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 2 

Introduction 3 

The hallmark of atopic dermatitis (AD), the most common inflammatory skin disease, is 4 

chronic eczematous rash and itch. These result in significant impact on patients’ quality 5 

of life, including depression, sleep disturbances and even suicidal ideation.1 Traditional 6 

AD treatments include topical emollients, corticosteroids and calcineurin inhibitors. 7 

These, in various regimens and combinations, considerably improve mild to moderate 8 

AD patients, and remain the mainstay of treatment. However, for approximately 20% of 9 

patients considered to have moderate-to-severe disease, topical treatments are often not 10 

satisfactory, due to high disease burden and background systemic inflammation.2-4 Until 11 

recently, treatment options for moderate-to-severe patient populations were limited to 12 

phototherapy, systemic immune-modulators such as cyclosporine, methotrexate, 13 

mycophenolate mofetil, and systemic corticosteroids.5 While phototherapy is not always 14 

available and could be substantially time consuming, and systemic immunosuppressants 15 

are often associated with significant adverse effects, these treatment modalities cannot 16 

provide the much-needed convenient, safe, long-term solution for AD patients requiring 17 

systemic therapy. The advances seen in recent years in the research and management of 18 

AD are influenced by the interesting path of another common inflammatory skin disease, 19 

psoriasis. Psoriasis represents the best immune-characterized skin disease, largely due to 20 

results of trials of cytokine-specific inhibitors, which shed light on disease pathogenesis.6, 
21 

7 Dupilumab, a fully human monoclonal antibody blocking two Th2 cytokines, IL-4 and 22 

IL-13 (Fig 1), by binding the shared IL-4 receptor α (IL-4Rα), was the first AD-specific 23 
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therapeutic to be approved in both adults and adolescents.8-10 Dupliumab therapy has not 24 

only provided another treatment option for moderate-to-severe AD, it has also provided 25 

insight into AD pathogenesis. The experience with dupilumab has confirmed that AD can 26 

be effectively treated by selectively antagonizing Th2 cytokines.11, 12 While two anti-IL-27 

13 monoclonal antibodies are also being tested for AD in advanced studies with favorable 28 

outcomes,13-16 herein, we focus on novel therapeutics for AD beyond IL-4/IL-13 29 

inhibitors.  30 

 31 

AD is heterogeneous with various subtypes  32 

New data demonstrate the complicated immunological/molecular dysregulations 33 

underlying clinical features characteristic of AD; and as clinical phenotypes vary, these 34 

dysregulations also show wide heterogeneity. While AD is characterized by Th2 skewing 35 

across all disease subsets, it shows variable activation of additional immune axes in 36 

different disease phenotypes.17-23 Factors differing among distinct AD 37 

subtypes/phenotypes include IgE levels, age, disease chronicity, ethnicity, and barrier 38 

proteins dysfunction, such as filaggrin (FLG) mutations.  39 

Increased total and allergen-specific IgE levels, eosinophilia, and personal and family 40 

history of atopic diseases characterize patients with extrinsic AD that affects ~80% of 41 

patients, whereas intrinsic AD patients (~20%) have normal IgE levels and usually lack 42 

familial or personal atopy.24 The clinical presentations of extrinsic and intrinsic AD are 43 

similar despite these differences. In addition to differing in atopy, intrinsic AD compared 44 

to extrinsic AD has greater cutaneous cellular infiltration and increased Th1-, th17- and 45 
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Th22-related cytokines and chemokines. As stated previously, both subtypes exhibit 46 

similar Th2 activation.22  47 

When phenotypes are characterizes by age groups, variation are noted in pediatric, adult 48 

and elderly (age 61 years and older) patients. Compared to adults, children lack over-49 

expression of Th1-related markers in the skin, but Th2-related cytokines and chemokines 50 

show either similar or even greater levels in pediatric AD skin in comparison with adult 51 

AD. Th17/Th22-related markers, including IL-17-related anti-microbial peptides 52 

(AMPs), are up-regulated in pediatric compared to adult AD, to levels often comparable 53 

with those in adults with psoriasis (Fig 1).25-27 In elderly AD patients, as compared to 54 

younger adult AD patients, Th2/Th22 axes are attenuated, and barrier disruption is less 55 

prominent. On the other hand, with increased disease chronicity among adults, there are 56 

gradual increases with increasing age in markers of Th1/Th17 pathways.19 57 

Ethnicity is another variable affecting AD, and phenotypes of European-Americans (EA), 58 

various Asians, and African-Americans have been compared. Compared with EA 59 

patients, Asian patients show increased Th17 and Th22 activity, while African American 60 

patients showed relative decrease in Th1 and Th17-related markers. Th2 skewing was 61 

largely consistent among different ethnicities (Fig 1).20, 21, 28, 29  62 

In sum, contrary to the traditional concept of AD as a solely type 2 immune activated 63 

disease, new findings highlight AD as a multi faceted disease, as the disease can be 64 

subdivided into variable phenotypes, based on clinical/epidemiological or molecular 65 

parameters. These different AD variants may also necessitate different therapeutic 66 

approaches, depending on the dominant immune skewing in each patient group. 67 

 68 



 4 

Why treatments antagonizing IL-4/IL-13 are insufficient? 69 

Given the numerous effects of IL-4 and IL-13 in AD pathophysiology,13, 30 including 70 

disruption of skin barrier, induction of bacterial binding and colonization, and 71 

recruitment of inflammatory cells, these cytokines and cytokine receptors are attractive 72 

candidates for therapeutic targeting. Indeed, several therapeutic approaches aimed at 73 

inhibiting these cytokines have been explored, and dupilumab is the first biologic 74 

treatment licensed for the treatment of moderate-to-severe AD. Clinical studies showed 75 

robust clinical efficacy for dupilumab over placebo,8, 9 and tissue investigations proved 76 

clinical improvements correlated with reversal of molecular and epidermal changes in 77 

treated patients.11, 31, 32 Although dupilumab directly down-regulates Th2-related markers, 78 

it also resulted in down-regulations of some Th17/Th22-related markers, proving its 79 

effects beyond narrow IL-4/IL-13 inhibition.11 These “disseminated” effects of 80 

dupilumab may contribute to its efficacy in different ethnicities. Nevertheless, despite 81 

being a truly significant milestone in AD management as well as other atopic conditions 82 

for which it is approved or in clinical trials,33, 34 the fact that only 35%-40% of patients on 83 

dupilumab achieve clear or almost clear skin, reinforces the need for additional treatment 84 

options,8, 9, 35 as well as the need for development of a personalized medicine approach 85 

tailored to better treat various AD subsets. In order for new treatments to address the 86 

unique fingerprint of each AD subtype, targeting of other immune axes beyond IL-4/IL-87 

13 is needed. It likely will be necessary to target a combination of cytokines to fully 88 

control AD, regardless of disease phenotype. 89 

 90 

Other Th2-targeted therapeutics 91 
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The Th2 pathway includes other cytokines and chemokines, some of which are 92 

candidates for anti-AD drugs. IL-31, also known as the itch cytokine, has an important 93 

role in the resistant itch-scratch cycle of AD. In addition, studies suggest the cytokine has 94 

other roles in AD pathogenesis, including inhibition of epidermal terminal 95 

differentiation.36-38 Several large phase 2 studies of nemolizumab, an IL-31 antibody, 96 

highlight the major impact of targeting this cytokine to alleviate the persistent AD-97 

associated itch, with significant improvements in pruritus and sleep loss (percentage 98 

change of pruritus score from baseline at 64 week of 70%-80%).39-41 These results are 99 

also associated with improvements in clinical disease scores, with significance over 100 

placebo as early as week 4 of therapy in a recent trial.42  Sustained efficacy was found in 101 

a long term follow up trial.39 Interestingly, the 30mg dose outperformed the 90mg dose in 102 

both studies, a phenomenon which is unexplained. Phase III studies are underway and 103 

will hopefully shed light on the role of IL-31 in the disease, beyond its profound effects 104 

on the characteristic itch of AD (NCT03989349, NCT03985943, NCT03989206). 105 

Another interesting target in the Th2 pathway is the thymic stromal lymphopoietin 106 

