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IRAK4; . . . . .
IL-1R/TLRS signal downstream 51'gna11.ng pathway cascades of interleukin-1 re(':eptors (ILTIR) and Toll-like receptors
o — (TLRs). The signaling pathways orchestrated by IRAK4 are integral to inflammatory responses, and
NF-«B: its overexpression is implicated in the pathogenesis of inflammatory diseases, autoimmune disorders,
Autoimmune diseases; and cancer. Consequently, targeting IRAK4-mediated signaling pathways has emerged as a promising
IRAK4 inhibitors; therapeutic strategy. Small molecule inhibitors and degraders designed to modulate IRAK4 have shown
Degraders; efficacy in mitigating related diseases. In this paper, we will provide a detailed description of the structure
Cancer and function of IRAK4, the role of IRAK4 in related diseases, as well as the currently reported small

molecule inhibitors and degraders of IRAK4. It is expected to provide new directions for enriching
the clinical treatment of inflammation and related diseases.
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1. Introduction

Inflammation is a common clinical-pathological response of the
immune system to infection and injury. It serves as the immune
system’s defensive response to external or internal stimuli. How-
ever, an abnormal inflammatory response can be a causative
factor' . Acute inflammatory responses are commonly triggered
by viral and bacterial infections or other stimuli, such as disease-
causing toxins or chemicals. They are particularly prevalent in
patients diagnosed with chronic obstructive pulmonary disease
(COPD) or asthma™. Chronic inflammatory responses can result
in prolonged tissue destruction and disruption of systemic
homeostasis®, which contributes to the development of various
related diseases, such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), psoriasis, multiple sclerosis (MS), and
several others’ '’. The association between chronic inflammation
and cancer development has been well-established, as there is an
abundance of inflammatory factors present at the location of
malignant tumors'', the production of these factors is induced
through various signaling pathways, promoting tumor growth,
metastasis, immunosuppression, and chemotherapy resistance' .
TLRs are a family of transmembrane pattern recognition
receptors (PRRs) that recognize specific signaling molecules
produced by the body in response to stimulation by microorgan-
isms or endogenous substances'*”'”. IL-1R can be activated by
interleukin-1 (IL-1) to transmit inflammatory signals and initiate a
cascade amplification of inflammatory responses'®'". IRAK4, a
member of the IRAK family of intracellular serine-threonine
kinases, holds a pivotal position as a key signaling node in the
IL-1R/TLRs signaling pathway”’, and performs important func-
tions in scaffold and phosphorylation processes”'>. The over-
expression or activation of IRAK4 can result in the dysregulation
of signaling pathways, which can lead to chronic inflammation in
damaged tissues. Moreover, abnormalities of the signaling
pathway can promote cell proliferation and differentiation, which
lead to the development and progression of malignant tumors.
Given its involvement in the systemic inflammatory response,
IRAKA4 has gained recognition as a promising therapeutic target in
the treatment of inflammatory diseases, autoimmune diseases, and
cancer. Notable advancements have been made in the development
of IRAK4 drugs with several candidates reaching different clinical
stages. These drugs can be broadly classified into two categories:
IRAK4 small-molecule inhibitors and degraders, which are
proteolysis-targeting chimeras (PROTACs). Small molecule
inhibitors, including PF-06650833, CA-4948, and BAY-1834845
have been developed and demonstrate excellent kinase inhibitory
activity and selectivity. Degraders such as KT-474 have been
designed to target the degradation of IRAK4, which further hin-
ders scaffold and phosphorylation functions®>. While noteworthy
progress has been made, it is important to note that no drugs
targeting IRAK4 are currently available on the market. Therefore,
there is a pressing need to develop more promising inhibitors or
degraders. In this article, we aim to provide a comprehensive
review of the structure and function of IRAK4, signaling pathways
mediated by IRAK4, and its relationship with diseases. Addi-
tionally, we will focus on the reported IRAK4 inhibitors or

degraders, discussing their mechanisms of act and potential as
therapeutic agents. A deeper understanding of IRAK4 and its
inhibitors will contribute to the advancement of precision medi-
cine and provide better therapeutic options for patients with
IRAK4-related diseases.

2. IRAKSs family and the structure and function of IRAK4

IRAKS are a class of serine threonine kinases consisting of four
members: IRAK1, IRAK2, IRAK3 (IRAKM), and IRAK4***.
They all share similar structural domains, including an N-terminal
death domain (DD), a proline/serine/threonine (ProST) domain, a
kinase domain (KD), and a C-terminal domain (CD) (except for
IRAK4)*°. The DD at the N-terminus of IRAK proteins plays a
crucial role in dimerization and protein-protein interactions. It
facilitates the interaction with other proteins containing the DD,
such as myeloid differentiation primary response protein 88
(MyD88), an adapter protein in the IL-1R/TLRs pathway>’. The
ProST domain engages in regulating protein-protein interactions
and contributes to the overall structural stability of IRAKSs,
IRAKI, in particular, undergoes phosphorylation events within
this region that are mediated by IRAK4®. The KD of IRAKSs is
crucial for their catalytic activity. Within this domain, a conserved
lysine residue is crucial for ATP binding and catalytic functions,
and its disruption would lead to kinase inactivation, rendering the
IRAK protein unable to phosphorylate downstream targets.
Furthermore, IRAKs possess a unique tyrosine “gatekeeper”
Tyr262, which distinguishes them from other kinase families. This
gatekeeper residue helps maintain the active conformation of the
protein and contributes to its functional activity. The CD is present
in IRAK1, IRAK2, and IRAK3 but is absent in IRAK4. This
domain interacts primarily with E3 ubiquitin-protein ligase TNF
receptor-associated factor 6 (TRAF6) to initiate downstream
nuclear factor-k-gene binding (NF-xB) and c-Jun NH2-terminal
kinase (JNK) activation, which occurs at the Pro—X—Glu—
X—(Ar/Ac) motif*’ (Fig. 1).

