ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Pharmacology

Current pharmaceutical developments in atopic

dermatitis

Laurent Misery ', Flavien Huet'+?, Olivier Gouin®,

Sonja Stander* and Mette Deleuran®

Atopic dermatitis (AD) is an inflammatory, pruritic, chronic or
chronically relapsing skin disease that typically begins in early
childhood and is occurring frequently in families with other
atopic diseases (bronchial asthma and/or allergic rhino-
conjunctivitis). Thanks to immunological and neurobiological
research, the era of new treatments is coming as well as it
occurred with psoriasis 15 years ago. Many treatments
targeting cytokines (IL-4, IL-13, IL-31, TSLP) or
neurotransmitters (substance P, opioids) or their respective
receptors as well as phosphodiesterase-4 or the Jak/Stat
pathways are under development. Antagonists of cytokines
and anti-jak have promising effects on pruritus while it is more
difficult to discriminate the effects of other drugs from the
placebo effect on itch, which is known to be high.
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Atopic dermatitis (AD) is an inflammatory, pruritic,
chronic or chronically relapsing skin disease that typically
begins in early childhood and is occurring frequently in
families with other atopic diseases (bronchial asthma and/
or allergic rhino-conjunctivitis) [1]. AD is one of the most
common skin diseases which affects up to 20% of children
and 1-3% of adults in most countries of the world [2]. AD
is often associated with other atopic diseases such as
rhinitis, conjunctivitis and/or asthma. Diagnostic criteria
of AD are based on clinical findings [3,4], and at the
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moment, there is no pathognomonic laboratory biomarker
for the diagnosis of AD. Elevation of total or allergen-
specific IgE levels in serum or detection of IgE-mediated
sensitization in the skin test is not present in all
individuals suffering from AD, and the subgroup of
patients with a non-IgE-associated AD is called ‘intrinsic
AD’ to distinguish it from ‘extrinsic’ (IgE-associated)
forms of AD [5,6]. This controversy in terminology
may have practical implications with regard to specific
avoidance strategies in the management of this disease
and the choice of treatment. In any case, AD is
characterized by erythematous and itchy skin lesions
which can involve the entire body and cause a strong
impact on the quality of life of patients, with a high
burden, especially in severe forms [7°,8,9]. Consequently,
there is an urge to better understand AD and treat
patients because they have numerous unmet needs.

AD pathophysiology

AD is a multifactorial disease with a strong genetic
influence (72% concordance in monozygous twins, 23%
in heterozygous twins) [10] — but not an inherited
disease — and the main pathophysiological mechanisms
can be summarized as follows [1]: (1) an immune deviation
toward Th2 in the initiation phase with consequent
increased IgE production, (2) a deficient skin barrier func-
tion due to abnormal lipid metabolism and/or epidermal
structural protein formation, (3) an abnormal microbial
colonization with pathogenic organisms such as Stap/hylococ-
cus aureus or Malassezia furfur, (4) a neurogenic inflamma-
tion. The pathophysiology of AD is summarized in Figure 1.

Nowadays, there is a very dynamic research on patho-
physiology and treatment of AD, especially regarding itch
[11]. Among the proteins involved in the maintenance of
the epidermal barrier, filaggrin is the most studied and
genetic variations, and loss of function variants within the
FLG gene have been evidenced as a major risk factor in
AD [12,13]. Proteins are not the only components of the
barrier since lipids, mainly ceramides (with ester linked
v-hydroxyl ceramide (EO ceramide), free fatty acids
(FFA) and cholesterol, constitute the lipid matrix that
is organized in lamellar bodies and located between
corneocytes [14]. In AD, this lipid matrix is disorganized,
and an alteration of the epidermal barrier is induced. AD
patients show a reduction of long chains, an increase of
unsaturated FFAs and a decrease of very long chains of
ceramides in the skin [15].
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Figure 1
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Pathophysiology of AD.

