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ABSTRACT

Plaque psoriasis is a systemic immune-mediated
disease driven by interleukin-17 producing cells
under the regulation of interleukin-23. Inter-
leukin-23 signaling is mediated by the intracel-
lular kinase tyrosine kinase 2, a Janus kinase
family member. Tyrosine kinase 2 is a potential
target for oral small-molecule therapies to treat
psoriasis and psoriatic arthritis. A number of
tyrosine kinase 2 inhibitors are in development
or approved for the treatment of psoriasis or
psoriatic arthritis. Deucravacitinib, an oral,
selective, allosteric tyrosine kinase 2 inhibitor, is
approved by the US Food and Drug Administra-
tion as a first-in-class treatment for adults with
moderate-to-severe plaque psoriasis who are
candidates for systemic therapy or photother-
apy, and is approved by Pharmaceuticals and
Medical Devices Agency (PDMA) in Japan for
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patients with plaque psoriasis, generalized pus-
tular psoriasis, and erythrodermic psoriasis who
have had an inadequate response to conven-
tional therapies. Deucravacitinib selectively
binds to the unique tyrosine kinase 2 regulatory
pseudokinase domain in an allosteric fashion,
preventing a conformational change in the cat-
alytic domain required for ATP substrate bind-
ing, thus effectively locking tyrosine kinase 2 in
an inactive state. Two other tyrosine kinase 2
inhibitors in later stage clinical development,
brepocitinib (PF-06700841) and ropsacitinib (PF-
06826647), are orthosteric inhibitors that target
the highly conserved catalytic domain. This
selective allosteric tyrosine kinase 2 inhibition
may explain the improved safety profile of deu-
cravacitinib versus orthosteric Janus kinase and
tyrosine kinase 2 inhibitors. Two phase 3 psori-
asis trials demonstrated deucravacitinib was
efficacious and not associated with safety con-
cerns characteristic of Janus kinase inhibitors,
hence the new class designation (TYK2 inhibitor)
by health authorities in the USA and Japan.
Allosteric tyrosine kinase 2 inhibitors represent a
promising new class of molecules for the treat-
ment of psoriasis and psoriatic arthritis, and
longer-term trials will establish their place in
therapy.
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Graphical Abstract:

Novel Therapies in Plaque Psoriasis:

A Review of Tyrosine Kinase 2 Inhibitors
George Martin, MD

Chronic inflammation in plaque psoriasis is driven by interleukin (IL)-17-producing cells,
under the regulation of IL-23.

Tyrosine kinase 2 (TYK2), a Janus kinase (JAK) family member, mediates signaling by IL-23
and thus is a potential target for the treatment of psoriasis and psoriatic arthritis.

Three oral TYK2 inhibitors are approved or in development for psoriasis and psoriatic
arthritis: deucravacitinib, which is approved in the US for the treatment of adults
with moderate to severe plaque psoriasis who are candidates for systemic therapy or
phototherapy, brepocitinib, and ropsacitinib.
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The selectivity of allosteric TYK2 inhibition may explain the improved safety profile of
deucravacitinib versus orthosteric JAK and TYK2 inhibitors.
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Key Summary Points

There are four kinases in the Janus Kinase
(JAK) family: JAK1, JAK2, JAK3, and
tyrosine kinase 2 (TYK2).

JAK inhibitors are associated with
toxicities at efficacious doses, including
infections, hematologic abnormalities,
increases in high- and low-density
lipoproteins and triglycerides, and other
effects (reduced kidney function,
increased creatinine phosphokinase
levels, and liver toxicities).

TYK2 inhibition is an alternate strategy for
targeting the critical signal linkage
between interleukin (IL)-23 and IL-17,
thereby providing an improved
benefit-risk profile.

An allosteric TYK2 inhibitor,
deucravacitinib, is approved for psoriasis
and also in development for psoriatic
arthritis, while two orthosteric TYK2
inhibitors are in development for psoriasis
(brepocitinib and ropsacitinib) and
psoriatic arthritis (brepocitinib).

Deucravacitinib binds in an allosteric
fashion to selectively inhibit TYK2, while
ropsacitinib and brepocitinib are
orthosteric inhibitors that bind to the
catalytic domain and inhibit TYK2 and at
least one other JAK.

DIGITAL FEATURES

This article is published with digital features,
including a graphical abstract, to facilitate
understanding of the article. To view digital
features for this article, go to https://doi.org/10.
6084/m9.figshare.21716786.

INTRODUCTION

Plaque psoriasis (PsO), a chronic, systemic
immune-mediated inflammatory skin disorder,
affects patients’ physical and mental health,
work productivity, and overall quality of life
(QoL) [1-3]. Up to one-third of patients with
PsO will develop psoriatic arthritis (PsA), and
10-40% of patients with PsO may have undi-
agnosed PsA [4, 5].

Current therapeutic options for PsO and PsA
include biologics and small-molecule oral sys-
temic agents. Biologics are effective but need
intravenous or subcutaneous administration,
and some are associated with loss of efficacy
over time, safety issues, risk of immunogenicity,
and relative expense [6, 7]. In contrast, small-
molecule systemic agents are administered
orally or topically, which can improve patient
adherence and health-related QoL, and reduce
healthcare costs [6]. However, conventional oral
non-targeted therapies (methotrexate, cyclos-
porine, acitretin) are associated with adverse
effects and long-term safety issues [6]. Apremi-
last, an oral targeted small molecule, provides
limited therapeutic benefit in moderate-to-sev-
ere PsO or PsA [8, 9]. An unmet need exists for
novel targeted oral therapies that are safe and
highly efficacious in patients with PsO or PsA.