In the kinase family, IRAKI, consisting of 712 amino acid
residues, was initially identified. The key residue Thr209 within
the protein is responsible for its kinase activity. Phosphorylation of
Thr2009 initiates the activation of IRAK1 through a conformational
change; however, mutations of Thr209 can lead to a complete loss
of kinase activity””. IRAK1 plays a significant role in the IL-1R/
TLRs signaling pathway, and its kinase activity is essential for the
NF-«B pathway. However, the absence or inhibition of IRAK1
does not completely inhibit IL-1/TLR-induced NF-«B
signaling®. IRAK2, consisting of 590 amino acids, is the second
member discovered in its family, which is crucial in the IL-1R/
TLRs signaling pathway’'. IRAK2 has been considered a
pseudo kinase due to the presence of asparagine residue rather
than aspartic residue in its KD in the past. However, it has been
found that the presence of lysine residues in IRAK?2 is sufficient to
make it active recently. In in vitro assays, it is found that IRAK2
can be phosphorylated by IRAK4 by stimulating TLR2. Further-
more, research shows that IRAK2 activates the NF-kB signal
pathway through TLR3/4/8, with TLR3 being especially
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Members of the IRAK family. IRAKSs belong to serine-threonine kinases, which consist of four members: IRAK1, IRAK2, IRAK3,

and IRAK4. They include an N-terminal domain, a ProST domain, a kinase domain, and a C-terminal domain (except for IRAK4).

significant as it is not found in other IRAKs®'*?. IRAK2 without
DD will not be able to activate the NF-«B pathway. IRAK3 is the
third discovered member, composed of 596 amino acids. As a
pseudo kinase, its function is unique, and it is believed to play a
negative feedback role in the TLR signaling pathway’>. IRAK4, a
recently discovered member of the IRAK family, is regarded as
the primary IRAK due to its crucial role as a kinase in IL-1R/
TLRs pathways’’. IRAK4 possesses kinase activity and serves
as the initiating factor for signal pathway activation. The down-
stream cascade signaling can only be initiated after IRAK4
undergoes self-phosphorylation. Furthermore, IRAK4 has a scaf-
folding function to form a complex with IRAK1 and MyD88,
which is also critical for downstream signaling pathways®”. The
overactivation of IRAK4 has been shown to lead to aberrant
activation of the NF-«kB signaling pathway. Conversely, IRAK4
deficiency has been linked to recurrent childhood infections,
while its impact in adults is minimal. These findings suggest that
targeting IRAK4 may be safe. Given that IRAK4 is the initiator of
phosphorylation within the signaling pathway, it is the most
prominent member among the four IRAK family members™.

IRAKI1, IRAK2, and IRAK4 are found in a wide range of
human immune cells. They engage in various immune signaling
pathways and contribute to the regulation of immune responses.
However, IRAK3 has a more restricted expression pattern, mainly
limited to monocytes and macrophages®’.

IRAKA4 is a protein kinase with a length of 460 amino acids and
a molecular weight of approximately 52 kDa. It comprises several
distinct domains, including a conserved N-terminal DD, a ProST
domain, and a central KD*"***° The first crystal structure of the
IRAK4 was reported simultaneously by Wang et al.** and Kugl-
statter et al.” in 2006. It exhibits a characteristic kinase fold that
consists of the N-terminus and C-terminus, with the active site in
between. The unique gatekeeper Tyr262 interacts with Glu233,
which is situated on helix «-C, forming a hydrogen bond
(H-bond). By forming this H-bond, helix «-C is “pulled in,”
resulting in the maintenance of an active conformation of IRAK4.
This conformational change is significant as it eliminates the
hydrophobic pocket typically observed at the rear of the ATP-
binding site. Glu233 has been exploited in structure-based drug
design for the kinase-selective design of IRAK4*'. Additionally, at
the DD, there is an extended Schellman loop whose function re-
mains unknown. Furthermore, in terms of the IRAK4 binding site,
a hinge region is formed by Val263, Tyr264, and Met265, which

holds significant potential for the design of IRAK4 inhibitors.
Notably, the catalytic residue Lys213 is conserved across all
catalytically active kinases™*® (Fig. 2).

It is worth noting that within the IRAK family, the two
catalytic kinases IRAK4 and IRAK1 share an overall sequence
similarity of 31%. Particularly in the region surrounding the ATP
binding site, they exhibit a remarkable sequence similarity of
93%, indicating a high degree of sequence homology and
suggesting potential similarities in ATP binding and catalytic
activity. Upon detailed analysis, several differences have been
identified between IRAK4 and IRAKI1. One notable distinction
lies at the top of the ATP binding site, where IRAK4 possesses
Met192, while IRAK1 has an isoleucine residue in the same
position. Furthermore, in IRAK4, the hinge region comprises
Val263, Tyr264, and Met265, whereas IRAK]1 features a glycine
residue, a phenylalanine residue, and a leucine residue in its
hinge region. Despite the high sequence homology, these subtle
distinctions in sequence and composition provide a basis for
developing selective IRAK4 inhibitors with improved thera-
peutic potential*'**2,

Currently, studies have reported at least 20 mutations in the
IRAK4 gene (C877T, G958T, A86C, Q29P, etc.). Bi-allelic reces-
sive mutations in IRAK4 result in the production of nonfunctional
proteins that block the IL-1R/TLRs signaling pathway, making the
organism susceptible to infections by pyogenic bacteria, such as
Streptococcus pneumonia. In children under 8 years old, the mor-
tality rate is high; however, it decreases significantly after the age of
8 years, and beyond the age of 14 years, these mutations no longer
have a significant effect”’. Current research on mutations in IRAK4
focuses on the pediatric stage**. The missense mutation of IRAK4
is poorly studied to date.

Furthermore, studies have shown that the MyD88 L265P
mutation forms the myddosome complex with IRAK4 and
IRAKI, resulting in the hyperactivation of IRAK4. This hyper-
activation has been linked to the pathogenesis of ABC-DLBCL
and CLL, among other diseases.