With regard to inflammation, AD is characterized by an
overexpression of pro-inflammatory molecules such as
Th2 cytokines (IL-4, 1L.-5 and 11.-13), I1.-22 and thymic
stromal lymphopoietin (TSLP) [11,16]. The non-lesional
skin of AD patients also shows signs of low-grade inflam-
mation with presence of Th2 and Th22 cell infiltration
[17]. IL-31 and IL.-33 are also related to the pathogenesis
of AD [18-20]. In the acute phase of AD, skin barrier
defects allow the penetration of antigens and lead to the

production of TSLP by keratinocytes. In the chronic
phase, the continuous activation of Th2 and Th22
increase in the affected epidermal barrier accelerating
also local inflammation leading to a vicious cycle [21].
TSLP secretion by keratinocytes [22°°] is induced by
sensitizing antigens, Th2 cytokines or the activation of
toll-like receptor (TLR) pathways [23,24]. TSLP plays a
role in immune processes at the epithelial interface with
the external environment by acting on dendritic cells,
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mast cells and Th-lymphocytes. Activation of dendritic
cells by T'SLP promotes the transformation of Th-naive
lymphocytes to the Th2 phenotype and the secretion of
Th2 cytokines [25]. TSLP directly activates cutaneous
sensory nerve endings via its specific receptor and then
specifically promotes itching [22°°].

Because of the close associations among skin, immune
system, and nervous system, nerve endings are very
important in the pathophysiology of inflammatory
dermatoses, especially in AD. Many neurotransmitters,
especially substance P, and nerve growth factors released
from nerve endings in the blood or skin are involved in
neurogenic inflammation, thereby enhancing and main-
taining the inflammation induced by immune cells.
During times of stress, their release is highly enhanced
[26,27]. Neurogenic inflammation, as well as chronic
activation of transient receptor proteins such as
TRPV1 and TRPAI, is highly involved in the vicious
inflammatory cycle in AD [28].

Itch is the main complaint of patients with AD. Fortu-
nately, there is a growing knowledge of its mechanisms
[29]. Briefly, the role of histamine is probably restrained
in humans, whereas T'SLP and IL.-31 are highly involved
in the triggering of atopic itch, under the control of 11.-4,
IL-13, and maybe IL.-33.

The Janus kinase/signal transducer and activator of tran-
scription (JAK/STA'T) signaling axis have been shown to
play a critical role in the dysregulation of immune
responses in AD, involving amplification of Th2 cell
response, instigation of eosinophils, and suppression of
regulatory T cells [16,30]. In addition, the JAK/STAT
pathway, when activated by [L-4, [L.-13, and 'T'SLP, plays
an important role in the pathogenesis of AD by upregu-
lating the expression of epidermally derived chemokines
and a cascade of pro-inflammatory cytokines as well as
downregulating structural epidermal proteins, for exam-
ple filaggrin, involucrin, or loricrin, ultimately diminish-
ing the skin barrier function [16].

Anti-IL-4/13

Dupilumab

Dupilumab is the first marketed monoclonal antibody
(mAb) in the treatment of AD. Dupilumab binds to the
a-subunit of the IL-4 receptor, which is part of both the
IL-4 and IL.-13 receptor complex. The safety and efficacy
of dupilumab were primarily established in three placebo-
controlled studies in moderate to severe AD [16]. Dupi-
lumab showed significant clinical effects across three
distinct severity assessment tools: Eczema Area and
Severity Index (EASI), Investigator’s Global Assessment
(IGA), and SCORing Atopic Dermatitis (SCORAD)
[31°°,32,33]. Moreover, dupilumab treatment signifi-
cantly reduced pruritus. More recent trials have evaluated
long-term management of AD with dupilumab and
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concomitant topical steroids [34]. An important observa-
tion was the positive effect of dupilumab on both intrinsic
and extrinsic AD. Several ongoing studies involving both
children and adolescents will show whether these sub-
groups of the AD population may experience equally
positive effects, expanding the treatment indication for
dupilumab further.

Dupilumab treatment was in general well tolerated with
few serious adverse events. The main side effects are
ocular, such as non-infectious conjunctivitis and inflam-
mation of the cornea were observed more commonly in
the dupilumab group compared to placebo-treated
subjects [31°°,32].

