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Abstract: Psoriasis is a chronic, relapsing, immune-mediated systemic disease. Its patho-
genesis is complex and not fully understood yet. Genetic and epigenetic factors interact with
molecular pathways involving TNF-a, IL-23/IL-17 axis, and peculiar cytokines, as IL-36 or
phosphodiesterase 4. This review discusses the mechanisms involved in the development of
the disease, as well as the therapeutic options proposed following the investigation of the
inflammatory psoriatic pathways. We performed a comprehensive search using the words
“psoriasis” and the newest molecules currently under investigation and approval. From these
data, a new scenario in psoriasis is occurring to personalize the therapies - especially
systemic ones and those using small molecules — and avoid topical and injectable drugs.
We reported the newest therapeutic opportunities, including the inhibitors of Janus kinase/
tyrosine kinase 2, phosphodiesterase-4 and IL-36 receptor. Today, more than 20 molecules
are under investigation for the treatment of cutaneous psoriasis. Most of them are constituted
by small molecules or biologic therapies. This underlines how psoriasis needs systemic
therapies, due to its complex pathogenesis and multisystemic involvement.

Keywords: psoriasis, janus kinase inhibitors, tyrosine kinase 2 inhibitors, phosphodiesterase
4 inhibitors, IL-36 receptors inhibitors

Introduction

Psoriasis is a chronic, relapsing, immune-mediated disease, with a prevalence of
2-3% worldwide. It is characterized by well-circumscribed erythematous plaques,
covered by a squamous scale, generally located on the skin of extensor surfaces of
the body. 20% of patients with psoriasis may develop a seronegative polyarthro-
pathy - often associated with nail involvement - with a severe quality of life
impairment.' There are several clinical variants of psoriasis. Besides the psoriasis
vulgaris, also called plaque-type psoriasis, we classify guttate, erythrodermic,
sebopsoriasis, generalized pustular (GPP) and palm-plantar forms, and, rarely,
psoriasis of the mucous membranes.' Actually, these clinical variants show
different cytokines involved in their pathogenesis and different response to thera-
pies. As psoriasis is a dynamic process, microscopic features vary along the
evolution of cutaneous lesions. The carliest lesions could be misinterpreted as
they consist in superficial dermis capillary vessels dilatation and mild perivascular
lymphocytic inflammatory infiltration.? It is not possible to predict the duration of
this phase, but it is inevitably followed by the development of the classic psoriatic
plaque, which corresponds histologically to confluent parakeratosis with neutro-

philic exocytosis in the epidermis. These changes are accompanied by attenuation
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to complete loss of granular cell layer, expression of the
accelerated keratinocytes migration process, from the
basal to the
maturation.” Moreover, basal cell mitotic activity is mod-

corneum layer, without complete
erately increased with a consequent characteristic form of
epidermal hyperplasia — known as “psoriasiform hyper-
plasia”. All these changes are associated with dilated and
tortuous capillary vessels in the papillary dermis with
neutrophils content in their lumen and moderate-to-
severe lymphocytic perivascular inflammation. With the
progression of the disease, lots of neutrophils migrate in
the epidermis reaching the more superficial layers and
forming intra-corneal collections, known as Munro’s

microabscesses” (Figure 1). The pathogenesis of psoriasis

is complex and not fully understood yet. Many genes and

environmental factors, such as stress, injuries, infections,
and certain medications, may be responsible for its onset.
Understanding the mechanisms behind psoriasis is crucial
for the development of new therapies and address tailored
approaches for the patients’ conditions.’ Immune system
impairment is considered a key trait. The IL-23/Th17/IL-
17 axis seems to have a key role in the onset of the
inflammation in psoriasis. Although there is currently
no definitive cure, various treatment strategies allow pro-
longed control of the disease. The recently approved new
kinase inhibitors act on 1L-23/Th17/IL-17 axis in a more
selective way, resulting in a reduction in adverse events
(AEs) and a chance of therapy for patients with difficult-
to-treat psoriasis.® Alongside the common disease mod-
ifying anti-rheumatic drugs, several classes of biologicals