3. IL-1R/TLRs signaling pathway and the role of IRAK4
The IRAK4-mediated IL-1R/TLRs signaling pathway has

emerged as a prominent area of research. TLRs recognize
pathogen-associated molecular patterns (PAMPs) generated by
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various exogenous microbial stimuli such as bacteria, fungi, yeast,
and viruses>*°. Normally, activation of TLRs is strictly regulated
to prevent excessive or prolonged inflammation. Negative regu-
lators, such as IRAKS3, help to dampen the signaling cascade and
maintain immune homeostasis. However, abnormal activation of
TLRs triggers infiltration of inflammatory cells, the release of
inflammatory factors, and subsequent sustained inflammatory
tissue damage”*’*. Currently, 12 members of the TLR family
have been identified and described in mice, and 10 members have
been characterized in humans®. IL-1R recognizes endogenous
damage-associated molecular patterns (DAMPs) generated by
damaged or injured cells***™'. When IL-1R binds to DAMPs, it
initiates a cascade amplification effect that triggers inflammation,
potentially contributing to the development of various diseases’”.
IL-1R and TLRs share a common signaling pathway due to their
highly similar cytoplasmic portions, known as the toll/interleukin-1
receptor (TIR) structural domain, which is essential for
recruiting the downstream protein MyD88> 2. When IL-1R/TLRs
are activated by the DAMPs and PAMPs, their TIR structural
domains recruit MyD88, which further promotes IRAK4 dimer-
ization, trans-autophosphorylation, and activation, leading to the
formation of the myddosome complex™. Subsequently, the
MyD88—IRAK4 complex recruits the substrate IRAK2, which then
brings in IRAKI1 for its initial activation. Following this, the
autophosphorylation of IRAK1 in its activation loop leads to full
activation®"**°%°7_ As activated IRAK1 recruits and activates the
downstream effector TRAF6 (ubiquitin-protein ligase), IRAK1 and
TRAF6 dissociate from the complex. This is followed by the
binding to transforming growth factor-(-activated kinase 1 (TAK1)
and TGF-@-activated kinase 1 binding protein 2 (TAB2), which
activate TAK1 and inhibitor of kB-kinase (IKK) complex (IKKe,
IKKg@, and IKKYy), as well as mitogen-activated protein kinases
(MAPKSs). Activated IKK complex further induces NF-«kB activa-
tion and regulates the transcription of pro-inflammatory genes. The
pathway activation is followed by extensive degradation of IRAK1
and TRAF6°*®. In addition, activation of MAPKs by TAK1 can
further activate JNK and p38, inducing the expression of activator
protein 1 (AP-1) genes. The combined effects of NF-«kB and AP-1

lead to the production of pro-inflammatory factors (IL-1, IL-6, IL-8,
etc.), tumor necrosis factor (TNF), adhesion molecules, etc*>*%°,

Specifically, the TLR4 signaling pathway involves an addi-
tional pathway known as the MyD88 non-dependent-TLR3
signaling pathway®'. TLR3 is located in intracellular compart-
ments such as endosomes. Upon activation of TLR3, its TIR
structural domain recruits and stimulates the downstream junc-
tional protein TIR-domain-containing adapter-inducing IFN-G
(TRIF), which can interact with TRIF-associated connector mol-
ecules (TRAM) located downstream of TLR4. Upon activation,
TRIF partners with TANK-binding kinase 1 (TBK1) and IKKe to
form a signaling vesicle, initiating the phosphorylation of inter-
feron regulatory factors 3 and 7 (IRF3 and IRF7). This phos-
phorylation triggers homodimerization, enabling them to enter the
nucleus and stimulate IFN-inducible genes, which ultimately leads
to the release of IFN-a and IFN-8°*%°, Besides the above path-
ways, TRIF also facilitates the recruitment of TRAF6 in the
principal pathway of TLR4 by activating RIP1, thereby ultimately
triggering the activation of NF-kB. This pathway is known as the
MyD88 non-dependent pathway or TRIF—RIP—IKK pathway®*
(Fig. 3).

It is important to highlight that IRAK3 is predominantly
expressed in macrophages and monocytes. Within the IRAK4-
mediated signaling pathway, IRAK3 functions to inhibit the
dissociation of IRAK1 from MyD88, thereby hindering the sub-
sequent formation of the IRAK1—TRAF6 complex. This negative
regulation helps to modulate the immune response®. However,
recent studies have found that IRAK3 can interact with the
MyD88—IRAK4 complex to form myosin super assemblies that
mediate TLR7-induced NF-kB activation™.

IRAK4 plays dual roles in the IL-1R/TLRs signaling pathway.
Firstly, it exhibits kinase activity, enabling the phosphorylation of
downstream proteins including IKKs and JNK/p38. Secondly, it
contributes to the assembly of the multimeric myddosome com-
plex, serving as a scaffolding protein®'. Scaffolding functions as a
platform for facilitating protein-protein interactions, thereby
regulating and enhancing signaling pathways via positive and
negative feedback mechanisms®. IRAK4 utilizes its scaffolding
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Figure 3

The IL-1R/TLRs signal transduction pathway. When IL-1R/TLRs are activated by DAMPs and PAMPs, MyD88 is recruited, which

further recruits IRAK4 dimerization, and the MyD88—IRAK4 complex recruits IRAK2 and IRAKI. As activated IRAK] recruits and activates

TRAF6, IRAK1, and TRAFG6 dissociate from the complex, in turn, bind

to TAK1 and TAB2 to activate TAK1 and IKK«, IKK(, and IKK+y, further

inducing NF-«B to enter the nucleus to regulate the transcription of pro-inflammatory genes. In addition, activation of MAPKs by TRAF6 can

further activate JNK and p38, inducing the expression of AP-1.

function to assemble the myddosome complex, which initiates the
activation of TRAF6. This activation leads to the induction of the
NF-kB and MAPK pathways, subsequently facilitating the
expression of anti-inflammatory factors**. In the realm of small
molecule inhibitors, although they can inhibit the activity of
IRAK4, they may not completely halt the signaling pathway or
cytokine production. This highlights the importance of IRAK4’s
scaffolding function in the development of drug strategies. The
emergence of PROTACs in recent years has become a promising
approach that can effectively target both kinase activity and
scaffolding function, enabling comprehensive inhibition of the
relevant signaling pathways, and leading to significant anti-
inflammatory and anti-tumor effects®’.

IRAK4 serves as the fundamental protein responsible for the
initiation and activation of the comprehensive signaling pathway,
whereby the downstream proteins are activated upon IRAK4’s
autophosphorylation. It is evident that IRAK4 plays an indis-
pensable role in the signaling pathway. Therefore, targeting
IRAK4 for drug design holds immense scientific importance. By
leveraging its kinase activity and scaffolding function, developing
inhibitors and degraders specifically targeting IRAK4 opens up
potential therapeutic opportunities for a variety of inflammatory
and autoimmune diseases, as well as cancers.