Chronic inflammation in PsO is maintained
largely by interleukin (IL)-23, which maintains
the differentiation of naive T cells into T-helper
type 17 (Th17) cells, characterized by secretion
of proinflammatory IL-17, and promotes their
expansion [10]. IL-23 signal transduction is
mediated by tyrosine kinase 2 (TYK2), which
provides the critical link between IL-23 and IL-
17, making TYK2 a potential target for regulat-
ing Th17 cell pathways [7]. Genetic studies
showed a TYK2 coding variant that prevents
receptor-mediated activation of TYK2 provided
protection from several autoimmune diseases,
including PsO [11].

There are three TYK2 inhibitors either
approved or in later stage clinical development:
deucravacitinib and brepocitinib, for both PsO
and PsA, and ropsacitinib, only for PsO. Deu-
cravacitinib is approved as a first-in-class TYK2
inhibitor drug by the US Food and Drug
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Table 1 Current and emerging targeted treatments in psoriasis and psoriatic arthritis [8, 14-40]

Agent PsO and PsA
approval status

Mechanism of action

Downstream

AEs/off-target impact

TNF-o antagonists
Adalimumab [14] PsO (approved)
PsA (approved)

Etanercept [15]  PsO (approved)
PsA (approved)

Certolizumab PsO (approved)
pegol [16] PsA (approved)

Infliximab [17] PsO (approved)
PsA (approved)

Human monoclonal
antibody that binds to
TNF-a

Fusion protein between a
TNF-a receptor protein
and crystallizable
fragment portion of
IgG1 that binds and
inhibits binding of
TNF-o and TNF-f to

their receptors

Pegylated humanized
antibody fragment that
binds both soluble and
membrane-bound

TNF-o

Human chimeric
monoclonal antibody
that binds both soluble
and membrane bound

TNF-o

Boxed warning for serious
infection and
malignancies. Most
common AEs are
infections, injection-site
reactions, headache, and

rash

TNF-ot and TNF-B  Boxed warning for serious

infection and
malignancies. Most
common AEs are
infections and injection-

site reactions

Boxed warning for serious
infection and
malignancies. Most
common AEs are
URTT, rash, and urinary

tract infection

Boxed warning for serious
infection and
malignancies. Most
common AEs are
infections, infusion-
related reactions,

headache, and

abdominal pain
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Table 1 continued

Agent PsO and PsA Mechanism of action Downstream AEs/off-target impact
approval status signaling
Golimumab [18]  PsO (not pursued) Human monoclonal TNF-a Boxed warning for serious

PsA (approved)

IL-12/IL-23 antagonist
Ustekinumab PsO (approved)
22] PsA (approved)

IL-23 antagonists
Risankizumab PsO (approved)
[19] PsA (approved)

Tildrakizumab PsO (approved)
[20] PsA (phase 3)

antibody that binds
both soluble and
membrane bound

TNF-o

Monoclonal antibody that
binds IL-12p40 and
prevents binding to the
IL-12RP1 receptor
chain of IL-12 (IL-
12RB1/B2) and IL-23
(IL-12RB1/23R)

receptor complexes

Monoclonal antibody that
binds the p19 subunit
of IL-23 and prevents
binding to IL-23

receptor

Monoclonal antibody that
binds the p19 subunit
of IL-23 and prevents
binding to IL-23

receptor

infection and
malignancies. Most
common AEs are
URTY, alanine
aminotransferase
increased, viral
infection, aspartate
aminotransferase
increased, neutrophil
count decreased,
bronchitis,

hypertension, and rash

IL-12 Infections, malignancies,

IL-23 URTTI, headache, and
fatigue

IL-17 URTI, headache, fatigue,

injection-site reactions,

and tinea infections

IL-17 URTT, injections site

reactions, and diarrhea
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Table 1 continued

Agent

PsO and PsA
approval status

Mechanism of action

Downstream
signaling

AEs/off-target impact

Guselkumab [21]

IL-17 antagonists

Ixekizumab [23]

Secukinumab
[24]

Bimekizumab

(25, 26]

Brodalumab [40]

PsO (approved)
PsA (approved)

PsO (approved)
PsA (approved)

PsO (approved)
PsA (approved)

PsO (phase 3)
PsA (phase 3)

PsO (approved)
PsA (phase 3)

Small-molecule inhibitors

TYK2 inhibitors

Monoclonal antibody that

binds the p19 subunit
of IL-23 and prevents
binding to IL-23

receptor

Humanized monoclonal

antibody that binds and
neutralizes IL-17A

Human monoclonal

antibody that binds and
neutralizes IL-17A

Humanized monoclonal

antibody that binds and
neutralizes IL-17A and
IL-17F

Human monoclonal

antibody that binds to
the IL-17 receptor, IL-
17RA

IL-17A
IL-17F

IL-17A

IL-17A

IL-17A, IL-17F

IL-17A,
IL-17F,
IL-17E

URT], headache, injection

site reactions, arthralgia,
bronchitis, diarrhea,
gastroenteritis, tinea
infections, and HSV

infections

Injection site reactions,
URTIL, nausea, and

tinea infections

URT], nasopharyngitis,
fungal infections, and

diarrhea

Nasopharyngitis, oral
candidiasis (five- to
tenfold higher than
other IL-17 inhibitors),
tinea pedis, and
vulvovaginal fungal

infection

Boxed warning for suicidal
ideation and behavior;
most common AEs are
arthralgia, headache,
fatigue, diarrhea,
oropharyngeal pain,
nausea, myalgia,
injection—site reactions,
influenza, neutropenia,

and tinea infections
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Table 1 continued