Figure | (A) Clinical manifestation of palmar psoriasis. (B) Clinical manifestation of sacral psoriasis. (C) Clinical manifestation of nail psoriasis. All the three clinical images
report the difficult-to-treat areas, recognized as unmet needs by patients and physician. (D) Histopathological features of plaque psoriasis. The classic epidermal psoriasiform
hyperplasia is associated with hyperparakeratosis and loss of granular layer. Collections of neutrophils are observed in the upper stratum spinosum (spongiosiform pustules
of Kogoj). In the dermis, thin capillary vessels reach almost the top of the dermal papillae and are surrounded by a chronic lymphocytic infiltrate with sparse neutrophils
(Haematoxylin-eosin. Original magnification: 100x). (E) Histopathological features of genital psoriasis. The classic features observed in plaque psoriasis are attenuated in the
genital area. The epidermal hyperplasia is associated with less extensive hyperparakeratosis, which is accompanied by mounds of neutrophils in the stratum corneum
(Munro’s microabscesses). In the chorion, thin capillary vessels are surrounded by a chronic lymphocytic infiltrate, with sparse neutrophils (Haematoxylin-eosin. Original
magnification: 200x).
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and small molecules are now used in the systemic treat-
ment of psoriasis.”*® Phosphodiesterase (PDE) 4 inhibi-
tors are largely known to improve both skin and joint
disease, modulating, at the same time, metabolic biomar-
kers in diabetic psoriatic patients, with the chance to be
employed in psoriatic patients with cardio-metabolic
comorbidities.””® Moreover, the small molecules showed
strong efficacy also in nail psoriasis, which is known as
a difficult-to-treat form of the disease. The pathogenetic
mechanisms in this form are not completely overlapping
those of cutaneous psoriasis. For this reason, PDE4 inhi-
bitors, restoring the nail unit IL-10 levels and the immune
privilege site, are particularly effective.” Advancement in
molecular knowledge leads to understand psoriasis better,
influencing the development of efficient treatment mod-
alities. However, even with the availability of various
therapeutic options, most of the efficient treatment mod-
alities are expensive and are not effective in all subjects.
Due to the complexity of psoriasis pathogenesis and the
paramount influence of epigenetic factors, new drugs
need to be introduced. This review discusses the newest
therapeutic strategies in the management of psoriasis,
starting from its pathogenesis, highlighting their mechan-
ism of actions - intracellular or on inflammatory factors -
and current trials. In this view, also tyrosine kinase
(TYK) 2 inhibitors — currently in their approval phase -

have been presented.'®

Materials and Methods
Search Strategy

The authors performed a comprehensive search using the
words “psoriasis” and the newest molecules under inves-
tigations or just approved by EMA or FDA, as “piclide-
noson/CF101”, “namilumab/AMG203”, “imsidolimab/
ANBO019”, “spesolimab/BI655130”, “orismilast/LEO 327
317, “hemay005”, “GSK2981278”, “vimirogant/AGN 242
428/VTP 437427, “AUR101”, “ABBV-157", “SCD-044”,
“ponesimod/ACT-128800”, “ND-2158”, “ND-2110",
“belumosudil/KD025/SLx-2119”, “tapinarof/benvitimod/
WB-1001/GSK-2894512/DMVT-505”, “deucravacitinib/
BMS-986165”. The following databases were evaluated:
Cochrane Central Register of Controlled Trials;
MEDLINE; Embase; US National Institutes of Health
NIHR Clinical Research

and the World Health
Clinical

Ongoing Trials
Network Portfolio Database;

Organization

Register;

International Trials Registry

Platform. Reference lists and published systematic review
articles, starting from year 2018, were studied.

Inclusion Criteria

Only articles written in English were included in the
search, which was restricted to human studies, with no
restrictions on age, sex, ethnicity, or type of study. For
Phase I molecules, preclinical results have been considered
in the Tables S1-S20, and just the name and the mechan-
ism of actions has been reported. Case reports and case
series were included if they described the role of drugs in
psoriasis, not present in reviews or trials.

Exclusion Criteria

The target intervention excluded pathologies not of der-
matologic interest. Phase I trials have not been included in
tables and discussion. Analyses excluded articles not writ-
ten in English.

Results

We identified 142 manuscripts regarding new therapeutic
options against psoriasis. Twenty-six were excluded fol-
lowing the exclusion criteria, while 43 were excluded after
evaluating the trials. A total of 72 studies have been
included in this comprehensive review, counting clinical
trials, published articles, and congress posters (Figure 18S).

Janus Kinases Inhibitors

In order to obtain a more personalized approach according to
the clinical and immunological characteristics of each
patient, inhibitors of the Janus kinases (JAK) 1, 2,and 3
and TYK2 have emerged as a promising strategy in psoriasis
in recent years. The JAK-signal transducer and activator of
transcription (JAK-STAT) pathway plays a crucial role in the
communication between cytokine signals outside the cell
and the cell nucleus, with activation of specific genes tran-
scription in response.'! Cytokines binding to cell membrane
receptors cause their dimerization. The JAKs associated
with these receptors phosphorylate each other, increasing
their kinase domains activity. The consequence is the crea-
tion of a SH2 domain-binding site on the receptors, which
bind STATs.'" At this point, STATs are phosphorylated and
activated by JAKs, dissociate from the receptors and dimer-
ize with other activated STATs. STATs dimers are then
translocated to the nucleus starting the transcription.'?
JAKSs inhibitors (JAKsI) are currently being tested in clinical
trials for the treatment of psoriasis,'® particularly those
included in the IL-23 mechanism of action. Indeed, 1L-23
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Table | The Table Shows the Molecules Belonging to the Class of Jak Kinase Inhibitor Under Investigation for Psoriasis

