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Centenary theme section: ATOPIC DERMATITIS

SIGNIFICANCE
Effective treatment of atopic dermatitis is complicated due 
to its chronic nature, multifaceted pathophysiology, and 
variable clinical manifestations. The success of dupilumab 
confirms the importance of type 2 cytokines in the patho­
physiology of atopic dermatitis. Besides type 2 cytokines, 
certain phenotypes of atopic dermatitis may be driven by 
additional cytokine pathways. However, data to date at­
tempting to target specific cytokines outside of the type 
2 axis have been largely unsuccessful. Further data using 
large­scale and long­term clinical trials are needed in order 
to create tailored and personalized treatments for atopic 
dermatitis.

Atopic dermatitis (AD) is a chronic, inflammatory cu-
taneous disease that is characterized by complex im-
mune dysregulation and skin barrier dysfunction with 
a wide variety of clinical phenotypes. Until recently, 
conventional therapeutic modalities for AD remained 
rather non-specific despite AD’s complex etiology. Fai-
ling to take into account the underlying inflammatory 
pathways led to treatments with inadequate efficacy 
or unacceptable long-term toxicities. We are currently 
in the midst of a therapeutic renaissance in AD. Recent 
progress in molecular medicine provides us a better 
understanding of the AD pathogenesis, suggesting a 
dominant helper T cell (Th) 2/Th22 response with a 
varying degree of Th1/Th17 overexpression. Targeted 
therapeutic agents including biologics and small mole-
cule inhibitors in development hold promises for more 
effective and safer therapeutic approaches for AD. A 
better understanding of individual differences amongst 
AD patients will allow for a more tailored approach in 
the future. This review aims to cover the most promi-
sing emerging therapies in the field of atopic dermati-
tis utilizing recently published manuscripts and up-to-
date conference abstracts and presentations.
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With an increasing prevalence worldwide, atopic 
dermatitis (AD) is a chronic, pruritic inflammatory 

skin disease that often presents in infancy and may per-
sist or re-emerge in adulthood (1). The patho physiology 
of AD is complex and involves genetic predispositions, 
environmental factors, skin barrier dysfunction, immune 
dysregulation, and disruptions in the skin microbiota 
(2, 3). Approximately one third of all AD patients have 
moderate-to-severe disease with symptoms including 
pruritus, increased risk of sleep disturbances, mental 
health comorbidities, and suicidal ideation, all of which 
contribute to a poor quality of life (QoL) (4, 5). Selecting 
treatments for AD in the clinical setting is often chal-
lenging due to a variety of AD phenotypes, which may 
be due to the various cytokine profiles of AD (6). Con-

ventional systemic immunosuppressive agents including 
corticosteroids, cyclosporine, methotrexate, azathioprine, 
and mycophenolate mofetil provide inadequate long-term 
control in many patients who require systemic therapy due 
to inadequate efficacy or adverse drug reactions. Thus, 
there remains a large unmet need for an effective and 
safe long-term systemic treatment for AD. Considering 
the multifactorial etiology of AD, the ideal therapeutic 
treatment should target the specific molecular defect or 
defects underlying the particular patient’s disease. Over 
the past few years, our increasing knowledge of the im-
munopathogenesis and heterogeneity of AD has initiated 
an era of targeted therapeutics, such as biologics and small 
molecule inhibitors. We can expect to see a more persona-
lized therapeutic treatment approach for AD in the future.

PATHOPHYSIOLOGY OF ATOPIC DERMATITIS

Analysis of the skin and blood of patients with AD reveal 
an array of adaptive and innate immune derangements. 
For many years, AD pathophysiology was thought to be 
driven by a predominant helper T (Th) 2 response in the 
acute phase of the disease, and a skewed Th1 response 
in the chronic phase (7). This acute (Th2) and chronic 
(Th1) paradigm emerged from studies involving inhalant 
allergen patch tests – an artificial model system with 
questionable relevance to AD. In this model, Th2 cells 
and interleukin (IL)-4 messenger RNA (mRNA) were 
predominantly observed in acute lesions, while Th1 cells 
and recombinant interferon (IFN)-γ mRNA were prima-
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rily seen in chronic lesions (8). Recent findings using 
patients with AD, not patch tests, have suggested that 
AD has a stronger association with a Th2/Th22 response 
and a much more variable Th1/Th17 response throughout 
both the acute and chronic stages of the disease (9–11). 
In the acute phase, lesions display overactivation of Th2/
Th22 related signals and to a lesser degree Th17 related 
signals (12, 13). Intensification of these axes, along with 
an upregulation of Th1 cells, recruit and coordinate the 
chronic phase of the disease (9).

In AD skin, disruption of the epidermal barrier by 
irritants, allergens, and pathogens give rise to the acti-
vation of nonlymphoid cells like Langerhans cells (LC) 
and keratinocytes. Epidermal disruption may also occur 
via genetically driven alterations in skin barrier function 
such as loss-of-function mutations in the FLG gene that 
encodes for the skin barrier protein filaggrin (14). Dis-
rupted keratinocytes initiate or potentiate inflammation 
via the release of cytokines and chemokines, including 
thymus- and activation-regulated chemokine (TARC), 
thymic stromal lymphopoietin (TSLP), IL-25, and IL-
33. These cytokines drive local tissue inflammation 
and activate a series of Th2-mediated events such as 
immunoglobulin (Ig) E class switching and recruitment 
of IL-5 dependent eosinophils into the skin (Fig. 1) (15, 
16). Th2 cells release IL-4, IL-5, IL-13, and IL-31, which 
mediate the activation of additional inflammatory cells 
like mast cells and eosinophils. They also inhibit the 
expression of barrier proteins such as filaggrin, and bar-
rier lipids such as ceramides (17, 18). Notably, IL-4 and 
IL-13 induce keratinocytes to secrete additional TSLP, 
which results in Th2 polarization and a positive feedback 
loop (19). IL-31, an interleukin that induces itching via 
sensory nerves, is upregulated in AD lesions and triggers 
scratch ing behavior, which may further drive inflamma-
tion (20). Group 2 innate lymphoid cells (ILC2s), which 

are activated by keratinocyte mediators, release both 
IL-5 and IL-13 that perpetuates Th2 immunity (21, 22). 
In conjunction with IL-17 released by Th17 cells, IL-22 
released by Th22 cells promotes epidermal hyperplasia 
and aberrant epidermal differentiation (9).