(TSLP), an epithelial cell derived cytokine, which, in conjunction with OX40 and OX40 107 

ligand, strongly drives allergic inflammation with up-regulation of Th2 activation in 108 

asthma and AD.43 IL-33, another epidermal derived cytokine, also participates in this 109 

process as an amplifier of TSLP-OX40 axis. In addition, Il-33 has a direct negative effect 110 

on the integrity of skin barrier in AD.44, 45  111 

 In AD lesional skin, TSLP, TSLP receptor, OX40, OX40L, and IL-33, were significantly 112 

upregulated, reinforcing the rationale for developing targeted therapeutics antagonizing 113 

these factors.44, 46 Recently, ST2 (IL1RL1), the IL-33 receptor, was upregulated and 114 
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correlated with early AD severity in the pediatric population, suggesting anti-IL-33 115 

strategies may have a role in these young patients as well.47 116 

A TSLP inhibitor, tezepelumab, a human monoclonal antibody, showed somewhat 117 

disappointing results in a phase II clinical trial for AD in combination with topical 118 

corticosteroids.48 Nevertheless, a monotherapy clinical trial of tezepelumab  for AD is 119 

being conducted (NCT03809663), and will hopefully be able to shed light on its role in 120 

the disease. In addition, advanced clinical trials of tezepelumab for asthma have shown 121 

favorable results.49 122 

A phase II proof-of-concept clinical trial of a monoclonal antibody antagonizing OX40, 123 

GBR 830, showed that only two intravenous doses of the drug, administered 4 weeks 124 

apart, induced significant improvement of tissue and clinical measurements until day 71 125 

(42 days after the last dose).50 Although this study was primarily designed as a safety and 126 

mechanistic biomarker study, clinical efficacy was observed, as more patients achieved 127 

EASI-50 in the GBR 830-treated group vs the placebo group. GBR 830 was well 128 

tolerated, and tissue analysis showed significant reductions of Th1, Th2, and Th17/Th22-129 

related markers, as well as significant reduction of epidermal hyperplasia. This study 130 

provides first evidence for the pathogenic role of OX40 in AD, and highlights the 131 

potential benefits of OX40 antagonism for the disease.50 A small Japanese study with 132 

another OX40 antagonist, KHK4083, also shows encouraging data in a small study of 22 133 

severe AD patients receiving only three IV doses, with sustained reductions in EASI 134 

scores and CCL17 in the circulation until week 22.51 135 

As for the IL-33 component, anti-IL-33 agents showed favorable results in murine  136 

models for AD and acute allergic airway inflammation.52, 53 In humans, a small, single 137 
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arm, proof-of-concept, phase IIa clinical trial of an anti-IL-33 monoclonal antibody, 138 

ANB020 (etokimab), was presented in 2018.54 Twelve moderate-to-severe AD patients 139 

were enrolled and treated with a single intravenous dose of placebo followed by a single 140 

intravenous dose of the drug. All patients achieved at least EASI-50 response and the 141 

drug was well tolerated. A phase II clinical trial is ongoing (NCT03533751). In addition, 142 

a different agent targeting IL-33 (REGN3500) is also being investigated, as a 143 

monotherapy and in combination with dupilumab in another phase II, placebo controlled, 144 

clinical trial (NCT03736967). Nevertheless, results of these clinical trials  were not yet 145 

published in a peer-reviewed journal.  146 

In summary, Th2 pathway includes important immune factors other than IL-4 and IL-13, 147 

such as IL-31 and the TSLP-OX40 axis, and agents targeting these cytokines have shown 148 

variable efficacy for AD. Further clinical investigations of such targeted drugs (with 149 

special attention to younger populations in these trials) may dissect the pathogenic role of 150 

each component of the TSLP-OX40 pathway, and its therapeutic potential. 151 

 152 

Th22 as a therapeutic target 153 

The Th22 pathway is as consistently activated as the Th2 pathway in AD, and both are 154 

considered key immune drivers of AD.55 IL-22, the lead Th22 cytokine, was suggested to 155 

have a major pathogenic role in epidermal pathology. By attenuating keratinocyte 156 

terminal differentiation and inhibiting tight-junction formation, IL-22 over-expression 157 

results in barrier dysfunction and epidermal hyperplasia.56-58 There is strong rationale for 158 

anti-IL-22 therapeutics in AD, as cytokine levels are significantly elevated in lesional AD 159 

skin and correlates with disease severity. IL-22 also correlates with clinical responses to 160 
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different AD treatments, including topical corticosteroids, cyclosporine A, phototherapy 161 

by NB-UVB, dupilumab, and ustekinumab.11, 59-64  162 

A phase IIa clinical trial investigating fezakinumab, an IL-22–blocking monoclonal 163 

antibody, showed significant clinical improvements vs placebo, particularly in patients 164 

with severe AD (SCORAD>50), but fezakinumab did not show significant efficacy for 165 

moderate patients.65 The monoclonal antibody was well tolerated, and the most common 166 

adverse events were viral upper respiratory tract infections.65 Another study of 167 

fezakinumab, focusing on the mechanistic responses to the drug in skin biopsies, revealed 168 

reversal of multiple pathologic features of AD skin, as well as reduced overall 169 

inflammatory burden, including Th1, Th2, and Th17-related markers, in addition to the 170 

Th22 pathway.66 In this study, treatment effects were primarily seen in patients with high 171 

levels of IL-22 at baseline. Surprisingly, participants with low baseline levels of IL- even 172 

had a tendency toward AD exacerbation.66  173 

These findings again emphasize the need for a personalized approach in AD patients, as 174 

for severe patients, preferably with high baseline levels of IL-22, the drug show 175 

significant clinical and molecular benefit.9  176 

 177 

Agents antagonizing Th17/IL-23  178 

One of the main immune components showing variable over- and under-expression in 179 

different AD subtypes, is the Th17/IL-23 pathway. Cytokines related to this pathway, 180 

specifically IL-17 and IL-23, play a pivotal role in the pathogenesis of psoriasis, and 181 

multiple highly efficacious monoclonal antibodies in psoriasis target these cytokines.67, 68 182 

