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Interleukin-1 receptor-associated kinase 4 (IRAK4), a key target with both enzymatic and non-enzymatic
functions, plays a pivotal role in autoimmune diseases. Previous studies have demonstrated that
proteolysis-targeting chimera (PROTAC) molecules targeting IRAK4 can effectively eliminate both its enzy-
matic and non-enzymatic functions, showing promising therapeutic potential. However, the development
of highly potent, synthetically accessible IRAK4-targeting degraders remains a challenge. In this work,
through three rounds of PROTAC library construction, screening, and optimization, we successfully identi-
fied a representative compound, LZ-07, which proved to be a highly potent degrader with a half-maximal
degradation concentration (DCsp) value of 1.14nmol/L. Notably, compared with KT-474, LZ-07 demon-
strated comparable degradation activity and superior inhibition of cytokine production, while featuring
a simpler synthetic route with optimized IRAK4 and cereblon (CRBN) ligands. LZ-07-induced degradation
of IRAK4 led to marked suppression of key cytokines, including interleukin-6 (IL-6), [L-18, tumor necrosis
factor alpha (TNF-«¢), and IL-10. This study presents LZ-07 as a novel, highly efficient, and synthetically
straightforward IRAK4-targeting degrader, offering a promising tool compound for the study of the po-

tential treatment of autoimmune diseases.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Interleukin-1 receptor-associated kinase 4 (IRAK4), a ser-
ine/threonine protein kinase, plays a pivotal role in the immune
system [1]. It is primarily involved in the Toll-like receptor (TLR)
and interleukin-1 receptor (IL-1R) signaling pathways, acting as
a key regulator of both innate and adaptive immune responses
[2]. Upon stimulation by microbes, viruses, cytokines, and growth
factors, the TLR and IL-1R signaling cascades are triggered, lead-
ing to the recruitment of myeloid differentiation primary response
88 (MyD88) protein and the formation of the myddosome com-
plex. This, in turn, activates downstream nuclear factor-«B (NF-
kB) and mitogen-activated protein kinase (MAPK) pathways, driv-
ing the production of cytokines and the activation of immune cells
[3-6].

IRAK4 is unique among kinases because it not only exhibits ki-
nase activity but also functions as a scaffold protein. This dual role
allows IRAK4 to maintain the stability of the myddosome complex
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through its scaffolding function, even when its kinase activity is
inhibited, thereby enabling inflammatory signaling to persist [7].
Studies have shown that dysregulation of IRAK4 is strongly associ-
ated with several inflammatory and autoimmune diseases, such as
psoriasis, atopic dermatitis, rheumatoid arthritis, and systemic lu-
pus erythematosus. Individuals lacking IRAK4 have impaired innate
immune responses but are not more susceptible to viral or fungal
infections. Instead, they are at increased risk of infections caused
by certain pyogenic bacteria, particularly during childhood [8,9].
By contrast, deficiencies in Janus kinase (JAK) or tyrosine kinase 2
(TYK2) result in severe immune dysfunction, significantly increas-
ing susceptibility to a wide range of pathogens [10]. These distinc-
tive characteristics make IRAK4 an attractive target for drug de-
velopment in the treatment of inflammatory and autoimmune dis-
orders [11-13]. Consequently, developing IRAK4-targeted therapies
has become a priority. Several small-molecule IRAK4 inhibitors,
such as Pfizer’s PF-06650833 and Gilead Sciences’ GS-5718 [14,15],
are currently undergoing clinical trials. However, while these in-
hibitors effectively block IRAK4'’s kinase activity, they do not in-
terfere with its scaffolding function, limiting their ability to com-
pletely eliminate inflammatory responses.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. IRAK4 signaling pathway and recently reported IRAK4-targeting PROTACs.
(A) Schematic illustration of IRAK4 and the mechanism of action of its inhibitors
and PROTACs. (B) Representative IRAK4-targeting PROTACs reported in the litera-
ture.