Janus Kinases Inhibitors Target Systemic Oral Intravenous Subcutaneous Topical
Deucravacitinib (BMS-986165) TYK2 v v

Pembrocitinib (PF-06700841) TYK2/JAKI v v v
Delgocitinib JAKI, 2, 3 and TYK2 v v

binding to IL-23 receptor causes phosphorylation and acti-
vation of JAK-STAT signaling molecules — JAK2, TYK?2,
and STATI, 3, 4, and 5,"* which directly bind to IL-17 and
IL-17F genes promoters.'> STAT3 also up-regulates the
expression of retinoic acid-related orphan receptor (ROR)-
v, a Th17 specific transcriptional regulator that is crucial for
IL-17 and IL-17F expression.'® Among JAKsI, deucravaci-
tinib (BMS-986165) has the unique ability to selectively
bind the pseudo-kinase domain of TYK2, inhibiting its
functions, involving IL-12, IL-23, and type I and III inter-
ferons (IFN), through an allosteric mechanism'’ (Table 1;
Figure 2; Table S1). Selective TYK2 inhibitors are of great
interest for increasing the target specificity and reducing
AEs observed with other types of JAKsL'®!®
Pembrocitinib (PF-06700841) is an oral, dual selective

Spesolimab
Imsidolimab

N

P iemay00s | ~ ABBV-157 Y
AUR101
P

IL17A
1IL17F

Lymph node

TYK2/JAK1 inhibitor, targeting multiple cytokines involved
in the signaling (IFN, IL-6, IL-12, IL-21, IL-22, and IL-23),
tested to treat patients with moderate-to-severe plaque psor-
iasis. From oral formulation, a topical cream 0.1% has been
produced and tested in a Phase II trial (Table 1; Figure 2;
Table S2). Another JAKsI, delgocitinib, has shown in
in vitro studies to inhibit JAK1, 2, and 3 and TYK2 in an
adenosine triphosphate (ATP)-competitive manner, thus
blocking IL-2, IL-6, IL-23, granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IFN-o signaling."
Moreover, delgocitinib inhibits inflammatory cells activa-
tion, such as T cells, B cells, monocytes and mast cells,
and Thl-, Th2- and Thl7-type cytokines production and
secretion, by both T and non-T cells.”® It improves skin
barrier function and enhances keratinocyte differentiation,

[_ND2110
ND-2158
BAY1834845

Ponesimod

s | T ©

oo Te—

Keratinocyte proliferation triggers ’

Figure 2 Summary of drugs under investigation or with preliminary efficacy in psoriasis disease (red), and drugs with no data reporting efficacy (orange). A) The JAK
inhibitor blocks the JAK-STAT pathway signaling in Th17 cells. Specifically, deucravacitinib inhibits TYK2. B) Tapinarof, an AhR agonist, reduces IL-17 and IL-22 in both Thl7
cells and keratinocytes. C) Spesolimab and imsidolimab inhibit IL-36R. D) Imo-8400 inhibits TLR-7/8/9. E) BAY 1834345, ND21 10 and ND2158 inhibit IRAK4. F) Piclidenoson
inhibits A3AR in keratinocytes. G) Ponesimod, a selective SIPRI agonist, induces sequestration of lymphocytes into lymph nodes and decreases peripheral lymphocyte
counts and tracking of lymphocytes to peripheral tissues. H) Namilumab has not shown efficacy in psoriasis. |) PDE4 inhibitors act on lymphocytes. K) Among RORyt, just
ABVV-157 and AUR-101 have shown efficacy in psoriasis. L) KD025, a ROCK?2 inhibitor, reduces IL-17 secretion in Th17 cells.

Abbreviations: JAK, Janus kinase; STAT, signal transducer and activator of transcription; SIPRI, sphingosine- | -phosphate receptor |; ROCK2, Rho-associated kinase 2; IL,
interleukin; AhR, aryl hydrocarbon receptor; TLR, toll-like receptor; IRAK, interleukin | receptor-associated kinase.
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as indicated by increased levels of profilaggrin, filaggrin and
loricrin.?' On the other hand, as delgocitinib is the agent
with a less specific target on the JAK-STAT pathway, more
AEs are expected (Table 1; Figure 2).