By identifying a growing number of immune pathways 
underlying AD, numerous targeted and broad-acting 
drugs are currently in the therapeutic pipeline. Given 
the critical role of the Th2 axis in AD, anti-Th2 agents 
like dupilumab, which represents the first biologic drug 
approved for AD, have been developed (23, 24). Multiple 
targeted drugs involving the Th22 and Th17 pathways, as 
well as broader T cell inhibitors, are also currently under 
investigation. The aim of this review is to provide up to 
date information regarding this unique and promising 
era of innovation and novel therapeutic development.

CLINICAL AND MOLECULAR HETEROGENEITY 
OF ATOPIC DERMATITIS

Recent research reveals several AD subtypes classified 
by different endotypes and phenotypes including age, 
chronicity, ethnicity, filaggrin gene mutational status, 
IgE status, S. aureus colonization status, and underlying 
molecular signaling abnormalities (25–28). Subtypes of 
various ethnic backgrounds such as European American 
decent, African American decent, and Asian origin have 
also been identified. Other AD classifications include 
pediatric patients versus adult patients, subjects with acute 
versus chronic disease, and patients exhibiting intrinsic 
versus extrinsic type. In spite of a similarity in clinical 
presentation and response to therapy, extrinsic AD was 
historically defined as patients with high serum IgE levels, 
personal and family atopic background, while the intrin-
sic phenotype having normal IgE levels shows female 
predominance and lack any other atopic diathesis (25). 

Fig. 1. Immune pathophysiology of atopic 
dermatitis (AD). In AD skin, epidermal disruption 
initiates or potentiates inflammation through the release 
of cytokines and chemokines, including thymus­ and 
activation­regulated chemokine (TARC), thymic stromal 
lymphopoietin (TSLP), interleukin (IL) ­25, and IL­33. 
These cytokines drive local tissue inflammation and 
activate a series of Th2 cytokines such as IL­4, IL­5, IL­
13, and IL­31, thereby leading to immunoglobulin (Ig) E 
class switching and accumulation of inflammatory cells 
into the skin. Together with IL­17 released by Th17 cells 
and IL­22 released by Th22 cells, epidermal hyperplasia 
and barrier disruption are intensified throughout the 
acute and chronic stages of AD. AD: atopic dermatitis; 
Th: helper T; AMPs: antimicrobial peptides; AhR: aryl 
hydrocarbon receptor; ILC2: group 2 innate lymphoid 
cells; TRPV1: transient receptor potential cation channel 
subfamily V member 1; H4R: histamine receptor type 
4; DC: dendritic cell; CRTH2: chemoattractant receptor­
homologous molecules expressed on Th2 lymphocytes; 
PDE4: phosphodiesterase4; cAMP: cyclic adenosine 
monophosphate; IFN­γ: interferon­γ.
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Despite a strong polarization of Th2/Th22 identified in 
the general AD population, there appears to be a relatively 
dominant Th17 subtype in pediatric patients, patients of 
Asian descent, and patients with intrinsic AD. African-
American patients with AD and pediatric patients with 
AD also appear to lack any Th1 activation (25). A Dutch 
study based on the analysis of serum biomarkers of 193 
adult patients with moderate-to-severe AD identified 4 
endotype clusters of AD (29). Clusters 1 and 4 show high-
er levels of Th2 cytokine expression in “erythematous” 
phenotypes, while clusters 2 and 3 show lower levels of 
Th2 cytokine expression in “lichenified” phenotypes. Al-
though further studies are needed to confirm the reliability 
of these subtypes, these findings and others can serve as 
useful tools in developing targeted treatments for AD. The 
clinical relevance of emerging endotypes will be deemed 
clinically relevant if they identify patients that respond 
better to a particular therapeutic (i.e., precision medicine) 
or help predict the natural course.

TOPICAL THERAPIES

Despite the advent of new systemic agents, topical 
therapies are still an essential component in the mana-
gement of AD. Topical anti-inflammatory therapies for 
AD include the use of topical corticosteroids (TCS) as 

first-line therapy with topical calcineurin inhibitors (TCI) 
as an alternative to TCS in areas where TCS use is not 
recommended. Moderate-to-severe patients with AD, 
however, are often inadequately controlled with these 
agents. Additionally, the prolonged use of TCS may 
cause telangiectasia, skin atrophy, dyschromia, and ad-
verse events. The use of TCI is often limited by burning 
and stinging (30). Given these limitations in traditional 
topical therapies, there remains a significant unmet need 
for patients. New topical agents are now being studied 
to modulate phosphodiesterase (PDE) 4, Janus kinase 
(JAK)-signal transducer and activator of transcription 
(STAT) signaling pathway, aryl hydrocarbon receptor 
(AhR), and the skin microbiome (Table I). 

PDE4 inhibitors 
Hanifin and colleagues (31) first made the observation 
that AD monocytes display overactive phosphodiesterase 
enzyme activity. Inhibition of PDE4 leads to an increase 
in cyclic adenosine monophosphate (cAMP), resulting 
in the down-regulation of inflammatory cytokines in 
chronic inflammatory skin diseases such as psoriasis 
and AD (32). Crisaborole, a topical PDE4 inhibitor was 
first approved in 2016 by the US Food and Drug Ad-
ministration (FDA) for patients with mild-to-moderate 
AD over the age of 2 years. Two phase III trials showed 

Table I. Novel topical targeted therapies of AD (in or beyond phase II trial)

Target Agent Mechanism Phase status Clinical trials

Phosphodiesterase 4 (PDE4) Crisaborole/AN2728 PDE4 inhibitor I/II completed
II completed

II completed
III completed

III ongoing
IV ongoing

NCT01652885
NCT03233529
NCT01602341
NCT03954158
NCT02118766 
NCT02118792
NCT04040192
NCT03868098
NCT03539601

MM36/OPA­15406 PDE4 inhibitor II completed

III ongoing
III completed

NCT02945657
NCT02068352
NCT02914548
NCT03018691
NCT03961529 
NCT03911401 
NCT03908970

Roflumilast PDE4 inhibitor II completed NCT01856764
NCT03916081

AN2898 PDE4 inhibitor II completed NCT01301508
Lotamilast/RVT­501/E6005 PDE4 inhibitor I/II completed