Agent PsO and PsA Mechanism of action Downstream AEs/off-target impact
approval status signaling
Deucravacitinib PsO (approved by Selective TYK2 inhibitor IL-12, IL-23, IFN-o, URTL blood CPK

[27, 65,72, 74]  FDA in USA and
by PDMA in
Japan; submitted to

EMA)
PsO in pediatric
population (phase
2/3)
PsA (phase 3)
Brepocitinib
(PE-06700841)
[29-31]

PsO (oral, phase 2
completed; further
development
pursued only as
a topical
formulation,

phase 2)
PsA (oral, phase 2)

Ropsacitinib (PF-  PsO (phase 2)
06826647)

PsA (development
(32, 33, 69]

not pursued)

Other small-molecule inhibitors

Tofacitinib PsO (phase 3
(34, 35] completed; FDA
approval not

granted)
PsA (approved)

Dual TYK2/JAKI

Dual TYK2/JAK2

JAK1/2/3 inhibitor via

via allosteric mechanism  IFN-f
by binding to the
regulatory

(pseudokinase) domain

of TYK2

IL-12, 1L-23, IL-15,
IL-21, IL-10, IL-
27, IFN-o, IFN-B

inhibitor via binding to
the active site in the
catalytic domain of

TYK2

IL-12, IL-23, IFN-a,
inhibitor via binding to IFN-B
the active site in the
catalytic domain of

TYK2

IL-2, IL-4, IL-6, IL-
10, IL-12, IL-15,
IL-20, IL-21, IL-
22, IL-23, IFN-0,
IFN-p, IFN-y,
GM-CSF

binding to catalytic

domain

increased, herpes
simplex, mouth ulcers,

folliculitis, and acne

Hematologic
abnormalities,
nasopharyngitis, URTI,
and headache

Changes in hematologic
and chemistry
parameters and
increases in triglycerides.
Most common AEs are
nasopharyngitis, URT]I,
and increased blood

pressure

Changes in hematologic
and chemistry
parameters and
increases in total
cholesterol, LDL, and
HDL. Boxed warning
for serious infections,
mortality, malignancies,
and thrombosis. Most
common AEs are
URTI, nasopharyngitis,
diarrhea, and headache
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Table 1 continued

Agent PsO and PsA Mechanism of action Downstream AEs/off-target impact
approval status signaling
Upadacitinib PsO (development JAK1 inhibitor via IL-2,1L-3, IL-4, IL-6, Changes in hematologic
[36-38] not pursued) binding to catalytic IL-10, IL-15, IL- and chemistry

domain

PsA (approved)

Apremilast [8,39] PsO (approved)
PsA (approved)

Selective PDE4 inhibitor

21, IFN-0, IFN-y,
GM-CSF

parameters. Boxed
warning for serious
infections, malignancies,
and thrombosis. Most
common AEs are
URT]L, herpes zoster,
herpes simplex,
bronchitis, nausea,
cough, pyrexia, acne,

and headache

IL-23, IL-12, IFN-y, Diarrhea, nausea, URT],
CXCLY9, and headache
CXCL10, CCL4,

TNF-a, IL-10

AE adverse event, CCL4 C-C motif ligand 4, CPK creatine phosphokinase, CXCL9 C-X-C motif ligand 9, CXCL10 C-X-
C motif ligand 10, EMA European Medicines Agency, FDA Food and Drug Administration, GM-CSF granulo-
cyte—macrophage colony-stimulating factor, HDL high-density lipoprotein, HSV herpes simplex virus, IFN interferon, I
interleukin, /4K Janus kinase, LDL low-density lipoprotein, PDE4 phosphodiesterase-4, PDMA Pharmaceuticals and
Medical Devices Agency, PsA psoriatic arthritis, PsO psoriasis, TNF tumor necrosis factor, 7YK2 tyrosine kinase 2; URTI

upper respu‘atory tract 1nfect10n

Administration (FDA) for the treatment of
adults with moderate-to-severe plaque psoriasis
who are candidates for systemic therapy or
phototherapy and by the Pharmaceuticals and
Medical Devices Agency (PDMA) in Japan for
the treatment of patients with plaque psoriasis,
generalized pustular psoriasis, and erythroder-
mic psoriasis who have had an inadequate
response to conventional therapies [12, 13].
This review provides an overview of this new

class of TYK2 inhibitors and how they differ-
entiate from currently available treatments.

LITERATURE SEARCH STRATEGY

Randomized clinical trials of TYK2 inhibitors
were identified via PubMed and limited to
English language articles published up to 31
October 2022. To capture recent unpublished
clinical data on these three compounds, we
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included recent congress presentations. Studies
were included if the primary focus was a tar-
geted TYK2 inhibitor being studied for PsO or
PsA. It is based on previously conducted studies
and does not contain any new studies with
human participants or animals performed by
any of the authors.

