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Abstract: Atopic dermatitis (AD) is a complex and
heterogeneous inflammatory skin disorder with a profound
symptom and lesional burden. Moderate-to-severe AD is
particularly challenging to manage, as topical treatments
are often inadequate and the systemic immunosuppressants
are limited by concerns of toxicity and tolerability. Recent
AD research has elucidated the mechanisms and
immunologic factors involved in AD pathogenesis. These
breakthroughs have led to the development of multiple
therapeutic monoclonal antibodies that are directed against
specific immunologic targets. This review provides an
overview on the pathogenesis of AD as well as the ratio-
nale for the targets of various monoclonal antibodies.
Additionally, this review explores the efficacy and safety of
use for various monoclonal antibodies in the management
of AD, as well as the potential role of these agents in the
treatment of AD.
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Key Points

There are major unmet needs for the treatment of
patients with moderate-to-severe atopic dermatitis
(AD), where topical therapies are often inadequate
and systemic immunosuppressive therapies are often
associated with systemic adverse effects.

As the pathogenesis and immunologic pathways of
AD are elucidated, opportunities for development of
targeted agents in AD are expanding, particularly
monoclonal antibodies. Various monoclonal
antibodies have recently been approved or are in
development for the treatment of moderate-to-severe
AD.

The use of monoclonal antibodies for the treatment
of AD holds great promise and potential. Continued
research and surveillance are required to understand
the role of the various agents.

1 Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin
disease that affects up to 15-20% of children and 1-10% of
adults worldwide, including 13% of US children and 7.2%
of US adults [1-4]. AD is associated with a heterogeneous
constellation of signs and symptoms, including pruritus,
xerosis, oozing/weeping in acute lesions, lichenification
and prurigo nodules in chronic lesions, a chronic or
chronically relapsing course, and an age-related distribu-
tion of cutaneous lesions [5].

A combination of genetic, environmental, and
immunologic factors contributes to AD pathogenesis [6-8].
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Genetic mutations, most notably in the Filaggrin gene, can
contribute toward a compromised skin barrier in certain
population subsets, although mutations may be absent in
certain ethnic groups. The Filaggrin gene encodes for the
epidermal protein filaggrin, which is a component of nat-
ural moisturizing factor and is involved in normal epider-
mal skin differentiation. This skin barrier dysfunction leads
to increased transepidermal water loss (TEWL) and resul-
tant dry skin, as well as the introduction of allergens,
irritants, and bacteria into the skin, leading to immune
activation and inflammation [9-13]. Additionally, adaptive
T helper cell type 1 (Th1l)- and T helper cell type 2 (Th2)-
mediated immune dysregulation also contribute to AD
pathogenesis. An imbalance of T helper cells, most notably
Thl, Th2, T helper cell type 17 (Th17), and T helper cell
type 22 (Th22), is found to occur in AD skin. Elevation of
Th2 cells occurs during both the acute and chronic phases
of AD, whereas Thl cells are increased during the chronic
phase of disease [14]. Skewed Th2 responses occurring in
AD lead to increased production of interleukin (IL)-4, IL-5,
IL-13, and IL-31, which have a number of downstream
effects in AD (Fig. 1) [13-20]. Moreover, recent studies
found that inflammation occurring in AD is sufficient to
downregulate the expression of epidermal filaggrin even in
the absence of Filaggrin gene mutations [14, 21]. Thus,
cutaneous inflammation alone may be sufficient to lead to
impaired skin barrier function. It appears that a combina-
tion of both epidermal barrier defects and immunologic
dysregulation contribute to the pathogenesis of AD.
Mild-to-moderate cases of AD may be adequately
treated with moisturizers and emollient agents, topical
corticosteroids (TCS), and/or topical calcineurin inhibitors.
Moderate-to-severe cases of AD often require systemic
immunosuppressants in order to achieve adequate disease
control, including cyclosporine (ciclosporin), methotrexate,
mycophenolate mofetil, and azathioprine. However, these
systemic agents have variable efficacy and numerous safety
and tolerability concerns that limit their use [22, 23]. Thus,
there are major unmet needs for systemic agents that are
both effective and safe for the treatment of AD. Several
targeted agents, such as monoclonal antibodies, directed
toward immune pathways and cytokine mediators have
either been approved and/or are in development for the
treatment of patients with moderate-to-severe AD. Mono-
clonal antibodies, in comparison to other systemic treat-
ments, offer various advantages. By having high
therapeutic target specificity, they have greater precision
with fewer indirect toxicity results. Additionally, mono-
clonal antibodies generally have longer half-lives, permit-
ting less frequent dosing. Lastly, fewer drug—drug
interactions are seen as these agents interact less, if at all,
with cytochrome P450 enzymes [24-26]. The objective of
this article is to review the mechanism and available data
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related to the safety and efficacy of various monoclonal
antibodies in AD, and to provide insight into their potential
role in the treatment of AD.

2 Methods

A non-systematic review of the literature was performed.
PubMed and ClinicalTrials.gov were searched for studies
describing the use of monoclonal antibodies in AD
patients. Articles or trials discussing the use of monoclonal
antibody therapy for AD were selected for in-depth review,
with a focus on articles published within the last 10 years.
Randomized controlled trials (RCTs) were primarily
sought, but other study types were also reviewed and
included if they were found to include pertinent data.
Monoclonal antibodies are presented by mechanism of
action, with analysis of the target’s role in AD along with
clinically relevant and available results regarding efficacy
and safety in AD patients described.