Tralokinumab

Tralokinumab is an IL-13 neutralizing human IgG4
monoclonal antibody targeting IL.-13. In a double-blind
placebo controlled phase IIb study including 204 adults
suffering from moderate to severe AD, tralokinumab
demonstrated some efficacy in the primary and key
secondary end points and had an adverse event profile
comparable to placebo [35]. The most frequent adverse
events in all groups (tralokinumab and placebo) were
nasopharyngitis (17%), upper respiratory tract infection
(9%), and headache (6%) [16]. Several new phase I11 trials

are ongoing.

Lebrikizumab

Lebrikizumab is a humanized mAb that specifically
targets I1.-13. The drug was originally subjected to clini-
cal evaluation in an asthmatic adult population and five
trials were included in a meta-analysis [36]. There was no
significant difference in the incidence of adverse events
in patients with lebrikizumab compared to placebo. In a
randomized, placebo-controlled, double-blind, phase
2 study, adults with moderate to severe AD were required
to use topical corticosteroids twice daily and then ran-
domized. At week 12, significantly more patients
achieved EASI-50 with lebrikizumab 125mg every
4 weeks than placebo, with similar adverse events in
both groups [37].

Anti-IL31

Nemolizumab (previously CIM331) is a humanized I1.-31
receptor A (IL-31RA) monoclonal antibody, which was
specifically developed for the treatment of AD-related
pruritus and inhibits the IL.31 signalling. In an animal
model, I1.-31-induced scratching was suppressed after a
single injection of nemolizumab [38]. In 2016, results of
the first trial were published. A single nemolizumab
subcutaneous injection reduced pruritus visual analogue
scale (VAS) score to about —50% at week 4 compared
with —20% with placebo in patients with AD [39]. The
study did not assess the relief of the eczema, however, use
of hydrocortisone decreased. In a subsequent phase 2,
randomised, double-blind, placebo-controlled, 12-week
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trial, nemolizumab at monthly doses significantly
improved pruritus. A total of 216 adult patients with
moderate-to-severe atopic dermatitis received subcuta-
neous nemolizumab (0.1 mg, 0.5 mg, or 2.0 mg per kilo-
gram of body weight) or placebo every 4 weeks or an
exploratory dose of 2.0 mg of nemolizumab per kilogram
every 8 weeks [40°°]. At week 12, pruritus VAS was
reduced by 43.7% (0.1-mg group), 59.8% (0.5-mg group),
and 63.1% (2.0-mg group), and 20.9% (placebo group;
»<0.01 for all comparisons). Eczema EASI scores
improved to up to 40% compared to 27% in the placebo
group [40°°]. In a 52-week, double-blind extension of the
previous described study, pruritus was reduced up to 90%
and eczema scores up to 80% [41]. These studies dem-
onstrated that nemolizumab is efficacious and well toler-
ated in patients with moderate-to-severe atopic dermati-
tis inadequately controlled by topical therapy. Some
patients in the nemolizumab developed peripheral
edema [41].

Targeting JAK/STAT pathways

Inhibitors of the JAK/STAT signalling axis are catego-
rized as small molecules blocking intracellular targets.
Several compounds targeting TYK2, JAKI1, JAKZ and
JAKS3 are being evaluated for oral treatment of moderate
to severe AD.

Baricitinib

Baricitinib is a small molecule inhibiting both JAK1 and
JAK2. It is an oral treatment taken once daily. The first
phase II study to investigate safety and efficacy of the
drug has recently been completed (NCT02576938) and
published. A total of 124 adults with moderate to severe
AD were enrolled. Patients were randomised to once
daily placebo, baricitinib 2mg, or baricitinib 4 mg for
16 weeks. Use of TCS was permitted during the study.
The patients treated with baricitinib showed significant
reduction in the activity of eczema compared to the
placebo group and baricitinib also improved pruritus
(45% change in itch NRS at week 1) and sleep loss.
Treatment-emergent adverse events were mainly infec-
tions and a few patients in the active treatment group
were discontinued due to low white cell counts [42]. The
drug has also been thoroughly tested in rheumatoid
arthritis (RA), psoriasis, alopecia areata, and other inflam-
matory or auto-immune conditions, with promising
results and only few side-effects. A slightly increased rate
of infection, risk of low neutrophils and reduced haemo-
globin levels have been observed.

