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Abstract: Psoriasis is a common chronic inflammatory skin disease associated with several
comorbidities and reduced quality of life. In the past decades, highly effective targeted
therapies have led to breakthroughs in the management of psoriasis, providing important
insights into the pathogenesis. This article reviews the current concepts of the pathophysio-
logical pathways and the recent progress in antipsoriatic therapeutics, highlighting key
targets, signaling pathways and clinical effects in psoriasis.
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Introduction

Psoriasis is a common chronic inflammatory skin disease with regional prevalence
varying between 0.14% and 1.99%." Psoriasis vulgaris is the most common type
seen in approximately 90% of psoriasis cases. It is characterized by erythematous
and scaly lesions that may affect any site of skin, but commonly affects predilection
sites (extensor surfaces and scalp).> Other less common types of psoriasis include:
guttate psoriasis; inverse psoriasis; pustular psoriasis which may be generalized
(generalized pustular psoriasis) or limited to palms and soles (palmoplantar pustu-
losis); and erythrodermic psoriasis, a rare, serious and widespread redness of the
skin.® Psoriasis is associated with comorbidities (eg, psoriatic arthritis, cardiovas-
cular events, inflammatory bowel disease), psychiatric disorders (depression, anxi-
ety, suicidal ideation) and significantly reduced quality of life.*” Genetic,
environmental (eg, skin trauma, infections) and behavioral factors (eg, smoking)
contribute to the development of psoriasis.®” The pathogenesis of psoriasis is not
fully elucidated yet, but most accepted concepts suggest an initiation and
a maintenance phase of inflammation driven by an interplay between immune
cells and keratinocytes mediated by cytokines.®* The mainstay of treatment is
immunosuppression including phototherapy, topical and systemic treatment.” In
recent decades, the introduction of targeted therapy with biologics has led to
major advancements in the management of psoriasis and further enhanced our
understanding of the pathogenesis. This review provides the recent progress and
insights from antipsoriatic therapeutics, highlighting key targets, signaling path-
ways and clinical effects in psoriasis vulgaris.

Pathogenesis
Psoriasis is a T cell mediated disease dependent on cross-talk between the innate and
adaptive immune systems, in which dendritic cells (DCs) and keratinocytes have key

Received: 21 April 2021
Accepted: 5 June 2021
Published: 29 June 2021

Psoriasis: Targets and Therapy 2021:11 83-97 83
© 2021 Ben Abdallah et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
BY N

terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing
the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-4610-5428
http://orcid.org/0000-0003-0240-5127
http://orcid.org/0000-0003-1816-4508
mailto:lars.iversen@clin.au.dk
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Ben Abdallah et al

Dove

roles.'® The psoriatic inflammation is characterized by an
initiation phase, followed by chronic inflammation that is
sustained by positive feedback loops. The exact immune
events triggering the inflammatory cascade remain elusive.
Autoantigens have been proposed as the pathomechanism of
initiation. The most studied autoantigen is cathelicidin anti-
microbial peptide, also known as LL-37, which is produced
by immune cells and keratinocytes in response to skin injury
(Figure 1).""'2 LL-37 forms complexes with self-DNA or

RNA that activates plasmacytoid DCs (pDCs) through Toll-

like receptor-9 (TLR-9) and TLR-7, 13,14

Subsequently, the pDCs produce interferon (IFN)-o, that acti-
vates conventional DCs (¢cDCs). Moreover, RNA-LL37 may
directly activate cDCs through TLRS.'* Hereafter, activated
¢DCs stimulate and promote the expansion of autoreactive

respectively.

T cells through antigen presentation and secretion of cyto-
kines, such as tumor necrosis factor (TNF)-a, interleukin
(IL)-12 and IL-23."* The differentiation of naive T cells to
T helper 17 cells (Th17) depends on the secretion of 1L-23
together with TGFf and IL-6, whereas the differentiation to
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Figure | Current concepts of the pathogenesis in psoriasis. In response to skin injury, damaged keratinocytes release LL-37 which forms complexes with self-DNA/RNA.
The complexes bind to TLRs and activate dendritic cells, which in turn promote the expansion and differentiation of autoreactive T cells through antigen presentation and
secretion of cytokines. IL-23 promotes the differentiation of Th17 and Th22 cells, whereas IL-12 promotes Thl cells. The activated Th22 and Th17 cells secrete TNF-q, IL-
17 1L-22 that stimulate the keratinocytes to proliferate and produce inflammatory cytokines, chemokines, and antimicrobial peptides which further activate immune cells,
enabling a positive feedback loop. Other concepts with autoantigens as triggers include; ADAMTSLS5 in melanocytes which bind and activate autoreactive CD8+ T cells with
subsequent release of IL-17 and IFN-y; or PLA2G4D producing neolipid autoantigens expressed on CD la+ dendritic cells, which upon presentation activate lipid-specific

T cells secreting IL-17A and IL-22. Created with BioRender.com.