II completed

NCT01179880
NCT02094235
NCT01461941 
NCT02950922 
NCT03394677

DRM02 PDE4 inhibitor II completed NCT01993420
LEO29102 PDE4 inhibitor II completed NCT01037881

Janus kinase (JAK) Tofacitinib JAK 1/3 inhibitor II completed NCT02001181
Delgocitinib/JTE­052/LEO124249 JAK 1/3 inhibitor IIa completed NCT01037881
Ruxolitinib/INCB18424 JAK 1/2 inhibitor II completed

III ongoing
NCT03011892
NCT03745651
NCT03745638

Aryl hydrocarbon receptor (AhR) Tapinarof/ WBI­1001/benvitimod/
GSK2894512

AhR agonist I/II completed
II completed

NCT00837551
NCT02564055 
NCT01098734

S. aureus Roseomonas mucosa bacteria Commensal interaction I/II completed NCT03018275
Coagulase­negative Staphylococcus Commensal interaction I/II completed

II ongoing
NCT03151148
NCT02144142
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significant efficacy with 51% clear and 48% almost clear 
in the Investigator’s Static Global Assessment (ISGA) 
score (33). A large vehicle effect, however, leads to a 
relatively large number needed to treat (NNT), ranging 
between 8 and 14. (34). This translates to between 8 and 
14 patients are needed to be treated before one person 
achieves success over vehicle treatment (35). Improved 
signs of pruritus and good drug tolerability were reported 
amongst patients. Limited adverse events included pain, 
burning, and stinging. However, the clinical prevalence 
of these events are seemingly more common in clinical 
practice than that reported in trials. A study of crisaborole 
over 48 weeks confirmed its safety for longer-term use 
(36) but comparative efficacy data with other topical 
agents is currently lacking. A new study has been initia-
ted to evaluate the efficacy of crisaborole compared to 
other topical agents like TCS and TCI (NCT03539601). 
MM36 (OPA-15406), another PDE4 inhibitor with high 
selectivity for PDE4B, at higher concentration showed 
significant improvement in Eczema Area and Severity 
Index (EASI) score at week 1 compared to placebo and 
persisted for 8 weeks (37). Various PDE4 inhibitors 
including roflumilast, AN2898, lotamilast, DRM02, and 
LEO29102 are currently undergoing phase II and phase 
III trials. Overall, topical PDE4 inhibitors appear to be 
a safe approach to long-term management of selected 
mild-to-moderate AD without the potential for significant 
systemic absorption or cutaneous atrophy. 

JAK and other kinase inhibitors
JAK inhibitors are small molecules that inhibit the 
JAK-STAT signaling pathway. Although they have 
been mostly studied as systemic therapeutics for AD, 
topical applications have also shown promise in clinical 
trials. The JAK -STAT pathway has been implicated in 
the signaling of multiple AD-related cytokines such 
as IL-4, IL-5, IL-6, IL-12, IL-13, IL-22, IL-23, IL-31, 
IL-33, and IFN-γ (38–40). A JAK family of 4 receptor 
associated kinases (JAK1, JAK2, JAK3, and tyrosine ki-
nase (TYK) 2) phosphorylate intracellular receptors and 
increase the production of a group of STATs, leading to 
the activation of targeted gene expression (Fig. 2). JAK 
inhibitors target different combinations of kinases with 
variable selectivity, resulting in overlapping but distinct 
inhibitory effects on various cytokine pathways. Spleen 
tyrosine kinase (SYK) is a non-receptor tyrosine kinase 
involved in the release of pro-inflammatory cytokines 
including IL-17, B cell activation, and keratinocyte dif-
ferentiation (40). The SYK pathway plays an important 
role in Th17 signaling by recruiting Th17 cells to the skin 
along with inducing the production of CCL (C-C motif 
chemokine ligand) 20 (41). Consequently, targeting the 
JAK-STAT and SYK pathways downregulates multiple 
immune axes involved in the pathogenesis of AD (Th1, 
Th2, Th17, and Th22). The broader immune modulation 
of JAK inhibition holds the potential to bring greater ef-

ficacy. However, this theoretically results in an increase 
in potential adverse events as well.

Topical JAK inhibitors decrease IL-4 and IL-13 signa-
ling pathways and enhance skin barrier functions in mouse 
AD models (42). A phase IIa trial investigating tofacitinib, 
a potent JAK1/JAK3 inhibitor, for patients with mild-to-
moderate AD showed significant reduction of pruritus 
by day 2 and a large reduction in EASI score by week 4 
(81% vs. 29% (placebo), p < 0.001) (43). The application 
site reactions reported in two subjects were mild pain or 
mild pruritus. A controlled study of delgocitinib (JTE-
052/LEO 124249), a pan JAK (JAK1-3,TYK2) inhibitor, 
showed significant improvement in the overall symptoms 
of AD by week 4, and low modified EASI (mEASI) and 
Investigator’s Global Assessment (IGA) scores with a 
favorable safety profile (44). Improvements in pruritus 
were also observed by day 1, which was likely due to the 
inhibition of IL-31 signaling mediated by the JAK-STAT 
pathway (20) or possibly via direct effect of JAK inhibi-
tion on itch transmission by neurons (45). Improvements 
in mEASI score with the higher doses of delgocitinib 
were similar to the tacrolimus 0.1% ointment active 
control arm, although there was no statistical compari-
son (44). In an ongoing phase II trial, topical ruxolitinib 
(INCB018424), a potent JAK1/JAK2 inhibitor, showed 
significant efficacy in EASI score at week 4 in the cream 
0.5% and 1.5% arms versus vehicle (46). Topical ruxoliti-
nib at higher doses (1.5%) showed greater improvements 
in EASI score at week 4 than triamcinolone cream 0.1%. 
Other JAK inhibitors such as cerdulatinib (RVT-502), a 

Fig. 2. JAK-STAT pathway. A cytokine binds to its cell surface receptor. A 
Janus kinase (JAK) family of four receptor associated kinases (JAK1, JAK2, 
JAK3, and tyrosine kinase (TYK) 2) phosphorylate intracellular receptors 
and increase the production of a group of signal transducer and activator 
of transcription (STAT). Phosphorylated STATs dimerize and translocate to 
the nucleus, leading to the activation of targeted gene expression.
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dual JAK and SYK inhibitor, and SNA-125, a JAK 3 and 
tropomyosin receptor kinase A (TrkA) inhibitor, are cur-
rently being evaluated in phase I/II trials of AD, however 
no data are available for review at this time. 