CURRENT TARGETED SYSTEMIC
AND BIOLOGIC TREATMENT
LANDSCAPE

Therapies that target inflammatory pathways
upregulated in PsO and PsA pathogenesis can be
grouped by whether they target extracellular
pathways (biologics) or intracellular pathways
(small molecules) (Table 1) [8, 14-40].

Targeting Extracellular Cell Signaling
Pathways

Tumor necrosis factor alpha (TNF-0) is a proin-
flammatory cytokine upregulated in the skin of
patients with PsO [41]. TNF-a antagonists likely
have an indirect effect on IL-17 through

a JAK 1/2/3 and TYK2 Signaling

regulation of IL-23 production by dendritic cells
[3]. All TNF-o antagonists have a boxed warning
for serious infections and malignancies, and the
most common adverse events (AE) are injec-
tion-site reactions, headache, and rash (Table 1)
[14-17].

[L-12 and IL-23 inhibitors block the differ-
entiation and activation of Th1 and Th17 cells,
respectively (Table 1) [3, 42-44]. The IL-23
inhibitors bind the p19 subunit of IL-23, while
ustekinumab targets both IL-12 and IL-23
through binding their shared p40 subunit [45].
The most common AEs associated with 11-23
and IL-12/23 inhibitors include infections,
injection-site reactions, and headache (Table 1)
[19-22].

[L-17 inhibitors act downstream of IL-23
through binding the IL-17 ligand or its recep-
tors (Table 1) [46-48]. The most common AEs
associated with IL-17 inhibitors are injection-
site reactions, fungal infections (eg, candidia-
sis), and upper respiratory tract infections
(URTIs) [23-26, 40]. In rare cases, IL-17 inhibi-
tors have been associated with inflammatory
bowel disease (IBD) onset [49], while bro-
dalumab has a boxed warning for suicidal
ideation and behavior [40].
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Fig. 1 Allosteric versus orthosteric competitive inhibition of JAK1/2/3 and TYK2 signaling [28, 57, 58]. ATP adenosine
triphosphate, /4K Janus kinase, P phosphate, TYK2 tyrosine kinase 2
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Fig. 2 Differentiating TYK2 and JAK signaling pathways
[35, 51, 53, 55, 56, 59-61]. EPO erythropoietin, GH
growth hormone, GM-CSF granulocyte macrophage
colony-stimulating factor, IFN interferon, IL interleukin,
JAK Janus kinase, MHC major histocompatibility

Targeting Intracellular Cell Signaling
Pathways

Apremilast, a small-molecule inhibitor of the
phosphodiesterase-4 enzyme, is the only
approved targeted oral therapy for PsO, and is
also approved for PsA [8]. Apremilast reduces
inflammation by inhibiting expression of
proinflammatory cytokines and promoting
expression of antiinflammatory molecules [8].
The most common AEs associated with
apremilast include nausea, diarrhea, headache,
and URTI (Table 1) [39].

Many cytokines linked to immune-mediated
disease pathogenesis activate intracellular sig-
naling pathways mediated by the Janus kinase-
signal transducer and activator of transcription
(JAK-STAT) signaling pathway [6, 50, 51]. There
are four kinases in the JAK family: JAK1, JAK2,
JAK3, and TYK2 [50]. JAK-STAT signaling inhi-
bition has recently been reviewed elsewhere
[6, 52]; an overview of the available JAK inhibi-
tors (JAKinibs) for PsO and PsA is given here.
Tofacitinib, a JAK1/3 inhibitor, was rejected by
the US Food and Drug Administration for the
treatment of PsO due to safety concerns, but is
approved for PsA treatment (Table 1) [6, 34].
Upadacitinib, a JAK1 inhibitor, was not pursued
in PsO, but is approved for PsA [6, 36]. JAKinibs
are associated with toxicities at efficacious doses,

+B-cell differentiation

Dlied ¢

*Natural killer (NK) «Eosinophil, basophil, and
| cell function mast cell regulation

-Hematopoiesis
-Growth factor response

complex, Th helper T cell, TNFo tumor necrosis factor
alpha, TPO thrombopoietin, Treg regulatory T cell, TYK2

tyrosine kinase 2

-Innate and adaptive

immune response D

+Lipid metabolism *T-cell survival
*Treg maintenance

including infections, hematologic abnormali-
ties, increases in high- and low-density lipopro-
teins (HDL and LDL) and triglycerides, and other
effects [reduced kidney function, increased cre-
atinine phosphokinase (CPK) levels, and liver
toxicities] [35, 53]. These safety concerns led the
FDA to require boxed warnings about increased
risk of serious heart-related events, cancer, blood
clots, and death for JAKinibs, including tofaci-
tinib, baricitinib, and upadacitinib [54].

However, TYK2-mediated signaling is limited
to select inflammatory cytokine pathways [55].
The emerging class of TYK2 inhibitors (TYK2-
inibs) targets a similar IL-12/IL-23 pathway to
many of the extracellular acting drugs, particu-
larly ustekinumab, which also targets both of
these pathways. Allosteric and orthosteric clas-
ses of TYK2inibs and how they differ from
JAKinibs are further explored below.