Aryl Hydrocarbon Receptor Agonist

Aryl hydrocarbon receptor (AhR) is a cytosolic ligand-
activated receptor and transcription factor, which is com-
monly expressed in the skin cells and binds endogenous and
exogenous molecules and dioxins.”*** AhR activation
induces oxidative stress through cytochromes P450 and
neutralizes oxidative stress through the nuclear factor-
erythroid 2-related factor-2 (NRF2) transcription factor.**
Moreover, AhR regulates the Th17/22 axis, which is
involved in psoriasis.”* In addition, AhR in cutaneous vas-
cular endothelial cells (VECs) seems to be involved in the
arising of psoriasis. Zhu et al have discovered that AhR in
cutaneous VECs down-regulates neutrophil recruitment
through adhesion molecule ICAM-1 in psoriasis, using
a AhR knockout mice.”> AhR agonist reduced IL-23 recep-
tor, Th17 master transcription factor, RORC, and the number
of Th17 cells.”® Tapinarof, also known as benvitimod (WB-
1001, GSK-2894512, and DMVT-505), is a non-steroidal
anti-inflammatory drug in study for the treatment of
psoriasis.”’*® In imiquimod-treated mice, tapinarof demon-
strated less inflammation, epidermal thickening, and reduced
pro-inflammatory cytokines, such as IL-17, IL-19, IL-22,
IL-23, and IL-1P. In addition, tapinarof has an antioxidant
activity based on the inhibition of reactive oxygen species
through the NRF2 pathway.”’ In ex vivo human skin, tapi-
narof reduced Th17 cytokines such as IL-17A, IL-17F, and
IL-22°7 (Table 2; Figure 2; Table S3).

Retinoic Acid-Related Orphan Receptor-

vt Inverse Agonists

RORC2 is a crucial transcription factor for Th17 cell
differentiation.?’ Inhibiting RORC activity is considered
a promising strategy for the treatment of psoriasis.”” Two
receptor isoforms are produced from the same RORC
gene:>° RORy (also referred to as RORyl;*' and RORyt
(also known as RORy2).*> RORyt is the most studied of
the two isoforms. The transcription factor is essential for
lymph nodes and Peyer’s patches organogenesis.”** It
inhibits undifferentiated T cells apoptosis, supporting
their Th17 differentiation, though the regulation of Fas
ligand and IL-2.%° RORyt is a validated drug target for the
treatment of cutaneous inflammatory disorders such as
psoriasis. Among the RORyt inverse agonist, ABBV-157
is a small molecule currently employed in a clinical trial
on the treatment of chronic plaque psoriasis, still in the
recruitment phase (Table 3; Figure 2; Table S4). AUR101
is a potent oral RORyt inverse agonist, with high selec-
tivity among other ROR isoforms, showing IL-17 mod-
ulation with an acceptable safety profile, which has
recently completed a phase I human study. AUR-101
has demonstrated inhibition of IL-17A in whole blood
from psoriasis patients and very significant reduction in
histopathology scores in two separate pre-clinical psoria-
sis models. In addition, AUR-101 has been found to be
safe in preclinical toxicology evaluations, at several fold
of anticipated efficacious doses in humans (Table 3;
Figure 2; Table S5). To data, other two RORyt inverse
agonists have been studied, vimirogant (also known as
AGN 242428 or VTP 43742) and GSK2981278, but no
efficacy in cutaneous psoriasis has been demonstrated
(Tables S6, S18).

Table 2 The Table Shows the Molecules Belonging to the Class of Aryl Hydrocarbon Receptor Agonist Under Investigation for

Psoriasis
Aryl Hydrocarbon Receptor Agonist Target Systemic | Oral | Intravenous | Subcutaneous | Topical
Tapinarof; Benvitimod (WB-1001; GSK-2894512; Aryl hydrocarbon 4

DMVT-505) receptor

Table 3 The Table Shows the Molecules Belonging to the Class of Retinoic Acid-Related Orphan Receptor yt Inverse Agonists Under

Investigation for Psoriasis. Vimirogant and GSK2981278 are Reported in the Table S19 Due to Any Efficacy in the Pathology

Retinoic Acid-Related Orphan Receptor yt Inverse Agonists | Target | Systemic | Oral | Intravenous | Subcutaneous | Topical
ABBV-157 RORyt | v v
AURIO0I RORyt | v v
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Sphingosine- | -Phosphate Receptors
Agonists

Sphingosine is an 18-carbon amino alcohol, which forms
a primary part of sphingolipids, a class of cell membrane
lipids created from ceramide, through ceramidase.’ The
Sphingosine-1-phosphate (S1P) is a lipid mediator asso-
ciated with cellular proliferation, survival, migration,
inflammation, immune cell trafficking, angiogenesis, vas-
cular integrity, and adhesion in the immune and vascular
systems.*® S1P plays on five specific G protein-coupled
receptors named S1P receptors (SIPR) 1-5.%¢ SIPRI is
expressed on lymphocytes and controls their way out from
thymus and secondary lymphoid organs.*”** SIPR1 mod-
ulators induce internalization of this receptor and segrega-
tion of most circulating lymphocytes in lymph nodes,
decreasing peripheral lymphocytes count and trafficking
to peripheral tissues.***** Moreover, it has been described
that S1P hinders the growth of keratinocytes and demon-
strates anti-proliferative and anti-inflammatory effects in
mouse models of psoriasis.*' ™ It results by keratinocytes
entrance in GO phase of the cell cycle and is not due to
a cytotoxic effect.* Moreover, SIP induces calcium intra-
cellular content elevation, and this is a strong signal for
keratinocytes  differentiation.’>**  Ponesimod (ACT-
128800) is an oral selective SIPR1 agonist, which blocks
the egress of T cells from lymphoid organs (Table 4;
Figure 2; Table §7).***7 SCD-044 is a novel oral SIPR1
agonist that is going to be tested for the treatment of
cutaneous inflammatory diseases such as atopic dermatitis
and psoriasis (Table 4; Figure 2; Table S8).