Abbreviations: ADAMTSLS, a disintegrin and metalloprotease domain containing thrombospondin type | motif-like 5; cDC, conventional dendritic cells; IFN, interferon; IL,
interleukin; LC, Langerhans cell; LL37, cathelicidin; pDC, plasmacytoid dendritic cells; PLA2G4D, phospholipase A2 group IVD; Th, T helper cell; TLR, toll-like receptor;

TNF, tumor necrosis factor.
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Thl depends on IL-12."'° The activated Th cells secrete
cytokines; Th17 cells secrete IL-17, IL-22 and TNF-a, while
Thl cells secrete IFN-y and TNF-a. These cytokines together
stimulate the keratinocytes to proliferate and produce inflam-
matory cytokines (eg, IL-1, IL-6, TNF-a), chemokines (eg,
CXCLI, CXCL2, CXCL3, CXCL5) and antimicrobial pep-
tides (eg, S100A7/8/9, human B-defensin 2, LL-37), which
recruit and further stimulate immune cells, amplifying the
psoriatic inflammation.'>!”"'® This positive feedback loop
between T cells and keratinocytes drives the maintenance
phase of the psoriatic inflammation.

Other putative autoantigens include the melanocytic pro-
tein ADAMTS-like protein 5 (ADAMTSLS) which has been
reported to be an autoantigen to epidermal autoreactive CDS
+ T cells in patients with the risk gene HLA-C*06:02."
Moreover, a cytoplasmic phospholipase A, PLA2G4D
(phospholipase A2 group IVD), has been hypothesized to
generate non-peptide neolipid autoantigens for recognition
on CDla-expressing DCs to autoreactive T cells.””

Although the proposed models of initiation and patho-
genesis (Figure 1) have been shown in in-vitro studies, the
models remain hypothetical. Moreover, the models cannot
be directly translated to clinical relevancy. For instance,
therapies targeting IFN-a, IFN-y, IL-22 have failed to

show clinical efficacy in patients with psoriasis.?'

Treatment

Biologics

The introduction of targeted therapy with biologics has
revolutionized the management of moderate to severe
psoriasis as an effective and safe treatment. The proteinac-
eous nature of biologics allows high specificity of extra-
cellular targets, but disadvantages include parenteral
high
immunogenicity.?® Currently, the four classes of biologics
to treat psoriasis include TNF-a, IL-12/23, IL-17 and IL-
23 inhibitors. A summary of targeted therapies that are

administration, cost of manufacturing and

approved or under development for the treatment of psor-
iasis vulgaris is provided in Table 1.

TNF-a Inhibitors

TNF-a is a major proinflammatory cytokine exerting
effects on several cell types that are involved in the patho-
genesis of multiple inflammatory diseases, such as rheu-
matoid disease, psoriatic arthritis and inflammatory bowel
diseases.?’ In the skin, TNF-a is produced by a variety of
cells, such as immune cells (DCs, T cells, macrophages)

and keratinocytes.!” The efficacy of targeting TNF-o in
psoriasis is likely predominantly due to inhibition of the
IL-23/17 pathway. In particular, TNF-o inhibitors reduce
the release of IL-23 from cDCs, and decrease the syner-
gistic effect of TNF-a on the IL-17 induced expression of
psoriasis-related genes in keratinocytes.'® TNF-a is initi-
ally produced as a transmembrane protein that may reside
on the cell surface or be cleaved by TNF-a Converting
Enzyme to produce soluble TNF-o which may be released
in the blood and exert its effects in remote tissues.”® Both
soluble and transmembrane TNF-a exert biological activ-
ities by binding to two different receptors named TNF
receptor 1 (TNFRI1) and TNFR2.?° Homotrimers of
TNF-a bind to homotrimeric TNFRs to induce intracellu-
lar signaling through recruitment and assembly of different
cytoplasmic complexes that result in distinct pathways and
outcomes (eg, inflammation, apoptosis, survival, tissue
regeneration).”° In the context of psoriatic inflammation,
the signaling through complex I and activation of nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-kB), mitogen-activated protein kinases (MAPKs)
and activator protein (AP) 1 will be described in
a simplified manner (Figure 2).>' Complex I recruits the
transforming growth factor-beta (TGFp)-activated kinase 1
(TAK1) complex and inhibitor of kB (IxB) kinase (IKK)
complex. The TAK1 complex phosphorylates and activates
the MAPKs p38 and c-JUN N-Terminal kinase (JNK),
leading to activation of the transcription factor AP1. The
IKK complex phosphorylates IkBa, leading to the release
and activation of NF-kB.**? The activation of AP1 and
NF-kB leads to proinflammatory regulation of gene tran-
scription and proliferation of immune cells.*

A total of five different TNF-a inhibitors are available
for psoriasis and psoriatic arthritis (infliximab, adalimu-
mab, etanercept, golimumab, certolizumab); however,
golimumab is not yet approved for psoriasis.*?
Infliximab, adalimumab and golimumab are monoclonal
antibodies, whereas etanercept is a fusion protein of the
extracellular portion of TNFR-2 linked to a Fc portion of
monoclonal antibody. Certolizumab is a Fab' fragment of
a monoclonal antibody conjugated to polyethylene
glycol.>’** Although sharing the same target, different
pharmacodynamic and pharmacokinetic features among
the TNF-a inhibitors reflect clinical differences in terms
of efficacy and adverse events.>> The short term (1016
weeks) PASI75 (CI 95%) response varies among inflixi-
mab, 80.4% (76.5-84.0), certolizumab 71.1% (65.4-76.5),
adalimumab 69.5% (66.0-72.6) and etanercept 40.1%
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Table | Summary of Targeted Therapies for the Treatment of Psoriasis Vulgaris