To address this limitation, a novel therapeutic strategy uti-
lizing proteolysis-targeting chimeras (PROTACs) to degrade IRAK4
has been explored. PROTAC technology has advanced signifi-
cantly in recent years, attracting considerable interest from both
academia and industry. Researchers have successfully developed
PROTAC molecules targeting various proteins across different dis-
eases, including undruggable targets [16-19]. Compared to tradi-
tional small-molecule inhibitors, PROTACs offer distinct advantages
by inhibiting both the catalytic activity and scaffolding functions of
kinases. This dual mechanism suggests that IRAK4-targeting PRO-
TACs could simultaneously inhibit IRAK4’s kinase activity while
blocking its scaffolding role (Fig. 1A). Such a synergistic approach
could potentially lead to superior anti-inflammatory effects, pro-
viding new hope for the treatment of inflammatory and autoim-
mune diseases. While the majority of PROTACs reported in the lit-
erature are developed for cancer therapy, only a limited number
target immune-related diseases. This underscores the substantial
research and clinical potential for PROTAC molecules designed to
treat autoimmune disorders.

As shown in Fig. 1B, compound 1 [20], currently reported
as an IRAK4-targeting PROTAC, exhibited moderate IRAK4 degra-
dation, with a half-maximal degradation concentration (DCsg) of
150 nmol/L and limited inhibition of inflammatory responses. Fur-
thermore, its drug-like properties were poor due to its relatively
large molecular weight and tedious synthesis process. KT-474,
developed by Kymera Therapeutics, represents a significant ad-
vancement as a potent IRAK4 degrader, showing excellent safety
and efficacy in Phase 1 trials for hidradenitis suppurativa and
atopic dermatitis [21]. However, the complex 19-step synthe-
sis of KT-474 (starting from 1H-pyrazole-3-carbaldehyde and 5-
oxotetrahydrofuran-2-carboxylic acid) highlights the need for sim-
pler, more efficient IRAK4 degraders (Fig. S1 in Supporting infor-
mation). Additionally, immunomodulatory drugs (IMiDs)-like cere-
blon (CRBN) ligands can degrade IKZF1/IKZF3 [22-24], raising
concerns about off-target effects. However, recent studies have
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Fig. 2. Design and construction of IRAK4-targeting PROTAC libraries. (A) The first-
generation IRAK4-targeting PROTAC library. The red parts of the IRAK4 ligand struc-
tures are oriented toward the solvent-accessible region. In the predicted binding
mode of IRAK4 ligand 3, the red arrow indicates the solvent-accessible region.
(B) The second-generation IRAK4-targeting PROTAC library. In the predicted bind-
ing mode of IRAK4 ligand 6, the red arrow indicates the solvent-accessible region.
(C) The third-generation IRAK4-targeting PROTAC library constructed with simpli-
fied CRBN ligands.

demonstrated that simplified benzamide-type CRBN ligands can
significantly reduce IKZF3 degradation, thereby mitigating poten-
tial off-target effects [25]. Given the above limitations, we aim to
develop IRAK4 degraders with simplified structures, more efficient
synthetic routes, and enhanced degradation activity. After several
rounds of design, screening and optimization, we successfully de-
veloped novel IRAK4-targeting PROTACs, with the representative
compound LZ-07, which not only simplifies the synthesis process
but also demonstrates stronger cytokine inhibition than KT-474,
highlighting its potential for studying inflammatory and autoim-
mune diseases.

In the early stage of our research, based on the above concepts
and relevant literatures, we selected and designed a variety of
novel IRAK4 ligands [26,27] which are easy to be synthesized with
diverse structures. Additionally, we utilized various E3 ligases and
their ligands, including IMiDs-like CRBN ligands, VHL ligands, and
different types of linkers, exploring diversity in terms of length,
rigidity, and flexibility. Using these components, we rapidly con-
structed the first round of a structurally diverse IRAK4-targeting
PROTAC library (Fig. 2A). Employing the high-throughput fluores-
cence imaging-based screening system developed in our labora-
tory, we conducted the screening and quickly identified PROTAC
hit molecules capable of degrading IRAK4. Structure-activity rela-
tionship (SAR) analysis is as follows:
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The IRAK4-targeting PROTACs developed based on ligands 4 and
5 ultimately failed to degrade IRAK4. This failure was attributed to
steric hindrance from linker extension and the structural limita-
tions of the ligands, which hindered effective binding. Details are
provided in Tables S1 and S2 in Supporting information. PL-01 was
a lead compound based on ligand 3 identified in the first screening
round, and at 100 nmol/L, it induced 26 % degradation of IRAK4 in
THP-1 cells. Analyzing the binding mode of PL-01’s ligand (ligand
3) with IRAK4 revealed that this ligand fitted tightly into the IRAK4
binding pocket, with the piperidine ring oriented toward the sol-
vent region, providing suitable spatial conditions for introducing a
linker at the nitrogen atom of the piperidine ring (Fig. 2A). These
features enabled the development of PL-01, which laid the foun-
dation for further development of IRAK4-targeting PROTACs in the
second round.