In AD, greater Th17/IL-23 up-regulations occurs in Asians vs. European Americans, 183 
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intrinsic vs. extrinsic, and pediatric vs. adult AD patients.21, 22, 29, 69  In these groups, in 184 

addition to the common Th2/Th22 over-expression, higher Th17-related markers are 185 

detected. Especially in Asian AD, histologic features that are characteristic to psoriasis, 186 

such as significant acanthosis and focal parakeratosis, are also more frequent.70, 71 In 187 

addition, regardless of the AD subtype, both IL-17 and IL-23 decreases are coupled with 188 

improvement of AD following various treatments.11, 59-61, 63, 66 IL-23 regulates induction 189 

of IL-17 and IL-22 cytokines, which synergistically stimulate tissue inflammation and 190 

skin barrier disruption.72 IL-17 includes six family members, IL-17A-F.73 IL-17A, 191 

produced by activated lymphocytes, is perhaps the most known cytokine of this family 192 

due to an IL-17A inhibitor, secukinumab, a monoclonal antibody with great efficacy in 193 

psoriasis.74 Bimekizumab, another monoclonal specific for both IL-17A and IL-17F, is 194 

also very effective in psoriasis.75  195 

Ustekinumab, a human monoclonal antibody inhibiting the shared p40 subunit of IL-12 196 

and IL-23, is an effective drug for psoriasis due to its IL-23 antagonism.76, 77 For AD, 197 

despite mechanistic response in skin biopsies, ustekinumab, in conjunction with topical 198 

corticosteroids, failed to achieve statistically significant improvement in a phase II, 199 

placebo-controlled clinical trial.62 The inconclusive results were attributed to insufficient 200 

dosing of ustekinumab and to the unlimited use of background topical corticosteroids.62 201 

The results of the clinical trial treating AD with secukinumab are not available 202 

(NCT02594098, NCT03568136).  203 

Thus, several Th17/IL-23 pathway members might serve as potential targets for AD 204 

treatments, particularly in certain AD phenotypes, such as Asians with AD. The efficacy 205 

of such approach in AD is yet to be determined.  206 
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The unsatisfactory results of both fezakizumab (targeting Th22) and ustekinumab 207 

(targeting primarily Th17) in AD reinforce the potential need for a combined therapeutic 208 

approach, that will target more than one cytokine/immune axis in AD. 209 

 210 

Targeting Other Epidermal Cytokines 211 

Unlike the above-mentioned IL-17 cytokines, which are produced by Th17 T-cells, IL-212 

17C is produced by epidermal keratinocytes and other non-immune cells.78 It shares with 213 

IL-17A similar effects on keratinocytes, as well as a reciprocal effect in which IL-17A 214 

induces IL-17C in keratinocytes, and IL-17C in turn, induces T lymphocytes to produce 215 

more IL-17A, a process known as the “feed-forward” mechanism of the skin.78, 79 In 216 

addition, IL-17C also has autocrine affects on neighboring keratinocytes, as the cytokine 217 

influences innate epithelial immune reactions, with synergistic effects with IL-1 and IL-218 

22.79 In AD murine models, IL-17C neutralization reduces skin inflammation.79, 80 A 219 

recent phase I, proof-of-concept, dose ranging clinical trial of a selective IL-17C 220 

inhibitor, MOR106, was presented in 2018.81 In this small preliminary trial of 25 patients, 221 

three different doses (1, 4, and 10 mg/kg) of the monoclonal antibody were investigated. 222 

Approximately 80% of patients treated with higher doses of MOR106 achieved EASI-50, 223 

compared with less than 20% in the placebo group. MOR106 was well tolerated. Phase I 224 

data have not been published in a peer-reviewed journal; but due to these promising 225 

results, phase II clinical trials are recruiting (NCT03864627, NCT03568071).81  226 

Broad acting agents 227 

AD is characterized by activation of more than one immune pathway, presenting variable 228 

activation of various axes in different disease subsets. Therefore, treatments inhibiting 229 
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several immune pathways may be appealing in order to provide therapeutic benefit across 230 

all patient populations. Broad acting agents are currently being investigated in large-scale 231 

AD clinical trials. It is important to point out that some broad-acting systemic agents 232 

were ineffective in AD, such as anti-tumor necrosis factor (TNFs), which are effective for 233 

psoriasis, but failed in AD clinical trials.82-84 Systemic targeting of phosphodiesterase 4 234 

with apremilast, also efficacious in psoriasis, but did not show significant benefit in AD 235 

in the 30mg dose.84 236 

 237 

Janus kinase inhibitors 238 

The Janus kinase (JAK) inhibitors, which are developed both as oral small molecules and 239 

topical formulations, are promising agents that target multiple downstream cytokines 240 

involved in AD. The JAKs are a family of tyrosine kinases, including JAK1, JAK2, 241 

JAK3 and TYK2 (Fig 2).85 The JAK/signal transducer and activator of transcription 242 

(STAT) pathway is considered a master regulator of immune function, as it mediates a 243 

range of intra-cellular immune responses, including polar cytokines involved in the 244 

pathogenesis of AD, such as Th2 (IL-4, IL-5, IL-13, TSLP), Th22 (IL-22), and Th1 245 

pathways (IFN-γ, IL-12, IL-23).86, 87  246 

Baricitinib, a JAK 1/2 antagonist, was recently approved by the FDA for rheumatoid 247 

arthritis (RA) and was the first oral JAK inhibitor to progress to phase III clinical trials 248 

for AD (NCT03435081).88 In the phase II trial, significantly more baricitinib-treated 249 

patients, compared with placebo, achieved 50% or more reduction of Eczema Area and 250 

Severity Index (EASI-50) at 16 weeks (61% vs 37%). Baricitinib efficacy over placebo 251 

was apparent after 4 weeks of treatment.88 While being mostly well tolerated, more 252 
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adverse events were documented in the baricitinib-treated group, including headache, 253 

nasopharyngitis, and increased blood creatine phosphokinase (CPK). More adverse 254 

events were found in the 4 mg group, which also showed better efficacy, in comparison 255 

with the 2 mg dose group and with placebo.  On the other hand, baricitinb-related adverse 256 

events which were previously reported in RA patients, were not reported in AD 257 

patients.89  258 

Another JAK inhibitor tested for AD is updadacitinib, a selective JAK1 inhibitor. 259 

Upadacitinib showed efficacy in phase III trials for RA,90 and was recently FDA 260 

approved for this indication, with a boxed warning due to risk of thrombosis and 261 

embolisms. Results of a phase II trial of upadacitinib for AD showed impressive clinical 262 

outcomes, as approximately 50% of drug-treated patients achieved EASI-90 and clear or 263 

almost clear status (IGA 0/1). Upadacitinib was generally well tolerated, with some 264 

adverse events such as acne, CPK elevation, and nasopharingitis.91 Currently, multiple 265 

phase III clinical trials of upadacitinib for AD are recruiting in both adults and 266 

adolescents patients (NCT03607422, NCT03569293), including a phase IIIb, 267 

randomized, multi-center study that will evaluate upadacitinib vs dupilumab in adults 268 

(NCT03738397).  269 

Abrocitinib (formerly PF-04965842), is another specific JAK1 inhibitor tested for AD. 270 

The drug showed some efficacy for psoriasis in a phase II clinical trial, but more adverse 271 

effects were found in the higher-dose group (where greater efficacy was demonstrated), 272 

and the drug did not proceed for further psoriasis trials.92 For AD, on the other hand, 273 

promising results were found in a phase II clinical trial that showed that up to 45% of 274 

abrocitinib-treated patients clinically improved, as assessed by the IGA score, as 275 
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compared with only 6% of patients treated with placebo.93 Phase III clinical trials of 276 

abrocitinib in adults and adolescents with moderate-to-severe AD are being completed 277 

(NCT03575871, NCT03422822).  278 

In addition to these three JAK inhibitors currently tested for AD, favorable data were 279 

recently published on a new dual JAK-Spleen Tyrosine Kinase (SYK) inhibitor 280 

(ASN002), following a phase Ib clinical trial for AD.94 SYK is a non-receptor tyrosine 281 

kinase (Fig 2), and the SYK pathway is involved in several cytokine signaling immune 282 

pathways, with subsequent regulation on Th17, B-cell and dendritic cells activation, as 283 

well as inhibition on keratinocyte terminal differentiation.95-104 Concomitant JAK and 284 