Drug Class Agent Target(s) Stage of Administration | NCT Identifier
Development
in Psoriasis
TNFa inhibitors Adalimumab TNFa Approved Sc
Certolizumab TNFa Approved Sc
Etanercept TNFa Approved Sc
Infliximab TNFa Approved Iv
Golimumab TNFo Sc
IL-17 inhibitors Brodalumab IL-17RA Approved Sc
Ixekizumab IL-17A Approved Sc
Secukinumab IL-17A Approved Sc
Bimekizumab IL-17A, IL-17F Phase 3 Sc NCTO03412747,
NCT03536884,
NCT03598790,
NCT03766685
Netakimab (BCD-085) IL-17A Phase 3 Sc NCT03390101
(approved in
Russia)
ABY-035 IL-17A, albumin Phase 2 Sc NCT03591887
Sonelokinab (M1095) IL-17A, IL-17F Phase 2 Sc NCT03384745
Vunakizumab (SHR-1314) IL-17A Phase 3 Sc NCT04839016
IL-23 inhibitors Guselkumab IL 23pl9 Approved Sc
Risankizumab IL 23pl19 Approved Sc
Tildrakizumab IL 23pI9 Approved Sc
Mirikizumab IL-23p19 Phase 3 Sc NCT0348201 1,
NCT03535194,
NCT03556202
IL-12/23 inhibitor Ustekinumab IL-12/23p40 Approved Sc
PDE4 inhibitors Apremilast PDE 4 Approved Oral
Roflumilast PDE 4 Phase 3 Topical/oral NCT04549870,
NCTO04211363,
NCTO04211389,
NCT04286607
Crisaborole (AN2728) PDE 4 Phase 2 Topical NCTO01300052
Hemay005 PDE 4 Phase 2 Oral NCTO04102241
JAK inhibitors Deucravacitinib (BMS- TYK2 Phase 3 Oral NCT04036435,
986165) NCT04772079,
NCT03924427,
NCTO04167462,
NCTO03611751,
NCT03624127

(Continued)
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Table | (Continued).

Drug Class Agent Target(s) Stage of Administration | NCT Identifier
Development
in Psoriasis
Tofacitinib (CP-690,550) JAKI, JAK3 Phase 3 Oral
Abrocitinib (PF-04965842) JAKI Phase 2 Oral NCT02201524
Baricitinib (INCB028050) JAKI, JAK2 Phase 2 Oral NCTO01490632
Brepocitinib (PF-06700841) | JAKI, TYK2 Phase 2 Oral/topical NCT02969018,
NCT03850483
Itacitinib (INCB039110) JAKI Phase 2 Oral NCTO01634087
Peficitinib (ASPO15K) JAKI, JAK2 JAK3, | Phase 2 Oral NCT01096862
TYK2.
PF-06826647 TYK2 Phase 2 Oral NCT03895372
Ruxolitinib JAKI, JAK2 Phase 2 Topical NCT00617994
Solcitinib (GSK2586 184) JAKI Phase 2 Oral NCTO01782664
RORYyt inhibitor AURIOI RORyt Phase 2 Oral NCT04207801
Bl 730357 RORyt Phase 2 Oral NCT03635099,
NCT03835481
ESR-114 RORyt Phase 2 Topical NCT03630939
GSK-2981278 RORyt Phase 2 Topical NCTO03004846
JTE-451 RORyt Phase 2 Oral NCT03832738
VTP-43742 RORyt Phase 2 Oral NCT02555709
STAT inhibitor STA-21 STAT3 Phase 2 Topical NCTO01047943
SIPRI antagonist Ponesimod (ACT-128800) SIPRI Phase 2 Oral NCTO00852670,
NCTO01208090
A3AR agonist Piclidenoson (CF101) A3AR Phase 3 Oral NCT03168256
AhR agonist Tapinarof AhR Phase 3 Topical NCT04053387
Fumeric acid esters | Fumaderm Multiple Approved in Oral
Germany
Skilarence Multiple Approved in Oral
Europe
LAS41008 Multiple Phase 3 Oral NCTO01726933
FP-187 Multiple Phase 2 Oral NCTO01230138
PPC-06 Multiple Phase 2 Oral NCTO03421197
XP23829 Multiple Phase 2 Oral NCT02173301
ROCK-2 inhibitor Belumosudil (KD025) ROCK2 Phase 2 Oral NCT02317627,
NCT02106195,
NCT02852967
HSP90 inhibitor RGRN-305 (CUDC- 305) HSP90 Phase | Oral NCT03675542

Abbreviations: A;AR, A; adenosine receptor; AhR, aryl hydrocarbon receptor; HSP90, heat shock protein 90; lv, intravenous; JAK, janus kinase; PDE4, phosphodiesterase