Rho-Associated Kinases Inhibitor
Rho family kinases, consisting of Rho-associated coiled-coil
kinase (ROCK) 1 and 2, are serine-threonine kinases

activated by Rho GTPases and mediate the phosphorylation
of downstream targets in cells.**** ROCK2 down-regulates
autoimmune responses binding phosphorylated-STAT3 and
controlling the formation of ROCK2/STAT3/JAK2 complex
and optimal STAT3 phosphorylation in human CD4+ T cells
during Th17 skewing.® Thus, ROCK2 seems to be
a promising target in the treatment of immune-mediated
and inflammatory condition, as psoriasis, due to the role on
T cells. Belumosudil (KD025 or SLx-2119) is an oral ROCK
inhibitor Table 5; Figure 2; Table S9). Recent studies have
showed that oral belumosudil administration in healthy sub-
jects, without psoriasis, decreases IL-17 and IL-21 secretion,
induced by ex vivo stimulation.*” Moreover, ROCK2 inhibi-
tion shifted the balance between pro-inflammatory and
immunosuppressive T-cell subsets through concurrent regu-
lation of STAT3/STATS phosphorylation. In a phase II clin-
ical trial, KDO025 significantly reduced both IL-17 and IL-23
levels. Moreover, epidermal thickness, K16 expression, and
T-cell cutaneous infiltration also decreased in skin biopsies of
treated patients.’’ In addition, the PASI50 response to
KD025 (200 mg twice daily) at week 12 was 71%.°"
Finally, KDO025 significantly increased levels of the immune-
modulant cytokine IL-10, but tumor necrosis factor (TNF)-a
and IL-6 levels were not changed.”’

Interleukin-1 Receptor Associated Kinase
4 Inhibitors

Interleukin-1 associated kinase (IRAK)-4,

a member of serine/threonine kinase family, is a crucial

receptor

downstream signaling factor of both toll-like receptors
(TLRs) and IL-1 receptor pathways of innate immune
responses. The main expression of IRAK-4 seems to be on
peripheral blood mononuclear cells and CD8+ cells.’**

IRAK-4 achieved great attention when results from a poster

Table 4 The Table Shows the Molecules Belonging to the Class of Sphingosine-|-Phosphate Receptor | Agonist Under Investigation

for Psoriasis

Sphingosine-1-Phosphate Receptor | Agonist Target Systemic Oral Intravenous Subcutaneous Topical
Ponesimod (ACT-128800) SIPIR v v
SCD-044 SIPIR v v

Table 5 The Table Shows the Molecules Belonging to the Class of Rho-Associated Coiled-Coil Kinase 2 Inhibitor Under Investigation

for Psoriasis

Rho-Associated Coiled-Coil Kinase 2 Inhibitor Target

Systemic

Oral Intravenous Subcutaneous Topical

Belumosudil (KD025/SLx-2119) ROCK2
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at the Annual Scientific Meeting of American College of
Rheumatology reported the beneficial potentials of selective
and potent IRAK-4 inhibitors in the pre-clinical evaluation
for various inflammatory- and immune-related conditions, as
psoriasis.>* Experimental reports have demonstrated that
IRAK-4 activity reduction stops cytokine production, and
consequently, appear to be promising in inflammatory- and
immune-related disorders.”>*® The oral administration of
IRAK-4 inhibitors (ND-2110, ND-2158) has demonstrated
efficacy in a mouse model of imiquimod-induced psoriasis.>
BAY18344845 is an orally bioavailable small molecule
IRAK-4 inhibitor. It blocks nuclear factor-kappa of B cell
(NF-kB)-mediated secretion of TNF-q, IL-1, and IL-6 in
peripheral blood mononuclear cells. BAY 1834845 is cur-
rently under investigation for rheumatoid arthritis, other
autoimmune conditions and hematological malignancies.
To data, just one phase I trial is evaluating safety and toler-
ability of multiple oral doses in healthy male subjects and in
patients with psoriasis (Table 6; Figure 2; Table S17).