3 Discussion
3.1 Interleukin (IL)-4/IL-13

Dupilumab is a fully human monoclonal antibody directed
against the IL-4 receptor asubunit (IL-4Ra). IL-4Ra is part
of the receptor complex for both IL-4 and IL-13, and thus
inhibition of the IL-4Ra inhibits both IL-4 and IL-13 sig-
naling. As mentioned earlier, AD is associated with ele-
vated and skewed Th2 responses, including the production
of IL-4 and IL-13 [13, 14, 27]. These cytokines stimulate
immunoglobulin E (IgE) production, and promote further
Th2 differentiation and epidermal barrier disruption in AD
via multiple mechanisms, most notably inhibiting ker-
atinocyte differentiation [13, 14]. The significance of these
interleukins was shown by Hamilton et al. [28] when
dupilumab use dramatically reversed the AD transcriptome
(pattern of gene expression) and led to concomitant clinical
AD improvement.

Multiple phase I and II double-blinded, placebo-con-
trolled RCTs were performed in adults with moderate-to-
severe AD assessing dupilumab either as monotherapy
(two 4-week trials, one 12-week trial) or in combination
with TCS (one 4-week trial) [29]. All trials showed
improvement in clinical indexes with generally favorable
adverse event (AE) profiles. At 12 weeks, a significantly
higher proportion of patients treated with dupilumab
achieved a 50% improvement of the Eczema Area and
Severity Index (EASI) from baseline (EASI-50) compared
with placebo (85 vs. 35%; p < 0.001), whereas at 4 weeks,
more dupilumab and TCS combination therapy patients
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Fig. 1 Immunologic pathways involved in the pathogenesis of acute
AD and progression to chronic AD. Barrier defects in non-lesional
AD skin leads to penetration of allergens that encounter the antigen-
presenting Langerhans cells and dendritic cells in the epidermis and
dermis, respectively. This leads to immune activation and inflamma-
tory cell recruitment, inducing a skewed Th2 response in the acute
state. Elevated Th2 levels lead to increased secretion of I1L-4, IL-5,
IL-13, and IL-31. Prominently, IL-4 and IL-13 disrupt the skin barrier
by decreasing expression of barrier proteins (i.e., filaggrin, loricrin,
involucrin). Additionally, these Th2 cytokines recruit eosinophils and
basophils to lesional inflammatory sites, and increase B cell IgE
production. Eosinophils, basophils, and activated IgE-bound mast
cells lead to the release of pro-inflammatory mediators, further
potentiating AD pathogenesis. Th17 and Th22 cells, which release IL-
17 and IL-22, respectively, are also elevated in the acute phase of AD.
IL-22 induces epidermal hyperplasia, and also acts in synergy with
IL-17 to alter terminal differentiation proteins such as S100A7,
S100A8, S100A9, and S100A12. IL-31, recently shown to be a

achieved EASI-50 (100%) compared with placebo (50%)
[29]. A phase II, double-blind, placebo-controlled, dose-
ranging RCT in adults with moderate-to-severe AD showed
that multiple dosing regimens of dupilumab significantly
improved EASI scores compared with placebo
(p < 0.0001). The most efficacious groups were dupilumab
300 mg weekly and every 2 weeks, which led to the use of
these dosing regimens in future trials [30].

In two identical phase III, randomized, placebo-con-
trolled RCTs (SOLO-1 and SOLO-2), the efficacy and
safety of dupilumab (300 mg weekly or 300 mg every

mediator of itch, is also elevated in acute disease, and acts directly on
neurons and keratinocytes to trigger itch. Th2 cytokines also impair
AMP responses to pathogens. This, in combination with barrier
disruption, allows for greater risk of colonization and barrier
penetration by allergens and pathogens (i.e., Staphylococcus aureus).
Epithelial damage and inflammation leads to the release of TSLP, IL-
25, and IL-33, and these, along with IL-10, also further drive Th2
differentiation. AD inflammation is associated with a skewed Th2
response (Th2, Thl7, Th22) in acute AD lesions, but IL-12
production in chronic AD results in skewed Thl response, with
increased IFN-y expression. The resulting Thl-induced chemokine
production (including CXCL9, CXCL10, and CXCLI11) in the
chronic state leads to further inflammation and immune activation.
AD atopic dermatitis, AMP antimicrobial peptide, CXCL chemokine
(C-X-C motif) ligand, DC dendritic cell, EOS eosinophil, IFN-y
interferon-y, IgE human immunoglobulin E, IL interleukin, LC
Langerhans cell, PDE4 phosphodiesterase 4, Th T helper cell type,
TSLP thymic stromal lymphopoietin

other week) at 16 weeks were assessed in adults with
moderate-to-severe AD with an inadequate response or
contraindication to topical therapy. The two trials showed
similar significant results, with 38%/37% and 36%/36% of
patients treated with dupilumab 300 mg weekly/300 mg
every other week achieving an Investigator Global
Assessment (IGA) score of clear or almost clear (with at
least a 2-point reduction) compared with 10 and 8% in the
placebo group (p < 0.001 for all comparisons). In addition,
patients treated with dupilumab had significantly higher
rates of 75% improvement of EASI (EASI-75) responses
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(SOLO-1: 52%/51% vs. 15%; SOLO-2: 48%/44% vs. 12%;
p < 0.001 for all comparisons), decreased pruritus (desig-
nated as >4-point decrease from baseline) (SOLO-1: 40%/
41% vs. 12%; SOLO-2: 39%/36% vs. 10%; p < 0.001 for
all comparisons), and reduced Dermatology Life Quality
Index (DLQI) scores (SOLO-1: —9/—9.3 vs. —5.3; SOLO-
2: —9.5/-9.3 vs.—3.6; p < 0.001 for all comparisons) and
Hospital Anxiety and Depression Scale scores (SOLO-1: —
5.2/-5.2 vs. —3; SOLO-2: —5.8/—-5.1 vs. =0.8; p < 0.001
for all comparisons) compared with placebo [31].