Considering the high cost of 1-methylcyclopropanol in the
structure of PL-01, we replaced it with 1-methylcyclopropylamine,
which is approximately 40 times cheaper, to reduce synthe-
sis costs. Additionally, 1-methylcyclopropylamine is more reactive
than 1-methylcyclopropanol, facilitating rapid and large-scale syn-
thesis of intermediates for PROTAC library construction. Moreover,
the first-round screening results indicated that IMiDs-like CRBN
ligands performed better in IRAK4 degradation, while VHL ligands
failed to degrade IRAK4. Therefore, we continued to use IMiDs-like
CRBN ligands in the second round of IRAK4-targeting PROTAC con-
struction (Fig. 2B).

The screening results demonstrated that the degraders in this
round exhibited excellent IRAK4 degradation activity. Notably, PRO-
TAC molecules with a flexible linker at the meta-position of
thalidomide (PL-16) displayed superior degradation activity com-
pared to ortho-substituted molecules (PL-14). However, compounds
with a rigid linker (PL-17, PL-19, PL-20) showed significantly re-
duced degradation activity. Our analysis suggested that overly rigid
structures might hinder effective binding to either IRAK4 or the E3
ligase. In contrast, compounds with moderate rigidity, such as PL-
18, exhibited the strongest degradation activity, significantly out-
performing PL-01 (Table 1). At a concentration of 100 nmol/L, PL-18
induced over 75% IRAK4 degradation in THP-1 cells. These results

Table 1
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suggest that selecting linkers with moderate rigidity and attach-
ing them to the meta-position of thalidomide can enhance IRAK4
degradation activity in future development.

Through two rounds of constructing and screening IRAK4-
targeting PROTAC libraries, we developed IRAK4 degraders with
convenient synthetic routes that demonstrated strong degradation
activity, laying the foundation for further development of more ef-
ficient IRAK4-PROTACs.

Considering that IMiDs-based CRBN ligands may degrade tar-
gets like IKZF1/3, their use in treating autoimmune diseases could
pose significant toxicity risks. In 2022, Woo’s group identified the
C-terminal cycloimide as a physiological degrader of CRBN sub-
strates [28], leading to the development of simplified CRBN ligands
with improved selectivity and reduced off-target effects. Therefore,
we propose using these modified CRBN ligands to construct a novel
library of IRAK4-targeting PROTAC molecules. This approach aims
to enhance the degradation efficacy of PL-18, minimize potential
off-target effects from IMiDs-like CRBN ligands, and improve drug-
gability through optimized IRAK4 ligands and rigid linkers (Table 2,
Fig. 2C and Fig. S5 in Supporting information). In our investiga-
tion of the structure-activity relationship, we observed that the
pyridine ring (LZ-07) exhibited superior protein degradation activ-
ity compared to the benzene ring (LZ-01). Introducing substituents
at the ortho position of the benzene ring attached to simplified
CRBN ligands further enhanced the degradation effect, as seen in
the comparison between LZ-01 and LZ-03. However, the pyridazine
ring demonstrated lower activity than the benzene ring, as indi-
cated by the comparison between LZ-04 and LZ-05. Additionally,
the number of nitrogen atoms in the aromatic ring significantly in-
fluenced degradation activity, with the pyridazine ring (LZ-05 and
LZ-06) showing weaker degradation ability compared to the pyri-
dine ring (LZ-07). In this round of research, LZ-04 and LZ-07 dis-
played the strongest degradation activity, with degradation levels
exceeding 65% after 16h of incubation at 10nmol/L. For type II
ligands, the benzene ring with a strong electron-withdrawing sub-
stituent (LZ-10) exhibited higher activity than one with a weak
electron-withdrawing substituent (LZ-11), a trend opposite to that
observed in type I ligands. The position of the nitrogen atom on

The degradation potency of compounds derived from ligand 6 in the second-generation IRAK4-targeting PROTAC library.