Phosphodiesterase-4 Inhibitors

PDE4 is an intracellular non-receptor enzyme modulating
inflammation and epithelial integrity, mainly present in
immune, epithelial, and brain cells.’” Inhibition of PDE4
has several effects via the elevation of the cyclic adenosine
monophosphate (cAMP) levels. It has been identified that
PDEA4 is a promising therapeutic target for the treatment of
diverse pulmonary, dermatological, and severe neurologi-
cal diseases.’® In the skin, PDE4 is primarily expressed in
keratinocytes, neutrophils, Langerhans and T cells, which
contribute to the psoriatic plaque formation.’® Previous
studies demonstrated that PDE4 mRNA level in peripheral
blood was higher in psoriatic patients compared to normal
individuals.’>*° Hemay005 is a novel small molecule

inhibiting PDE4, developed for the treatment of psoriasis
(Table 7; Figure 2; Table S10).%" Oral orismilast (LEO
32731) was developed as a candidate for psoriasis treat-
ment. It has been demonstrated to be superior over placebo
in randomized, double-blinded, placebo-controlled clinical
studies for this indication (Table 7; Figure 2; Table S11).

A3z Adenosine Receptor Agonist

Aj adenosine receptor (A3;AR) is expressed on all types of
immune cells with a broad distribution. A direct correlation
has been found between A3;AR expression level and disease
progression in inflammatory and cancer diseases, in both
experimental animal models and humans.®> Boukamp et al
demonstrated A3AR over-expression in skin lesions and
peripheral blood of psoriatic patients with moderate-to-
severe disease.®® Targeting the receptor with the highly spe-
cific agonist piclidenoson (CF101), it was induced the
in vitro inhibition of cell proliferation.®> Moreover, piclide-
noson reduces PI3K, p-AKT, NF-kB, TNF-q, IL-17, and IL-
23 expression, all known to act as potent inflammatory
mediators in psoriasis (Table 8; Figure 2; Table $12).°+

Toll-Like Receptors Antagonist

TLRs are a class of proteins that plays a key role in the
innate immune system. They are single-pass membrane-
spanning receptors usually expressed on antigen presenting
cells, as macrophages and dendritic cells, that recognize
structurally conserved molecules derived from microbes.
Aberrant TLR-7, 8, and 9 activation by self-nucleic acids
is involved in immune-mediated inflammatory diseases,
such as psoriasis. IMO-8400 is a first-in-class antagonist of
TLR-7, 8, and 9. Balak et al evaluated the short-term safety
and proof-of-concept for efficacy of IMO-8400 in a phase II
trial®® (Table 9; Figure 2; Table S13).

Table 6 The Table Shows the Molecules Belonging to the Class of Interleukin-1 Receptor Associated Kinase 4 Inhibitor Under

Investigation for Psoriasis

Interleukin-1 Receptor Associated Kinase 4 Inhibitor | Target | Systemic | Oral | Intravenous | Subcutaneous | Topical
ND-2110 IRAK4 v v
ND-2158 IRAK4 v v
BAY 1834845 IRAK4 v v

Table 7 The Table Shows the Molecules Belonging to the Class of Phosphodiesterase-4 Inhibitors Under Investigation for Psoriasis

Phosphodiesterase-4 Inhibitors Target Systemic Oral Intravenous Subcutaneous Topical
Hemay005 PDE4 v v
Orismilast PDE4 v v

Journal of Experimental Pharmacology 2021:13 htps: 731

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=265632.zip
https://www.dovepress.com/get_supplementary_file.php?f=265632.zip
https://www.dovepress.com/get_supplementary_file.php?f=265632.zip
https://www.dovepress.com/get_supplementary_file.php?f=265632.zip
https://www.dovepress.com/get_supplementary_file.php?f=265632.zip
https://www.dovepress.com
https://www.dovepress.com

Campione et al

Dove

Table 8 The Table Shows the Molecules Belonging to the Class of A3 Adenosine Receptor Agonist Under Investigation for Psoriasis

A; Adenosine Receptor Agonist Target Systemic

Oral Intravenous Subcutaneous Topical

Piclidenoson A3AR v

(CFl0l)

v

Table 9 The Table Shows the Molecules Belonging to the Class of Toll-Like Receptor Antagonist Under Investigation for Psoriasis

