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Tyrosine kinase 2 (Tyk2) is a member of the Janus family of protein tyrosine kinases (Jaks). Tyk2 associ-
ates with interferon (IFN)-a, IFN-f, interleukin (IL)-6, IL-10, IL-12, and IL-23 receptors and mediates their
downstream signaling pathways. Based on our data using Tyk2-deficient mice and cells, Tyk2 plays crucial
roles in the differentiation, maintenance, and function of T helper 1 (Thl) and Th17 cells, and its dysregula-
tion may promote autoimmune and/or inflammatory diseases. IFN-a-induced growth inhibition of B lympho-
cyte progenitors is dependent on Tyk2-mediated signals to regulate death-associated protein (Daxx) nuclear
localization and Daxx-promyelocytic leukemia protein interactions. Tyk2-deficient mice show impaired con-
stitutive production of type I IFNs by macrophages under steady-state conditions. When heat-killed Cutibac-
terium acnes is injected intraperitoneally, Tyk2-deficient mice show less granuloma formation through en-
hanced prostaglandin E, and protein kinase A activities, leading to high IL-10 production by macrophages.
Thus, Tyk2 is widely involved in the immune and inflammatory response at multiple events; therefore, Tyk2
is likely to be a suitable target for treating patients with autoimmune and/or chronic inflammatory diseases.
Clinical trials of Tyk2 inhibitors have shown higher response rates and improved tolerability in the treat-
ment of patients with psoriasis and inflammatory bowel diseases. Taken together, Tyk2 inhibition has great

potential for clinical application in the management of a variety of diseases.
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1. INTRODUCTION

Tyrosine kinase 2 (Tyk2) was originally identified as a
protein with biological activity pertaining to recovering
responsiveness against type I interferon (IFN) in an IFN-
unresponsive human cell line generated by saturation muta-
genesis.” Experiments using Tyk2-deficient mice and cells
have demonstrated that Tyk2-mediated signals are involved in
both innate and acquired immune responses via an increase
in the numbers and functions of T helper 1 (Thl) and Th17
cells, as well as contributing to constitutive production of type
I IFNs.2™ In addition, Tyk2-mediated signals play an essential
role in down-regulating the in vivo production of interleukin
(IL)-10.%7 Thus, Tyk2 widely mediates signals to control im-
mune and inflammatory responses in multiple steps.

Progress in understanding the pathogenesis and molecular
abnormalities underlying autoimmune and/or inflammatory
diseases has expanded the scope of novel therapeutic strate-
gies. Cytokines themselves, as well as their induced signals,
may be suitable targets. In addition to applications of mono-
clonal antibodies against cytokines, low-molecular weight
compounds that inhibit signaling molecules have also been
identified as an effective strategy, and some are clinically ap-
proved for the treatment of patients with autoimmune diseas-
es. In particular, the Janus family of protein tyrosine kinases
(Jaks) is a promising target.¥

Herein, we review the data of our experiments on Tyk2-
deficient mice and the molecular mechanisms underlying Tyk2
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involvement in immune and inflammatory systems, as well as
the current situation, to develop novel Tyk2 inhibitors.

2. STRUCTURE OF TYK2

Tyk2 is a member of the Jak family, with an apparent mo-
lecular weight of approximately 120-140kDa.” An alternative
nomenclature for the putative domains is given as a series
of Janus homology (JH) domains.” From the information of
amino acid sequence, Tyk2 commonly contains N-terminal
four-point-one, ezrin, radixin, moesin (FERM) homology, Src
homology 2 (SH2), pseudokinase, and kinase domains"*'¥
(Fig. 1A). The FERM domain binds to cytokine receptors
and the SH2 domain associates with phosphorylated tyrosine
residues. The tyrosine kinase domain (JH1) increases its
catalytic activity by trans- and/or auto-phosphorylation of
the activation loop as a result of conformational changes at
ligand-bound receptors. The pseudokinase domain (JH2) is
catalytically inactive but interacts with the kinase domain,
leading to negative regulation of its catalytic activity.