4; ROCK, Rho-associated kinase; RORyt, retinoic acid-related orphan nuclear receptor gamma; Sc, subcutaneous.
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(35.4-45.1).*° Most common adverse events (AEs) include
nasopharyngitis, upper tract infections and injection site
reactions. Compared to other biologics, the risk of reacti-
vation of tuberculosis may be higher with TNF-a
inhibitors.>” Although IL-23/IL-17 axis inhibitors seem
superior in efficacy and safety to TNF-o inhibitors in

instance, the p40 chain can pair to p35 or p19 to form IL-12
or IL-23, respectively.*' In psoriatic lesions, the expression of
IL-23p19 and the p40 subunit shared by IL-12 and IL-23 are
highly increased, whereas the IL-12p35 is not upregulated,
suggesting that IL-23 has a key role in the pathogenesis of
psoriasis compared to IL-12.*** As previously mentioned,

psoriasis, the more widespread targeting of the immune 1 -12 and IL-23 are secreted primarily by activated antigen

presenting cells (eg, DCs) and induce Thl and Thl7
responses, respectively.** Upon binding of secreted IL-23 to

system may confer advantages to psoriasis complicated
with comorbidities, such as arthritis, inflammatory bowel

35,38

disease, hidradenitis suppurativa and uveitis. its heterodimeric receptor complex consisting of two trans-

membrane proteins (IL-12R B1 and IL-23R), the intracellular
Interleukin 23 Inhibitors receptor-associated tyrosine kinases TYK2 and JAK2 become
IL-23 belongs to the IL-12 cytokine family including IL-12,
1L-23,IL-27, IL-35, IL-39 and IL-Y, which share subunits and
receptors.””* These heterodimeric cytokines consist of an a

chain (p19, p28 or p35) and a B-chain (p40 or Ebi3). For

activated and phosphorylate the receptor complex, creating
a docking site and recruitment of predominantly signaling
transducers and activators of transcription (STAT) 3, and to
a lesser extent STAT1, STAT2, and STAT4 (Figure 2). These

C TNF-a Signaling D I1L-17A/F signaling
TNF-a IL-17 A/F E 123 signaling
IL 23
B PDE4 inhibitors TNER IL17R
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Figure 2 Signal transduction and targets in psoriasis. (A) Fumaric acid esters (FAEs) lead to the release of NRF2, which induce and repress the expression of cytoprotective
and proinflammatory cytokine genes, respectively. Also, FAEs directly inhibit NF-kB, and indirectly through induced HO-1 or inhibition of MSKI. (B) PDE4 inhibition results
in increased cAMP, activating PKA and subsequent phosphorylation of the transcription factors CREB and ATF-1, which lead to increased gene expression of anti-
inflammatory cytokines, and inhibition of NF-kB due to competition of the coactivators (CBP or p300). (C) TNF-a binds to TNFR, then complex | assembles and TAKI
activates the IKK complex and MAPKs (JNK and p38). The IKK complex phosphorylates I«Bo, leading to the release of NF-kB. JNK and p38 activate API. Both API and NF-
kB increase proinflammatory gene expression. (D) IL-17A/F stimulates the IL-17 receptor complex leading to the recruitment of Actl followed by TRAFs. The TRAF6
activates the TAKI pathway with activation of NF-kB and API. TRAF2/5 recruits RNA binding proteins (eg, HuR, Arid5a) that promote mRNA stabilization of
proinflammatory transcripts. Inhibition of the chaperone HSP90 results in reduced function of Actl (E) Upon binding of IL-23 to its receptor complex, TYK2 and JAK2
activate and phosphorylate STAT3, which dimerizes and promotes the expression of proinflammatory genes and RORyt. JAKi may disrupt the signaling by targeting TYK2/
JAK2. The inhibition of RORyt results in decreased Th17 differentiation and response. (F) Upon binding of piclodenoson to A;AR, the activity of PKB/Akt is inhibited, leading
to reduced NF-kB activity. (G) Tapinarof binds to AhR, the AhR-Tapinarof complex heterodimerizes with ARNT leading to downregulation of inflammatory cytokines and
upregulation of skin barrier proteins. Created with BioRender.com.

Abbreviations: A;AR, A; adenosine receptor; AhR, aryl hydrocarbon receptor; ARNT, AhR nuclear translocator; API, activator protein |; ATP, adenosine triphosphate;
cAMP, cyclic adenosine monophosphate; CBP, CREB-binding protein; C/EBPs, CCAAT/enhancer binding proteins; CREB, cAMP-response element-binding protein; FAE,
fumaric acid ester; GPCR, G protein-coupled receptor; HO-1, heme oxygenase |; HSP90, heat shock protein 90; IkB, inhibitor of nuclear factor kappa B zeta; IKK, inhibitor
of kB (IkB) kinase complex; JAKi, janus kinase inhibitor; JNK, c-JUN N-terminal kinase; Keap|, kelch-like ECH-associated protein; MAPK, mitogen-activated protein kinases;
MSK, mitogen- and stress-activated kinase |; NrF2, nuclear factor E2-related factor 2; PKA, protein kinase A; PKB, protein kinase B; PDE, phosphodiesterase; ROR, retinoic
acid-related orphan nuclear receptor; TAP, tapinarof; TAKI, transforming growth factor-beta (TGFf)-activated kinase |; TNF, tumor necrosis factor; TNFRI, TNF receptor;
TRAF, TNF associated factors; TYK2, tyrosine kinase 2; SIPRI, sphingosine |-phosphate receptor |; STAT, signaling transducers and activators of transcription.
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transcription factors become phosphorylated, dimerized and
translocated to the nucleus to regulate the expression of
numerous genes.*”"*® Of interest, STAT3 promotes the expres-
sion of another transcription factor RORyt.*” STAT3 and
RORyt, induce the expression of genes, including IL174,
ILI7F IL22, IL23R, which are pivotal for the Th17 response
and development of psoriasis.**