Additionally, CHRONOS, a phase III, placebo-con-
trolled RCT of dupilumab (300 mg weekly or every
2 weeks) in combination with TCS in patients with mod-
erate-to-severe AD showed similar results after 16 and
52 weeks. Patients treated with dupilumab 300 mg weekly/
every 2 weeks versus placebo were significantly more
likely to achieve an IGA score of clear or almost clear (16
weeks: 39%/39% vs. 12%; 52 weeks: 40%/36% vs. 13%;
p < 0.0001 for all comparisons), EASI-50 (16 weeks: 78%/
80% vs. 37%; 52 weeks: 70%/79% vs. 30%; p < 0.0001
for all comparisons), EASI-75 (16 weeks: 64%/69% vs.
23%; 52 weeks: 64%/65% vs. 22%; p < 0.0001 for all
comparisons), and 90% improvement of EASI (EASI-90)
(16 weeks: 43%/40% vs. 11%; 52 weeks: 51%/51% vs.
16%; p < 0.0001 for all comparisons). Additionally,
dupilumab significantly reduced pruritus (designated as
>4-point decrease from baseline) (16 weeks: 51%/59% vs.
20%; 52 weeks: 39%/51% vs. 13%; p < 0.0001 for all
comparisons), Patient-Oriented Eczema Measure (POEM)
(16 weeks: —12.5/—12.4 vs. —4.7; 52 weeks: —12.7/—13.7
vs. —5/3; p < 0.0001 for all comparisons), and DLQI (16
weeks: —10.5/—9.7 vs. —5.3; 52 weeks: —10.7/—10.9 vs.
—5.6; p < 0.0001 for all comparisons) scores compared
with placebo [32].

An open-label extension study for AD patients who
participated in previous dupilumab clinical trials is also
ongoing (NCT01949311) [33]. Preliminary results from the
52-week analysis were recently presented and showed that
approximately 75 and 50% of dupilumab-treated patients
achieved an EASI-75 and IGA score of clear or almost
clear, respectively [34]. Dupilumab was well-tolerated
overall, with the most common AE being injection-site
reaction, nasopharyngitis, and conjunctivitis [34]. Dupilu-
mab was approved by the US Food and Drug Adminis-
tration (FDA) in March 2017 for the treatment of adults
with moderate-to-severe AD and inadequate response or
contraindication to topical therapy, and the Committee for
Medicinal Products for Human Use (CHMP) of the Euro-
pean Medicines Agency (EMA) recommended approval of
dupilumab for AD in adults in the European Union in July
2017 (Table 1).

A phase II open-label, ascending-dose trial exploring the
pharmacokinetics, efficacy, and safety of dupilumab in
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pediatric patients (aged 6-17 years) with moderate-to-
severe AD was recently conducted (NCT02407756) [35].
The results of this study were presented in 2017 and
showed that patients achieved reductions in EASI and
pruritus scores ranging from 63 to 76 and 30 to 42%,
respectively. The most common AEs were any infection
and nasopharyngitis [36].

Dupilumab is the first targeted systemic agent and
monoclonal antibody to demonstrate the level of safety and
efficacy in moderate-to-severe AD. Given that dupilumab
blocks signaling of both IL-4 and IL-13, it remains unclear
how much of the demonstrated efficacy is due to IL-4, IL-
13, or both. There has been some controversy as to which
of these cytokines is most important in AD. It may be that
similar efficacy can be achieved with even more focused
targeting of IL-4 alone or IL-13 alone. Alternatively, it may
be that blockade of both IL-4 and IL-13 signaling is nec-
essary to achieve clinical efficacy. In Sect. 3.2, data are
reviewed for studies of targeted therapies aimed at IL-13
signaling.

3.2 IL-13

IL-13 has been shown to be elevated in the skin of AD
patients and has been proposed to be a key player in the
pathogenesis of AD [13, 14, 27]. IL-13 promotes elevated
and skewed Th2 inflammatory responses in the skin and
inhibits epidermal differentiation, leading to skin barrier
dysfunction [7, 13]. IL-13 also upregulates cutaneous col-
onization with Staphylococcus aureus and inhibits anti-
microbial peptides (AMPs), thereby predisposing patients
to infections and worsening inflammation [37]. Lebrik-
izumab and tralokinumab are two monoclonal antibodies
directed against IL-13, thereby preventing it from binding
to its receptors and downstream signaling.

A phase II double-blind, placebo-controlled RCT
assessing the efficacy and safety of 12 weeks of tralok-
inumab in combination with TCS in adults age 18 years or
older with moderate-to-severe AD was recently completed
(NCTO02347176) [38]. The results were recently presented
and showed that tralokinumab 150 mg and 300 mg versus
placebo significantly reduced EASI [adjusted mean dif-
ference: —4.4 (p = 0.027) and —4.9 (p = 0.011), respec-
tively] and Scoring Atopic Dermatitis (SCORAD)
(» = 0.003 and p = 0.002, respectively) scores [39].
Patients treated with tralokinumab 300 mg versus placebo
had significantly decreased DLQI scores (p = 0.006) and
S. aureus colonization (p < 0.001), and higher EASI-50
response rates (73.4 vs. 21.5%; p = 0.025). Serum dipep-
tidyl peptidase-4 (DPP-4), a marker of IL-13 activity, was
previously reported to be a predictive biomarker for
tralokinumab efficacy in patients with severe asthma [40].
Similarly, DPP-4 was found to be a predictor of efficacy in
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Table 1 Summary table of monoclonal antibodies for atopic dermatitis