3. JAK-SIGNAL TRANSDUCER AND ACTIVATOR
OF TRANSCRIPTION (STAT) PATHWAY

Cytokine receptors are constitutively associated with inac-
tive Jaks. The binding of cytokines to their receptors induces
a conformational change in the receptor complex, altering
the alignment of receptor-associated Jaks, leading to their
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Fig. 1. Tyk2 and Jak—STAT Signaling Pathway

A. Schematic diagram of structural and functional domains of human Tyk2 protein. The Jak protein consists of four domains: four-point-one protein, ezrin, radixin, and
moesin (FERM) domain; Src homology 2 (SH2) domain; pseudokinase domain; and kinase domain. JH: Jak homology; aa: amino acid. B. Schematic representation of sig-
nal transduction induced by the Jak—STAT pathway. Cytokines bind to their specific receptors and induce the transactivation of the associated Jaks. Activated Jaks phos-
phorylate the cytoplasmic domains of the receptor at tyrosine residues, which recruit STAT signal transducers. STAT dimers translocate into the nucleus and transactivate
cytokine-responsive genes. P: phosphorylation. C. Schematic illustration of Tyk2-mediated cytokine receptors. The IL-6 receptor consists of IL-6Ra/gp80 and gp130 and
binds to Tyk2, Jakl, and Jak2 to activate STAT1 and STAT3. The IL-10 receptor consists of IL-10R1 and IL-10R2 and binds to Tyk2 and Jakl to activate STATI, STAT3,
and STATS. A heterodimeric cytokine, IL-12, is composed of IL-12p35 and IL-12p40 subunits. The IL-12 receptor consists of IL-12RA1 and IL-12RA2 and binds to Jak2
and Tyk2 to mainly activate STAT4. The IL-12p40 subunit of IL-23 can dimerize with IL-23p19 to form IL-23. The IL-23 receptor consists of IL-12R/1 and IL-23R and
binds to Jak2 and Tyk2 to activate STAT1, STAT3, and STAT4. The type I IFN receptor consists of IFNARI and IFNAR2 and binds toTyk2 and Jakl to activate STAT1

and STAT2. (Color figure can be accessed in the online version.)

phosphorylation and activation®!'™® (Fig. 1B). The activated
Jaks further phosphorylate tyrosine residues in the cytoplas-
mic tail of receptors, which serve as docking sites for the
members of STAT family. Cytoplasmic STATs then bind to
the phosphorylated receptors and become substrates for Jaks.
Phosphorylated STATs form dimers, followed by dissociation
from receptors and their accumulation in the nucleus, where
they promote cytokine-responsive gene expression. Thus, the
Jak—STAT signaling pathway is widely utilized by members of
the cytokine receptor superfamily to induce multiple cellular
events.

Jakl and Jak3 associate with a common y chain, which is
shared among receptors for 1L-2, 1L-4, IL-7, IL-9, IL-15, and
IL-21. Jakl is also essential for other cytokine families that use
a shared receptor subunit gpl130, including receptors for 1L-6,
IL-11, oncostatin M, leukemia inhibitory factor, granulocyte

colony-stimulating factor (G-CSF), and IFNs.%? Jak2 associ-
ates with receptors for hormone-like cytokines, such as growth
hormone, prolactin, erythropoietin, and thrombopoietin, as
well as cytokines that mediate signals through an IL-3 recep-
tor subunit, including IL-3, IL-5, and granulocyte-macrophage
colony-stimulating factor (GM-CSF).%” Jak2 is also essential
for few IFNs and cytokine receptors that consist of a gpl30
subunit. Tyk2 associates with receptor subunits, such as
IL-12RA1, TL-10R2, IL-23R, IFNARI, and gp130%? (Fig. 1C).
Jakl-deficient mice perinatally die and lack the development
and function of lymphocytes.'¥ Jak2-deficient mice show em-
bryonic lethality due to failure of definitive erythropoiesis.'®
Jak3-deficient mice show defects in immune cell development
and function, and Jak3-deficiency is detected in patients with
autosomal recessive severe combined immunodeficiency.'®!”
Tyk2-deficient mice are viable but susceptible to viral infec-
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tion and exhibit insufficient responses to lipopolysaccharide
(LPS).2’3’18’19)