AhR agonist
The AhR is a cytosolic ligand-activated transcription 
factor that is involved in both pro- and anti-inflammatory 
signaling pathways (47). It has the potential to impact 
the balance of Th17 and regulatory T (Treg) cell produc-
tion and can restore epidermal barrier function (48, 49). 
Tapinarof (benvitimod/GSK2894512/WBI-1001), an 
AhR agonist, is a naturally derived molecule produced by 
the bacterial symbionts of entomopathogenic nematodes 
(50). In two phase II trials, significant improvements in 
EASI and IGA scores were seen at week 4 in patients with 
mild-to-moderate AD and significant efficacy in IGA 
scores of both 0.5% and 1% dosing groups at week 6 in 
patients with mild-to-severe AD (51, 52). In earlier stu-
dies of higher dose tapinarof at 2%, headache, diarrhea, 
nausea and/or vomiting were observed. This suggests the 
potential for systemic absorption at higher concentrations 
(53). Phase 3 studies are anticipated. 

Commensal organisms
Cutaneous dysbiosis, characterized by a reduction in 
microbial diversity and an increase in colonization of S. 
aureus, has been shown to initiate and worsen the flare 
of AD (54). Recent research suggests a unique phenotype 
and endotype for patients colonized with S. aureus. Cha-
racteristics of S. aureus-colonized patients include more 
severe skin disease, reduced barrier function, increased 
serum lactate dehydrogenase (LDH) levels, increased 
allergen sensitization, elevated IgE levels, elevated 
eosinophil counts, and increased levels of various Th2 
biomarkers such as TARC, periostin, and CCL26 (55). 
Increased S. aureus colonization has been proposed 
as a potential mechanism for disease progression and 
flare-up of AD. A recent open-label trial with topical 
application of Roseomonas mucosa for patients with AD 
found that the commensal bacterium provided patients 
with clinical improvement in AD severity and pruritus, 
and a reduction of TCS use (56). Another study reported 
that autologous transplantation of coagulase-negative 
Staphylococci enriched with novel anti-S. aureus pep-
tides leads to a decrease in S. aureus colonization and 
clinical improvements in AD (57). Currently, a phase 
I/II trial using Roseomonas mucosa and a phase II trial 
testing coagulase-negative Staphylococcus are underway. 
These studies will help elucidate whether the dysbiosis 
in AD is a primary driver of the disease or merely a con-
sequence of barrier dysfunction or type 2 inflammation. 
Should this approach provide efficacy, it is intriguing to 
speculate that transplanting beneficial live commensals 
could theoretically yield a remittive effect on the disease.

SYSTEMIC THERAPIES

Systemic treatments may be appropriate for pediatric and 
adult patients with moderate-to-severe AD whose disease 
is inadequately controlled with appropriate amounts of 
topical therapies. According to an International Eczema 
Council (IEC) consensus paper, the decision to commence 
or offer systemic treatments should involve an assessment 
of disease severity, an understanding of the impact on QoL, 
and include individual factors such as patient preferences, 
prior treatment history, financial considerations, and co-
morbidities (58). Traditionally, systemic therapies include 
phototherapy or systemic immunomodulators such as 
corticosteroids, cyclosporine, methotrexate, azathioprine, 
and mycophenolate mofetil. Given the risk of potential 
toxicities with traditional immunosuppressant long-term 
treatments, there is still an unmet need for safe and ef-
fective long-term therapies. Dupilumab, the first biologic 
drug approved for AD, has filled this large void for a safe 
and effective therapy for long-term use. Since the advent 
of dupilumab, a number of biologics and small molecule 
inhibitors are now being developed and investigated to 
provide alternatives to dupilumab (Table II).

Targeting Th2 pathway
IL-4 and/or IL-13 antagonists. IL-4 and IL-13 are the 
key mediators of Th2 inflammatory responses and are 
responsible for the production of IgE. Cell culture studies 
reveal increased IL-4/IL-13 levels that not only lead to 
the recruitment of additional inflammatory cells, but also 
disturb skin barrier function by inhibiting the production 
of barrier structural proteins like filaggrin, lipids and 
antimicrobial peptides, and encourage S. aureus coloni-
zation (57, 59). IL-13 is overexpressed in both lesional 
and non-lesional AD, and correlates with disease severity 
(10, 60). Dupilumab, a fully human monoclonal antibody 
(mAb), inhibits both the IL-4 and IL-13 signaling pathway 
by blocking their shared IL-4Rα receptor subunit (61). 
Dupilumab was approved to treat moderate-to-severe AD 
in adults in the US and Europe in 2017, and its approval 
was extended to patients with moderate-to-severe AD 
over the age of 12 years in the US in 2019 (62). In a 
phase III trial of identical design (SOLO1 and SOLO2), 
adult patients with moderate-to-severe AD who received 
dupilumab every other week showed improvement in 
disease at week 16, with the proportion of patients achie-
ving a 75% reduction in EASI score (EASI-75) ranging 
between 44–51% versus placebo (12–15%) (24). Patients 
also reported improvements in their symptoms including 
pruritus, anxiety, and depression. They also reported an 
overall improvement in QoL. In another phase III study 
(LIBERTY AD CHRONOS), a year-long trial of dupi-
lumab showed an improved disease activity with a good 
safety profile when combined with TCS exhibiting only 
local injection reactions and conjunctivitis as adverse 
events (63). A LIBERTY AD CAFÉ study with concomi-
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Table II. Novel systemic targeted therapies of atopic dermatitis (AD) (in or beyond phase II trial)