Toll-Like Receptor Antagonist Target Systemic

Oral Intravenous Subcutaneous Topical

IMO-8400 TLR-7, 8, 9 4

v

IL-36 Receptor Inhibitors

The IL-36 receptor (IL-36R) axis has been identified as the
involved pathways in GPP and palmo-plantar pustulosis
(PPP). IL-36 is an inflammatory cytokine, member of the IL-
1 superfamily, secreted by T cells and acting on keratinocytes,
which express IL-36R. IL-36 is composed of three agonists,
IL-36a, IL-36p, and IL-36y (previously called IL-1F6, IL-1F8,
and IL-1F9) and an antagonist, [L-36 receptor antagonist (IL-
36Ra, formerly known as IL-1F5).%” Spesolimab (BI 655130),
is a monoclonal antibody that blocks IL-36R, significantly
improving GPP symptoms in moderate and severe disease
flares.®® In vivo studies highlighted the capability of spesoli-
mab to block skin inflammation. Inhibiting the IL-36R path-
way results in significant attenuation of skin thickening and
psoriasis-relevant gene expression. These data suggest
a crosstalk between IL-36R and the IL-23/Th17 axis both in
PPP and GPP® (Table 10; Figure 2; Table S14). Imsidolimab
(ANBO019) is an antibody inhibiting the IL-36R function,
which has been initially developed as a therapy in GPP, PPP,
EGFR inhibitors-mediated skin toxicity, and ichthyosis
(Table 10; Figure 2; Table S15).

Granulocyte-Macrophage

Colony-Stimulating Factor

As a major immune modulator, GM-CSF regulation may be
of potential interest in psoriasis treatment. Within the skin,
GM-CSF is produced by activated T lymphocytes, myeloid
endothelial cells, fibroblasts and

cells, macrophages,

keratinocytes. It is detectable in psoriasis related skin blister
fluid and in the serum of patients with psoriasis.”’
Namilumab (AMG203) is a human IgG1 monoclonal anti-
body potently and specifically neutralizing human and
macaque circulating GM-CSF (Table S16). Both in vivo
and in vitro studies supported a hypothetical use of GM-
CSF inhibitors in psoriasis.”"”> Data from the NEPTUNE
trial have highlighted all benefits from the clinical usage of
namilumab in moderate-to-severe plaque psoriasis (Tables
S14, 520).

Discussion

The involvement of specific cytokine-driven signaling
pathways in the pathogenesis of psoriasis has been the
key observation for the development of target therapies,
some of which are currently used in the clinical setting
with excellent results in terms of induction of disease
remission.'>**7*  Antimicrobial peptides (AMPs) play
important roles in host protection, leading to kill several
microorganisms, including bacteria, protozoa, fungi, and
viruses.”* In psoriasis, certain AMPs, including p-
defensins and cathelicidin, are highly expressed and pro-
duced by keratinocytes, neutrophils, and macrophages in
response to injury and cytokine secretion.”” They stimulate
TLRs, especially TLR-9 on plasmacytoid dendritic cells,
which, in turn, produce IFN-a and B, promoting myeloid
dendritic cells (mDCs) activation.”® Activated mDCs
migrate to lymph nodes and secrete IL-12 e IL-23, which
modulate the differentiation and proliferation of Thl and

Table 10 The Table Shows the Molecules Belonging to the Class of Interleukin-36 Receptor Inhibitors Under Investigation for

Psoriasis
Interleukin-36 Receptor Inhibitors Target Systemic Oral Intravenous Subcutaneous Topical
Spesolimab IL-36R v v
(BI655130)
Imsidolimab (ANBO19) IL-36R v v
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Th17 lymphocytes subsets respectively.”> Th17 cytokines
(IL-17, IL-21, and IL-22) induce keratinocytes prolifera-
tion causing epidermal hyperplasia and thickening.
Intracellular pathways implied in the signal transduction
of these molecules include NF-kB overexpression, with
increased TNF-a and IL-6 production, and JAK-STAT
pathway activation.”” In this context, JAKsI may be
employed in the treatment of psoriasis as they oppose to
the immune-mediated mechanisms underlying psoriasis.®’
In particular, as JAK-STAT pathway activation, induced
by IL-23, upregulates STAT3,” JAKsI down-regulate IL-
17 and IL-17F transcription, which are critical for Th17
lymphocytes development.'® Among JAKsI, daucravaciti-
nib, with its unique ability to selectively inhibit TYK2
promises to target specific cytokine pathways, involving
IL-12, IL-23, and IFN, arousing great interest for increas-
ing target specificity and reducing AEs.'™'77® An
increased infections occurrence in patients treated with
JAKSsI was expected since TYK2, in particular, is required
for antiviral defense controlled by type I IFN.'” However,
from real life data, the incidence of infections was not
significant when compared to placebo or other small mole-
cules groups. The most common infective events reported
were pharyngitis and upper respiratory tract infections, but
they were mild-to-moderate and did not lead to treatment
discontinuation.'® The different clinical subtypes of psor-
iasis could be related to different cytokines involved in the
pathogenesis. For instance, recessive mutations in the
antagonist of the IL-36R, belonging to the IL-1 pro-
inflammatory cytokine family, have been linked to
GPP.®” This mutation is also found in PPP and acroderma-
titis continua of Hallopeau. In patients with pre-existing
plaque-type psoriasis, the gain-of-function mutation in
CARDI14, p.Aspl76His, was found to be a predisposing
factor for developing GPP.®” In this context, IL-36R inhi-
bitors conquer a central role in the rational treatment of
GPP and PPP. Improvement in understanding psoriasis
pathogenesis reveals that different clinical psoriatic phe-
notypes underly various involved cytokines and diverse
genetic  substrate. Cumulative evidences implicate
a substantial role of genetic factors in psoriasis suscept-
ibility and manifestations. The genetic basis of psoriasis is
supported by family-based investigations, population
based epidemiological studies, association studies with
human leukocyte antigens (HLAs), genome-wide linkage
scans, and candidate gene studies within and outside the
major histocompatibility complex region.”’ The genetic