Drug Target Efficacy Safety Comments
Dupilumab IL-4Ra Highly significant reductions in EASI, IGA, Injection-site Novel drug that showed significant and
[29-36] pruritus, POEM, DLQI scores with reaction, sustained efficacy across numerous
maintenance of efficacy. EASI and conjunctivitis, domains with an acceptable safety profile.
pruritus reductions seen in pediatric RCT  herpes simplex Will likely soon be gold-standard
virus infection treatment in moderate-to-severe AD as
post-marketing outcomes are reported.
Preliminary data also show promising
role in pediatric patients
Mepolizumab  IL-5 Modest improvement in PGA and Well-tolerated Equivocal results may indicate eosinophils
[49] SCORAD scores; decreased eosinophil play only a partial role in AD
levels pathogenesis
Tocilizumab IL-6 Improved pruritus and EASI scores (case  Infection Promising efficacy; more data needed.
[53] receptor  series) Infection risk may limit use
Tralokinumab  IL-13 Significantly reduced Staphylococcus Nasopharyngitis, IL-13 inhibitors shown to be safe and
[38, 39] aureus colonization and EASI, SCORAD, injection-site efficacious for AD treatment. Will likely
and pruritus scores reaction be a mainstay in future AD
Lebrikizumab  IL-13 Significant improvements in EASI and Conjunctivitis, pharmacotherapy
[43, 44] SCORAD scores injection-site
reaction
Secukinumab  IL-17A N/A N/A TBD
Fezakinumab  IL-22 N/A N/A TBD
Ustekinumab ~ IL-12/IL- 2 RCTs showed non-significant severity Well-tolerated. Non-significant RCT tempered
[69, 70] 23 improvements Known ADR: URI expectations from promising case reports/
series; likely less role in AD of IL-12/IL-
23. Select patient cohort may benefit
Nemolizumab  IL-31 Highly significant pruritus reductions; non- Exacerbation of AD,  May be emerging option for patients with
[79-83] receptor  significant EASI score reductions peripheral edema, severe, disabling itch. However, efficacy
nasopharyngitis in reducing AD severity is still TBD
Efalizumab LFA-1 Variable efficacy Infection, PML Drug withdrawn due to safety concerns
[90, 91]
Omalizumab IgE One SR found some beneficial effect; Well-tolerated Inconsistent efficacy evidence in AD
[95, 96] another SR found no evidence of efficacy patients with normal or elevated IgE
Ligelizumab  IgE No significant EASI score improvement Unknown levels; likely limited role of IgE in AD.
[98, 99] Further studies needed to determine
patient subsets that may benefit from anti-
IgE therapy
Infliximab TNF-a Initial but limited maintenance of clinical ~AD worsening. Due to limited efficacy in maintenance of
[103] improvement Known ADRs: improvement, the risk of worsening AD,
infection, infusion and safety profile, TNF-o inhibitors are
reactions, not recommended for AD treatment
malignancy
Tezepelumab  TSLP N/A N/A TBD
Rituximab CD20 Mostly lack of significant change in EASI  URI nausea. Known Due to lack of consistent efficacy, potential
[121-123] or SCORAD scores (case series) ADRs: infection, ADRs, and availability of other options,

rituximab is not recommended for AD
treatment

fever, lymphopenia

AD atopic dermatitis, ADR adverse drug reaction, CD20 B lymphocyte surface antigen CD20, DLQI Dermatology Life Quality Index, EASI
Eczema Area and Severity Index, /GA Investigator Global Assessment, /gE immunoglobulin E, /L interleukin, /L-4Ru IL-4 receptor o subunit,
LFA-1 lymphocyte function-associated antigen 1, N/A not available, PGA Physician Global Assessment, PML progressive multifocal
leukoencephalopathy, POEM Patient Oriented Eczema Measure, RCT randomized controlled trial, SCORAD SCORing AD, SR systematic
review, TBD to be determined, TNF-o tumor necrosis factor-o, 7SLP thymic stromal lymphopoietin, URI upper respiratory infection

AD patients, with significantly higher IGA response rates
(IGA score of 0-1) in patients with DPP-4 levels above the
median level treated with tralokinumab 300 mg versus

placebo (34.5 vs. 8.3%; p < 0.05). Tralokinumab was well-
tolerated overall with an AE profile consisting of
nasopharyngitis and injection-site reaction. Two phase II
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double-blinded, placebo-controlled RCTs evaluating the
safety and efficacy of tralokinumab in patients with mod-
erate-to-severe AD will begin in the second half of 2017
(NCT03131648, NCT03160885) [41, 42].

A phase II RCT was performed to evaluate the safety
and efficacy at 12 weeks of lebrikizumab, a monoclonal
antibody that binds to IL-13, in adults aged 18 years or
older with persistent, moderate-to-severe AD inadequately
controlled by TCS (NCT02340234) [43]. The results were
recently presented and showed that lebrikizumab 125 mg
injections every 4 weeks combined with twice-daily mid-
potency TCS significantly improved the proportion of
patients achieving an EASI-50 at 12 weeks (primary effi-
cacy endpoint) compared with placebo and TCS (82.4 vs.
62.3%; p < 0.05), as well as EASI-75 and EASI-90, but
did not significantly improve the IGA [44]. An additional
phase II randomized, open-label clinical trial comparing
lebrikizumab to TCS was conducted in patients with
moderate-to-severe AD (NCT02465606) [45]. This study
has been completed, but no results have been published yet.
Phase III studies are awaited. The abovementioned data
demonstrating efficacy of tralokinumab and lebrikizumab
suggests that blockade of IL-13 alone is a viable strategy in
AD.

3.3 IL-5

IL-5 has been suggested to play a role in the immune
response of AD primarily by promoting eosinophil differ-
entiation and activation. Elevated blood eosinophils levels
are known to occur in patients with AD [46]. Although the
role of eosinophils in AD pathogenesis is not fully eluci-
dated, eosinophils likely are involved in the release of pro-
inflammatory mediators and resulting tissue damage
[46-48]. Mepolizumab is a humanized monoclonal anti-
body directed against free IL-5, thus inhibiting IL-5 bind-
ing to its eosinophil-surface receptor and downstream
signaling. Mepolizumab has been studied for the treatment
of other eosinophil-mediated diseases, including asthma,
AD, and eosinophilic gastrointestinal disease. A random-
ized, double-blinded, placebo-controlled trial assessing the
effects of mepolizumab 750 mg intravenously was con-
ducted in patients with moderate-to-severe AD [49]. No
significant difference was found between the percentage of
patients achieving marked improvement (>50% improve-
ment) in the Physician’s Global Assessment (PGA) [50]
and SCORAD severity scores at day 14. Notwithstanding,
mepolizumab did significantly lead to modest improvement
(<50% improvement) in PGA scores (p < 0.05). Mepoli-
zumab was also found to significantly decrease blood
eosinophil levels (p < 0.05), correlating with its mecha-
nism of action. The equivocal results of this trial may be
due to the short duration for effect measurement (14 days),
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but may also indicate that eosinophils play only a partial
role in AD pathogenesis. Only mild AEs were reported
with the use of mepolizumab, as the drug was well-toler-
ated overall. Currently, a phase II randomized, double-
blinded, placebo-controlled trial assessing the efficacy and
safety of mepolizumab in moderate-to-severe AD is in the
recruitment phase (NCT03055195) [51].