Target Agent Mechanism Route Phase status Clinical trials

Biologics
T­helper 2 Dupilumab Anti­IL­4Rα mAb Subcutaneous IV ongoing NCT03411837

NCT03293030
NCT03389893
NCT03667014

Pitrakinra/Aeroderm Anti­IL­4 mAb Subcutaneous IIa completed NCT00676884 
Lebrikizumab Anti­IL­13 mAb Subcutaneous II completed

III ongoing

NCT02340234 
NCT03443024 
NCT02465606
NCT04178967
NCT04146363

Tralokinumab Anti­IL­13 mAb Subcutaneous II completed

III completed

III ongoing

NCT02347176
NCT03562377
NCT03363854
NCT03160885
NCT03131648 
NCT03587805
NCT03761537
NCT03526861

Tezepelumab/AMG157/
MEDI9929

Anti­TSLP mAb Subcutaneous IIa completed
II ongoing

NCT02525094
NCT03809663

GBR830 Anti­TSLP mAb Subcutaneous II completed
IIb ongoing

NCT02683928
NCT03568162

KHK4083 Anti­OX40 mAb Subcutaneous II ongoing NCT03703102
Nemolizumab/CIM331 Anti­IL­31RA mAb Subcutaneous II completed

II ongoing
III ongoing

NCT01986933
NCT03100344
NCT03921411
NCT03989206
NCT03985943
NCT03989349

Mepolizumab Anti­IL­5 mAb Intravenous II terminated NCT03055195
T­helper22 Fezakinumab/ILV­094 Anti­IL­22 mAb Subcutaneous II completed NCT01941537
T­helper 1/ T­helper 17 Ustekinumab Anti­IL­12/23p40 mAb Subcutaneous II completed NCT01806662 

NCT01945086
Secukinumab Anti­IL­17A mAb Subcutaneous II completed NCT02594098

NCT03568136
MOR106 Anti­IL­17C mAb Subcutaneous II terminated NCT03568071

NCT03864627
IgE Omalizumab Anti­IgE mAb Subcutaneous II completed

IV completed
NCT01179529
NCT02300701
NCT00822783

Ligelizumab/QGE031 Anti­IgE mAb Subcutaneous II completed NCT01552629
Interleukin (IL)­1α Bermekimab/MABp1 Anti­IL­1α mAb Subcutaneous II completed

II ongoing
NCT03496974
NCT04021862

Small molecules
Janus kinase (JAK) Barcitinib JAK1/2 inhibitor Oral II completed

III completed

III ongoing

NCT02576938
NCT03334422
NCT03733301
NCT03334396
NCT03559270
NCT03435081
NCT03334435
NCT03428100
NCT03952559

Upadacitinib/ABT494 JAK1 inhibitor Oral II completed
III ongoing

NCT02925117
NCT03607422
NCT03569293
NCT03568318
NCT03738397
NCT03661138

Abrocitinib/PF­04965842 JAK1 inhibitor Oral II completed
II ongoing
III completed

III ongoing

NCT02780167
NCT03915496
NCT03349060
NCT03575871
NCT03627767
NCT03422822
NCT03720470
NCT03796676

ASN002/Gusacitinib JAK/spleen tyrosine kinase 
inhibitor

Oral II completed
II terminated

NCT03531957
NCT03654755

Phosphodiesterase (PDE) 4 Apremilast PDE4 inhibitor Oral II completed NCT02087943
NCT00931242

Chemoattractant receptor­homologous molecules expressed on Th2 
lymphocytes (CRTH2)

OC000459/ODC­9101 CRTH2 mAb Oral IIa completed NCT02002208
Fevipiprant/QAW039 CRTH2 mAb Oral IIb completed NCT01785602

Histamine receptor ZPL­389 H4R inhibitor Oral II completed
II ongoing

NCT02424253
NCT03948334
NCT03517566

Neuropeptide substance P and neurokinin 1 receptor (NK1R) Tradipitant/VLY­686 NK1R inhibitor Oral II completed
III completed
III ongoing

NCT02651714
NCT03568331
NCT04140695

Serlopitant/VPD­737 NK1R inhibitor Oral II completed
III ongoing

NCT02975206
NCT03540160
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tant use of TCS exhibited an EASI-75 of 63% at week 16 
in moderate-to-severe adult AD who were refractory or 
intolerant to cyclosporine (64). Translational studies re-
veal that dupilumab reduces expression of Th2 immunity 
markers, Th17/Th22-related epidermal hyperplasia, and 
inflammatory cell infiltrates. It also enhances the expres-
sion of genes that control epidermal differentiation and 
barrier function, including genes for loricrin and filaggrin 
(65). Two meta-analyses demonstrated statistically signi-
ficant increased efficacy and a well-tolerated safety profile 
for patients with moderate-to-severe AD on dupilumab 
compared to placebo (66, 67).

Dupilumab-induced conjunctivitis, or ocular surface 
disease, is a common (5–28% of patients) but poorly 
understood side effect (68). The conjunctivitis is usually 
mild to moderate in severity and can be treated with vari-
ous topical anti-inflammatory approaches. For unknown 
reasons, the conjunctivitis associated with dupilumab 
therapy only occurs in patients with AD. This side effect 
was not observed in studies of asthma or chronic sinusitis 
(24). Ongoing mechanistic studies will hopefully shed 
light onto the etiology of this adverse effect.