DIFFERENTIATING BETWEEN JAK1/
2/3 AND TYK2

Overview of JAK-STAT Signaling Pathway

The JAK-STAT pathway mediates signaling
downstream of type I and type II cytokines
(grouped by the shared structural elements in
their receptors), which include many
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Fig. 3 TYK2 connects IL-23 and IL-17 [3, 51]. TYK2 is
the critical intracellular transduction link between inter-
leukin (IL)-23 and the production of IL-17. Inhibition of
TYK2 signaling by allosteric (alloTYK2inib) or orthosteric
(orthoTYK2inib) inhibitors breaks the link between IL-23

proinflammatory mediators such as IL-4, IL-5,
IL-6, IL-12, IL-22, IL-23, and type I and II
interferons (IFN) [35, 51, 53, 55, 56]. JAK
enzymes have two domains: the catalytic
domain that contains the adenosine triphos-
phate (ATP) binding site, and the regulatory
pseudokinase domain (Fig. 1a) [28, 57, 58]. In
its resting state, the enzyme is inactive because
ATP is unable to bind; however, when a cyto-
kine binds its receptor on the cell surface, the
JAK enzyme undergoes a conformational
change, allowing ATP access to its binding site
on the catalytic domain (Fig. 1a).

The variety of inflammatory mediators that
signal through JAK-STAT signaling pathways
make JAKs an intriguing target for
immunomodulatory drugs. However, cytokine
signaling through JAK1/2/3 pathways is also
important for cellular functions that are dis-
rupted with JAKinibs (Fig. 2) [35, 51, 53, 55,
56, 59-61]. Increased HDL, LDL, and triglyc-
erides as well as liver toxicities seen with JAKi-
nibs are likely due to inhibition of IL-6
signaling, as IL-6 antagonists have similar

orthoTYK2inib

alloTYK2inib

After TYK2inib
1L-23

and IL-17 production. JAK Janus kinase, STAT signal
transducer and activator of transcription, 7h17 T-helper
cell type 17, TYK2 tyrosine kinase 2, TYK2inib tyrosine
kinase 2 inhibitor

effects [35, 53]. Natural Killer (NK) cells, which
are critical for antiviral defense, depend on
JAK3-mediated cytokine signaling for their
development and function [55]. Hematopoietic
events such as the formation of erythrocytes,
platelets, neutrophils, and lymphocytes are
dependent on JAK2-mediated erythropoietin
and thrombopoietin signaling [53, 55].

TYK2 Signaling Pathway

TYK2 plays a central role in PsO and PsA
pathophysiology via regulation of signaling
downstream of the IL-12, IL-23, and type I IFN-a
and IFN-B receptors (Fig.2) [28, 51]. IL-12 is
involved in the development of Thl cells,
which release TNF-a and IFN-y. IL-23 controls
the expansion and survival of Th17 cells and
Th22 cells, which produce IL-17 and IL-22,
respectively [56]. Thl, Th1l7, and Th22 cells
mediate Kkeratinocyte activation, epidermal
hyperplasia, and tissue inflammation inherent
in PsO and PsA [50, 56]. IFN-o and IFN-f
mediate inflammatory events, including
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dendritic cell activation, B-cell antibody pro-
duction, Thl and Th17 cell polarization, and
reduction in regulatory T-cell function, and
may also play a role in the initiation of psoriatic
plaques [51, 62]. While all these pathways play a
role in PsO and PsA pathogenesis, IL-23 and IL-
17 are considered the key cytokines in initiating
and maintaining chronic inflammation and
TYK2 is the critical intracellular signal trans-
duction link between them (Fig. 3) [3, 51].

INHIBITION OF TYK2 SIGNALING

There are two types of TYK2 inhibitors: allos-
teric inhibitors indirectly change the confor-
mation of an enzyme by binding a site other
than the active site and thus render the enzyme
inactive, and orthosteric competitive inhibitors
compete for the active binding site (Fig. 1b).
Inhibition of TYK2 signaling breaks the link
between IL-23 and IL-17 (Fig.3), thereby
inhibiting critical PsO and PsA signaling and
producing a significant clinical response. Three
oral inhibitors targeting TYK2 are approved or
in clinical development: deucravacitinib (FDA
and PDMA approved), ropsacitinib, and bre-
pocitinib. Deucravacitinib is a selective TYK2
inhibitor designed to bind in an allosteric
fashion to the regulatory pseudokinase domain
rather than the highly conserved -catalytic
domain where ropsacitinib and brepocitinib
bind (Fig. 1) [28, 57, 58]. This is an important
distinction because there is far greater structural
differentiation between TYK2 and JAK1/2/3 in
the regulatory pseudokinase domain than in the
catalytic domain [57, 58]. Allosteric binding to
the regulatory pseudokinase domain blocks the
receptor-mediated conformational change of
the catalytic domain required for ATP binding,
locking TYK2 in an inactive state and prevent-
ing downstream signaling of IL-23, IL-12, or
Type 1 interferons, which are involved in PsO
and PsA pathogenesis (Fig. 1) [28, 57, 58]. Rop-
sacitinib, a dual TYK2 and JAK2 inhibitor, is an
orthosteric inhibitor that competes with ATP
for binding to the active site on the catalytic
domains of TYK2 and JAK2 [32]. Brepocitinib,
which is also an orthosteric competitive inhi-
bitor, binds TYK2, JAK1, and JAK2 [30].