4. EFFECTS OF TYK2 ON CYTOKINE SIGNALING

Tyk2 associates with certain subunits of cytokine receptor
complexes, such as IFNARI, IL-12Rp1, TL-10R2, and IL-
23R%? (Fig. 1C). Tyk2 is also associated with the gpl130 recep-
tor subunit.®® IL-12 recognizes receptors carrying IL-12R/1
and promotes cell-mediated immunity to protect the host from
infection.?” TL-22 recognizes receptors carrying IL-10R2 and
plays an essential role in wound healing, tissue barrier func-
tion, epithelial repair, and homeostasis.’” IL-23 recognizes
receptors that contain IL-12Rf1 and induces inflammatory
responses. Moreover, I[FN-o and IFN-f recognize receptors
that contain IFNAR1.%?

Although Tyk2-deficient B lymphocyte progenitors show
impaired growth inhibition induced by IFN-¢,*? Tyk2 is
known to only have restricted effects on the IFN-a signaling
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pathway.>® In contrast, most IL-12-induced cellular func-
tions completely disappear because of Tyk2-deficiency.>”
Tyk2-deficient mice show less immunity and inflammatory
phenotypes in several murine experimental models, includ-
ing arthritis and colitis models.>*® Importantly, patients with
autosomal recessive hyper-immunoglobulin E (IgE) syndrome,
who have a homozygous 7yk2 gene mutation to promote the
loss of mature Tyk2 proteins, experience high serum IgE
levels, recurring skin abscesses, and repeated pneumonia.’?
Therefore, Tyk2-mediated signaling contributes to both the in-
nate and acquired immune systems.

5. INVOLVEMENT OF TYK2 IN THE GENERATION
AND FUNCTION OF TH! AND TH17 CELLS

The binding of IL-12 to its receptors, which are associated
with Tyk2 and Jak2, mainly activates the STAT4 transcrip-
tion factor’® (Fig. 2A). Activated STAT4 cooperates with the
signals from T cell receptor (TCR) to express T-bet, which is
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Tyk2 Mediates Various Immune Signaling Pathways in Several Cell Types

A. Illustrative scheme of IL-12 and IL-23 and their downstream signal transductions. IL-12-mediated STAT4 activation promotes the differentiation into Thl cell type,
results in the production of IFN-y, which is critical for Thl immune response. IL-23 induces IL-17A, IL-17F and IL-22, and stabilizes Th17 cells through STAT3 activa-
tion. TNF-a: tumor necrosis Factor-a; LT-f: lymphotoxin-f; TGF-f: transforming growth Factor-f. B. A schematic illustration of the IFN/Tyk2 axis-mediated signals
in controlling promyelocytic leukemia protein (PML) - death-associated protein (Daxx) interactions for growth inhibition of B lymphocyte progenitors. The IFN/Tyk2
signal requires Daxx nuclear localization via its sumoylation and proper interactions between Daxx and PML. SUMO: small ubiquitin-related modifier C. The regulatory
mechanism of Tyk2-mediated IL-10 production in macrophages. In Cutibacterium acnes (C. acnes)-induced peritoneal inflammation, elevated IL-10 production is shown
in Tyk2-deficient mice through spontaneously high level of prostaglandin E, (PGE,)-protein kinase A (PKA) activity. (Color figure can be accessed in the online version.)
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Fig. 3. Tyk2 in Various Immune Responses and Its Pathological Significance

A. A schematic illustration representing participation of Tyk2 in various immune responses with the experimental models utilizing Tyk2-deficient mice. B. A schematic
diagram representing participation of Tyk2 in various immune responses and its pathological significance in human. (Color figure can be accessed in the online version.)