3.4 IL-6

IL-6 levels have been shown to be elevated in both
peripheral blood and skin lesions of AD patients, but the
exact role of IL-6 in AD pathogenesis is not completely
understood [52]. Tocilizumab is a humanized monoclonal
antibody directed against the IL-6 receptor, and is currently
approved by the FDA for treatment of rheumatoid arthritis.
In a case series of three adult patients with severe,
refractory AD, tocilizumab 8 mg/kg dosed every 4 weeks
was found to resolve pruritus within 6 weeks. Additionally,
all patients achieved an EASI-50 response [53]. Of note,
two patients reported bacterial infections that resolved with
discontinuation. Tocilizumab is known to be associated
with higher rates of infections in rheumatoid arthritis
patients [54]. While additional efficacy data are needed to
determine the role of IL-6 antagonists in severe AD, the
safety concerns regarding a higher risk of infection due to
IL-6 blockade may limit the use of tocilizumab.

3.5 IL-17A

IL-17A levels were found to be elevated in peripheral
blood and lesions in some studies of AD patients
[9, 18, 55]. IL-17A may stimulate Th2 responses in the
acute phase of AD [56]. Some authors have suggested a
mixed Th1/Th2/Th17 inflammatory response in AD [9],
particularly in more psoriasiform lesions present in Asian
patients [57]. However, it is unclear if IL-17A plays a
pathogenic role in all AD patients, specific subsets of AD
patients, or is merely secondarily upregulated in AD
without playing a pathogenic role per se. Secukinumab is a
fully human monoclonal antibody directed against IL-17A
that is FDA approved for the treatment of moderate-to-
severe plaque psoriasis, psoriatic arthritis, and ankylosing
spondylitis. A phase II randomized, placebo-controlled
clinical trial assessing the efficacy and safety of secuk-
inumab for adults with moderate-to-severe AD is currently
in recruitment (NCT02594098) [58].

3.6 1L-22
IL-22 is primarily produced by Th22 cells, which have

been found to be elevated in AD lesions. IL-22 has been
shown to increase epidermal barrier dysfunction, induce
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epidermal hyperplasia, and inhibit key proteins, such as
filaggrin and loricrin, involved in epidermal differentiation
[14, 15, 19]. IL-22 expression has been found to correlate
with AD severity and to be elevated in both acute and
chronic AD lesions compared to normal skin [14, 19]. It is
unclear, though, if IL-22 plays a major pathogenic role in
all AD patients, specific subsets of AD patients, or is
merely secondarily upregulated in AD without playing a
pathogenic role per se. Fezakinumab (formerly ILV 094) is
a fully human monoclonal antibody directed against IL-22.
A 12-week phase II, randomized, placebo-controlled clin-
ical trial studying the effects of fezakinumab in adult
patients with refractory moderate-to-severe AD is currently
ongoing (NCT01941537) [59].

3.7 IL-12/IL-23

IL-12 leads to differentiation and clonal expansion of Thl
cells, while IL-23 leads to Th17 and Th22 cell production.
IL-23 has been shown to be elevated in serum and skin
lesions of persons with versus without AD. The possible
roles of IL-17A and IL-22 in AD were mentioned in Sects.
3.5 and 3.6. Thus, agents that target the IL-12/IL-23
pathways might be effective in AD [18, 55, 60, 61].

Ustekinumab is a fully human monoclonal antibody
directed against the p40 subunit of IL-12 and IL-23, pre-
venting them from binding to T cell-surface receptors and
causing differentiation and clonal expansion of naive T
cells into specific T helper subtypes. Ustekinumab is EMA
and FDA approved for the treatment of moderate-to-severe
plaque psoriasis. Several case reports have been published
regarding the effects of ustekinumab in AD patients. An
adolescent with severe, refractory AD was completely
cleared after 5 months of ustekinumab therapy and
remained clear at 14 months [62]. An adult with moderate-
to-severe, refractory AD also demonstrated complete
clearance after 19 weeks of ustekinumab therapy [63]. An
adult with severe, refractory AD demonstrated complete
clearance and resolution of pruritus at 1 month that was
maintained for at least 12 months [64]. A case series of
four males with severe, refractory AD treated with ustek-
inumab found that all demonstrated a significant (>50%)
improvement in SCORAD and pruritus at week 16 [65]. A
13-year-old with severe, refractory AD demonstrated
improvement in SCORAD and DLQI scores after ustek-
inumab treatment, with the best results at week 24, but
experienced flares after this point [66].