Tofacitinib

Tofacitinib inhibits JAK1 and JAK3 and in theory inter-
fere to a larger extent with lymphocyte activation and
T'h2-skewing than the inhibitors also targeting JAK2
which is more involved in Thl signalling [43]. It has
been studied in a minor case series involving six patients
revealing a significant reduction in SCORAD [44]. The

oral formulation of the drug is not subject to any clinical
trials involving AD, but it is approved for RA.

Upadacitinib

Upadacitinib is a small molecule targeting only JAK1. It
has been investigated in a phase IIb placebo-controlled
multicentre study to evaluate the safety and efficacy in
adult participants with moderate to severe AD
(NCT02925117). The results are so far not published
but has been presented at an international meeting (Gutt-
man-Yasky, E ¢ a/. Primary Results from a Phase 2b,
Randomised, Placebo-Controlled Trial of Upadacitinib
for Patients with Atopic Dermatitis. American Academy
of Dermatology. February 2018). The study included
three dosing groups, 30/15/7.5 mg once-daily, and one
placebo group for 16 weeks. Upadacitinib showed a
significant reduction in itch as early as Week 1 and
improvement in the extent and severity of skin lesions
at Week 2 for all doses compared to placebo. An investi-
gator global assessment (IGA) of 0/1 was observed in 50%
of cases in the 30 mg/day treated group versus 2% in the
placebo group at 16 weeks. Additionally, a 74% reduction
in EASI score was observed in the 30 mg treated group
compared to 23% reduction of EASI in the placebo group.
The most common adverse events were upper respiratory
tract infection, atopic dermatitis worsening, and acne.

PF-04965842

PF-04965842 targets JAK1 only. Its safety and efficacy
have been evaluated in a phase II trial of adults with
moderate to severe AD (NCT02780167). The results are
so far unpublished but have been presented at an inter-
national meeting (Gooderham M ¢ a/. PF-04965842, a
JAK1 inhibitor, for treatment of atopic dermatitis: a
12-week, randomised, double-blind, placebo-controlled
trial. Presented at EADV 2017, Geneva, Switzerland).
Treatment with 200 mg PF-04965842 daily resulted in a
disease activity of 0/1 in 44,5% of patients, judged by
investigator global assessment (IGA), at 12 weeks
compared to 6.3% of patients in the placebo group. An
82% reduction in EASI score was also observed in the
200 mg treatment group versus 35% in the placebo group.

Anti-TSLP

Thymic Stromal Lymphopoietin (T'SLP) plays a crucial
role in AD and the atopic march. T'SLP is released by
keratinocytes after stimulation by not only Th2 cytokines
but also §. aureus [45]. In turn, TSLP polarizes toward
Th2 responses and is involved in pruritus pathways [22°°].
Thus, TSLP is a very interesting target in AD. Because
data on the role of TSLP are very new, therapeutic
research is only emerging.

Tezepelumab is an mAB-targeting circulating TSLP.
The drug previously revealed its efficacy and safety in
asthma [46]. Tepezelumab has completed phase 1
(AMG-157; NC'T00757042) and phase 2a (MEDI9929,
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NCT02525094) randomized, double-blinded, placebo-
controlled studies to evaluate the efficacy and safety in
subjects with moderate to severe AD. Results have just
been listed in clinicaltrials.gov but are not published yet.
The percentage of patients achieving EASI 50 in the
tezepelumab group at week 12 was 64.7% versus 48.2% in
the placebo group (Odds ratio 1.97, IC95 0.90-4.33).
Another study with an anti-TSLP drug (MK-8226), was
tested in a phase Ib (NCT01732510) but was prematurely
stopped and not data was posted.

Anti-phophodiesterase-4 (anti-PDE4)

PDE4 is an enzyme involved in regulation of pro-inflam-
matory cytokines via degradation of cyclic adenosine
monophosphate (cAMP). Inhibition of PDE4 leads to
increase intracellular cAMP which leads to decrease
the levels of pro-inflammatory cytokines such as TNF-
alpha, I1.-4 and 31 [47]. Increased PDE4 levels has been
described in cells from AD patients [48], thus PDE4
seems to be an interesting target in AD [49]. Currently,
several trials investigate various topical and systemati-
cally administered PDE4 inhibitors.