SYK inhibition had synergistic, beneficial anti-inflammatory effects,100, 105 providing the 285 

rationale to add SYK inhibition to JAK antagonism as a potential added therapeutic value 286 

to AD. 287 

The dual JAK/SYK inhibitor ASN002 was studied in a dose-escalation protocol, with 288 

thirty-six adults with moderate-to-severe AD randomized to placebo or 20, 40, or 80 mg 289 

of ASN002 for 4 weeks (NCT03139981).94 The drug showed rapid therapeutic onset, 290 

with improvement in pruritus starting at day 8 in the highest dose-group, in addition to 291 

statistically significant decreases in EASI scores in comparison with placebo, with 83% 292 

to 100% of patients achieving EASI-50 in the 40mg and 80 mg groups. There were no 293 

serious adverse events. Mechanistic investigations of serum markers showed significant 294 

down-regulations in Th1, Th2 and Th17/Th22 activation, as well as decreased levels of 295 

the atherosclerosis-associated biomarker E selectin/SELE, suggesting improvement in 296 

systemic inflammation.94 In addition, skin biopsies revealed ASN002 reversed the 297 

molecular dysregulations in lesional skin towards a non-lesional phenotype, by rapidly 298 
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and significantly suppressing key inflammatory pathways implicated in AD 299 

pathogenesis.106 300 

Some JAK inhibitors are being tested as topical treatments with favorable clinical results 301 

in AD trials so far, including tofacitinib,107 JTE-032,108 and ruxolitinib (NCT03257644, 302 

NCT03011892, NCT03920852). 303 

It may be important to bear in mind that despite disseminating use of JAK inhibitors in 304 

dermatology, safety profiles differ among different agents, and long term safety is yet to 305 

be determined.109 306 

 307 

Histamine 4 receptor antihistamines 308 

Another class of broad-targeting inhibitors for AD has an entirely different mechanism of 309 

action. The histamine 4 receptor (H4R) antihistamines are drugs antagonizing the most 310 

recently discovered histamine receptor subtype, H4R, which plays a role in Th2 and Th17 311 

inflammation and pruritus.110-112 In contrast to H1R-blocking antihistamines, which are 312 

widely used as anti-pruritic agents, yet their effects in AD patients are mainly sedative,5 313 

an oral H4R antihistamine, ZPL-3893787, showed clinical efficacy on inflammatory skin 314 

lesions in an AD phase II clinical trial.113 In this 8-week trial, 78 moderate-to-severe AD 315 

patients were included, and significantly more ZPL-3893787-treated patients achieved 316 

EASI-75 score compared with placebo (35% vs 15%). Improvements of pruritus were 317 

non significant compared with placebo. ZPL-3893787 was safe and well tolerated.113 318 

This represents the first investigation of H4R antihistamine in AD patients and suggests 319 

the potential of this drug as novel therapeutic option for the disease. A long-term study 320 

assessing ZPL-3893787 safety and efficacy in AD is underway (NCT03948334).  321 



 15

 322 

Conclusion 323 

Mechanistic studies of AD using information from skin and blood analysis as well as 324 

results of clinical trials have highlighted the heterogeneity of this common disease. 325 

Patient characteristics such as age, ethnicity, atopic status, and genetic mutations of 326 

filaggrin independently affect the clinical phenotype. The variable clinical phenotype 327 

and, perhaps more importantly, the variable immunological/molecular fingerprint of AD, 328 

may necessitate different therapeutic approaches in different patients subsets, including 329 

potentially a personalized medicine approach or dual cytokine targeting, depending on 330 

AD subset. Due to this variability, agents with broader, general activity, such as JAK 331 

inhibitors, may have more generalized response. Three JAK inhibitors: baricitinib, 332 

upadacitinib, and abrocitinib, a dual JAK-SYK inhibitor, ASN002, and a histamine H4R 333 

antagonist, ZPL-3893787, are being investigated with promising results so far as broad-334 

acting, systemic, small molecules in AD clinical trials.88, 94, 113 Nevertheless, large long-335 

term studies in AD patients are needed to assess the safety of these treatments for chronic 336 

use in AD. Dupilumab, the first FDA-approved targeted monoclonal antibody approved 337 

for AD, shows durable efficacy in longer studies and excellent safety for chronic use in 338 

both adults and adolescents. Dupilumab is currently considered a mainstay of treatment 339 

for moderate-to-severe AD patients, where it revolutionized the treatment 340 

armamentarium.6, 13, 114, 115 Many other specific agents that are being investigated for 341 

moderate-to-severe patients, show favorable results in early or late clinical trials. These 342 

include targeted treatments antagonizing other Th2-pathway immune components (i.e 343 

OX40/GBR 830, KHK4083, IL-33/etokinumab), Th22/IL-22 (fezakinumab), and 344 
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epidermal cytokines (i.e IL-17C/MOR106), which are also anticipated to progress to 345 

advanced clinical trial phases.50, 65 IL-31, originally considered the itch cytokine, shows 346 

significant clinical benefit, in addition to impressive improvement in pruritus, and is 347 

advancing to phase III. Anti-IL-13 monoclonal antibodies, tralokinumab and 348 

lebrikizumab, are also being investigated with favorable data in late stage trials for AD, 349 

but these are beyond the scope of this review.14, 15 Various agents differ not only by 350 

efficacy, as determined by clinical scoring systems, but also by other aspects. For 351 

example, several agents show profound benefits rapidly (e.g some JAK inhibitors), and 352 

other agents show later response, yet longevity of effect (e.g TSLP-OX40 antagonists). 353 

Parallel investigations of both broad and narrow acting drugs, in multiple ongoing 354 

clinical trials, will eventually transform the therapeutic paradigm of moderate-to-severe 355 

AD, as was the case for psoriasis. Mechanistic investigations of these various treatments 356 

will help dissect the complex contribution of various cytokines to AD, to ultimately 357 

improve long-term disease management and prevention of flares. 358 



 1 

References 1 

1. Ronnstad ATM, Halling-Overgaard AS, Hamann CR, Skov L, Egeberg A, 2 

Thyssen JP. Association of atopic dermatitis with depression, anxiety, and 3 

suicidal ideation in children and adults: A systematic review and meta-analysis. J 4 

Am Acad Dermatol. 2018;79:448-456 e430. 5 

2. Wollenberg A, Oranje A, Deleuran M, et al. ETFAD/EADV Eczema task force 6 

2015 position paper on diagnosis and treatment of atopic dermatitis in adult and 7 

paediatric patients. J Eur Acad Dermatol Venereol. 2016;30:729-747. 8 

3. Ungar B, Garcet S, Gonzalez J, et al. An Integrated Model of Atopic Dermatitis 9 

Biomarkers Highlights the Systemic Nature of the Disease. J Invest Dermatol. 10 

2017;137:603-613. 11 

4. Chiesa Fuxench ZC, Block JK, Boguniewicz M, et al. Atopic Dermatitis in 12 

America Study: A Cross-Sectional Study Examining the Prevalence and Disease 13 

Burden of Atopic Dermatitis in the US Adult Population. J Invest Dermatol. 14 

2019;139:583-590. 15 

5. Wollenberg A, Barbarot S, Bieber T, et al. Consensus-based European guidelines 16 

for treatment of atopic eczema (atopic dermatitis) in adults and children: part II. J 17 