Despite that, other case series have shown lack of
effectiveness. A case series of ten patients treated with
ustekinumab resulted in only four patients achieving
complete or almost complete improvement, with six non-
responders [67]. Additionally, two adults with severe,
refractory AD failed to respond to ustekinumab, with

waning efficacy noted [68]. In one of the authors’ (JIS)
anecdotal experience, six adults with moderate-to-severe
AD were treated with ustekinumab for at least 6 months
and showed no improvement of EASI, SCORAD, pruritus,
POEM, or DLQI. A phase II randomized, crossover, dou-
ble-blinded, placebo-controlled trial of ustekinumab with
concomitant TCS was conducted in 33 adults with mod-
erate-to-severe AD. The ustekinumab group demonstrated
no significant improvement in SCORAD-50 response rates
at weeks 12, 16, or 20; only three patients had clinical
improvements [69]. The authors postulated the lack of a
significant effect might have been due to use of concomi-
tant TCS, small sample size, and insufficient dosing. An
additional phase II randomized, double-blinded, placebo-
controlled trial also assessed the effects ustekinumab in 79
Japanese adults with severe to very severe AD. No sig-
nificant improvements of EASI scores, EASI-50, EASI-75,
or IGA response rates, or DLQI were noted at week 12
[70]. Overall, ustekinumab was well-tolerated in both
trials.

Data regarding the use of ustekinumab in moderate-to-
severe AD from original case reports and series were
promising; however, the multiple non-significant clinical
trial results have tempered expectations. Given the lack of
efficacy in clinical trials, ustekinumab is not currently
recommended for the treatment of AD. This is particularly
true given the recent FDA (and pending European)
approval of dupilumab, which showed highly efficacious
and consistent results across numerous trials. Further, the
lack of efficacy for ustekinumab in clinical trials suggests
that IL-12 and IL-23 have a lesser contribution than IL-4
and IL-13 in AD pathogenesis. It remains to be seen
whether there is a yet-to-be identified subset of AD patients
that may have clinical benefit from ustekinumab.

3.8 IL-31

IL-31, which is secreted primarily by Th2 cells, affects
terminal epidermal differentiation and has been proposed
as the main cytokine contributing to pruritus [71, 72]. IL-
31 can bind to receptors on sensory neurons, upregulate
cellular pruritogens, and directly induce pruritus [72]. IL-
31 has been found to be elevated in acute and chronic skin
lesions of AD patients compared with normal skin [71-74],
and has been found to correlate with AD severity [71, 75].
Anti-IL-31 agents have been shown in numerous studies to
reduce pruritus in AD animal models, with equivocal
effects on AD lesions [73, 76-78].

Nemolizumab is a humanized monoclonal antibody
directed against IL-31 receptor A. In a double-blind, pla-
cebo-controlled phase I/Ib RCT, a single subcutaneous
dose of nemolizumab in AD patients reduced visual ana-
logue scale (VAS) itch scores by ~50% at week 4
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compared with ~20% for placebo, as well as increased
sleep efficiency and decreased the use of hydrocortisone
butyrate [79]. There were no serious AEs, but increased
creatine phosphokinase was more common in the nemoli-
zumab groups.

In a double-blind, placebo-controlled phase II dose-
escalating RCT (NCT01986933) [80-82] of 264 adults
with moderate-to-severe AD (age 18-65 years), subcuta-
neous injections of nemolizumab 0.1, 0.5, and 2.0 mg/kg
every 4 weeks patients reduced VAS itch scores at 12
weeks by 43.7, 59.8, and 63.1%, respectively, compared
with a 20.9% reduction in the placebo group (p < 0.01 for
all comparisons) [81]. Patients treated with the 0.5 mg/kg
dose showed the greatest reduction of EASI scores from
baseline at week 12 (42.3%) compared with placebo
(26.6%) [81]. Results from the 64-week extension of the
phase II study were recently presented and showed that
significant reductions in pruritus at 12 weeks were main-
tained at 64 weeks, with an even greater proportion of
patients achieving improvement [83]. The most common
reported AEs were AD exacerbation, nasopharyngitis, and
peripheral edema. An additional phase II randomized,
double-blinded, placebo-controlled clinical trial assessing
the effects of nemolizumab in patients with moderate-to-
severe AD is underway (NCT03100344) [84]. Nemolizu-
mab therapy appears to be highly effective at reducing
pruritus in patients with moderate-to-severe AD, and is a
promising therapeutic option for itch in AD and perhaps
other inflammatory disorders.

3.9 Lymphocyte Function-Associated Antigen 1

Lymphocytes require lymphocyte function-associated
antigen 1 (LFA-1) to bind to intracellular adhesion mole-
cule 1 (ICAM-1) on endothelial cells to migrate into skin,
as well as antigen presenting cell (APC) surfaces in order
to improve adhesion between these cells and transmit sig-
nals that promote T cell activation and differentiation.
Efalizumab is a monoclonal antibody directed against the
CDl1a subunit of LFA-1, which prevents its binding to
ICAM-1. This leads to numerous anti-inflammatory effects,
particularly the inhibition of leukocyte extravasation and T
cell activation at inflammatory sites [85, 86]. Efalizumab
was initially approved for the treatment of adult moderate-
to-severe plaque psoriasis. Potential efficacy in AD was
reported shortly thereafter. In a murine model of AD,
administration of intraperitoneal prophylactic anti-LFA-1
antibodies successfully improved skin severity scores,
indicating a potential role of LFA-1 blockade as a treat-
ment for AD [87]. Subsequently, several cases were
reported in 2006 of severe refractory AD successfully
treated with efalizumab [88, 89]. A prospective study in
2007 evaluating efalizumab treatment in ten adults with
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severe AD showed a significant improvement in EASI
(p < 0.0001) and pruritus scores (p < 0.015) from baseline
at 12 weeks, with six patients reaching EASI-50. The trial
showed AE of thrombocytopenia, viral gastroenteritis, and
AD exacerbation after drug discontinuation [90]. A study
published in 2010 by Ibler et al. [91] reported 11 cases of
severe AD treated with standard dosed efalizumab, with
only two patients having clinical improvement (though
specific endpoints were not specified). Known AEs of
efalizumab include bacterial sepsis, secondary bacterial
infections, viral meningitis, and progressive multifocal
leukoencephalopathy (PML) [92]. After being made aware
of concerns of PML and other infections, the EMA and the
FDA withdrew support of efalizumab, and the drug was
withdrawn from the US market in 2009.