4. The role of IRAK4 in the development of autoimmune
diseases and cancer

Normal signaling pathways are intricate networks of molecular
interactions that regulate and coordinate various cellular pro-
cesses. These pathways allow cells to respond to stimuli and
maintain homeostasis. However, aberrant IL-1R/TLRs signaling
pathways contribute to long-term chronic inflammatory

67—69 . .. . .
responses®’ ’. When tissue undergoes injury and infection, local

antigen-presenting cells (APCs), such as macrophages and den-
dritic cells (DCs), identify DAMPs or PAMPs and initiate the
activation of IL-1R/TLRs on the cell membrane. This activation
subsequently triggers the NF-xB signaling pathway, resulting in
the release of pro-inflammatory factors such as IL-18, IL-6, and
TNF. These cytokines then facilitate the recruitment and differ-
entiation of CD4" T cells into Th1/17 cells, ultimately leading to
the persistence of inflammatory damage at the tissue site (Fig. 4a).
Inflammatory response has a dual role in cancer, with the
potential of anti-tumor immune response on one hand, while
potentially promoting tumor growth and metastasis on the
other'*7, It has been found that NF-«B plays a significant role as
an endogenous tumor activator, which is believed to be involved in
the pathogenesis of cancer through the IL-1R/TLRs signaling
pathway. NF-«B pathway is activated within tumor cells, trig-
gering the production of pro-inflammatory factors. The activation
leads to the recruitment of immune cells (CD4/8" T cells, B cells,
macrophages, neutrophils, etc.), which secret various pro-
inflammatory factors and provide a rich environment for pro-
moting angiogenesis and tumor growth’'”’?. The activation of
IL-1R/TLRs results in IRAK4 overexpression in tumor cells,
which shows that targeted inhibition of IRAK4 is an effective
therapeutic strategy for hematologic malignancies and other
tumors’” (Fig. 4b).
4.1. IRAK4 and autoimmune disease
RA is an autoimmune disease characterized by inflammatory
synovitis, which involves dysregulated immune responses and
chronic inflammation in the joints’*’>. The pathogenesis of RA is
still not fully understood, and the mainstream view is that it is a
multifactorial mechanism. The pathogenesis of RA involves both
innate and adaptive immune responses. In synovial fluid, TLRs on
monocytes/macrophages are activated by endogenous molecules,
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which induces NF-«B to secrete pro-inflammatory factors’® "%,

This, in turn, activates and induces the TLRs—NF-«B signaling
pathway in fibroblast-like synoviocytes (FLS), leading to the
expression of inflammatory and chemotactic factors. Conse-
quently, immune cells are recruited, and inflammatory factors are
released, ultimately leading to the development of a persistent and
chronic inflammatory response’”. Furthermore, IRAK4 has been
shown to play a significant role in the pathogenesis of RA. In
experimental models, IRAK4 knockout mice (IRAK4-KO) have
exhibited reduced production of NF-«B induction by IL-18. This
suggests that IRAK4 is involved in the activation of NF-«B
downstream of IL-18 signaling®®. In RA patients, high levels of
IL-1 can be found in joint fluid, and treatment with IL-1 in animal
arthritis models exacerbates symptoms®'. Moreover, studies have
shown that antagonizing the TLR4 signaling pathway can reduce
IL-1 secretion and alleviate arthritis symptoms in mice®>™.
IRAK4 is an essential component of the TLR4 signaling pathway,
and interfering with or inhibiting IRAK4 could be a potential
strategy for treating chronic arthritic diseases®"®.

The role of TLR2 and TLR4 signaling pathways has also been
investigated in SLE, an autoimmune disease that can manifest as
damage to the kidneys, joints, skin, and nervous system®®. Acti-
vation of TLR2/4 signaling pathways can lead to the release of
pro-inflammatory cytokines, such as IL-6 and TNF-«, and the

production of autoantibodies, which can deposit in various tissues,
triggering inflammation and tissue damage®’. In addition, PAMPs
and DAMPs may also be involved in the pathogenesis of SLE by
stimulating the TLR7/9 signaling pathways on DCs. Studies have
shown that autoimmune-sensitized mice deficient in MyD88, a
key adaptor protein in the TLR signaling pathway, exhibit fewer
SLE symptoms compared to control animals®. Furthermore,
IRAK4, which plays a significant role in the pathogenesis of SLE,
has been targeted in animal models, demonstrating promising
results in reducing disease manifestations and alleviating symp-
toms. BMS-986126 has been developed for treating SLE and is
currently in the preclinical stage®®

Alcoholic liver disease (ALD) is a class of inflammatory dis-
eases in which ethanol introduces direct damage to hepatocytes
and triggers an inflammatory response that induces liver injury®
The IL-1R/TLRs signaling pathway participates in the develop-
ment of this disease’. Increased intestinal permeability after
alcohol intake leads to the accumulation of low levels of TLR
ligand LPS. These ligands can be recognized by IL-1R/TLRs in
the liver’s Kupffer cells (stellate macrophages), which recruits
MyD88 and IRAKSs family members to form a complex that
induces NF-«B activation, leading to the transcription of inflam-
matory factors. After transcription, IL-18 is secreted and can
function as an endogenous mediator by interacting with the IL-1R
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pathway on hepatocytes. This interaction leads to the release of
various inflammatory factors and interferons and contributes to the
development of diseases such as fatty liver, hepatocyte cell death,
and liver injury. It was found that phosphorylated IRAK4 levels
were increased in patients with alcohol-induced liver injury
compared to normal liver tissue, and administration of IRAK4
inhibitors attenuated ethanol-induced liver injury. Therefore, tar-
geting the IRAK4 activity of hepatocytes may be an effective
strategy for the treatment of ALD?"%%,

In addition, inflammatory bowel disease””, psoriasisq “  neuro-
inflammatory diseases”', and Sjogren’s syndrome’ —all disorders
shown to involve the IL-1R/TLRs signaling pathway—have also
highlighted the importance of IRAK4 as a therapeutic target.

4.2. IRAK4 and cancer

Currently, IRAK4 inhibitors have been designed for the treatment
of a variety of cancers, such as activated myelodysplastic syn-
dromes (MDS), B-cell diffuse large B-cell lymphoma (ABC-
DLBCL), chronic lymphocytic leukemia (CLL)’*"’, and acute
myelogenous leukemia (AML), colon, breast, lung cancers’.