Eur Acad Dermatol Venereol. 2018;32:850-878. 18 

6. Renert-Yuval Y, Guttman-Yassky E. Systemic therapies in atopic dermatitis: The 19 

pipeline. Clin Dermatol. 2017;35:387-397. 20 

7. Noda S, Krueger JG, Guttman-Yassky E. The translational revolution and use of 21 

biologics in patients with inflammatory skin diseases. J Allergy Clin Immunol. 22 

2015;135:324-336. 23 

8. Thaci D, Simpson EL, Beck LA, et al. Efficacy and safety of dupilumab in adults 24 

with moderate-to-severe atopic dermatitis inadequately controlled by topical 25 

treatments: a randomised, placebo-controlled, dose-ranging phase 2b trial. Lancet. 26 

2015. 27 

9. Simpson EL, Bieber T, Guttman-Yassky E, et al. Two Phase 3 Trials of 28 

Dupilumab versus Placebo in Atopic Dermatitis. N Engl J Med. 2016. 29 

10.  Press release of FDA-approval of dupilumab in adolescents. 30 

https://www.drugs.com/newdrugs/fda-approves-dupixent-dupilumab-moderate-31 

severe-atopic-dermatitis-adolescents-4929.html. Accessed September 24, 2019. 32 

11. Hamilton JD, Suarez-Farinas M, Dhingra N, et al. Dupilumab improves the 33 

molecular signature in skin of patients with moderate-to-severe atopic dermatitis. 34 

J Allergy Clin Immunol. 2014;134:1293-1300. 35 

12. Guttman-Yassky E, Bissonnette R, Ungar B, et al. Dupilumab progressively 36 

improves systemic and cutaneous abnormalities in atopic dermatitis patients. J 37 

Allergy Clin Immunol. 2018. 38 

13. Moyle M, Cevikbas F, Harden JL, Guttman-Yassky E. Understanding the immune 39 

landscape in atopic dermatitis: The era of biologics and emerging therapeutic 40 

approaches. Exp Dermatol. 2019;28:756-768. 41 

14. Wollenberg A, Howell MD, Guttman-Yassky E, et al. Treatment of atopic 42 

dermatitis with tralokinumab, an anti-IL-13 mAb. J Allergy Clin Immunol. 2018. 43 

15. Simpson EL, Flohr C, Eichenfield LF, et al. Efficacy and safety of lebrikizumab 44 

(an anti-IL-13 monoclonal antibody) in adults with moderate-to-severe atopic 45 



 2 

dermatitis inadequately controlled by topical corticosteroids: A randomized, 46 

placebo-controlled phase II trial (TREBLE). J Am Acad Dermatol. 2018. 47 

16. Press release of postivie results of lebrikizumab. https://dermira.gcs-48 

web.com/news-releases/news-release-details/dermira-announces-positive-topline-49 

results-phase-2b-study?field_nir_news_date_value%5bmin%5d=. Accessed 50 

September 24, 2019. 51 

17. Czarnowicki T, He H, Krueger JG, Guttman-Yassky E. Atopic dermatitis 52 

endotypes and implications for targeted therapeutics. J Allergy Clin Immunol. 53 

2019;143:1-11. 54 

18. Brunner PM, Guttman-Yassky E. Racial differences in atopic dermatitis. Ann 55 

Allergy Asthma Immunol. 2019;122:449-455. 56 

19. Zhou L, Leonard A, Pavel AB, et al. Age-specific changes in the molecular 57 

phenotype of patients with moderate-to-severe atopic dermatitis. J Allergy Clin 58 

Immunol. 2019;144:144-156. 59 

20. Wen HC, Czarnowicki T, Noda S, et al. Serum from Asian patients with atopic 60 

dermatitis is characterized by TH2/TH22 activation, which is highly correlated 61 

with nonlesional skin measures. J Allergy Clin Immunol. 2018;142:324-328 e311. 62 

21. Noda S, Suarez-Farinas M, Ungar B, et al. The Asian atopic dermatitis phenotype 63 

combines features of atopic dermatitis and psoriasis with increased TH17 64 

polarization. J Allergy Clin Immunol. 2015;136:1254-1264. 65 

22. Suarez-Farinas M, Dhingra N, Gittler J, et al. Intrinsic atopic dermatitis shows 66 

similar TH2 and higher TH17 immune activation compared with extrinsic atopic 67 

dermatitis. J Allergy Clin Immunol. 2013;132:361-370. 68 

23. Kezic S, O'Regan GM, Lutter R, et al. Filaggrin loss-of-function mutations are 69 

associated with enhanced expression of IL-1 cytokines in the stratum corneum of 70 

patients with atopic dermatitis and in a murine model of filaggrin deficiency. J 71 

Allergy Clin Immunol. 2012;129:1031-1039 e1031. 72 

24. Akdis CA, Akdis M. Immunological differences between intrinsic and extrinsic 73 

types of atopic dermatitis. Clin Exp Allergy. 2003;33:1618-1621. 74 

25. Esaki H, Brunner PM, Renert-Yuval Y, et al. Early-onset pediatric atopic 75 

dermatitis is TH2 but also TH17 polarized in skin. J Allergy Clin Immunol. 76 

2016;138:1639-1651. 77 

26. Czarnowicki T, Esaki H, Gonzalez J, et al. Alterations in B-cell subsets in 78 

pediatric patients with early atopic dermatitis. J Allergy Clin Immunol. 79 

2017;140:134-144 e139. 80 

27. Brunner PM, Suarez-Farinas M, He H, et al. The atopic dermatitis blood signature 81 

is characterized by increases in inflammatory and cardiovascular risk proteins. Sci 82 

Rep. 2017;7:8707. 83 

28. Sanyal RD, Pavel AB, Glickman J, et al. Atopic dermatitis in African American 84 

patients is TH2/TH22-skewed with TH1/TH17 attenuation. Ann Allergy Asthma 85 

Immunol. 2018. 86 

29. Kaufman BP, Guttman-Yassky E, Alexis AF. Atopic dermatitis in diverse racial 87 

and ethnic groups-Variations in epidemiology, genetics, clinical presentation and 88 

treatment. Exp Dermatol. 2018;27:340-357. 89 



 3 

30. Czarnowicki T, Krueger JG, Guttman-Yassky E. Novel concepts of prevention 90 

and treatment of atopic dermatitis through barrier and immune manipulations with 91 

implications for the atopic march. J Allergy Clin Immunol. 2017;139:1723-1734. 92 

31. Hamilton JD, Ungar B, Guttman-Yassky E. Drug evaluation review: dupilumab in 93 

atopic dermatitis. Immunotherapy. 2015;7:1043-1058. 94 

32. Beck LA, Thaci D, Hamilton JD, et al. Dupilumab treatment in adults with 95 

moderate-to-severe atopic dermatitis. N Engl J Med. 2014;371:130-139. 96 

33. Dupilumab (Dupixent) for Asthma. JAMA. 2019;321:1000-1001. 97 

34. Bachert C, Hellings PW, Mullol J, et al. Dupilumab improves patient-reported 98 

outcomes in patients with chronic rhinosinusitis with nasal polyps and comorbid 99 

asthma. J Allergy Clin Immunol Pract. 2019. 100 

35. Blauvelt A, de Bruin-Weller M, Gooderham M, et al. Long-term management of 101 

moderate-to-severe atopic dermatitis with dupilumab and concomitant topical 102 

corticosteroids (LIBERTY AD CHRONOS): a 1-year, randomised, double-103 

blinded, placebo-controlled, phase 3 trial. Lancet. 2017;389:2287-2303. 104 

36. Sonkoly E, Muller A, Lauerma AI, et al. IL-31: a new link between T cells and 105 

pruritus in atopic skin inflammation. J Allergy Clin Immunol. 2006;117:411-417. 106 