3.10 Human Immunoglobulin E

The role of IgE in AD pathogenesis remains controversial.
A large proportion of AD patients have elevated IgE levels
and are prone to atopic disorders [93]. Given that targeting
IgE is efficacious in other atopic diseases, such as allergic
asthma, several studies have assessed the efficacy of IgE
blockade in AD.

Omalizumab is a humanized monoclonal antibody
directed against free human IgE and membrane-bound IgE
on the surface of B cells. Inhibition of IgE from binding to
its high-affinity receptor (FceRI) on basophils and mast
cells prevents degranulation and the release of pro-in-
flammatory mediators [25, 93]. Low-affinity Fce receptors
are also present on the surface of dendritic cells and may
play a role in antigen presentation [93, 94]. Some studies
have shown increased levels of low-affinity Fce receptors
on dendritic cells in the skin of some AD patients. Omal-
izumab can also inhibit these receptors, thereby potentially
inhibiting downstream antigen presentation to T cells [94].

A recent systematic review of 26 studies (five case
reports, 18 case series and only two RCTs), consisting of
174 patients, was performed assessing the efficacy and
safety of omalizumab for treating AD [95]. This review
found that 129 patients (74.1%) experienced some benefi-
cial effect (ranging from little to complete response). The
study also found omalizumab to be well-tolerated overall,
albeit expensive. The authors concluded that omalizumab
was a safe treatment with some clinical benefit for severe,
refractory AD, although future trials are needed to confirm
this. The results of this review need to be interpreted
cautiously given the disparate disease severity definitions,
outcome measures and lack of controls in 24 of the 26
included ‘studies’. Another recent systematic review and
meta-analysis analyzing 13 studies (two RCTs and 11 case
series with at least three patients), consisting of 103
patients, found no evidence to support the effectiveness of
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omalizumab for the treatment of AD [96]. In this study,
only 43% of included AD patients achieved excellent
clinical response after omalizumab treatment, with 30.1%
showing irrelevant clinical change or even deterioration.
Additionally, some studies showed that AD patients with
Filaggrin gene mutations or with higher serum IgE levels
were often non-responders to omalizumab treatment. This
systematic review is also limited by the disparate disease
severity definitions, outcome measures, and lack of con-
trols in 11 of the 13 included ‘studies’. Notably, with the
mere exclusion of anecdotal case reports with only one or
two patients, the demonstrated efficacy for omalizumab
was poor. Currently, a phase IV randomized, double-blin-
ded, placebo-controlled clinical trial assessing the use of
omalizumab in pediatric patients with severe AD is
underway (NCT02300701) [97].

Ligelizumab (formerly QGE031) is another humanized
monoclonal antibody directed against IgE. The efficacy and
safety of ligelizumab was assessed in a phase II double-
blinded, placebo and active comparator (cyclosporine)
controlled RCT in patients with moderate-to-severe AD
(NCT01552629) [98]. The data were recently presented
and showed no significant improvement of EASI scores
with ligelizumab compared with placebo at 12 weeks [99].

To summarize, there is inconsistent evidence to support
the use of anti-IgE agents in AD patients with either normal
or elevated IgE levels. This could partly be due to vari-
ability in dosing and treatment duration, as well as differ-
ences in IgE levels between AD and allergic asthma. In
regards to this latter point, this may indicate the need for a
higher dosage. However, the risk of increasing adverse
drug event frequencies should be considered. Nonetheless,
studies that failed to show clinical improvement did
demonstrate decreasing serum IgE levels. This indicates
that the drugs ‘met their mark’. Rather, these studies sug-
gest a limited or lack of a pathogenic role of IgE in AD.
This emphasizes the complexity of AD pathogenesis and
the existence of various pathogenic factors, of which IgE
may be only a minor player. Further investigation and
clinical trials are warranted to determine which patient
subsets may benefit from anti-IgE therapy.

3.11 Tumor Necrosis Factor-o

Tumor necrosis factor-o. (TNF-a) is a pro-inflammatory
cytokine that enhances the Th1l and Th17/IL-23 pathways
[60, 61], as is known to be involved in the pathogenesis of
multiple chronic inflammatory diseases [25]. TNF-a has
been shown to be involved in the pathogenesis of multiple
chronic inflammatory diseases with a skewed Th1 response,
including psoriasis and rheumatoid arthritis [100, 101].
TNF-a has also been shown to be produced by dendritic cells
in the acute phase of AD, despite AD being a predominantly

Th2-skewed disease state [102]. A prospective case series
assessing the use of infliximab 5 mg/kg in nine patients with
moderate-to-severe AD was associated with an initial clini-
cal improvement in EASI and pruritus scores, yet only two
patients maintained improvement by the end of the study
[103]. Additionally, one case report described an adult with
severe AD who obtained significant improvement with
maintenance after treatment with infliximab [104].

A case series of etanercept use in two adults with
chronic AD showed complete resolution and long-term
maintenance of resolution. On the other hand, a case report
of two children with AD treated with etanercept showed
minimal clinical efficacy with no significant improvement
in EASI scores [105]. Anecdotally, one of the authors (JIS)
has seen minimal or no efficacy in more than 20 adults with
moderate-to-severe AD after 4-12 months of therapy.
Moreover, there are also reports of induction or worsening
of AD secondary to TNF-a inhibitor use [106—-108], pos-
sibly due to the Thl inhibition leading to a skewed Th2
response [17, 109]. Overall, considering the limited effi-
cacy in maintaining improvement in AD, the risk of
worsening AD, as well as the side effect profiles (infection,
infusion reactions, malignancy, and others) [100, 101],
TNF-a inhibitors are not recommended for the treatment of
AD.

