [104] .

  Mepolizumab 
 Mepolizumab is a humanized mAb that acts on IL-5. 

Anti-IL-5 therapy has been subject to intensive studies in 
both allergic asthma and eosinophil oesophagitis  [105] , 
and to a much lesser degree in AD. A randomized place-
bo-controlled parallel-group study involving adult AD 
patients with refractory disease, where 18 received active 
treatment, has been performed. The conclusion from the 
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authors was that 2 single doses of mepolizumab, despite 
reduction in circulating eosinophil count, did not pro-
duce a clinically relevant improvement in patients with 
AD assessed by validated measures of dermatitis and pru-
ritus  [106] .

  Now, a decade later, mepolizumab is in a phase II 
study investigating the efficacy and safety of mepolizu-
mab subcutaneously administered every 4 weeks com-
pared with placebo in adults with moderate to severe AD 
(NCT03055195). It is noteworthy that there is a discrep-
ancy in the treatment response of anti-IL-5 therapy in 
relation to the drug delivery platform (subcutaneous vs. 
intravenous), a concern previously addressed  [107] . The 
safety profile for mepolizumab has been proven to be de-
cent  [105] .

  Kappa-Opioid Receptor Agonists 

 Pruritus is a symptom occurring due to a mix of der-
matological, neurological, and systemic circumstances. 
The highly complex pathophysiological mechanisms en-
abling both acute and chronic itch are thus not yet fully 
understood. In the last decade research has improved the 
conception of these mechanisms, facilitating the develop-
ment of new drugs targeting pruritus. Explicitly, new 
treatments for inflammatory dermatoses are being tested 
in several ongoing randomized clinical trials. In the con-
text of AD, neurokinin 1 receptor (NK1) receptor antag-
onists, IL-31 and IL-31 receptor A antibodies (described 
earlier), as well as κ-opioid receptor (KOR) agonists are 
pharmaceutical agents in the pipeline that besides a po-
tential to alleviate itch might also dampen the inflamma-
tory response.

  Opioid receptors are identified regulators of the sensa-
tion of itch in the central nervous system. In the brain, 
μ-opioid receptors can augment itch, while KORs may, by 
contrast, reduce or even alleviate itch  [108] . It is not 
known whether the peripheral opioid receptor system, 
expressed by skin components, e.g. keratinocytes and 
nerve terminals, participates in initiating and transmit-
ting itch signalling. Interestingly, KOR is present in the 
skin, and when targeted it may show effects similar to 
those in the central nervous system  [109] .

  Asimadoline 
 Asimadoline is a small molecule which acts as a pe-

ripherally highly selective KOR agonist. As asimadoline 
is merely capable of crossing the blood-brain barrier, it 
lacks the undesired psychotomimetic effects of other cen-

trally acting KOR agonists and therefore holds greater po-
tential for medical use. The drug is evaluated in a phase II 
study to assess the safety, pharmacokinetics, and prelim-
inary efficacy in adults with AD-associated pruritus 
(NCT02475447). The study is currently enrolling patients 
(estimated enrolment: 200), and it will be its first aim to 
clarify whether an activation of peripheral KORs is a fea-
sible strategy in alleviating itch.

  NK1 Antagonists 

 NK1 antagonists are a new class of drugs that possess-
es unique properties as anti-emetics and anxiolytics, thus 
they have seen extensive use in the treatment of chemo-
therapy-associated nausea and vomiting. Signalling via 
the NK1 receptor is mediated by several different neuro-
peptides, the most prominent being substance P (SP), 
which act as a neurotransmitter and as a neuromodulator 
 [110] . SP and the NK1 receptor are both widely distrib-
uted in the brain and the skin where the SP is a key first 
responder to most harmful stimuli. Despite SP being best 
known as mediator of anxiety, pain, and vomiting, there 
is evidence that, in inflammatory dermatoses with ele-
ments of chronicity, including AD, there are high levels 
of SP associated with increased pruritus  [111, 112] . Thus, 
an NK1 antagonist might hold the potential to counter 
the SP-mediated itching in AD patients  [113, 114] .

  Tradipitant (VLY-686 or LY686017)  
 The NK1 antagonist tradipitant is an experimental 

drug that blocks SP, currently trialled in a phase II study 
(NCT02651714). It was primarily investigated in a proof-
of-concept study in adults with treatment-resistant pru-
ritus associated with AD. The 1:   1 randomization of 68 
atopic adults receiving either 100 mg of tradipitant orally 
once daily (in the evening) or placebo has revealed some-
what positive results, however, only published in the form 
of a press release and not a scientific paper  [115] . Despite 
a significant improvement from baseline by tradipitant 
(40.5 mm improvement from baseline,  p  < 0.0001) as 
measured on a 100-mm unit visual analogue scale for itch, 
a high placebo effect (36.5 mm improvement from base-
line,  p  < 0.0001) on the change from baseline led to no 
statistical difference from placebo  [115] . However, in a 
subgroup analysis half of the participants who were as-
sessed in the morning (compared to the other half in the 
afternoon) showed that this group had a significant 
change in itch visual analogue scale score compared to 
placebo  [115] . End points corresponding to the underly-
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ing disease severity, e.g. SCORAD, EASI, and Dermato-
logical Quality of Life Index, showed no significant differ-
ence from placebo. In conclusion, there are no dramatic 
effects seen from tradipitant treatment of AD. Twice dai-
ly administrations might prove meaningful.