Overall, dupilumab appears to be a safe therapy 
suitable for long-term use. Dupilumab does not appear 
to be immunosuppressive and has not been associated 
with increased overall infection rates. Studies reveal 
significantly reduced risk of serious or severe infections 
and bacterial non-herpetic skin infections compared to 
placebo (69). Dupilumab appears to correct AD skin 
dysbiosis – perhaps the mechanism that explains the 
observed protection against skin infections (65). Vac-
cination responses are also not affected by dupilumab 
therapy (70). No laboratory monitoring is required 
as no end-organ damage has been observed (70, 71). 
Dupilumab was also recently approved by the FDA for 
moderate-to-severe asthma with eosinophilic phenotype 
or oral corticosteroid-dependent asthma and chronic rhi-
nosinusitis with nasal polyposis that are also driven by 
type 2 cytokines (62). Pitrakinra (Aeroderm), a biologic 
that targets only IL-4, has been tested in a phase IIa trial. 
However, no results have been reported and the status of 
further development is unknown.
IL-13 antagonists. IL-13 plays an important role in al-
lergic inflammation and is expressed in both acute and 
chronic lesions of AD (72). Like IL-4, IL-13 induces 
keratinocyte to produce CCL26, thereby causing an 
accumulation of eosinophil at the inflammatory lesion 
(73). Lebrikizumab, an anti-IL-13 mAb, at 125 mg dose 
every 4 weeks achieved an 50% reduction in EASI score 
(EASI-50) of 82% at week 12 as compared to a placebo 
group response of EASI-50 of 62% at week 12 for pa-
tients with moderate-to-severe AD with concomitant 
mandatory TCS use twice daily (p = 0.026) (74) in a 
placebo-controlled phase II trial (TREBLE). In a recent 
press release from a phase IIb trial, patients treated with 
lebrikizumab at the 125 mg dose every 4 weeks and at 

the 250 mg dose every 2 or 4 weeks showed significantly 
dose- and frequency-dependent improvements in EASI 
scores compared to placebo at 16 weeks (75). Tralo-
kinumab, another anti-IL-13 mAb, showed significant 
improvement in EASI and IGA scores in a phase II study, 
particularly in patients with high serum biomarker levels 
of IL-13 activity (76). Heavy use of concomitant TCS 
likely diminished the effect size when compared to pla-
cebo. Patients reported improvement in QoL and pruritus, 
and there were no significant adverse effects. A phase III 
trial (NCT03131648) using tralokinumab monotherapy 
without TCS is underway to better evaluate its efficacy. 
Overall, IL-13 inhibitors appear to be well tolerated and 
show an acceptable safety profile with limited adverse 
events, including upper respiratory infections (URIs), na-
sopharyngitis, and headaches that are common but mild 
and self-limited (74, 76). Phase III data will be important 
to reveal whether conjunctivitis is an IL-13 class effect or 
is limited to only certain biologics targeting the pathway.
Inhibitors of the TSLP-OX40 axis. The TSLP-OX40 axis 
is also known to play an important role in initiating the 
Th2 allergic inflammatory response (77). Keratinocyte-
derived TSLP activates dendritic cells to induce the pro-
duction of Th2 immunity cytokines such as IL-4, IL-5, 
IL-13, and tumor necrosis factor (TNF)-α (19). IL-33 
appears to amplify TSLP’s effect of inducing expression 
of OX40 ligand on dendritic cells (78, 79). Tezepelumab 
(AMG157/MEDI9929), an anti-TSLP mAb, is regarded 
to be a potential suppressor of the Th2 pathway. In a 
phase IIa trial (NCT02525094), however, it did not show 
a significant EASI-50 response compared to placebo at 
week 12 in patients with moderate-to-severe AD, presu-
mably due to heavy concomitant TCS use in the placebo 
group (80). In a phase IIa trial, GBR 830, an anti-OX40 
mAb, was well tolerated and showed an acceptable sa-
fety profile, decreased inflammatory serum biomarkers, 
and significant improvement in EASI-50 versus placebo 
(81). In a phase I trial (NCT03096223), patients treated 
with KHK4083, an anti-OX40 mAb, every 2 weeks for 
6 weeks showed a continuous reduction in EASI score 
even at week 22 suggesting a long-lasting response (82). 
An additional phase II trial (NCT03703102) is underway. 
Currently, there have been several proof-of-concept 
(PoC) trials testing various TSLP-OX40 axis-related in-
hibitors including a TSLP receptor antagonist MK-8226 
(NCT01732510), an anti-IL33 mAb Etokimab (ANB020) 
(NCT03533751). 
IL-31 receptor antagonists. Interruption of the itch-
scratch cycle is one of the main goals in managing AD. 
IL-31, dubbed the “itch cytokine” is predominantly pro-
duced by activated Th2 cells and mast cells. The IL-31 
receptor (IL-31R) is expressed on C-fibers of peripheral 
neurons (83). IL-31 is significantly increased in acute 
and chronic AD and plays a critical role in pruritus and 
disease activity (84). Nemolizumab, an anti-IL-31RA 
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mAb, showed a significant reduction in visual analo-
gue scale (VAS) scores for pruritus in patients with 
moderate-to-severe AD in a 12-week phase II trial (85). 
In another long-term phase II trial, it showed significant 
and continued itch suppression and was well-tolerated 
over the 64 weeks trial with limited adverse events, 
including nasopharyngitis, AD exacerbations, and URIs 
(86). A recent phase IIb trial revealed that nemolizumab 
significantly improved EASI, IGA and itch scores at 
week 24 versus placebo and was well tolerated, with 
the 30 mg dose being most effective (87). BMS-981164, 
an anti-IL-31 mAb, was completed as a phase Ib trial 
(NCT01614756), but results have not yet been published. 
KPL-716 is an anti-oncostatin M receptor beta mAb 
(anti-OSMRβ) inhibiting both IL-31 and oncostatin 
M, an inflammatory signal implicated in pruritus, Th2 
inflammation, and fibrosis. KPL-716 showed good sa-
fety and tolerability as well as an anti-pruritic effect in 
patients with moderate-to-severe AD in a phase Ia/Ib 
study (88). Additional phase II studies (NCT03858634, 
NCT03816891) for chronic pruritic diseases and prurigo 
nodularis are currently underway.
IL-5 antagonist. Eosinophils are speculated to play a 
large role in the pathogenesis of AD due to their high pre-
valence in tissue and blood found throughout the course 
of the disease. IL-5 induces the migration of eosinophils 
within inflamed tissue of patients with Th2 allergic in-
flammatory diseases like asthma and eosinophilic esop-
hagitis (89). Mepolizumab, an anti-IL-5 mAb recently 
approved for severe eosinophilic asthma, was tested in 
a pilot study for AD but did not reach statistical signifi-
cance in SCORing Atopic Dermatitis (SCORAD) score, 
pruritus scoring, and TARC levels despite decreasing the 
peripheral blood eosinophilic count (90). Given its ef-
ficacy in treating eosinophilic asthma, a phase II trial for 
moderate-to-severe AD had been implemented to test the 
effectiveness in the AD subtype with eosinophilia but was 
terminated early, as this study reached pre-determined 
futility criteria following interim analysis.