37. Dillon SR, Sprecher C, Hammond A, et al. Interleukin 31, a cytokine produced by 107 

activated T cells, induces dermatitis in mice. Nat Immunol. 2004;5:752-760. 108 

38. Cornelissen C, Marquardt Y, Czaja K, et al. IL-31 regulates differentiation and 109 

filaggrin expression in human organotypic skin models. J Allergy Clin Immunol. 110 

2012;129:426-433, 433 e421-428. 111 

39. Kabashima K, Furue M, Hanifin JM, et al. Nemolizumab in patients with 112 

moderate-to-severe atopic dermatitis: Randomized, phase II, long-term extension 113 

study. J Allergy Clin Immunol. 2018;142:1121-1130 e1127. 114 

40. Mihara R, Kabashima K, Furue M, Nakano M, Ruzicka T. Nemolizumab in 115 

moderate to severe atopic dermatitis: An exploratory analysis of work 116 

productivity and activity impairment in a randomized phase II study. J Dermatol. 117 

2019. 118 

41. Ruzicka T, Hanifin JM, Furue M, et al. Anti-Interleukin-31 Receptor A Antibody 119 

for Atopic Dermatitis. N Engl J Med. 2017;376:826-835. 120 

42. Silverberg JI, Pinter A, Pulka G, et al. Phase 2b Randomized Study of 121 

Nemolizumab in Adults with Moderate-Severe Atopic Dermatitis and Severe 122 

Pruritus. J Allergy Clin Immunol. 2019. 123 

43. Liu YJ. Thymic stromal lymphopoietin and OX40 ligand pathway in the initiation 124 

of dendritic cell-mediated allergic inflammation. J Allergy Clin Immunol. 125 

2007;120:238-244; quiz 245-236. 126 

44. Murakami-Satsutani N, Ito T, Nakanishi T, et al. IL-33 promotes the induction 127 

and maintenance of Th2 immune responses by enhancing the function of OX40 128 

ligand. Allergol Int. 2014;63:443-455. 129 

45. Seltmann J, Roesner LM, von Hesler FW, Wittmann M, Werfel T. IL-33 impacts 130 

on the skin barrier by downregulating the expression of filaggrin. J Allergy Clin 131 

Immunol. 2015;135:1659-1661 e1654. 132 

46. Ilves T, Harvima IT. OX40 ligand and OX40 are increased in atopic dermatitis 133 

lesions but do not correlate with clinical severity. J Eur Acad Dermatol Venereol. 134 

2013;27:e197-205. 135 



 4 

47. Brunner PM, He H, Pavel AB, et al. The blood proteomic signature of early-onset 136 

pediatric atopic dermatitis shows systemic inflammation and is distinct from 137 

adult, longstanding disease. J Am Acad Dermatol. 2019. 138 

48. Gauvreau GM, O'Byrne PM, Boulet LP, et al. Effects of an anti-TSLP antibody 139 

on allergen-induced asthmatic responses. N Engl J Med. 2014;370:2102-2110. 140 

49. Corren J, Parnes JR, Wang L, et al. Tezepelumab in Adults with Uncontrolled 141 

Asthma. N Engl J Med. 2017;377:936-946. 142 

50. Guttman-Yassky E, Pavel AB, Zhou L, et al. GBR 830, an anti-OX40, improves 143 

skin gene signatures and clinical scores in patients with atopic dermatitis. J 144 

Allergy Clin Immunol. 2019. 145 

51. Nakagawa H. Safety, tolerability and efficacy of repeated intravenous infusions of 146 

a fully human anti-OX40 monoclonal antibody (KHK4083) in patients with 147 

moderate to sever atopic dermatitis. 27th EADV congress, Paris, France, 2018. 148 

52. Peng G, Mu Z, Cui L, et al. Anti-IL-33 Antibody Has a Therapeutic Effect in an 149 

Atopic Dermatitis Murine Model Induced by 2, 4-Dinitrochlorobenzene. 150 

Inflammation. 2018;41:154-163. 151 

53. Holgado A, Braun H, Van Nuffel E, et al. IL-33trap is a novel IL-33-neutralizing 152 

biologic that inhibits allergic airway inflammation. J Allergy Clin Immunol. 2019. 153 

54. Ogg G. proof-of-concept phase 2a clinical trial of ANB020 (anti-IL-33 antibody) 154 

in the treatment of moderate-to-severe atopic dermatitis. AAD annual meeting, 155 

San Diego, CA, USA, 2018. 156 

55. Mansouri Y, Guttman-Yassky E. Immune Pathways in Atopic Dermatitis, and 157 

Definition of Biomarkers through Broad and Targeted Therapeutics. J Clin Med. 158 

2015;4:858-873. 159 

56. Gutowska-Owsiak D, Schaupp AL, Salimi M, et al. IL-17 downregulates filaggrin 160 

and affects keratinocyte expression of genes associated with cellular adhesion. 161 

Exp Dermatol. 2012;21:104-110. 162 

57. Howell MD, Kim BE, Gao P, et al. Cytokine modulation of atopic dermatitis 163 

filaggrin skin expression. J Allergy Clin Immunol. 2007;120:150-155. 164 

58. Nograles KE, Zaba LC, Guttman-Yassky E, et al. Th17 cytokines interleukin 165 

(IL)-17 and IL-22 modulate distinct inflammatory and keratinocyte-response 166 

pathways. Br J Dermatol. 2008;159:1092-1102. 167 

59. Khattri S, Shemer A, Rozenblit M, et al. Cyclosporine in patients with atopic 168 

dermatitis modulates activated inflammatory pathways and reverses epidermal 169 

pathology. J Allergy Clin Immunol. 2014;133:1626-1634. 170 

60. Tintle S, Shemer A, Suarez-Farinas M, et al. Reversal of atopic dermatitis with 171 

narrow-band UVB phototherapy and biomarkers for therapeutic response. J 172 

Allergy Clin Immunol. 2011;128:583-593 e581-584. 173 

61. Brunner PM, Khattri S, Garcet S, et al. A mild topical steroid leads to progressive 174 

anti-inflammatory effects in the skin of patients with moderate-to-severe atopic 175 

dermatitis. J Allergy Clin Immunol. 2016. 176 

62. Khattri S, Brunner PM, Garcet S, et al. Efficacy and safety of ustekinumab 177 

treatment in adults with moderate-to-severe atopic dermatitis. Exp Dermatol. 178 

2016. 179 



 5 

63. Guttman-Yassky E, Ungar B, Malik K, et al. Molecular signatures order the 180 

potency of topically applied anti-inflammatory drugs in patients with atopic 181 

dermatitis. J Allergy Clin Immunol. 2017;140:1032-1042 e1013. 182 

64. Nograles KE, Zaba LC, Shemer A, et al. IL-22-producing "T22" T cells account 183 

for upregulated IL-22 in atopic dermatitis despite reduced IL-17-producing TH17 184 