To date, four IL-23 inhibitors are approved to treat mod-
erate to severe psoriasis (ustekinumab, guselkumab, tildraki-
zumab, risankizumab).*® Ustekinumab is a monoclonal
antibody targeting the p40 subunit shared by IL-12 and IL-
23, thus inhibiting both IL-12 and IL-23
Guselkumab, tildrakizumab and risankizumab are monoclo-

signaling.

nal antibodies specifically inhibiting IL-23 signaling by tar-
geting IL-23p19.%° A fourth IL-23p19 monoclonal antibody,
mirikizumab is being tested in Phase 3 clinical trials
(NCTO03482011, NCT03535194, NCT03556202). The IL-
23 inhibitors represent effective options in treatment of psor-
iasis with infrequent dosing and satisfactory short term (week
10-16) PASI75 (CI 95%) response rates; risankizumab
89.2% (86.9-91.3), guselkumab 86.8% (83.8-89.4), miriki-
zumab 82.5% (78.9-86.1), tildrakizumab 64.9 (59.4-70.3),
ustekinumab 69.7 (66.3-73.1).>' The clinical response
rates of ustekinumab and tildrakizumab seem to be inferior
to the other IL-23 inhibitors.**%% This could be explained
by lower affinity (tildrakizumab) or mode of inhibition
(ustekinumab).>® Moreover, IL-12 signaling may confer pro-
tective effects reducing skin inflammation; hence, blockade
of IL-12 signaling by ustekinumab may be counterproductive
resulting in less efficacy.”* The safety and tolerability of IL-
23 inhibitors seem to be benign with adverse events includ-
ing nasopharyngitis, upper tract respiratory tract infections,
headache, and injection site reactions being the most com-
monly reported.>

Interleukin 17 Inhibitors

The IL-17 family consists of six different subunits (IL-17A to
IL-17F) that form functional IL-17 as homodimers of each
subtype. As an exception, IL-17A and IL-17F can form het-
erodimers. Similar to IL-23 receptors, the IL-17 cytokines
bind to heterodimeric receptor complexes composed of two
transmembrane subunits.”> The IL-17A and IL-17F cytokines
are produced by several cells, especially Th17 and Tcl7 cells,
exerting their effect on keratinocytes leading to proliferation
and production of inflammatory cytokines, chemokines and
antimicrobial peptides, which perpetuate the inflammatory
environment leading to psoriatic lesions.'>'” IL-17A homo-
dimers, IL-17F homodimers or IL-17A/F heterodimers

transmit through the same receptor complex composed of
IL-17RA and IL-17RC subunits.”> Upon ligand binding, the
intracellular domain of the receptor complex recruits Actl, an
adaptor protein, which binds different TNF receptor-
associated factors (TRAFs) to initiate downstream pathways
(Figure 2). Similar to TNF-a signaling, IL-17 signaling results
in the activation of AP1 and NF-kB transcription factors
leading to the expression of proinflammatory target genes.
Upon binding to Actl, TRAF6 recruits TGF-f activated
kinase 1 (TAK1), which activates IKK complex and MAPKs
(JNK and p38). The IKK complex phosphorylates IkBa, lead-
ing to the release and activation of NF-kB. MAPKSs phosphor-
ylate and activate AP1.°*>’ Moreover, IL-17 signaling
promotes post-transcriptional mRNA stabilization of proin-
flammatory transcripts through Actl or RNA binding proteins
(eg, HuR, Arid5a) recruited by TRAF2 and TRAFS
(Figure 2).°7*
enhanced gene expression of additional transcription factors
such as a IkB{ and CCAAT/enhancer bindings proteins (C/
EBPs). These additional transcription factors promote expres-

Importantly, IL-17-signaling results in

sion of IL-17 target genes, providing a feed-forward mechan-
ism potentiating inflammation.”” IxB{ (encoded by NFKBIZ)
has been proposed to play a key role in mediating the effects of
IL-17A and IL-17F.>% ¢!

The class of IL-17 inhibitors has three monoclonal
antibodies approved for the treatment of psoriasis;
Secukinumab and ixekizumab target IL-17A preventing
the signaling of IL-17A homodimers and 17A-F hetero-
dimers; brodalumab targets the receptor IL-17RA which is
involved in different receptor complexes and thus blocks
the signaling of IL-17A, IL-17C, IL-17E and IL-17F.*-%*
The efficacy and rapid response of IL-17 inhibitors have
been demonstrated with good short term (week 10-16)
PASI75 response rates; brodalumab 88.7% (86.5-90.8),
ixekizumab, 88.8% (86.5-90.9) and secukinumab 83.1%
(80.2-85.7).%° Recently, bimekizumab, an antibody target-
ing both IL-17A and IL-17F, has completed phase 3
trials.®*** The clinical response to bimekizumab was
rapid and substantial with 77% of subjects achieving
PASI75 at week 4 and 91% of subjects achieving
PASI90 at week 12.°> Whether the dual inhibition of IL-
17A and IL-17F (bimekizumab) is superior to inhibition of
IL-17A (secukinumab) is currently being investigated in
a head-to-head comparison in a phase 3 clinical trial
(NCT03536884). Additionally, other IL-17 inhibitors are
being tested in clinical trials including netakimab
(NCT03390101), sonelokinab (NCT03384745), ABY-035

(NCT03591887) and vunakizumab (NCT04839016)

Psoriasis: Targets and Therapy 2021:11

https: 89

Dove:


https://www.dovepress.com
https://www.dovepress.com

Ben Abdallah et al

Dove

(Table 1). IL-17 inhibitors are generally well tolerated,
although they are associated with higher incidence of
mucocutaneous candidiasis and exacerbation of IBD.®>%

The targeted therapies with biologics have proved to be
highly effective, providing new insights into the pathogen-
esis and key signaling pathways, which can be targeted by

small molecules.