Targeting Th22 pathway 
IL-22 promotes epidermal hyperplasia and disrupts bar-
rier function by inhibiting keratinocyte differentiation 
and tight junction production (91). IL-22 is significantly 
increased in AD lesions and expression levels correlate 
with disease severity (60). In a phase II trial funded by 
the National Institutes of Health, fezakinumab, an anti-
IL-22 mAb, did not reach significance in reducing the 
SCORAD score compared to placebo, but a sub-analysis 
of severe AD (SCORAD score >50) showed significant 
improvement with fezakinumab versus placebo (92). It 
was overall well-tolerated with a limited safety profile, 
including URIs as adverse events. A recent study revea-
led fezakinumab had a better efficacy in patients with 
a higher IL-22 baseline, suggesting an effect of IL-22 

blockade on multiple inflammatory pathways encom-
passing Th1, Th2, Th17, and Th22 axis (93). Treatment 
antagonizing IL-22 could be a promising option amongst 
African American, Asian, intrinsic, and pediatric AD 
subtype patients showing dominant Th22 polarization 
and/or psoriasiform Th17/Th22 endotypes (25).

Targeting Th17 pathway
Some phenotypes such as Asian, intrinsic, pediatric, 
and elderly AD show higher expression of Th17-related 
markers like those found in psoriasis (25). Thus, these 
patients may be potential candidates for IL-17/IL-23 
targeting therapies. IL-23 initiates both Th17 and Th22 
pathways and is significantly decreased after AD treat-
ments (94). The IL-17 family consists of 6 members of 
interleukins, IL-17A-F. Among them, IL-17A and IL-17C 
show complementary cooperation between keratinocytes 
and T cells, leading to the amplification of cell immune 
responses (95). Unlike IL-17A which is produced by 
Th17 cells and innate immune cells, IL-17C appears to 
be a keratinocyte-derived cytokine (96). Despite showing 
promise in several reports of AD (97, 98), ustekinumab, 
a mAb antagonizing IL-12/IL-23p40 with efficacy in 
psoriasis, did not demonstrate significant improvements 
over placebo with concomitant TCS use in a phase II trial 
for AD (99). In another phase II trial in Japan, patients 
with severe AD treated with ustekinumab 45 mg and 90 
mg did not show meaningful efficacy versus placebo, 
although it was generally well-tolerated (100). MOR106, 
an anti-IL-17C mAb, exhibited an EASI-50 of 83% at 
week 4 at the higher dose and the treatment response 
maintained over 2 months after stopping treatment in 
a phase I trial (NCT02739009) (101). MOR106 and 
secukinumab, an anti-IL-17A mAb, are being tested for 
AD in phase II trials. 

IgE antagonists
IgE is a hallmark for atopic diseases and is a downstream 
product of the Th2 axis. It is implicated in basophilic 
activation and the initiation of sensitization in allergic 
inflammatory cascades. IgE is also present on the cell 
surface of inflammatory dendritic cells (IDECs) characte-
ristic of AD (102). Extrinsic AD subtypes defined by high 
levels of IgE and pediatric AD subtype with a tendency 
for atopic march early on in life may be good targeted 
candidates for anti-IgE drugs (25). However anti-IgE 
treatments in AD have shown largely negative results. 
Omalizumab is a recombinant humanized monoclonal 
IgG1κ antibody used in chronic spontaneous urticaria and 
asthma. Despite some case series demonstrating favora-
ble efficacy for AD, omalizumab did not show improved 
efficacy over placebo in an RCT (103). A phase IV trial 
for severe pediatric AD was completed, but results have 
not yet been posted. In a phase II trial, patients treated 
with ligelizumab (QGE031), a high affinity anti-IgE Ab, 
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every 2 weeks for 12 weeks did not show a significant 
reduction in the severity for AD compared to placebo 
(104). The phase I trials using other anti-IgE agents, 
such as MEDI4212 (NCT01544348) and XmAb7195 
(NCT02148744) have been completed, but show limited 
potential (105, 106). To date, anti-IgE approaches do not 
appear to have significant clinical activity in AD.

IL-1α antagonist
IL-1α, a prototypical pro-inflammatory cytokine, is an 
attractive target as its major reservoir appears to be ke-
ratinocytes, which may play a key role in the initiation 
of the inflammatory cascade found in AD (107). IL-1α 
also enhances matrix metalloproteinases activity, thereby 
leading to epithelial barrier breakdown (108). Bermeki-
mab (MABp1) is a naturally derived human mAb that 
shows immunomodulating activity by blocking IL-1α 
activity. The drug failed in a phase III for colorectal 
cancer, but is now being evaluated for inflammatory skin 
diseases like hidradenitis suppurativa and AD. A phase II 
trial of 38 patients with moderate-to-severe AD revealed 
significant improvements at all clinical endpoints (109). 
Controlled studies are needed to better assess the poten-
tial of this novel therapy in AD. 

JAK inhibitors
JAK inhibitors potentially have a wide application in 
inflammatory skin diseases including AD. JAK is a key 
mediator in signaling numerous cytokines involved in the 
pathogenesis of AD, including IL-4 and IL-13. Notably, 
IL-4 requires signaling through JAK1/3 while IL-13 
signals through JAK1/TYK2 (110). The JAK-STAT 
pathway may play an important role in mediating both 
inflammation and pruritus in AD (40). Baricitinib is a 
potent oral JAK1/JAK2 inhibitor approved in the EU 
and the US for the treatment of rheumatoid arthritis. In 
a phase II trial, patients with moderate-to-severe AD 
showed significant improvements in EASI-50 at week 
16, 61% (4mg) versus 37% (placebo) when treated with 
baricitinib in combination with TCS (111). Patients also 
reported tolerating the medication well with improve-
ments in pruritus and sleep. Dose-dependent adverse 
events including headache, increased creatine phospho-
kinase, and nasopharyngitis were reported. Two phase 
III trials BREEZE-AD1 and BREEZE-AD2 confirmed 
significant clinical efficacy in both baricitinib doses of 2 
mg and 4 mg with a good safety profile for patients with 
moderate-to-severe AD (112). A number of phase III tri-
als for baricitinib that include combination therapy with 
TCS and longer-term endpoints are still being recruited. 
Upadacitinib (ABT-494), a selective oral JAK1 inhibitor, 
is currently underway in clinical trials for rheumatoid 
arthritis, Crohn’s disease, ankylosing spondylitis and pso-
riatic arthritis. In a phase IIb trial, upadacitinib showed 
reduction in pruritus as early as week 1 and a significant 