  Serlopitant (VPD-737) 
 Serlopitant is another small molecule with NK1 an-

tagonistic properties. Serlopitant is a once-daily oral NK1 
antagonist under development exclusively for the treat-
ment of severe chronic pruritus. In a recent not yet pub-
lished multicentre, placebo-controlled phase II trial in-
volving 257 patients with severe refractory chronic pruri-
tus of various aetiologies, 6 weeks of serlopitant at 1 or 
5 mg/day were distinctly more effective than placebo in 
reducing itch intensity  [116] . Those data since spurred 
the ATOMIK study, with the purpose of investigating the 
efficacy, safety, and tolerability of serlopitant (high or low 
dose) compared to placebo for treating pruritus in adult 
AD patients (NCT02975206 – estimated enrolment 450 
patients). The ATOMIK study will be pivotal in generat-
ing ample evidence in order to confirm or dismiss the use 
of an NK1 antagonist in AD.

  Anti-IgE Therapy 

 The implication and importance of elevated IgE levels 
in AD is the topic of an unrelenting discussion. IgE acts 
as a differentiator between extrinsic (high IgE, atopic co-
morbidities, elevated eosinophils and family history of 
atopy) and intrinsic AD (none of the above). However, it 
is debatable whether this stratification of the total AD 
population is in any way meaningful. Newer studies show 
that there is little to no difference between the 2 groups 
regarding the systemic Th2 skewing and immunomodu-
lation  [25] , nor do qualified endophenotypic profiling 
and subtyping show a role of IgE  [10, 20] . Thus, it is rea-
sonable to speculate that IgE is merely a signature mole-
cule reflecting the skewed immune response with high 
IL-4 as well as atopic comorbidities and not a pathophys-
iological key player. The reason for targeting IgE is some-
what clouded and might be a means to alleviate distress 
from atopy in general rather than AD inflammation spe-
cifically.

  Omalizumab 
 Omalizumab is a recombinant DNA-derived human-

ized IgG1k mAb that specifically binds to circulating IgE 
and to membrane-bound IgE on the surface of B lympho-

cytes  [117] . Omalizumab inhibits the binding of IgE to 
the high-affinity IgE receptor (FcεRI) on mast cells and 
basophils, thus inhibiting their activation and subse-
quently their discharge of chemical mediators including 
histamine  [118] . Interestingly, omalizumab treatment 
also depletes free IgE which gradually downregulates the 
FcεRI on target cells and consequently functions as a mast 
cell-stabilizing drug  [118] . This has been the reason for 
the widespread use in chronic idiopathic urticaria and 
steroid-dependent allergic asthma. However, a commu-
nal interpretation of 5 case series and a single randomized 
placebo-controlled study concludes no considerable ef-
fects from omalizumab on AD disease activity  [119–123] . 
Yet, omalizumab treatment is trialled again in a random-
ized placebo-controlled phase II study to evaluate the ef-
ficacy of anti-IgE therapy in children with severe recalci-
trant AD (NCT02300701). One inclusion criterion is a 
total IgE level above 300 kU/L. Thus, it is targeting the 
extrinsic subsection of severe paediatric AD, and this is 
possibly the last feasible study that will ultimately either 
identify a subgroup of patients with beneficial effects 
from anti-IgE treatment or finally dismiss the use of this 
class of drugs in AD.

  Ligelizumab (QGE031) 
 Ligelizumab as an mAb targets IgE with some pharma-

cological differences to omalizumab. Ligelizumab binds 
with high affinity to the Cε3 domain of IgE, and in com-
parison to omalizumab, ligelizumab demonstrates a 6- to 
9-fold higher suppression of allergen-induced skin prick 
test response. Moreover, ligelizumab is able to provide a 
greater and more prolonged attenuation of both circulat-
ing IgE levels and IgE on the surface of free basophils 
as compared to omalizumab  [124] . Ligelizumab is stud-
ied in a phase II trial assessing safety and efficacy in 
the treatment of moderate to severe adult AD patients 
(NCT01552629). The study has 3 treatment arms with 
ligelizumab, cyclosporine A, or placebo (randomization 
unknown) and has been complete with a total of 22 pa-
tients enrolled. Data have not been communicated yet, 
but it is doubtful that a study of this size will be able to 
substantiate the use of this more potent anti-IgE molecule 
in the context of AD.

  Conclusion 

 Novel insights into the aetiopathogenesis of AD met 
by the medical industry have crowded the pipeline with 
exciting new therapies and treatment modalities to im-
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prove the lives of AD patients. The bulk of upcoming 
therapies is directed at the type 2 immunomodulation, 
and several targets down the Th2 axis seem highly prom-
ising due to direct and indirect downstream modulation 
of the AD-related signs and symptoms. With the lack of 
sustainable and cost-efficient treatment options for se-
vere, recalcitrant, and chronic AD, the effects obtained by 
key cytokine antagonisms have brightened the future for 
the treatment of this disease.

  Key Message 

 The amount of novel systemic drugs in the development for 
treating atopic dermatitis is ever increasing and may hold a prom-
ise of better treatment for patients with severe, recalcitrant and 
chronic disease. We present emerging therapies in a systematic 
fashion by summarizing the major background information on 
each therapeutic target, directly followed by an appraisal of the ex-

isting data and studies involving the drugs in this category. The 
aim of this review is to make a vast field of research easily acces-
sible to anyone interested in the advancement of AD-related drugs.
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