In human cellular assays, deucravacitinib,
ropsacitinib, and brepocitinib potently inhib-
ited TYK2-dependent IL-12, IL-23, and IFN-o
signaling [28, 30, 32]. Brepocitinib is a potent
inhibitor of JAK1/3-dependent IL-2 signaling,
and brepocitinib and ropsacitinib potently
inhibit JAK2-dependent erythropoietin signal-
ing [28, 30]. At clinically relevant concentra-
tions, simulated daily average TYK2 inhibition
by deucravacitinib was > 50%, whereas mini-
mal inhibition (< 1%) of JAK1/3 and JAK2/2
occurred [63]. The orthosteric competitive
JAKinibs tofacitinib, upadacitinib, and barici-
tinib inhibited JAK1/3 and JAK2/2 to varying
degrees (23-94%) but produced no meaningful
TYK2 inhibition (< 2%). Compared with JAK1/
2/3 inhibitors, deucravacitinib inhibition of
JAK1/3-dependent IL-2 signaling and JAK2/2-
dependent thrombopoietin signaling was more
than 97- and 46-fold less potent, respectively, in
whole blood assays, consistent with its profile as
a selective TYK2 inhibitor [63]. As tofacitinib,
upadacitinib, and baricitinib do not inhibit
TYK2 at therapeutic concentrations, this would
suggest AEs typical of JAKinibs are not due to
TYK2 inhibition.

Taken together, these data show that TYK2
inhibition targets similar pathways, i.e., IL-23/
IL-17, to many of the currently available bio-
logic treatment options, but has the advantage
of being orally administered, which may
increase patient adherence. In comparison to
currently available oral treatments such as
apremilast (the only other approved oral treat-
ment in PsO besides deucravacitinib, and also
approved in PsA) and JAKinibs (none approved
in PsO but some approved in PsA), TYK2 inhi-
bition provides greater selectivity for immune
pathways, potentially reducing safety issues.

Other TYK2 inhibitors in early stage (phase
1) development include NDI-034858 (Nimbus
Therapeutics), VIX-958 (Ventyx Biosciences),
ESK-001 (Esker/Alumis Therapeutics), and ICP-
332 (Innocare). Top-line results from a phase 1b
trial of another TYK2 inhibitor, GLPG3667
(Galapagos, NV, USA), in 31 patients with
moderate-to-severe PsO indicate it was safe and
well tolerated with positive efficacy signals
observed with a high dose (NCT04594928) [64].
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Deucravacitinib

Deucravacitinib, an oral, once-daily, selective,
allosteric TYK2 inhibitor (alloTYKinib), is a first-
in-class TYK2 inhibitor approved by the US FDA
for the treatment of adults with moderate-to-
severe plaque psoriasis who are candidates for
systemic therapy or phototherapy [12]. In a
phase 2 trial (NCT02931838) of deucravacitinib
in patients with moderate-to-severe PsO, the
proportion of patients who achieved a 75% or
greater improvement from baseline in Psoriasis
Area and Severity Index (PASI 75) at week 12
(primary endpoint) was significantly higher,
with deucravacitinib 3 mg twice daily (BID;
69%), 6 mg BID (67%), and 12 mg daily (QD;
75%) compared with placebo (7%; P < 0.001)
[27].

Results from two phase 3 trials, POETYK PSO-
1 (NCT03624127) and POETYK PSO-2
(NCT03611751), showed deucravacitinib 6 mg
QD treatment was superior to apremilast and
placebo in PASI 75 response at week 16 (53.0%
to 58.4% versus 35.1% to 39.8% versus 9.4% to
12.7%, respectively; P < 0.001 for all) [65, 66].
Of patients who had achieved PASI 75 at
week 24 with deucravacitinib treatment and
continued treatment, 81.3% (PSO-1) and 81.8%
(PSO-2) maintained PASI 75 response at
week 52. In PSO-1, of patients treated with
deucravacitinib who achieved PASI 75 at
week 16, 91.0% maintained a PASI 75 response
at 2 years [67]. In PSO-1, a greater proportion of
patients treated with deucravacitinib achieved
PASI 90 compared with patients in the placebo
and apremilast groups at week 16 (35.5% versus
4.2% versus 19.6%, respectively; P < 0.0002 for
all) and compared with the apremilast group at
week 24 (42.2% versus 22.0%; P < 0.0001).
Furthermore, 62.6% of patients who achieved
PASI 75 at week 16 also achieved PASI 90 at
week 16, and this PASI 90 response rate was
maintained for up to 2 years (63.0%). A greater
percentage of patients in the deucravacitinib
group compared with the apremilast group
achieved complete skin clearance, as assessed by