In the activated ABC-DLBCL cells, a mutation in L265P of
MyD88 was found to induce a non-dependent oligomerization of
the myddosome complex composed of MyD88 and members of
the IRAK family” '"". This oligomerization leads to IRAK4
activation, which further induces NF-«kB activation into the
nucleus to regulate the transcription of inflammatory factors and
ultimately promote the proliferation and survival of B cells'%*'%%,

Low-risk MDS encompasses a diverse range of myeloid clonal
disorders originating from hematopoietic stem cells. These
disorders are characterized by abnormalities in myeloid differen-
tiation and development, resulting in ineffective hematopoiesis,
refractory hematopoiesis, hematopoietic failure, and a heightened
risk of progression to AML*’. TLRs are found to be expressed in
hematopoietic stem and progenitor cells (HSPCs)'**'*°. Typically,
the adaptive  immune  response induced by  the
TLR4—IRAK4—NF-«B signaling pathway effectively responds to
acute infections or injuries and can regulate basal hematopoie-
sis'**'%° However, abnormal or enhanced signaling of TLRs
leads to disturbances in the hematopoietic system and causes
hematopoietic disorders. For example, in MDS patients, TLRs are
found to be overexpressed/mutated, leading to downstream
IRAK4 being overexpressed/hyperactivated, affecting the HSPC’s
function and leading to the development of MDS'?-'%%,

5. The action characteristic of IRAK4 inhibitors or
degraders

Currently, there are two main directions in the development of
IRAK4-targeted drugs: IRAK4 inhibitors and PROTACs that act
as degraders. For the small molecule inhibitor drug design strat-
egy, the IRAK4 protein folds to form a unique ATP binding
“pocket-like” structure, enabling it to bind ATP and fulfill its
protein phosphorylation function. Consequently, most inhibitors
have been developed to competitively bind to this ATP pocket,
thereby inhibiting IRAK4’s phosphorylation activity. A potent
IRAK4 inhibitor can effectively enter the ATP-binding site,
establishing m—7 interactions with the gatekeeper Tyr262 and
forming hydrogen-bonding interactions with the hinge region and
the catalytic Lys213, which enables it to occupy the ATP-binding
site in a highly efficient manner’”.

PROTAC:s are considered a novel strategy for drug research,
which was first reported in 2001 as heterodimeric bifunctional
molecules consisting of three components: a portion that binds to
the protein of interest (POI), a linker, and a portion that binds to an
E3 ubiquitin ligase'”. PROTAC molecules work by forming a
ternary complex between the POI, linker, and E3 ligase''®. Tt
simultaneously binds to both the E3 ligase and the target protein,
bringing them into proximity, which facilitates the transfer of
ubiquitin from the E3 ligase to the target protein, labeling it for
proteasomal degradation®®'"". This process effectively hijacks the
ubiquitin proteasome system (UPS), leading to the degradation of
the ubiquitinated target proteins. In eukaryotic cells, the UPS is a
major mechanism for maintaining protein homeostasis by
removing and degrading defective and damaged proteins through
substrate-specific ubiquitination recognition''?. By selectively
degrading IRAK4, this strategy aims to inhibit its function and
disrupt the downstream inflammatory signaling pathway®'. For
example, Kymera’s KT-474 can block both kinase activity and
scaffolding function by selectively degrading IRAK4 to achieve
pathway inhibition and exert good anti-tumor activity.

6. IRAK4 inhibitors or degraders in clinical development

Currently, the research direction of developing drugs targeting
IRAK4 is dominated by small-molecule inhibitors. However, in
recent years, PROTACs have emerged as an increasingly popular
alternative approach for IRAK4 drugs research. According to
statistics, over 50 IRAK4 drugs are currently in the clinical trials,
with most in the early stages, although none have yet reached the
market. In terms of therapeutic indications, the most extensively
developed applications are for autoimmune diseases, followed by
malignant tumors, and also involved in hidradenitis suppurativa
(HS), atopic dermatitis (AD), chronic kidney disease (CKD), etc.
(Table 1).

6.1. IRAK4 inhibitors for the treatment of autoimmune disease

6.1.1.  Rheumatoid arthritis

PF-06650833 (Zimlovisertib) was the first IRAK4 inhibitor to
enter clinical trials in 2014. In preclinical studies, PF-06650833
demonstrated favorable in vivo and in vitro ADME characteristics,
exhibiting a notable dose-dependent inhibition of LPS-induced
TNF'"? and reduced antibody levels in lupus mice. Additionally,
it demonstrated a protective effect in CIA rats''®. Ten out of
eleven conducted clinical trials have been completed. Two phase I
studies demonstrated that PF-06650833 was well tolerated and
safe in healthy subjects and exhibited favorable PK properties.
PF-06650833 provided pharmacological evidence firstly by
observing IFN levels (increased in SLE) and CRP levels
(increased in RA)''S. Subsequently, Singh et al.''® revealed that
PF-06650833 has rapid absorption following oral administration.
The primary route of excretion and its metabolites was through
bile, while renal excretion was minimal. A phase II study evalu-
ated the efficacy and safety of PF-06650833 in patients with
moderate-to-severe RA who had a poor response to MTX. Results
showed that the use of different doses of PF-06650833 was
superior to placebo in patients with moderate to severe RA, effi-
cacy was favorable, and the clinical response rate at 12 weeks
after administration was consistent with the reported response rate
of tofacitinib. The most common AEs were infections and
infestations, and there were no deaths®*''*''”. In addition,



Table 1

The development status of IRAK4 inhibitors in the clinical study.