Small Molecules

Small molecules are organic small molecules typically
with a molecular weight <700 Da, which offers several
advantages compared to biologics.?® Small molecules can
be formulated for oral or topical administration, diffuse
into cells and target intracellular signaling pathways, and
have typically lower manufacturing costs. However, dis-
advantages of small molecules include lower target selec-
tivity with off-target effects and currently lower efficacy in
psoriasis compared to biologics.®” Classes of small mole-
cules encompass phosphodiesterase-4 inhibitors, janus
kinase inhibitors, fumaric acid esters, RORyt inhibitors,
sphingosine-1-phosphate receptor 1 antagonist, aryl hydro-
carbon receptor agonist, A3 adenosine receptor agonist and
heat shock protein 90 inhibitors.

Phosphodiesterase 4 Inhibitors
Phosphodiesterase 4 (PDE4) is one of the major PDEs
expressed in immune cells (DCs, T cells, macrophages, and
monocytes) and keratinocytes, and is responsible for the
hydrolysis of intracellular cyclic adenosine monophosphate
(cAMP), a second messenger involved in mediating immu-
noregulatory effects (Figure 2).°® The production of cAMP is
regulated through hormonal stimulation of G-coupled recep-
tors, which activates membrane-associated adenylyl cyclases
converting ATP to cAMP.%® PDE4 inhibitors are small mole-
cules targeting PDE4 leading to increased cytosolic cAMP,
which activates protein kinase A (PKA), exchange protein 1/
2 activated by cAMP and cyclic nucleotide-gated channels.
Through phosphorylation, PKA activates transcriptional fac-
tors including cAMP-response element-binding protein
(CREB), cAMP-responsive modulator (CREM) and ATF1,
which leads to increased expression of anti-inflammatory
cytokines.®”" Also, the activation of these transcription
factors leads to the recruitment of the coactivators CREB
binding protein (CBP) or the homologous protein p300,
leading to inhibition of the proinflammatory transcription
factor NF-kB through competition for the coactivators
(CBP or p300).%"!

Phase II, Il and IV studies with apremilast (PDE4
inhibitor) have shown significant reductions in plasma
levels of proinflammatory cytokines including IL-17A, IL-
17F, IL-22 and TNF-0..”*"® In keratinocytes stimulated with
IL-17, apremilast reduced the expression of genes encoding
proinflammatory cytokines and alarmins.”* Taken together,
PDE4 regulates the expression and signaling of key cyto-
kines involved in the pathogenesis of psoriasis.

Apremilast is the only PDE4 inhibitor approved for the
treatment of psoriasis and PsA,”> while others (eg, roflumilast
and crisaborole) are being studied. The short term (10-16
weeks) and long term (44-60 weeks) PASI75 response to
apremilast were 30.8% and 43.2%, respectively.*® The main
AEs were mild to moderate nausea, diarrhea, headache, upper
tract infections and nasopharyngitis.”®"’® Roflumilast is report-
edly 25-300 times more potent than apremilast and crisaborole
while maintaining a favorable safety profile, and roflumilast is
approved for the treatment of chronic obstructive pulmonary
disease.””* Oral roflumilast is currently being investigated in
a Phase 2 trial (NCT04549870). Topical roflumilast has com-
pleted phase 3 trials, but the results have not been published
yet (NCT04211363, NCT04211389). In a phase 2 trial, topical
roflumilast demonstrated a 34% (95% CI 26-43) PASI75
response at week 12.%!

Janus Kinase Inhibitors

Many of the key pathogenic cytokines in psoriasis (eg, IFNs,
IL-6, IL-22, IL-23) bind to their receptor and transmit the
intracellular signaling through the JAK/STAT signaling
pathway.®* The janus kinases family includes four different
intracellular tyrosine kinases (JAKI1, JAK2, JAK3 and
TYK2), and the STAT family includes seven different
STAT proteins (STAT1, STAT2, STAT3, STAT4, STAT5a,
STAT5b, STAT6).** Upon cytokine binding, the JAKs
become activated, autophosphorylated and
phosphorylate the receptor leading to binding of STAT pro-
teins (Figure 2).**> Subsequently, JAKs phosphorylate these
transcription factors (STAT1-STAT6), which dimerize and
migrate to the nucleus to regulate transcription and gene
expression.* In addition to JAK2/TYK2 and STAT3 as
part of the IL-23 signaling, other JAK and STAT proteins
may have important roles in psoriasis.®> For example, IFN-a.
involved in the activation of ¢DCs signals through JAK1/
TYK2-dependent activation of STAT1/STAT2.">%¢ Also,
STAT3 is implicated in the pathological response of kerati-
nocytes to cytokines, including keratinocyte proliferation and
production of antimicrobial peptides secondary to activation

of JAK1/TYK2 and STAT3 induced by IL-22 signaling ***’
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Although TNF-a and IL-17A do not directly activate the
JAK-STAT pathway, the inhibition of JAK-STAT may indir-
ectly suppress the effects of these cytokines by inhibition of
other JAK/STAT dependent cytokines involved in the vicious
cytokine circuits known to drive the disease pathogenesis in
psoriasis (eg, inhibition of IL-23 acting upstream to IL-17).%