landscape of psoriasis is dominated by mutations in the

psoriasis susceptibility locus 1 (PSORSI1), which com-
prises genes in the HLA complex.®® The strongest HLA-
related associations in psoriasis is mapped on HLA-C*06,
particularly in patients with early-onset and more severe
disease who have a positive family history.*® However,
regression analyses have identified at least seven indepen-
dent HL A genetic signatures for psoriasis based on single-
nucleotide polymorphism typing, which have been
mapped by imputation to HLA-C, HLA-B, HLA-A, and
HLA-DRA.®' Confirmed associations include mutations in
the PSORS2 region (17q24-q25), hosting the CARD14
gene;*>**  PSORS4
complex;** PSORS6, on chromosome 19pl13, spanning
the TYK2 locus;* and PSORS7 on chromosome lp, in
which the TL23R locus is located.®® Studies suggested that
CARDI14 gene mutations enhance NF-kB activation,

in the epidermal differentiation

resulting in abnormal inflammation. NF-xB activation in
keratinocytes should be the target in CARD14-related
psoriasis. Following what was explained before, in the
era of small molecules, these patients could benefit of
PDE4 and IL-36R inhibitors.””” More than genetics, epi-
genetics paved the way to understand the interactions
between gene and environment. Epigenetic modifications
are able to induce chromatin changes without modifying
the DNA sequence.®” Epigenetic mechanisms may operate
at transcriptional (methylation and histone modifications)
and post-transcriptional (microRNAs and long non-coding
RNAs) level. Non-genetic factors (including smoking,
alcohol, stress, drugs assumption, pollution, UV radiation,
and diet) can induce epigenetic responses and, ultimately,
modulate individual gene expression profiles and suscept-
ibility to disease trait.***° Small molecules, as PDE4
inhibitors, permit to cure those patients with difficult-to-
treat or moderate-severe disease. They are of particular
help in the clinical practice, as oral administration and
high security profile in fragile and elderly patients are
very appreciated features in a chronically administrated
therapy. In this view, PDE4 inhibitors resolve the unmet
needs not yet under control with the current biologic
therapies. In the scenario of new targeted therapies, finding
other pathogenetic molecular target in a disease as psor-
iasis - where the pathogenetic mechanism are not yet fully
understood - is a valid therapeutic option. Based on such
paradigm shift, next generation therapeutic targets might
be identified. It is recognized today that psoriatic patients
present a number of important comorbidities, observed
more often than expected, based on their respective pre-
valence in general population. These include psoriatic
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arthritis, metabolic syndrome, cardiovascular disorders, as
well as numerous other diseases, such as anxiety/depres-
sion, non-alcoholic fatty liver disease, Crohn’s disease, or
lymphoma. High prevalence, chronicity, disfiguration, dis-
ability, and associated comorbidity make it a challenge for

clinicians of multiple specialties.

Conclusions

Several clinical trials in experimental phase may provide
new therapeutic options to satisfy the unmet needs of
patients with a resistant psoriatic disease to the last biologic
therapies. Although the concept of “psoriatic disease” com-
prises extra-cutaneous manifestations also, we had focused
only on cutaneous disease, to a reason of major clarity.
Several new classes of anti-psoriatic drugs are currently
undergoing clinical development. These new therapies pro-
mise earlier and higher-level responses that are durable and
more specific, as they target cytokines involved directly in
psoriatic inflammation. Additionally, based on results from
clinical trials evaluating these new agents, it may be possible
to find predictive markers identifying classes of patients who
are treated with better results with certain drug classes,”’
those prone to lose response to treatments, and those who
may discontinue treatment maintaining remission. It remains
to be determined whether the promising results seen in early
studies of therapies in development for psoriasis will trans-
late into actual improvements over currently available treat-
ment options. Numerous small molecules are under
development for psoriasis, although their place in the anti-
psoriatic treatment schemes has not yet been established.
Nevertheless, advantage in oral administration, reducing
subcutaneous or intravenous therapies, lead JAKsI and
PDE4 inhibitors as the more under development molecules.
In terms of future research, randomized trials comparing
directly active agents are necessary once high-quality evi-
dence of benefit against placebo is established, including
head-to-head trials amongst and between conventional sys-
temic therapies, biological agents and the newest small
molecules.
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