IRAK4 inhibitor Target Mechanism Structure Status Indication Study number R&D Company
Zimlovisertib (PF- IRAK4 Small molecule h Phase 11 Rheumatoid arthritis, NCT02224651 (Phase 1) Pfizer
06650833) inhibitor ]”“ COVID-19 pneumonia NCT02609139 (Phase I)
HND\‘ NSy and exuberant NCT02224651 (Phase 1)
1 inflammation NCT03308110 (Phase I)
NCT02996500 (Phase II)
NCT04933799 (Phase II)
NCT04575610 (Phase II)
Emavusertib (CA- IRAK4/FLT3 Small molecule oL Nfi\,,\\'jN Phase II Relapsed or refractory NCT05187182 (Phase I) Aurigene/Curis
4948) inhibitor ot {\o\ﬁj: = hematologic malignancies NCT05685602 (Phase 1)
I ¥ NCT02478768 (Phase I/II)
NCT03328078 (Phase I/II)
NCT05669352 (Phase I/II)
NCT05178342 (Phase II)
Edecesertib (GS- IRAK4 Small molecule . £ Lon Phase II CLE, RA NCTO04809623 (Phase I) Gilead
5718) inhibitor oW ALY F NCT05629208 (Phase II)
Y A NCT05165771 (Phase 1I)
EVO-101 IRAK4 Small molecule — Phase 11 Eczema, atopic dermatitis NCT05579899 (Phase 1I) Evommune Inc.
inhibitor
KT-474 IRAK4 PROTAC wl S o @N N Phase II Atopic dermatitis (AD) or ~ NCT04772885 (Phase I) Kymera Therapeutics
o N7 f&/‘/’ ,,,>7N°‘>,€‘ hidradenitis suppurativa NCT06028230 (Phase II) Inc.
N N}F N ) (HS) NCT06058156 (Phase II)
Zabedosertib IRAK4 Small molecule fﬁ\fo Phase II Moderate-to-severe atopic NCT03054402 (Phase I) Bayer
(BAY- inhibitor S s dermatitis, psoriasis, NCT03244462 (Phase I)
1834845) Hcﬁj?/[” ° pelvic inflammatory NCT03493269 (Phase I)
disease NCT05003089 (Phase I)
NCT05656911 (Phase II)
MY-004 IRAK4 Small molecule Not disclosed Phase II Psoriasis, CTR20211804 (Phase I) Shanghai Meiyue
inhibitor glomerulonephritis CTR20221570 (Phase I) Biotechnology
(IGA), rheumatoid CTR20222675 (Phase I) Development
arthritis CTR20222849 (Phase I) Co., Ltd.
CTR20230953 (Phase I)
CTR20231762 (Phase II)
TQH3821 IRAK4 Small molecule  Not disclosed Phase II Rheumatoid arthritis CTR20221068 (Phase I) Chia Tai Tianqing
inhibitor (China) CTR20231260 (Phase II) Pharmaceutical Group
KT-413 IRAK4 PROTAC Not disclosed Phase I Non-Hodgkin’s NCT05233033 (Phase I) Kymera
lymphoma, diffuse large Therapeutics Inc.
B-cell lymphoma
LT-002-158 IRAK4 PROTAC Not disclosed Phase 1 Atopic dermatitis (AD) or NCT06082323 (Phase I) Leadingtac
hidradenitis auppurativa Biopharmaceutical

(HS), autoimmune

Technology Co., Ltd.
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PF-06650833 was also used for severe inflammation caused by
COVID-19. Although PF-06650833 has a very satisfactory ther-
apeutic effect on autoimmune diseases, there is also a high
clearance rate (rat 1, is 0.6 h) that can lead to the momentary
disappearance of the inhibitory effect on IRAK4.

GS-5718 (Edecesertib) is an IRAK4 inhibitor used to treat RA
and CLE. Pharmacokinetic studies conducted in humans demon-
strated that GS-5718 has a median half-life of 25—33 h, with a
steady state reached after 5—7 days of administration.
Co-administration of GS-5718 with food did not significantly
affect its exposure. However, when used in combination with
omeprazole, GS-5718 exposure was reduced. Overall, the
administered doses were well tolerated®''®. The above data
supports GS-5718 for further development in inflammatory
diseases.

6.1.2.  Systemic lupus erythematosus

BMS-986126 is the first IRAK4 inhibitor studied in a lupus ery-
thematosus mouse model. It exhibits remarkable selectivity in
inhibiting TLR2-induced IL-6, TLR7-induced IL-6 and IFN-«,
TLRY-induced IFN-q, as well as TLR7-induced skin inflammation
in vitro. However, it does not demonstrate inhibitory effects on
TLR4-induced IL-6 and TLR3-induced cytokines. Furthermore,
BMS-986126 demonstrated the ability to inhibit cytokine pro-
duction triggered by IL-18 and IL-18. Due to the association of
TLR7 and TLRY9 with diseases such as lupus and psoriasis,
Dudhgaonkar et al.''” conducted studies using the MRL/Lpr
model and the NZB/NZW model of lupus. BMS-986126 showed
strong therapeutic efficacy, particularly by inhibiting the expres-
sion of the iconic regulatory genes IFIT1 and MX1 in lupus,
indicating that BMS-986126 can serve as a new treatment method
for lupus patients. In addition, the combined use of BMS-986126
and prednisolone enhances the effect by 10-fold''?. However, the
absence of a substantial inhibitory effect of BMS-986126 on
cytokines in human PBMC:s is attributed to the activation of type-I
interferon (IFN) production through the TRIF-dependent pathway.
These findings indicate that the TRIF pathway may play a crucial
regulatory role in these responses, specifically in human cells.

6.1.3. Eczema and atopic dermatitis
EVO-101 is a heterocyclic IRAK4 inhibitor. It is currently in
phase II trials for treating eczema and atopic dermatitis®’. In
March 2022, a phase I study for the treatment of skin disorders
was conducted. Following this, in September 2022, a phase II
study was initiated to evaluate the efficacy and safety of EVO-101
for treating mild-to-moderate atopic dermatitis. This study
involved the application of EVO-101 Topical Cream at a con-
centration of 0.1%, administered twice daily for 8§ weeks.
BAY-1834845 (Zabedosertib) and BAY-1830839 are highly
potent, highly selective IRAK4 inhibitors developed by Bayer,
each characterized by a remarkable PK profile. Both clinical
compounds have shown significant inhibitory effects on IL-1R/
TLRs-induced inflammatory factors'?’. Currently, BAY-1834845
is in phase II for the treatment of AD, with five clinical studies
conducted to date; four of these studies have been completed,
including a phase I study for the treatment of pelvic infection.
BAY-1830839 is currently in phase I for the treatment of RA and
inflammatory disease®”.