a master transcriptional factor that promotes the differentia-
tion of naive CD4™ T cells into Thl-type cells. Thl cells are
central players in inducing cell-mediated immune responses to
defend against viral or bacterial pathogens.?® In addition, Thl
cells produce IFN-y, IL-2, IL-10, and tumor necrosis factor
(TNF)-a that participate in macrophage activation, cytotoxic
T cell generation, and nitric oxide production. Binding of
IL-23 to its receptor, which is associated with Tyk2, mediates
signals for the proliferation, survival, and functional matura-
tion of Thl7 cells, while TGF-£ and IL-6 are largely involved
in Th17 cell differentiation (Fig. 2A). Thl7 cells produce
IL-17, IL-21, and IL-22, which induce inflammatory responses
to eliminate microbial pathogens. However, prolonged and
excessive activation of Th17 cells is believed to cause autoim-
mune and/or inflammatory diseases in humans.?® Thus, Tyk2
is highly involved in immune and inflammatory processes by
positively regulating both IL-12/Thl and IL-23/Thl7 axis. In
addition, dysregulation of Tyk2 can cause confusion in the
immune system.”

Using Tyk2-deficient mice or cells, we have reported the
contribution of Tyk2 to pathological immune and/or inflam-
matory processes>®'>?) (Fig. 3A). Tyk2-deficient dendritic
cells cannot produce IL-12 or IL-23 in response to cytosine-
phosphate-guanine (CpG) oligodeoxynucleotides, resulting in
the failure to promote differentiation of CD4-positive cells
into Thl cells.?*?” In both collagen-induced and anti-type
I collagen antibody-induced experimental arthritis models,
Tyk2-deficient mice showed significantly low susceptibility to
arthritis.”® In an experimental autoimmune encephalomyelitis
model, Tyk2-deficient mice showed lower clinical scores of
symptoms and fewer lymphocytes that invaded the central
nervous system.”**” In both dextran sulfate sodium-induced
and 2,4,6-trinitrobenzene sulfonic acid-induced colitis ex-
perimental models, Tyk2-deficient mice showed slower and
lesser disease development, diarrhea, and body weight loss,
compared with those by wild-type (WT) mice.” In an experi-
mental model of skin inflammation induced by imiquimod,
a ligand for TLR7, Tyk2-deficient mice induced less severe
epidermal hyperplasia, parakeratosis, and inflammatory cell

invasion.>*® Involvement of Thl and Thl7 cells in these ex-
perimental models are summarized in Fig. 3.

Therefore, Tyk2-mediated signals participate in host de-
fense by positively regulating the generation and function of
both Thl and Th17 cells. In addition, Tyk2-deficiency reduces
autoimmune and/or inflammatory phenotypes in murine ex-
perimental models (Fig. 3A).

6. REQUIREMENT OF TYK2 IN IFN SIGNALING

IFN-a potently promotes antiviral and antiproliferative ac-
tivities. Stimulation of target cells with IFN-a selectively ac-
tivates Tyk2 and Jakl, resulting in the induction of Statl and
Stat2 phosphorylation.” Although Jakl-deficient cells fail to
respond to IFN-a, Tyk2-deficient cells are preferentially resis-
tant to the suppression of B lymphocyte growth by IFN-¢!*??
(Fig. 3A). In addition, Statl-deficient mice completely fail to
respond to IFN-a,>” and Stat2-deficient mice showed high sus-
ceptibility to viral infection.*?