PASI 100 response, at week 16 and at week 24 in
the PSO-1 trial (week 16, deucravacitinib 14.2%
versus apremilast 3.0%, P < 0.0001; week 24,
deucravacitinib 17.5% versus apremilast 6.5%,
P =0.0007). In PSO-1 and PSO-2, the percent-
ages of patients achieving a static Physician’s
Global Assessment (sPGA) score of O or 1 at
week 16 were 49.5% to 53.6% with deucravaci-
tinib treatment compared with 32.1% to 33.9%
in the apremilast group and 7.2% to 8.6% in
placebo (P < 0.0001 for all). In patients with a
scalp-specific Physician’s Global Assessment (ss-
PGA) score greater than 3 (moderate to severe)
at baseline, 59.7% to 70.3% of those treated
with deucravacitinib achieved an ss-PGA of 0/1
(clear/almost clear) at week 16 compared with
36.7% to 39.1% in the apremilast group and
17.3% to 17.4% in the placebo group
(P <0.0001 for all). In the pooled PSO-1 and
PSO-2 population of patients with moderate-to-
severe fingernail psoriasis, defined as PGA-
Fingernails (PGA-F) > 3 at baseline (moderate to
severe), the proportion of patients who
achieved PGA-F 0/1 (clear/minimal) at week 16
was significantly greater with deucravacitinib
versus placebo (20.5% versus 8.3%, P = 0.0272)
[68]. In patients with moderate-to-severe pal-
moplantar psoriasis (palmoplantar PGA [pp-
PGA] > 3 at baseline) in the pooled population,
a greater proportion of patients achieved pp-
PGA 0/1 at week 16 with deucravacitinib com-
pared with placebo (49.1% versus 16.0%,
P =0.0052). Patients treated with deucravaci-
tinib also experienced significant patient-re-
ported QoL improvements at week 16 in the
PSO-1 and PSO-2 trials, as measured by greater
reduction from baseline in Psoriasis Symptoms
and Signs Diary scores [adjusted mean change
from baseline (SE), PSO-1 —26.7 (1.8) ver-
sus —17.8 (2.2) versus —3.6 (2.1) and PSO-
2 —-28.3 (1.1) versus —21.1 (1.4) versus —4.7
(1.4) for deucravacitinib versus apremilast ver-
sus placebo, respectively; P < 0.0001 for all] and
a score of 0 or 1 on the Dermatology Life
Quality Index (DLQI; PSO-1 41.0% versus 28.6%
versus 10.6% and PSO-2 in patients with DLQI
score > 2 at baseline 37.6% versus 23.1% versus
9.8%; P < 0.01 for all). Serious AEs and treat-
ment discontinuations due to AEs were infre-
quent in deucravacitinib-treated patients.
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Deucravacitinib is approved as a first-line
systemic therapy at a dosage of 6 mg QD and is
not recommended for use in combination with
other potent immunosuppressants. The most
common AEs (> 1%) in the PSO-1 and PSO-2
trials through week 16 with deucravacitinib
treatment, and observed at a higher rate than in
the placebo group, were URTI, blood CPK
increased, herpes simplex, mouth ulcers, folli-
culitis, and acne (Table 1) [12].

Ropsacitinib

Ropsacitinib, an orthosteric competitive cat-
alytic-site inhibitor that binds TYK2 and JAK2,
has been studied in patients with moderate-to-
severe PsO in a phase 1 trial and a phase 2b trial.
In the phase 1, double-blind, placebo-con-
trolled trial, 40 patients with moderate-to-sev-
ere PsO were randomized to ropsacitinib
(100 mg or 400 mg) or placebo QD for 28 days
(NCT03210961) [33]. Ropsacitinib was well tol-
erated and efficacious in reducing disease
activity at 28 days, as measured by PASI 75,
target plaque severity score, and body surface
area [33]. In the phase 2b, double-blind, pla-
cebo-controlled trial, 179 patients were ran-
domized 1:1:2:2:2 to ropsacitinib (50 mg,
100 mg, 200 mg, or 400 mg) or placebo QD for
16 weeks, after which patients on the 200 mg or
400 mg dose continued this dose and patients
randomized to other doses were rerandomized
to 200 mg or 400 mg QD (NCT03895372) [69].
At week 16, a significantly greater proportion of
patients achieved PASI 90, the primary end-
point, with ropsacitinib at a dose of 200 mg
(33.0%, P=0.0004) and 400mg (46.5%,
P <0.0001) compared with placebo. Similarly
significant results were reported for PASI 75 at
week 16 for ropsacitinib 200 mg and 400 mg
versus placebo. A Physician’s Global Assessment
(PGA) response, defined as a PGA score of 0/1
(clear/almost clear) with a decrease from base-
line > 2 points, was achieved by a numerically
greater proportion of patients across all treat-
ment groups compared with placebo from
weeks 6 to 16. The most common treatment-
emergent AEs in patients treated with ropsaci-
tinib up to week 16 were nasopharyngitis, URTI,

and increased blood pressure (Table 1) [69]. AEs
due to hematology, chemistry, and lipid labo-
ratory abnormalities were observed in a dose-
dependent manner. There were no deaths,
adjudicated cardiovascular events, or treatment-
related clinically detectable findings in electro-
cardiogram (ECG) [33, 69, 70].