6.1.4.  Chronic kidney disease
AS2444697 holds promise as a therapeutic agent for chronic
kidney disease (CKD) and is currently in phase I. AS2444697

exhibited low induction potential for CYP3A4 and CYP1A2
enzymes and demonstrated excellent metabolic stability in human
and rat liver microsomes. Additionally, AS2444697 had low
plasma clearance and high oral bioavailability, indicating efficient
absorption'?'. Furthermore, AS2444697 was evaluated in 5/6
nephrectomized (Nx) rats (CKD model) and showed that urinary
protein excretion was significantly reduced in a dose-dependent
manner, and inflammatory factors produced by nephritis were
significantly inhibited'**. However, further studies are needed to
assess its efficacy and safety in inflammatory functions.

6.2. IRAK4 inhibitors for the treatment of cancer

CA-4948 (Emavusertib) is the first IRAK4 inhibitor used in ma-
lignant tumors. One noteworthy feature of CA-4948 is that it has an
inhibitory effect on FLT3, a tyrosine-protein kinase receptor.
CA-4948 displayed favorable ADME and PK properties and
exhibited tumor growth inhibition in relevant tumor models'*’.
Additionally, in toxicity studies, CA-4948 exhibited satisfactory
tolerance'**. In April 2021, CA-4948 received orphan drug desig-
nation from the FDA for the treatment of acute myeloid leukemia
(AML) and myelodysplastic syndromes (MDS). To date, CA-4948
has been involved in six clinical studies evaluating its potential in
treating various malignant tumors, such as esophageal cancer,
metastatic melanoma, and gastric cancer. A phase I/Ila study
demonstrated favorable tolerability and efficacy in patients with
relapsed/refractory (R/R) AML and high-risk MDS (HR-MDS),
especially in patients with U2AF1/SF3B1/FLT3 mutations. This
indicates the potential suitability of CA-4948 for combination
therapy'>. In patients with R/R NHL, the t,,, was approximately
6 h, and the exposure exhibited a correlation with the dosage. PD
data showed decreased secretion of NF-«kB-related factors such as
IL-6 following TLR stimulation in vitro'*°. Subsequently, syner-
gistic inhibition of B-cell NHL was found in a preclinical mouse
model using a combination of CA-4948 with a BTK inhibitor.
Hence, Joffe et al.'>” combined CA-4948 with ibrutinib in patients
with relapsed or refractory malignant hematological disorders,
finding that the combination was both well-tolerated and effica-
cious. The above-mentioned evidence demonstrated the therapeutic
efficacy of IRAK4 inhibitors in B-cell lymphoma and suggests its
potential to overcome resistance to BTK inhibitors 128, Additionally,
CA-4948 shows promising results in a study treating melanoma
brain metastasis (MBM), highlighting IRAK-4 as a potent candidate
for targeted therapy against MBM ', Monotherapy with CA-4948
significantly reduced the proliferation of invasive MBM, improving
survival rates'*’. In addition, CA-4948 has also been utilized in
combination with trastuzumab in the treatment of untreated, unre-
sectable gastroesophageal cancer'”’'. The remarkable therapeutic
efficacy of CA-4948 in a broad spectrum of malignant tumors un-
derscores the need for further clinical and translational evaluation.

ND-2158 and ND-2110 are two novel IRAK4 inhibitors for
malignant hematomas. In vitro experiments have shown that both
inhibitors can suppress LPS-induced TNF production, alleviate
collagen-induced arthritis, and prevent gout formation in mouse
models. Research has found that 30% of ABC-DLBCL cases carry
the L265P mutation of MyD88'**. Hence, in the ABC-DLBCL
xenograft model, IRAK4 inhibitors not only inhibit tumor
growth as a single agent but also produce a synergistic effect when
used in combination with BTK inhibitors. However, the inhibitors
are not effective against ABC-DLBCL strains with MyD88
mutations other than L265P'**. In another study, ND2158
significantly reduces the proliferation of CLL cells in a dose-
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dependent manner, with consistent effects across both MYDS88-
mutated (3%) and unmutated cases’’. However, it also acceler-
ates the exhaustion of effector CD8" T cells simultaneously and
has a moderate negative impact on tumor suppression. Thus,
combining it with drugs that improve T-cell function may improve
therapeutic outcomes.

Besides, Rigel’s R289 and Aurigene’s AU-2807, though still in
the preclinical phase, are being developed to treat malignant tumors.

6.3. IRAKI1/4 dual inhibitors

R835 is an IRAK1/4 dual inhibitor. In the preclinical study, R835
demonstrated a dose-dependent inhibition of cytokine production
induced by LPS and IL-18. The administration of R835 demon-
strated significant suppression in knee edema and pain in the
human gouty arthritis rat model. Additionally, in CIA, R835
exhibited a substantial inhibitory effect that effectively blocked
the occurrence and progression of the disease'’*. Most notably,
R835 works by blocking LPS/TLR4 signaling to inhibit inflam-
matory cytokines'*”. R835 also dose-dependently reduced TLR7-
induced cytokine production and alleviated the progression of
lupus-like disease in mice by reducing proteinuria, blood urea
nitrogen, and autoantibody levels, as well as reversing renal
pathology'*®. A phase I study in healthy subjects showed that
R835 was well tolerated. Oral exposure was dose-dependent
with rapid steady-state arrival after BID administration'?’. R835
is the initial dual IRAK1/4 inhibitor in clinical development,
which emerges as a prospective drug candidate for clinical
application.

R289 is a prodrug of R835. Phase Ib study of R289
(NCT05308264) is recruiting patients with lower-risk MDS who are
refractory or resistant to prior therapies to date. The primary
endpoint of the study is to assess the safety of R289, and the sec-
ondary endpoints are to assess efficacy and pharmacokinetic
properties™.