The colony-forming unit in response to IL-7 (CFU-IL-7) is
a useful tool for analyzing the growth capacity of B lympho-
cyte progenitors.*® Since no difference in CFU-IL-7 colony
formation of bone marrow cells between wild-type and Tyk2-
deficient mice was observed, IL-7-responding B lymphocyte
progenitors were similarly generated independently of Tyk2
under steady-state conditions. However, IFN-a failed to re-
duce colony numbers of CFU-IL-7 in Tyk2-deficient bone
marrow cells, while CFU-IL-7 colony formation in wild-type
bone marrow cells was dramatically suppressed in the pres-
ence of IFN-a. In addition, the IFN-a-induced up-regulation
and nuclear translocation of Daxx are completely abrogated in
the absence of Tyk2. Regarding its possible mechanisms, Tyk2
is likely to be required for the elevation and nuclear transloca-
tion of death-associated protein (Daxx) induced by IFN-a??
(Fig. 2B). Daxx binds to Fas, resulting in the activation of a
signaling cascade for apoptotic cell death.>¥ Sumoylation of
Daxx is an essential event for its nuclear accumulation and
binding to promyelocytic leukemia protein (PML).>> Impor-
tantly, IFN-a enhanced sumoylation and nuclear accumulation
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of Daxx in cells. Therefore, a sumoylation-defective Daxx
K630/631 A mutant (Daxx KA) localizes to the cytoplasm,
whereas wild-type Daxx localizes to the nucleus. Notably,
the murine pro-B cell line Ba/F3 acquires resistance against
IFN-a-induced growth inhibition when Daxx KA is overex-
pressed. In this case, the intracellular localization of Daxx KA
was altered from the cytoplasm to the nucleus after treatment
with leptomycin B, which is an exportin inhibitor. In parallel,
leptomycin B treatment recovered IFN-a-induced growth in-
hibition in Ba/F3 cells expressing Daxx KA. Moreover, PML
overexpression recovered the recruitment of Daxx KA into
the PML oncogenic domains (PODs), which are subnuclear
structures. Importantly, a Daxx-small ubiquitin-related modi-
fier (SUMO) fusion protein provides increased Daxx nuclear
localization and high cell growth inhibition. Thus, growth
inhibition of B lymphocyte progenitors by IFN-a requires
Daxx nuclear localization via its sumoylation and proper in-
teractions between Daxx and PML. Usually, Daxx binds to
PML and forms PODs. IFN-a treatment induces sumoylation
of Daxx and PODs formation in cells. However, IFN-a treat-
ment with Tyk2-deficinet B lymphocytes failed to form PODs,
suggesting that Daxx-PML signaling is transmitted through
Tyk2. Thus, Tyk2 selectively mediates signals to control
Daxx-SUMO-PML interactions during IFN-a-induced growth
inhibition of B lymphocyte progenitors.

7. INVOLVEMENT OF TYK2 IN CONSTITUTIVELY
PRODUCED TYPE I IFNS

Constitutively produced type I IFNs, although the small
in amount, regulate daily cell functions in an autocrine or
paracrine manner and are needed for immediate and maximal
immune responses against bacterial components.¥ Tyk2-
mediated signaling is involved in the constitutive production
of IFN-a by macrophages.' In Tyk2-deficient macrophages,
basal and LPS-induced production of IFN-a is evidently
impaired. In addition, type I IFN-related gene expression is
significantly low in Tyk2-deficient macrophages, particularly
under steady-state conditions.'®

Therefore, Tyk2 has certain effects on macrophage activa-
tion, leading to autocrine and/or paracrine production of type
I IFNs. Tyk2 is essential for the daily production of type I
IFNs to maximally enable the immune system in vivo when
needed.

8. INVOLVEMENT OF TYK2 IN THE REGULATION
OF IL-10 PRODUCTION

Intraperitoneal injection of heat-killed Cutibacterium
acnes (formerly Propionibacterium acnes) produces obvious
granulomas and causes neutrophil infiltration into the perito-
neal cavity.%*® Tyk2-deficient mice injected with C. acnes
showed significantly fewer infiltrated neutrophils, lower pro-
inflammatory cytokines, and higher IL-10 concentration in
the peritoneal cavity than that observed in WT mice®” (Fig.
2C). Production of IL-10, which strongly suppresses inflam-
mation, is believed to require autocrine type I IFN signaling.
Although Tyk2 is involved in IFN production and signaling
as mentioned above, pretreatment of WT mice with either
anti-IFNAR1 or anti-IFN-y antibodies cannot inhibit perito-
neal inflammation induced by C. acnes injection. However, C.
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acnes-induced peritoneal inflammation was clearly reduced to
a level comparable to that of uninjected mice by pretreatment
of WT mice with a neutralizing antibody against the IL-10
receptor. Thus, the high production of IL-10 is responsible for
the inflammation-suppressive phenotype in C. acnes-injected
Tyk2-deficient mice, and Tyk2 seems to positively regulate the
production of IL-10 in an autocrine IFN-independent manner.