Topical PDE4 inhibitor

Crisaborole 2% ointment is the first drug and the only one
approved (FDA, 2016) so far in this class for the treatment
of patients aged of 2 years and greater with mild to
moderate AD. In two phase II studies, some more crisa-
borole-treated than vehicle-treated patients achieved
ISGA score success with a greater percentage with
clear/almost clear. Crisaborole-treated patients achieved
success in ISGA score and improvement in pruritus earlier
than those treated with vehicle. Treatment-related
adverse events were infrequent and mild to moderate
in severity [50].

Oral PDE4 inhibitor

Apremilast is an oral PDE4 inhibitor approved for psoria-
sis and arthritis psoriasis. T'wo open-label phase II stud-
ies, revealed modest efficacy (EASI and IGA score) with
dose-dependent mild side effects (nausea, vomiting and
headache) [51,52]. Results from phase II trial (apremilast
30 or 40 mg daily) for patients with moderate to severe AD
have been listed in clinicaltrials.gov (NC'T02087943) but
have yet to be published. Results revealed statistically
significant reduction in EASI score in the 40 mg study
group (—31.57%) versus placebo (—10.98%) (p =0.03). In
each treatment group compared to placebo, the percent-
age of participants who achieved a score of 0 (clear) or 1
(almost clear) and at least a 2-point reduction from
baseline in a Static Physician’s Global Assessment of
Acute Signs at week 12 did not reach statistically signifi-
cant levels.

Neurokinin-1 (NK1) antagonists
Several inflammatory neuropeptides are involved in the
pathophysiology of pruritus in AD. Among them,
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substance P (SP) and its main receptor, NK1-receptor,
are particularly implicated. Thus, the levels of SP are
associated with disease activity of AD and increased
pruritus [53]. Tradipitant (VLLY-688) is an oral NK1-
receptor antagonist. T'wo phase II study has been com-
pleted but results have vyet to be published
(NCT02651714 and NCT02975206) and a phase III
study is currently trialed (NCT03568331). Serlopitant
(VPD-737) is another NK1-receptor currently in phase
IT trials for AD.

Kappa-opioid receptor agonists

Kappa-opioids are inhibitors of pruritus. Their receptors
located in the peripheral and central nervous system are
downregulated in the epidermis of AD patients’ [54].
Asimadoline is an orally active, selective kappa-opioid
receptor agonist and has demonstrated efficacy in several
preclinical pruritus models [55]. A Phase II study to
evaluate the safety, tolerability and clinical efficacy of
asimadoline in patients with pruritus associated with
atopic dermatitis has been completed but results have
yet to be published (NCT02475447).

Antihistamines

There is currently no high-level evidence to support (or
refute) the efficacy or safety of oral H1 antihistamines
used as monotherapy for eczema, especially regarding
anti-pruritic effects [56°°]. The potential role of hista-
mine via H4 (in contrast to H1) could be discussed. A
study on ZP1.-3893787 (a selective Hy receptor antago-
nist) has been performed in moderate/severe AD [57].
This randomized, double-blind, placebo-controlled, par-
allel-group study was conducted with 30 mg once daily
oral therapy in adult patients. Treatment showed a pla-
cebo-adjusted reduction in EASI score at Week 8 was
5.1. There was a 3-point reduction (scale 1-10) in pruritus
with ZPL.-389, but there was a similar reduction with
placebo, resulting in a non-significant difference. ZPL-
3893787 was well tolerated. This study confirms that the
effects of H4-antagonists are rather anti-inflammatory
than anti-pruritic.

Conclusion

It is very encouraging to observe that there is a dynamic
research field at the moment to get new treatments for
AD and also pruritus. Most of them will be developed for
systemic use and some of them for topical use. Dupilu-
mab (systemic) and crisaborole (topical) are the first
available treatments coming from this new research but
we believe that many others will come in the next future.
There are a very high number of clinical trials on atopic

dermatitis (according clinicaltrials.gov, 648 on November
27th, 2018).
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