6.4. IRAK4 PROTAC degrader

KT-474 is the first potentially best-in-class, highly selective heter-
obifunctional IRAK4 degrader for the treatment of atopic derma-
titis, hidradenitis suppurativa, and rheumatoid arthritis. KT-474
consists of an E3 ligase cereblon (CRBN) ligand, a linker, and an
IRAK4 ligand. Upon the formation of the ternary complex of
KT-474 with CRBN and IRAK4, IRAK4 is ubiquitylated for pro-
teasomal degradation, thereby blocking IL-1R/TLRs signaling
pathways. In preclinical studies, KT-474 exhibited potent anti-
inflammatory activity and outperformed IRAK4 inhibitors in
numerous preclinical in vivo models of immune inflammation. A
phase I trial showed that IRAK4 degradation was observed in
healthy volunteers (HVs) and patients with moderate to severe HS
and AD. In addition, improved skin lesions and decreased pro-
inflammatory cytokines were observed. No drug-related in-
fections were identified in this trial, which was found to be safe and
well tolerated. This trial is the first clinical trial to publish results for
an IRAK4 degrader, providing a potential option for the treatment of
HS and AD, which will be further confirmed in phase II clinical
trial'** "% The structure of KT-474 was disclosed recently.
LT-002-158 is another PROTACs degrader developed by Lea-
dingtac Biopharmaceutical Technology Co., Ltd. It is currently
under phase I for the treatment of pyogenic sweating, atopic
dermatitis, and autoimmune diseases. The IND for tablets of this
degrader was accepted by CDE, which is the first domestic and the

second global IRAK4 degrader after Kymera’s KT-474. In pre-
clinical animal models, LT-002-158 has demonstrated significant
activity in improving skin inflammatory symptoms and a favorable
safety profile. One clinical study is currently ongoing.

7. Limitations and challenges

Small molecule inhibitors and degraders act by blocking the active
site of IRAK4 and degrading IRAK4, respectively. Therefore, it is
imperative to consider potential adverse effects that could arise
from excessive inhibition of IRAK4. In a study on the efficacy of
PF-06650833 in treating rheumatoid arthritis in patients with
inadequate response to methotrexate, it was observed that
infections were the most prevalent drug-related adverse events,
with no recorded fatalities''’. One case of liver toxicity occurred
in 1/39 (2.56%)'*'. In a phase I/Ila study on the combination of
different doses of CA-4948 with azacitidine or venetoclax for
patients with R/R AML/HR-MDS, the FDA requested a suspen-
sion of recruitment of participants due to the death of a patient
who experienced rhabdomyolysis in addition to several other
conditions. It is worth noting that CA-4948 acts as a dual inhibitor
of IRAK4/FLT3, suggesting that the adverse events observed in
the study may also be related to the FLT3'**. KT-474, as the first
milestone IRAK4 degrader, has no dose-limited toxicity or severe
adverse reactions reported in clinical studies on healthy volunteers
and patients with AD/HS. The most common AE is mild head-
ache, but no significant dose correlation was observed. Atypical
cardiac side effects (mild delayed QT interval) were observed,
which returned to normal after a week, with no dose correlation.
In subsequent studies, it was found that these phenomena were
attributed to KY-474’s mild inhibition of the K* channel subunit
hERG through an unknown mechanism, which was not observed
in other studies and has a suggestive effect on the development of
PROTACs'*’. This may all be due to the off-target properties of
the drug. Moreover, since the amino acid sequences of the KD of
IRAK1 and IRAK4 are highly homologous, it is unavoidable that
the IRAK4 inhibitors designed to be obtained may have inhibitory
effects on IRAK1. Dual IRAK1/4 inhibitors, such as R835 and
R289 developed by Rigel, have been reported, and no serious
clinical side effects have been detected in clinical studies.

Although no resistance data related to IRAK4 inhibitors or
degraders have been reported, as kinase inhibitors, resistance may
occur in the future due to active site mutations and other reasons.
Further, due to the kinase and scaffolding effects of IRAK4, tradi-
tional small molecule inhibitors cannot completely block all func-
tions of IRAK4. Therefore, IRAK4 degradation agents have been
developed in recent years, and KT-474 is the fastest degradation
agent in the development stage. According to the study, the
signaling pathway can be blocked completely and selectively by
degrading IRAKA4.

8. Conclusion and perspectives

In response to various stimuli, the body initiates inflammation as a
protective defense mechanism. However, when inflammation
becomes abnormal and uncontrolled, it can lead to tissue damage
and contribute to the development of associated diseases. IRAK4-
mediated IL-1R/TLRs signaling pathway plays an indispensable
role in the occurrence and development of associated diseases.
Thus, targeted inhibition of IRAK4 emerges as a promising
therapeutic strategy.
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Many pharmaceutical organizations have invested in the devel-
opment of IRAK4 drugs. So far, more than 50 kinds of IRAK4
inhibitors or degraders have entered the clinical stage. The IRAK4
inhibitor PF-06650833 entered the clinic for the first time in 2014 for
the treatment of rheumatoid arthritis; the development of degraders
like KT-474 is also very promising. In addition, a large number of
research articles and patents continue to work towards discovering
novel IRAK4 inhibitors or degraders, contributing greatly to devel-
oping more drugs for IRAK4. Among reported IRAK4 inhibitors, we
have found several phenomena: (1) The amide side chain is necessary
for activity, which mainly interacts with the hinge region (Val263,
Tyr264, and Met265) in the active pocket; (2) The introduction of
appropriate lengths of polar side chains and fluorine atoms can
improve the permeability, PK/PD properties, and druggability; (3)
The presence of aromatic groups will form significant w—r stacking
interactions with gatekeeper Tyr262; (4) The introduction of appro-
priate heteroatoms can improve the solubility. Finally, based on the
assistance of the molecular docking model and the others, single
heterocyclic scaffolds, bicyclic heteroatom scaffolds, or tricyclic
thickening scaffolds were selected to assemble the novel IRAK4
inhibitors. Although degraders can have a more complete inhibition
of IRAK4-mediated signaling pathways, there are not many articles
or patents in this field. Among the reported degraders, CRBN ligands
are the most utilized ligands for E3 ligase, and a few use MDM2 li-
gands or VHL ligands. Both flexible and rigid linkers have been used
in the design of degraders. Based on the above analysis, although
many have been reported, no drugs against IRAK4 targets are on
the market to date, hence, developing inhibitors and degraders
with significant anti-inflammatory or anti-tumor activity is still
challenging.

IRAK4 is a crucial component of the innate immune system,
and its absence or inhibition does not result in recurrent infections
in adults, highlighting its significance as a potential therapeutic
target. Despite the promising therapeutic potential of IRAK4
small molecule inhibitors in various diseases, there is a need for
further refinement to enhance their selectivity and minimize off-
target effects. Addressing these challenges will be essential for the
advancement of IRAK4 drug development in the future.
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