IL-10-producing cells in peritoneal F4/80-positive macro-
phages were increased in Tyk2-deficient mice compared with
those in WT mice.*” The number of IL-10-producing cells in
the peritoneal F4/80-negative or B220-positive population did
not change between Tyk2-deficient and WT mice. Thus, peri-
toneal macrophages mainly produce IL-10 in Tyk2-deficient
mice after intraperitoneal injection of C. acnes. IL-10 produc-
tion by macrophages has been reported to be upregulated by
prostaglandin E, (PGE,) signaling by enhancing the activity
of protein kinase A (PKA).*™*® Moreover, C. acnes-induced
IL-10 production by peritoneal macrophages was inhibited by
the addition of diclofenac, an inhibitor of cyclooxygenases,
which mediates the production of prostaglandins. Pretreat-
ment with a specific PKA inhibitor, namely H-89, impeded
C. acnes-induced IL-10 production by peritoneal cells. Im-
portantly, the peritoneal lavage of Tyk2-deficient mice under
steady-state conditions contained higher concentration of
PGE, than WT mice. Phosphorylation of cAMP response
element binding protein (CREB), a hallmark of PKA activa-
tion, is induced by C. acnes stimulation alone and is further
elevated by the addition of ectopic PGE,. Tyk2-deficient bone
marrow-derived macrophages show elevated CREB phos-
phorylation in response to stimuli with C. acnes alone or in
combination with C. acnes and PGE,.

In C. acnes-induced peritoneal inflammation, Tyk2-
deficiency is likely to skew macrophage potential toward an
anti-inflammatory state. Thus, the elevated IL-10 production
observed in the peritoneal cavity of Tyk2-deficient mice may
be attributed to the immunosuppressive microenvironment
established by spontaneously high levels of PGE,-PKA activ-
ity. In other words, Tyk2 downregulates the PGE,-PK A-IL-10
pathway, resulting in a pro-inflammatory phenotype dur-
ing inflammation caused by the intraperitoneal injection of
C. acnes.

9. THERAPEUTIC ADVANTAGE OF TYK2 INHIBI-
TORS

Cytokine-induced intercellular signaling is essential for
the activation and regulation of the immune system, includ-
ing host defense. Excessive and prolonged cytokine signaling
sometimes becomes the major cause for the onset and devel-
opment of autoimmune diseases; therefore, pharmacological
inhibitors that target signaling pathways have been developed
and approved to treat patients with several autoimmune and
inflammatory diseases. Notably, the manufacturing of low-
molecular-weight Jak inhibitors is relatively easier and cheaper
than that of biologics. Furthermore, these inhibitors are avail-
able for oral consumption, which is a major advantage over
biological agents. Currently, several Jak inhibitors, including
tofacitinib, baricitinib, ruxolitinib, upadacitinib, oclacitinib,
and peficitinib, have been approved by the Food and Drug
Administration® (Fig. 4). These compounds mainly bind to
the ATP site of the catalytically active JHI domain; therefore,
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they demonstrate inhibitory effects on multiple Jaks without
high specificity. Currently, some Jak inhibitors have revealed
clinical utility in rheumatoid arthritis, psoriasis, inflammatory
bowel disease, myeloproliferative neoplasms, and graft-versus-
host disease.® Importantly, baricitinib has also been approved
for the treatment of coronavirus disease 2019 (COVID-19)
patients with moderate to severe symptoms.*” In the case of
Tyk2-selective inhibitors,**¥ deucravacitinib (BMS-986165)
was constructed to recognize the pseudokinase JH2 domain of
Tyk2 and cause allosteric inhibition. This oral Tyk2-specific
inhibitor was investigated in a phase 2 trial to treat patients
with psoriasis. The other Tyk2 inhibitors were brepocitinib
and PF-06826647. Brepocitinib recognizes the catalytic
domains of Tyk2 and Jakl, and inhibits their kinase activ-
ity. Clinical trials of this oral inhibitory compound are now
being conducted in patients with psoriasis and inflammatory
bowel diseases. PF-06826647 is an oral inhibitor of Tyk2 and
Jak2, and clinical trials of this compound are in progress for
patients with psoriasis. Notably, the response rate was signifi-
cantly higher in the Tyk2 inhibitor group than that observed
in the placebo group. Additionally, the adverse effects of
these Tyk2 inhibitors are clinically tolerable. Notably, Tyk2-
deficient mice were viable and did not show severe phenotypes
when compared to other Jak-deficient mice. Therefore, Tyk2
inhibitors will provide a more effective and safer strategy to
treat patients with immune/inflammatory diseases compared
to the currently available biologics.