T cells. J Allergy Clin Immunol. 2009;123:1244-1252 e1242. 185 

65. Guttman-Yassky E, Brunner PM, Neumann AU, et al. Efficacy and safety of 186 

fezakinumab (an IL-22 monoclonal antibody) in adults with moderate-to-severe 187 

atopic dermatitis inadequately controlled by conventional treatments: A 188 

randomized, double-blind, phase 2a trial. J Am Acad Dermatol. 2018. 189 

66. Brunner PM, Pavel AB, Khattri S, et al. Baseline IL22 expression in atopic 190 

dermatitis patients stratifies tissue responses to fezakinumab. J Allergy Clin 191 

Immunol. 2018. 192 

67. Hawkes JE, Chan TC, Krueger JG. Psoriasis pathogenesis and the development of 193 

novel targeted immune therapies. J Allergy Clin Immunol. 2017;140:645-653. 194 

68. Krueger JG, Fretzin S, Suarez-Farinas M, et al. IL-17A is essential for cell 195 

activation and inflammatory gene circuits in subjects with psoriasis. J Allergy 196 

Clin Immunol. 2012;130:145-154 e149. 197 

69. Esaki H, Brunner PM, Renert-Yuval Y, et al. Early-onset pediatric atopic 198 

dermatitis is TH2 but also TH17 polarized in skin. J Allergy Clin Immunol. 2016. 199 

70. Suarez-Farinas M, Ungar B, Correa da Rosa J, et al. RNA sequencing atopic 200 

dermatitis transcriptome profiling provides insights into novel disease 201 

mechanisms with potential therapeutic implications. J Allergy Clin Immunol. 202 

2015;135:1218-1227. 203 

71. Suarez-Farinas M, Ungar B, Noda S, et al. Alopecia areata profiling shows TH1, 204 

TH2, and IL-23 cytokine activation without parallel TH17/TH22 skewing. J 205 

Allergy Clin Immunol. 2015;136:1277-1287. 206 

72. Zheng Y, Danilenko DM, Valdez P, et al. Interleukin-22, a T(H)17 cytokine, 207 

mediates IL-23-induced dermal inflammation and acanthosis. Nature. 208 

2007;445:648-651. 209 

73. Gu C, Wu L, Li X. IL-17 family: cytokines, receptors and signaling. Cytokine. 210 

2013;64:477-485. 211 

74. Langley RG, Elewski BE, Lebwohl M, et al. Secukinumab in plaque psoriasis--212 

results of two phase 3 trials. N Engl J Med. 2014;371:326-338. 213 

75. Papp KA, Merola JF, Gottlieb AB, et al. Dual neutralization of both interleukin 214 

17A and interleukin 17F with bimekizumab in patients with psoriasis: Results 215 

from BE ABLE 1, a 12-week randomized, double-blinded, placebo-controlled 216 

phase 2b trial. J Am Acad Dermatol. 2018;79:277-286 e210. 217 

76. Papp KA, Langley RG, Lebwohl M, et al. Efficacy and safety of ustekinumab, a 218 

human interleukin-12/23 monoclonal antibody, in patients with psoriasis: 52-219 

week results from a randomised, double-blind, placebo-controlled trial 220 

(PHOENIX 2). Lancet. 2008;371:1675-1684. 221 

77. Leonardi CL, Kimball AB, Papp KA, et al. Efficacy and safety of ustekinumab, a 222 

human interleukin-12/23 monoclonal antibody, in patients with psoriasis: 76-223 

week results from a randomised, double-blind, placebo-controlled trial 224 

(PHOENIX 1). Lancet. 2008;371:1665-1674. 225 



 6 

78. Guttman-Yassky E, Krueger JG. IL-17C: A Unique Epithelial Cytokine with 226 

Potential for Targeting across the Spectrum of Atopic Dermatitis and Psoriasis. J 227 

Invest Dermatol. 2018;138:1467-1469. 228 

79. Ramirez-Carrozzi V, Sambandam A, Luis E, et al. IL-17C regulates the innate 229 

immune function of epithelial cells in an autocrine manner. Nat Immunol. 230 

2011;12:1159-1166. 231 

80. Vandeghinste N, Klattig J, Jagerschmidt C, et al. Neutralization of IL-17C 232 

Reduces Skin Inflammation in Mouse Models of Psoriasis and Atopic Dermatitis. 233 

J Invest Dermatol. 2018. 234 

81. Thaci D. MOR106, an anti-IL-17C mAb, a potential new approach for treatment 235 

of moderate-to-severe atopic dermatitis: phase 1 study. AAD annual meeting, San 236 

Diego, USA, 2018. 237 

82. Jacobi A, Antoni C, Manger B, Schuler G, Hertl M. Infliximab in the treatment of 238 

moderate to severe atopic dermatitis. J Am Acad Dermatol. 2005;52:522-526. 239 

83. Buka RL, Resh B, Roberts B, Cunningham BB, Friedlander S. Etanercept is 240 

minimally effective in 2 children with atopic dermatitis. J Am Acad Dermatol. 241 

2005;53:358-359. 242 

84. Simpson EL, Imafuku S, Poulin Y, et al. A Phase 2 Randomized Trial of 243 

Apremilast in Patients with Atopic Dermatitis. J Invest Dermatol. 2019;139:1063-244 

1072. 245 

85. Ghoreschi K, Gadina M. Jakpot! New small molecules in autoimmune and 246 

inflammatory diseases. Exp Dermatol. 2014;23:7-11. 247 

86. Schwartz DM, Kanno Y, Villarino A, Ward M, Gadina M, O'Shea JJ. JAK 248 

inhibition as a therapeutic strategy for immune and inflammatory diseases. Nat 249 

Rev Drug Discov. 2017;17:78. 250 

87. Howell MD, Fitzsimons C, Smith P. JAK/STAT inhibitors and other small 251 

molecule cytokine antagonists for the treatment of allergic disease. Annals of 252 

Allergy, Asthma & Immunology. 2018. 253 

88. Guttman-Yassky E, Silverberg JI, Nemoto O, et al. Baricitinib in adult patients 254 

with moderate-to-severe atopic dermatitis: a phase 2 parallel, double-blinded, 255 

randomized placebo-controlled multiple-dose study. J Am Acad Dermatol. 2018. 256 

89. Kunwar S, Collins CE, Constantinescu F. Baricitinib, a Janus kinase inhibitor, in 257 

the treatment of rheumatoid arthritis: a systematic literature review and meta-258 

analysis of randomized controlled trials. Clin Rheumatol. 2018;37:2611-2620. 259 

90. Smolen JS, Pangan AL, Emery P, et al. Upadacitinib as monotherapy in patients 260 

with active rheumatoid arthritis and inadequate response to methotrexate 261 

(SELECT-MONOTHERAPY): a randomised, placebo-controlled, double-blind 262 

phase 3 study. Lancet. 2019. 263 

91. Guttman-Yassky E. Primary results from a phase 2b, randomized, placebo-264 

controlled trial of upadacitinib for patients with atopic dermatitis. AAD annual 265 

meeting, San Diego, USA, 2018. 92. Schmieder GJ, Draelos ZD, Pariser DM, et 266 

al. Efficacy and safety of the Janus kinase 1 inhibitor PF-04965842 in patients 267 

with moderate-to-severe psoriasis: phase II, randomized, double-blind, placebo-268 

controlled study. Br J Dermatol. 2018;179:54-62. 269 



 7 

93. Gooderham M. PF-04965842, a selective jak1 inhibitor, for treatment of 270 

moderate-severe atopic dermatitis: a 12 week, randomized, double blind, placebo 271 

controlled phase 2 clinical trial. 26th EADV congress, Geneva, Switzerland, 2017. 272 