To date, JAK inhibitors (JAKi) are under investigation
for psoriasis, while selective STAT inhibition remains
a pharmacological challenge.*® Currently, two JAKi are
or have been in phase 3 trials for psoriasis, tofacitinib
(JAK1/JAK3 inhibitor) and deucravacitinib (TYK2 inhibi-
tor), though the results from the phase 3 trials for deucra-
vacitinib have not yet been published (NCT03624127).
None of the JAKi are approved for the treatment of psor-
iasis; however, tofacitinib is approved for PsA.* Several
JAKi have undergone phase 2 clinical trials, including
inhibitors of JAK1/JAK2 (baricitinib, ruxolitinib), JAKI
(itacitinib, solcitinib, abrocitinib), TYK2 (PF-06826647),
JAK1/TYK2 (brepocitinib) and pan-JAK (peficitinib), but
it remains elusive whether or not these programs will
proceed in to phase 3 clinical testing. The short-term
PASI75 response was 59% at week 16 with tofacitinib
based on two phase 3 clinical trials®® and 75% at week
12 with deucravacitinib based on phase 2 clinical trial
data.”® The safety is acceptable; however, tofacitinib has
been associated with thrombosis, laboratory abnormalities
(dyslipidemia, anemia, neutropenia, elevation of liver
enzymes creatinine),”’ and recently serious heart-related
problems and cancer.”? The selectivity of TYK2 inhibitors
may offer a better benefit-risk profile. The phase 2 trial
with deucravacitinib found no changes in laboratory
parameters.’® Nevertheless, the ongoing trials with TYK2
inhibitors (phase 3 trials with deucravacitinib and phase 2
trial with PF-06826647) will clarify whether these drugs

will be an effective and safe therapeutic option
(NCT04036435, NCT04772079, NCT03924427,
NCT04167462, NCTO03611751, NCT03624127,

NCT03895372). Interestingly, JAKi can be developed as
topical formulations, providing another therapeutic option.
Tofacitinib and ruxolitinib have shown modest improve-
ments with a favorable safety profile,”® and topical brepo-
citinib is being evaluated in an ongoing phase 2 trial
(NCT03850483).

Fumaric Acid Esters

Fumaric acid esters (FAEs) are lipophilic ester derivatives of
fumaric acid that possess anti-inflammatory effects. The
molecular mechanism of action is complex and not

completely understood. It seems that the main molecular
mechanisms involve the activation of NrF2 (nuclear factor
E2-related factor 2) and inhibition of NF-«B (Figure 2).”*°
The binding of FAEs to cysteine residues of Keapl (Kelch-
like ECH-associated protein 1) induces a conformational
change and release of the transcription factor NrF2.”*
Subsequently, NrF2 migrates to the nucleus to promote the
transcription of cytoprotective genes and represses the tran-
scription of proinflammatory cytokine genes.”””® The tran-
scription factor NF-kB may be inhibited by several direct or
indirect mechanisms leading to anti-inflammatory effects.
For instance, FAEs can directly inhibit the nuclear transloca-
tion and DNA-binding of NF-kB by covalent modification of
the p65 subunit of NF-kB.”” Moreover, mitogen stress-
activated kinase 1 (MSK1) is inhibited by FAEs, reducing
the phosphorylation of NF-kBp65 and thereby inhibiting the
transcriptional activity of NF-kB.'%*'°! Also, NrF2 signaling
may inhibit NF-kB; Heme oxygenase 1 (HO-1), a protein
inducible by NrF2, inhibits NF-kB;'% and the competition
with NrF2 over the shared transcriptional coactivator p300
leads to inhibition of NF-kB.'"” Finally, other molecular
mechanisms may involve the modulation of intracellular
glutathione levels, other transcription factors (eg, hypoxia-
inducible factor 1 a), the JAK/STAT pathway, and agonism
of the hydroxy-carboxylic acid receptor 2.°

Different oral FAEs have been investigated or approved
for psoriasis including dimethyl fumarates (skilarence,
LAS41008, FP-187), tepilamide fumarate (PPC-06) and
a combination of dimethyl fumarate and salts of monomethyl
fumarate (fumaderm). In Germany, fumaderm was approved
for the treatment of psoriasis in 1994, and skilarence was
approved in 2017 by the European Medicines Agency.'® In
a phase 3 clinical trial, the PASI75 response at week 16 was
achieved in 37.5% of subjects with dimethyl fumarate
(LAS41008) and 40.3% with a combination of dimethyl fuma-
rate and salts of monomethyl fumarate (fumaderm).'® Based
on recent results from a phase 2 clinical trial, tepilamide
fumarate (PPC-06) led to a 47.2% PASI75 response at week
24.'° The AEs of FAEs are mostly mild and include gastro-
intestinal disorders, flushing, leukopenia and lymphopenia.'®*