Brepocitinib

Brepocitinib, an orthosteric competitive cat-
alytic-site inhibitor that binds TYK2, JAK1, and
JAK2, has completed phase 1 and phase 2 trials
in patients with moderate-to-severe PsO. Oral
brepocitinib is not being further pursued in
PsO; phase 2 trials will evaluate the topical
formulation in  mild-to-moderate  PsO
(NCT03850483). In a phase 1 trial in healthy
subjects and patients with moderate-to-severe
PsO (NCT02310750), brepocitinib was generally
safe and well tolerated [31]. In a phase 2a trial in
patients with moderate-to-severe PsO, 212
patients were randomized to brepocitinib
(30mg or 60mg) or placebo QD for 4 weeks
(induction period), followed by 10mg QD,
30 mg QD, 100 mg once weekly, or placebo (8-
week maintenance) (NCT02969018). Signifi-
cantly greater changes in PASI at week 12 were
reported in brepocitinib-treated patients com-
pared with placebo (least square mean
change —17.3 with 30mg QD continuous
treatment; P < 0.05) [29]. At week 12, the pro-
portion of patients achieving PASI 75 and PASI
90 was greater with all brepocitinib treatment
groups compared with placebo, with the high-
est achievement observed in the 30mg QD
continuous treatment group (PASI 75: 25/29,
86.2%; PASI 90: 15/29, 51.7%). The most com-
mon AEs in brepocitinib-treated patients were
nasopharyngitis, URTI, and headache (Table 1)
[29]. Biomarker analyses indicated brepocitinib
treatment reduced inflammatory gene expres-
sion in PsO lesions to levels observed in nonle-
sional skin; reductions in inflammatory gene
expression correlated with improvements in
histologic and clinical outcomes [71].
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A phase 2 trial of deucravacitinib in patients
with active PsA (NCT03881059) demonstrated
efficacy of 52.9% to 62.7% in patients treated
with deucravacitinib 6 mg QD and 12 mg QD,
respectively, compared with 31.8% in placebo-
treated patients, in American College of
Rheumatology 20 response at week 16
(P < 0.05) [72]. Most AEs were mild to moder-
ate, and the most common AEs (= 5%) in
patients treated with deucravacitinib were
nasopharyngitis, URTI, sinusitis, bronchitis,
rash, headache, and diarrhea. There were no
serious AEs and no occurrence of herpes zoster
infections, major cardiovascular events, or sig-
nificant changes in laboratory parameters with
deucravacitinib treatment. Phase 3 trials of
deucravacitinib in patients with PsA are cur-
rently ongoing. Topline results from a phase 2
trial in patients with active systemic lupus ery-
thematosus (SLE) showed that deucravacitinib
was significantly more efficacious than placebo
in multiple endpoints and was well tolerated
[73]. Additional phase 2 trials are evaluating
the efficacy of deucravacitinib in moderate-
to-severe UC, CD, and cutaneous lupus
erythematosus.

While ropsacitinib is not currently being
pursued in PsA, a phase 2 trial will evaluate
ropsacitinib and brepocitinib in moderate-to-
severe hidradenitis suppurativa. Phase 2 trials
are exploring the efficacy of oral brepocitinib in
active PsA, active non-segmental vitiligo, and
moderate-to-severe SLE, CD, and UC, and as a
topical cream in mild-to-moderate atopic
dermatitis.

CONCLUSIONS

An improved understanding of PsO and PsA
pathophysiology has resulted in therapies that
target inflammatory mediators upregulated in
these diseases, in particular IL-23 and its
downstream signaling pathways, including IL-
17. While many of these biologic therapies are

efficacious, there is still an unmet need for
effective and safe oral therapies targeting these
same pathways.

TYK2 regulates cytokine signaling central in
PsO pathogenesis (e.g., IL-23, IL-12, and type 1
interferons) and has been confirmed by genetic
studies as a target in PsO. TYK2 inhibition is an
alternate strategy for targeting the critical signal
linkage between IL-23 and IL-17. Three TYK2
inhibitors are approved or in later stage clinical
development. Deucravacitinib, an allosteric
inhibitor of TYK2, is approved in the USA for
treatment of patients with moderate-to-severe
plaque psoriasis who are candidates for systemic
therapy or phototherapy and in Japan for
treatment of patients with plaque psoriasis,
generalized pustular psoriasis, and erythroder-
mic psoriasis who have had an inadequate
response to conventional therapies. Deucravac-
itinib binds to the regulatory pseudokinase
domain, resulting in selective allosteric inhibi-
tion of TYK2 [28]. In contrast, the orthosteric
TYK2 inhibitors, brepocitinib and ropsacitinib,
target the active site in the catalytic domain and
are potent inhibitors of 2 or more JAK family
kinases [30, 32]. Allosteric inhibition using
therapeutic doses of deucravacitinib results in
high selectivity for TYKZ2 versus JAK1/2/3,
thereby avoiding the safety implications asso-
ciated with JAK1/2/3 inhibition as well as
orthosteric TYK2 inhibitors [28]. Deucravaci-
tinib, based on the safety profile observed in the
two large phase 3 PsO trials, did not receive a
boxed warning similar to what is found on JAK
inhibitors (e.g., tofacitinib and upadacitinib) for
serious infections, malignancies, thrombosis,
and death. The FDA approval of deucravacitinib
notes that it is not yet known whether TYK2
inhibition will result in the potential adverse
reactions associated with JAK inhibition [12].
This suggests that the FDA views TYK2 inhibi-
tors as a separate class of drugs from JAK inhi-
bitors and places deucravacitinib as the first
approved therapy in this new class. Long-term
data will add to the current clinical evidence.
Because of the unique mechanism of action of
deucravacitinib, it should be regarded as the
first in a new class of TYK2 inhibitor, an all-
osteric TYK2 inhibitor (alloTYKinib), compared
with orthosteric nonselective TYK2 inhibitors
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(orthoTYKinib). Longer-term efficacy and safety
studies will help to establish and reinforce the
optimal positioning of TYK2 inhibitors in the
PsO and PsA therapeutic armamentarium.
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