10. CONCLUSION

Experiments using Tyk2-deficient mice or cells have clari-
fied the involvement of Tyk2-mediated signaling in the im-
mune and inflammatory systems. Tyk2 is essential for the
differentiation, maintenance, and appropriate functions of
Thl and/or Th17 cells,” which further promote immune and
inflammatory responses that protect the host from infec-
tions. IFN-o-induced Tyk2 activation preferentially inhib-
its the growth of B lymphocyte progenitors through Daxx
nuclear localization and proper interactions between Daxx
and PML.?>% Tyk2 is involved in the constitutive in vivo
production of type I IFNs and thus facilitates a rapid response
against invading pathogens. During peritoneal inflammation
induced by C. acnes injection, Tyk2-mediated signals are

required to suppress the in vivo production of IL-10 by regu-
lating the PGE,~PKA pathway.” Thus, as described in this
review, Tyk2 regulates multiple cellular events during immune
and/or inflammatory responses. Since Tyk2 is a key mediator
in the immune system, Tyk2-deficient mice show significantly
less immune/inflammatory phenotypes in several murine ex-
perimental models>®!>2328=39 (Fig_ 3A).

Genome-wide association studies have connected the Tyk2
loci with several autoimmune diseases, including rheumatoid
arthritis, psoriasis, systemic lupus erythematosus, and inflam-
matory bowel diseases.*” A Tyk2 variant encoding a proline
to alanine amino acid substitution at 1104 position, which
is inactive, protects against several autoimmune diseases.*®
Patients with variants of the Tyk2 coding sequence showed
impaired IL-12, IL-23, and type I IFN signals. These findings
confirm that Tyk2-mediated signals are critical for eliminat-
ing invasive foreign pathogens and that dysregulation of Tyk2
expression/function is involved in the onset and development
of autoimmune diseases (Fig. 3B), and that ustekinumab, a
monoclonal antibody against the p40 subunit shared by IL-23
and IL-12, has been approved for the treatment of patients
with psoriasis and inflammatory bowel diseases.? Antibodies
against the IL-23-specific p19 subunit, such as guselkumab,
tidrakizumab, and risankizumab, have been approved for the
treatment of patients with psoriasis.®’ The pharmacological
profile of Tyk2 inhibitors may provide an opportunity to treat
several autoimmune diseases with oral therapy.

As Tyk2 is involved in the signaling pathway induced by
type I IFNs, IL-12, and IL-23, and dysregulation of Tyk2
function is highly responsible for the onset and development
of autoimmune and inflammatory diseases, novel Tyk2 inhibi-
tors are expected to have a significant clinical impact. Most
commercially available Jak inhibitors bind to the active sites
of their catalytic domains.® However, a Tyk2-specific inhibitor
such as deucracitinib can be designed to bind to its regulatory
domain.***» Clinical trials of these inhibitors have shown
satisfactory safety and efficacy in the treatment of patients
with psoriasis and inflammatory bowel diseases. As described
in this review, Tyk2 inhibitors can be used in a much wider
clinical field of autoimmune or inflammatory diseases. Further
investigation will provide useful information regarding the
management of diseases using Tyk2 inhibitors.
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