3.12 Thymic Stromal Lymphopoietin

Thymic stromal lymphopoietin (TSLP) is produced by
damaged keratinocytes (and other epithelial cells) in pro-
inflammatory states and has recently been postulated to
play a key pathogenic role in AD, by bridging barrier
disruption and cutaneous inflammation. TSLP acts on
myeloid dendritic cells and Langerhans cells, leading to a
Th2-skewed inflammatory response with the release of IL-
4, IL-5, and IL-13 [110-112]. TSLP has been shown to be
significantly elevated in both acute and chronic AD lesions,
as well as in peripheral blood of AD subjects compared to
healthy subjects [112-114]. Tezepelumab (formerly AMG
157) is a fully human monoclonal antibody directed against
TSLP, thereby preventing the interaction of TSLP with its
receptor. A phase I double-blinded, placebo-controlled
RCT of tezepelumab in healthy and moderate-to-severe
AD subjects (NCT00757042) [115] and a phase II double-
blinded, placebo-controlled RCT of tezepelumab in mod-
erate-to-severe AD subjects (NCT02525094) [116]
recently finished. No study results have been published at
the time of this publication.

3.13 B Lymphocyte Antigen CD20

It has been postulated that B cells may play some role in
AD immune dysregulation by undergoing class-switching

A\ Adis



P. P. Vakharia, J. I. Silverberg

to produce IgE [117], and has been shown to be elevated in
the skin and blood of patients with AD [118].

Rituximab is a chimeric monoclonal antibody directed
against B lymphocyte surface antigen CD20, leading to
lysis and depletion of B cells, and has shown efficacy in the
treatment of various autoimmune diseases [119, 120]. A
case series of six patients with severe AD treated with two
doses of rituximab 1 g showed significant improvement in
pruritus and EASI scores within 4-8 weeks (p < 0.001),
which was maintained for 24 weeks in five patients.
Peripheral blood CD20+4 B lymphocyte levels were
undetectable by day 3, skin B cell levels decreased by
approximately 50%, and peripheral blood IgE levels
decreased only slightly [121]. However, another study
assessing the benefit of two doses of rituximab 500 mg in
two patients with severe AD did not lead to a significant
improvement in SCORAD scores. Additionally, IgE levels
did not significantly change after treatment in these patients
[122]. A case series of rituximab therapy in three patients
with severe AD refractory to standard therapy found low to
absent peripheral blood counts of CD19+ B cells, but no
significant change in EASI scores [123]. Overall, rituximab
was well-tolerated in these series of patients, with common
adverse drug reactions of upper respiratory infections and
mild nausea.

The efficacy seen in these studies is likely due to B cell
depletion and a resulting decrease in T cell activation.
Nevertheless, rituximab was also shown to have little to no
effect on IgE levels, likely because IgE-producing plasma
cells do not express CD20 antigen and are not targeted by
rituximab. Based on its lack of consistent efficacy in con-
trolling AD or reducing IgE levels, its potential AEs, and
the availability of safer and more effective treatment
options, rituximab is not recommended for the treatment of
AD.

4 Conclusion

The burdensome signs and symptoms and chronic nature of
AD can have a profound impact on quality of life and
function in affected patients. Moderate-to-severe AD is a
noteworthy treatment challenge, as topical therapies are
often insufficient, and a majority of the current systemic
therapies have variable efficacy, as well as dose- and
duration-limiting toxicities. There are tremendous unmet
therapeutic needs in patients with chronic, refractory,
moderate-to-severe AD. Recent research has helped us gain
a better understanding of the multifactorial nature of AD,
particularly pathogenic immunologic pathways. These
insights have led to the testing and development of a
number of targeted therapies, specifically monoclonal
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antibodies that can directly target specific pathways
involved in disease pathogenesis.

The development and clinical success of dupilumab has
helped usher in a new era of biologics in AD. Numerous
clinical trials showed consistent efficacy of dupilumab
(targets both IL-4 and IL-13 signaling) in adults with
moderate-to-severe AD refractory to TCS, which led to its
swift approval by the FDA. Based on clinical trial results
and the need for therapeutic growth, dupilumab offers the
potential for long-term disease control. Additionally, the
potential for future use in pediatric patients leads to even
greater promise for dupilumab [124]. Tralokinumab and
lebrikizumab (target IL-13 signaling) showed success in
early-phase studies of adults with moderate-to-severe AD
with overall well-tolerated AE profiles. Future trials may
also help delineate the roles and differences between
individual IL-13 blockade compared to combined IL-4 and
IL-13 blockade. Nemolizumab (targets IL-31RA) repre-
sents a potential therapeutic paradigm shift by treating
severe pruritus in AD. Future research will be needed to
determine the ideal patient population for this therapeutic
approach. Ongoing and future clinical trials will help shed
light on the role of a variety of monoclonal antibodies
targeting IL-5, IL-6, IL-22, IL-17, and TSLP. Monoclonal
antibodies targeting other factors in the disease process
(i.e., IL-12/IL-23, IgE, TNF-a, CD20) have limited evi-
dence to support their efficacy in AD. At this point, these
pathways appear to be less promising, and the currently
available antibodies targeting these pathways are not rec-
ommended for the treatment of AD. Future research and
clinical reporting may provide more insight on which
subsets of AD patients may benefit from these therapies. As
numerous monoclonal antibodies are being studied for the
treatment of AD, safety concerns may emerge that restrict
their use. Agents targeting IL-6 and LFA-1 have been
associated with higher rates of serious infections, and these
agents are either not recommended for the treatment of AD
or are no longer available in the USA, respectively.

The landscape of AD pharmacotherapy is rapidly
evolving. Monoclonal antibodies targeting specific
immunologic and other pathways hold great therapeutic
promise. As more is learned about the different phenotypes
of AD, we may reach a pivotal stage where certain types of
AD may be found to be more amenable to certain mono-
clonal antibody treatments over others. Sustained research,
focus, and pharmacovigilance are warranted to help discern
the role of the various monoclonal antibodies and targeted
agents in AD pharmacotherapy.
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