dose-dependent improvement in EASI score at week 2 
in patients with moderate-to-severe AD (113). Adverse 
events included URIs and AD exacerbations. Further 
phase III trials including younger patients with moderate-
to-severe AD are also currently underway. In a phase IIb 
trial, abrocitinib (PF-04965842), a selective oral JAK1 
inhibitor, showed dose-dependent improvement in EASI 
and IGA scores at week 12 versus placebo (40). The top-
line results detailed in a press release of a phase III trial 
of abrocitinib showed statistically significant results with 
good tolerability and no unexpected safety events (114). 
Other phase III trials with long-term treatment periods 
are now being investigated. In a short-term clinical I trial 
(NCT03139981), ASN002 (Gusacitinib), a dual inhibitor 
of pan-JAK (JAK1-3, TYK2) and SYK, showed impro-
vement in clinical severity at week 4 with a reduction 
in Th2/Th22 biomarkers (115). Another phase II trial 
with longer duration is still ongoing. Oral tofacitinib in 
a small open-label study showed impressive reductions 
in SCORAD with no adverse events (116). 

PDE4 inhibitor 
PDE4 inhibitor increases intracellular cAMP levels, 
leading to a down regulation of a number of cytokines 
involved in AD including IL-2, IL-5, IL-13 IL-17, IL-22, 
IL-31, and IL-33 (117). PDE inhibitor also upregulates 
the anti-inflammatory cytokine IL-10. Apremilast, an 
oral PDE4 inhibitor approved for psoriasis and psoriatic 
arthritis, showed promising results in an AD pilot study 
(118). However, in a phase II trial, apremilast showed 
no significant change in EASI score at week 12 at a dose 
of 30 mg compared to placebo. Although apremilast at 
a dose of 40 mg showed clinical efficacy and decreased 
Th17/Th22 related biomarkers, it was discontinued due 
to serious adverse event like cellulitis (119). 

Chemoattractant receptor-homologous molecules 
expressed on Th2 lymphocytes antagonists
Chemoattractant receptor-homologous molecules expres-
sed on Th2 lymphocytes (CRTH2) is a prostaglandin 
D2 receptor that is expressed on Th2 cells, eosinophils, 
and basophils. It stimulates the initiation of Th2 cell 
migration in the skin (120). Two PoC phase II trials for 
two CRTH2 antagonists, OC000459 (ODC-9101) and 
fevipiprant (QAW039) had been completed, but results 
did not demonstrate efficacy (121, 122). 

Histamine receptor type 4 antagonists
Histamine (H) is a known itch-inducing mediator. Yet, the 
roles of H1 and H2 blockade in AD and AD-associated 
itching has been rather disappointing (123). Histamine 
receptor type 4 (H4R) is expressed on Th2 cells, Th17 
cells, keratinocytes, and sensory neural cells. H4 sti-
mulation also stimulates IL-31 production (124). JNJ-



A
ct

aD
V

A
ct

aD
V

A
d
v
a
n

c
e
s 

in
 d

e
rm

a
to

lo
g
y
 a

n
d
 v

e
n

e
re

o
lo

g
y

A
c
ta

 D
e
rm

a
to

-V
e
n

e
re

o
lo

g
ic

a

C. H. Na et al.376

Theme issue: Atopic dermatitis

39758979, an H4R antagonist, was terminated early in 
a phase IIa trial due to serious adverse events including 
agranulocytosis (NCT01497119) although it did show 
significant reduction in pruritus compared to placebo 
(125). In a phase II trial testing ZPL-389, another H4R 
antagonist, significant reductions in EASI and SCORAD 
scores were found at week 8 compared to placebo for 
patients with moderate-to-severe AD with concomitant 
use of TCS. However, there was no significant reduction 
in pruritus (126). Additional phase II trials of ZPL-389 
are still ongoing.

Neuropeptide substance P and neurokinin 1 receptor 
antagonists
Neuropeptide substance P and neurokinin 1 receptor 
(NK1R), the receptor for substance P, is associated with 
AD disease activity (127). The NK1R antagonist prompts 
decreased scratching behavior in AD mouse models 
(128). In a PoC phase II trial for patients with AD and 
chronic pruritus, patients treated with oral tradipitant 
(VLY-686) for 4 weeks experienced a significant reduc-
tion in pruritus VAS from baseline (p < 0.0001) (129). A 
phase III trial for tradipitant is currently underway. In a 
phase II trial involving AD patients with severe pruritus, 
subjects taking oral serlopitant (VPD-737) for 6 weeks 
revealed numeric differences in pruritus scores compared 
to placebo. However, the differences were not statistically 
significant (130).

CONCLUSION

Despite its high prevalence worldwide, effective ma-
nagement of AD is complicated due to its multifaceted 
pathophysiology, variable clinical manifestations, and 
chronic course of the disease. The success of dupilumab 
in AD confirms the central importance of type 2 cyto-
kines in the pathophysiology of AD. In addition to type 
2 cytokines, certain phenotypes of AD may be driven 
by additional cytokine pathways. However, data to date 
attempting to specifically target cytokines outside of the 
type 2 axis have largely been unsuccessful. Broad acting 
JAK inhibition may help patients with AD that are driven 
by more complex cytokine endotypes. Further data using 
large-scale and longer-term clinical trials with proper 
outcome measures that assess signs, symptoms, quality-
of life and long-term control as recommended by the 
HOME initiative (www.homeforeczema.org) are needed 
in order to create tailored and personalized treatments for 
AD. The results of studies for several other promising 
approaches targeting inflammation, the microbiome, itch, 
and PDE4 are eagerly awaited.
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