94. Bissonnette R, Maari C, Forman S, et al. The Oral JAK/SYK Inhibitor ASN002 273 

Demonstrates Efficacy and Improves Associated Systemic Inflammation in 274 

Patients with Moderate-to-Severe Atopic Dermatitis: Results from a Randomised, 275 

Double-Blind, Placebo-Controlled Study. Br J Dermatol. 2019. 276 

95. Wu N-L, Huang D-Y, Tsou H-N, Lin Y-C, Lin W-W. Syk Mediates IL− 17-277 

Induced CCL20 Expression by Targeting Act1-Dependent K63-Linked 278 

Ubiquitination of TRAF6. Journal of Investigative Dermatology. 2015;135:490-279 

498. 280 

96. Wu N-L, Huang D-Y, Wang L-F, Kannagi R, Fan Y-C, Lin W-W. Spleen 281 

tyrosine kinase mediates EGFR signaling to regulate keratinocyte terminal 282 

differentiation. Journal of Investigative Dermatology. 2016;136:192-201. 283 

97. Dennehy KM, Ferwerda G, Faro�Trindade I, et al. Syk kinase is required for 284 

collaborative cytokine production induced through Dectin�1 and Toll�like 285 

receptors. European journal of immunology. 2008;38:500-506. 286 

98. Friedberg JW, Sharman J, Sweetenham J, et al. Inhibition of Syk with 287 

fostamatinib disodium has significant clinical activity in non-Hodgkin lymphoma 288 

and chronic lymphocytic leukemia. Blood. 2010;115:2578-2585. 289 

99. Kurosaki T, Takata M, Yamanashi Y, et al. Syk activation by the Src-family 290 

tyrosine kinase in the B cell receptor signaling. Journal of Experimental 291 

Medicine. 1994;179:1725-1729. 292 

100. Llop-Guevara A, Porras M, Cendon C, et al. Simultaneous inhibition of JAK and 293 

SYK kinases ameliorates chronic and destructive arthritis in mice. Arthritis Res 294 

Ther. 2015;17:356. 295 

101. Mócsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: a crucial player 296 

in diverse biological functions. Nature Reviews Immunology. 2010;10:387. 297 

102. Rogers NC, Slack EC, Edwards AD, et al. Syk-dependent cytokine induction by 298 

Dectin-1 reveals a novel pattern recognition pathway for C type lectins. Immunity. 299 

2005;22:507-517. 300 

103. Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk tyrosine 301 

kinase required for mouse viability and B-cell development. Nature. 302 

1995;378:303. 303 

104. Turner M, Mee PJ, Costello PS, et al. Perinatal lethality and blocked B-cell 304 

development in mice lacking the tyrosine kinase Syk. Nature. 1995;378:298. 305 

105. Lee DE, Clark AK, Tran KA, Shi VY. New and emerging targeted systemic 306 

therapies: a new era for atopic dermatitis. Journal of Dermatological Treatment. 307 

2017:1-11. 308 

106. Pavel AB, Song T, Kim HJ, et al. Oral JAK/SYK-inhibition (ASN002) suppresses 309 

inflammation and improves epidermal barrier markers in atopic dermatitis. J 310 

Allergy Clin Immunol. 2019. 311 

107. Bissonnette R, Papp KA, Poulin Y, et al. Topical tofacitinib for atopic dermatitis: 312 

A Phase 2a randomised trial. Br J Dermatol. 2016. 313 

108. Nakagawa H, Nemoto O, Igarashi A, Nagata T. Efficacy and safety of topical 314 

JTE-052, a Janus kinase inhibitor, in Japanese adult patients with moderate-to-315 



 8 

severe atopic dermatitis: a phase II, multicentre, randomized, vehicle-controlled 316 

clinical study. Br J Dermatol. 2018;178:424-432. 317 

109. Gilhar A, Keren A, Paus R. JAK inhibitors and alopecia areata. Lancet. 318 

2019;393:318-319. 319 

110. Glatzer F, Gschwandtner M, Ehling S, et al. Histamine induces proliferation in 320 

keratinocytes from patients with atopic dermatitis through the histamine 4 321 

receptor. J Allergy Clin Immunol. 2013;132:1358-1367. 322 

111. De Benedetto A, Yoshida T, Fridy S, Park JE, Kuo IH, Beck LA. Histamine and 323 

Skin Barrier: Are Histamine Antagonists Useful for the Prevention or Treatment 324 

of Atopic Dermatitis? J Clin Med. 2015;4:741-755. 325 

112. Miyano K, Matsushita S, Tsuchida T, Nakamura K. Inhibitory effect of a 326 

histamine 4 receptor antagonist on CCL17 and CCL22 production by monocyte-327 

derived Langerhans cells in patients with atopic dermatitis. J Dermatol. 328 

2016;43:1024-1029. 329 

113. Werfel T, Layton G, Yeadon M, et al. Efficacy and safety of the histamine H4 330 

receptor antagonist ZPL-3893787 in patients with atopic dermatitis. J Allergy Clin 331 

Immunol. 2019;143:1830-1837 e1834. 332 

114. Renert-Yuval Y, Guttman-Yassky E. Monoclonal antibodies for the treatment of 333 

atopic dermatitis. Curr Opin Allergy Clin Immunol. 2018;18:356-364. 334 

115. Renert-Yuval Y, Guttman-Yassky E. What's New in Atopic Dermatitis. Dermatol 335 

Clin. 2019;37:205-213. 336 

 337 

 338 



Figure legend 

Figure 1. The immune dysregulations of AD, with corresponding targeted agents (red boxes). 

Under each Th pathway, in black boxes, are AD subtypes that were molecularly 

characterized, with arrows indicating the degree of over-expression of this specific Th axis in 

each clinical phenotype. 

Figure 2. Mechanism of action of JAK and SYK inhibitors. A, JAK inhibitors interfere with 

cytokine signaling by blocking signal transmission in various immune cells as well as 

keratinocytes, by preventing JAKs from phosphorylating substrates such as STATS, and 

therefore cytokine-dependent gene regulation is inhibited. B, SYK inhibition suppresses the 

activation of down-stream kinases, eventually resulting an anti-inflammatory effect.   
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Key massages 1 

• Atopic dermatitis (AD) is a common and heterogeneous inflammatory skin 2 

disease, with various subtypes differing by clinical, demographic, and molecular 3 

characteristics  4 

• Most patients can be managed by conventional interventions, but for those who 5 

require systemic immunosuppressive therapies, safe and effective alternative 6 

treatment options are limited 7 

• Some of the emerging broad- and narrow-targeting agents have shown significant 8 

benefit in clinical trials of patients with moderate-to-severe AD, paving the way 9 

for novel therapeutic paradigm  10 

• Beyond IL-4/IL-13 inhibitors, recent favorable outcomes were seen in clinical 11 

trials of JAK inhibitors (baricitinib, upadacitinib, and abrocitinib), a dual JAK-12 

SYK inhibitor (ASN002), a histamine H4R antagonist (ZPL-3893787), 13 

antagonists of the TSLP-OX40L axis (GBR 830, etokinumab), an IL-22 inhibitor 14 

(fezakinumab), and an IL-17C antagonist (MOR106) 15 

• These trials, with special attention to the variability among AD sub-populations, 16 

will also help to expand the current knowledge on AD pathogenesis, and to 17 

dissect the contribution of different molecular factors, to ultimately portray the 18 

full immunologic fingerprint of each AD subtype 19 
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