RORyt Inhibitors

The retinoic acid-related orphan nuclear receptors, RORa, -j3,
and -y, are ligand-dependent transcription factors.'”” RORyt
(an isoform of RORY) is implicated in Th17 cell differentiation
and effector function. IL-23 signaling activates STAT3, indu-
cing the expression of RORyt which prompts the Thl7
response by promoting the expression of /IL174, IL17F IL22,
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IL23R.*" Thus, inhibition of RORY is an attractive pharmaco-
logical target to hamper the Th17 response. Moreover, the
inhibition of RORyt and thereby Th17 differentiation drives
the differentiation of naive T cells to regulatory T cells, which
secrete anti-inflammatory cytokines (eg, IL-10) and inhibit
immune response.'®

Several RORyt inhibitors are active or have completed
phase 2 clinical trials in psoriasis including VTP-43742,
JTE-451, AUR101 and BI 730357. VTP-43742 demonstrated
in a placebo-controlled trial a 30% reduction in PASI at week
4, but the trial program was discontinued due to liver toxicity,
and VTP-43742 was replaced by a new improved molecule
VTP-45489.'%%19 The results for JTE-451 have not yet been
published (NCT03832738), while AUR101 and BI 730357
are being tested in ongoing phase 2 trials in psoriasis
(NCT04207801 NCT03635099, NCT03835481).

Sphingosine- | -Phosphate Receptor |

Antagonist

Sphingosine 1-phosphate (S1P) is a lipid mediator binding to
G-protein coupled receptors (S1PR;_s), which are involved in
lymphocyte trafficking.''® Ponesimod, an oral SIPR,
antagonist, induces internalization of S1PR; and thereby
preventing the migration of lymphocytes from secondary
lymphoid tissue to the circulation and infiltration in the
skin.""" In a phase 2 trial in psoriasis, PASI75 was achieved
in 48.1% of subjects at week 16 and 77.5% of subjects at
week 28.""" Ponesimod has been associated with increased
risk of infections, liver transaminase elevation, hypertension,
dyspnea, macular edema, cutaneous malignancies, fetal risk,
bradyarrhythmia and atrioventricular conduction delays.''?
Although ponesimod was recently approved by the FDA to
treat multiple sclerosis, it is currently not being further inves-

tigated in psoriasis.''*''*

Aryl Hydrocarbon Receptor Agonist

Aryl hydrocarbon receptor (AhR) is a cytosolic ligand-
dependent transcription factor found in a variety of cells
(eg, immune cells and keratinocytes) that can be activated
by a wide range of ligands (eg, endogenous, dietary,
environmental)."> Upon ligand binding, the AhR-ligand
complex translocates from the cytoplasm to the nucleus,
heterodimerizes with AhR nuclear translocator (ARNT)
and regulates transcription of target genes (Figure 2).''>!1¢
Tapinarof (AhR agonist) mediates AhR signaling that results
in downregulation of inflammatory cytokines (eg, IL-17),
reduction of oxidative stress and increased expression of

skin barrier proteins (eg, filaggrin, loricrin), providing ther-
apeutic benefits in psoriasis.''>'!"” Two phase 3 trials with
topical topinarof have shown 36.1% and 47.6% PASI75
response rates at week 12.''® Most AEs were mild to mod-
erate and included folliculitis, contact dermatitis, headache

and upper respiratory tract infections.''®!"?

A3 Adenosine Receptor Agonist

Aj Adenosine receptor (A3AR) is a Gi protein-coupled cell
surface receptor, which mediates anti-inflammatory
effects.'?° Piclidenoson, an oral A;AR agonist, inhibits ker-
atinocyte proliferation by downregulating the proinflamma-
tory NF-kB signaling pathway (Figure 2), leading to anti-
inflammatory effects and decreasing expression levels of
TNF- a, IL-17 and IL-23."2%'2! In a phase 2 trial, systemic
treatment with piclidenoson demonstrated a 35.5% PASI75
response rate at week 32 and was well tolerated.'? It is

currently being tested in a phase 3 trial (NCT03168256).

Heat Shock Protein 90

Heat shock protein 90 (HSP90) is a chaperone protein whose
major role is folding, stabilization and activation of client
proteins including transcriptional factors and intracellular
signaling molecules mediating inflammation (eg, Actl
involved in IL-17 signaling) (Figure 2)."**'?* Hence, inhibi-
tion of HSP90 may be a potential therapeutic strategy for
psoriasis. The HSP90 inhibitor RGRN-305 has shown pro-
mising antipsoriatic effects in a xenograft mouse model, and
in vitro it inhibited the expression of proinflammatory genes
such as TNFa, IL234 and NFKBIZ (encoding IxB() in cul-
tured normal human keratinocytes.'*>'*® A Phase 1 clinical
trial with RGRN-305 in patients with psoriasis is currently
ongoing (NCT03675542).

Conclusion

The recent progress of highly effective biological therapies
targeting extracellular cytokines has provided new insights
into the pathogenesis and key signaling pathways in psor-
iasis. These new insights have enabled novel therapeutic
strategies with small molecules targeting intracellular
molecules and pathways. Although the efficacy of current
small molecules seems to be inferior to the newer biolo-
gics, small molecules offer advantages such as oral admin-
istration, lower manufacturing costs and absence of
immunogenicity. Further basic and clinical research is
required to determine the future roles of the novel small-
molecule therapeutics in the management of psoriasis.
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