Exposed in the solvent region
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Table 2

The degradation potency of compounds based on ligand 6 and simplified CRBN ligands in our third-generation IRAK4-targeting PROTAC library.
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Table 2 (continued)
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the pyridine ring also impacted degradation activity, as seen in
the comparison between LZ-08 and LZ-09. Moreover, compounds
featuring a spiro structure linker (LZ-14 to LZ-19) showed excel-
lent degradation effects. In the study of type III ligands, both LZ-
20 and LZ-21 exhibited weak degradation of IRAK4, particularly
LZ-20, which demonstrated almost no degradation. This could be
attributed to their larger structural rigidity and lack of rotatable
flexible segments, which may have impaired their binding affinity
with the target protein. Finally, the type IV ligand-derived com-
pound LZ-22 displayed significant degradation ability at 10 nmol/L,
achieving over 70% degradation. We also evaluated the degradation
efficiency of the LZ series compounds in THP-1 cells and observed
that LZ-22 demonstrated robust degradation activity, achieving an
IRAK4 degradation level of 81% after a 16-h treatment at a con-
centration of 10 nmol/L (Fig. S6 in Supporting information).

In summary, except for type III ligands, the other three types
of CRBN ligands have yielded compounds with high IRAK4 degra-
dation activity. The experimental results indicate that PROTACs de-
rived from simplified CRBN ligands, are highly effective and may
reduce off-target risks associated with IMiDs. Through structure-
activity relationship studies, we successfully identified three PRO-
TACs (LZ-04, LZ-07, and LZ-22) with over 65 % degradation of IRAK4
at a concentration of 10 nmol/L. LZ-07 has been selected for further
investigation, while other degraders with superior activity will be
explored in future studies.

Taking LZ-07 as an example, we compared its synthetic
route to that of KT-474. LZ-07 can be synthesized in just 12
steps from readily available materials, starting from 3-amino-
6-chloropicolinamide and (1R,4R)—4-(aminomethyl)cyclohexane-1-
carboxylic acid, whereas KT-474 requires a more complex 19-step
synthesis (Figs. S1 and S2 in Supporting information). This re-
duction in synthetic steps simplifies the preparation of LZ-07 and
improves its feasibility for large-scale manufacturing. The shorter
synthetic route reduces costs and improves synthetic efficiency,
giving LZ-07 a clear advantage over KT-474 in terms of practical-
ity for further studies.

With the potent and novel IRAK4-targeting degrader LZ-07 in
hand, we conducted a preliminary investigation into its degra-

dation mechanism. LZ-07 demonstrated dose-dependent IRAK4
degradation in DOHH2 and TMDS8 cells, with DCsy values of
1.14nmol/L and 2.70 nmol/L respectively (Figs. 3A and B, Figs. S7A
and B in Supporting information). Simultaneously, we compared
the degradation efficacy of LZ-07 and KT-474 in these two cells,
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Fig. 3. Degradation evaluation and preliminary mechanism study of LZ-07. (A) Im-
munoblots and statistical analysis of IRAK4 levels in TMD8 cells following 16-h
treatment with LZ-07 and KT-474. (B) Immunoblots and statistical analysis of IRAK4
levels in DOHH2 cells following 16-h treatment with LZ-07 and KT-474. (C) Im-
munoblots for [RAK4 in TMDS8 cells treated with 50 nmol/L LZ-07 at indicated time.
(D) Immunoblot analysis of IRAK4 pre-treated with DMSO, MG132 (0.5 pmol/L),
MLN4924 (0.5 pmol/L), pomalidomide (1 pmol/L) and compound E (1 pmol/L)
for 2h in TMD8 cells, and then treated with LZ-07 (30 nmol/L) for 8 h. GAPDH,
glyceraldehyde-3-phosphatedehydrogenase. Data are presented as mean =+ standard
deviation (SD) (n=3).
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Fig. 4. The anti-inflammatory inhibition evaluation of LZ-07 and KT-474 in PBMCs
derived from a health donor (donor ID: P122071008C). PBMCs were pretreated with
LZ-07 and KT-474 for 2h, followed by stimulation with 10 uL LPS (100 ng/mL) for
24 h. The levels of cytokines (IL-10, IL-6, IL-18, and TNF-«) were determined using
ELISA. (A-D) show the inhibitory effects of LZ-07 and KT-474 on the levels of IL-
10, IL-6, TNF-a, and IL-1p respectively. The final ICso was generated by GraphPad
Prism 9. (E) Evaluation of cytotoxicity induced by LZ-07 and KT-474 in PBMCs de-
rived from two health donors (donor ID: P122071008C and Y1828). (F) Evaluation of
IRAK4 degradation ability after LZ-07 and KT-474 treatment in PBMCs (16 h). Data
are presented as mean £ SD (n=2).

and the results demonstrated that LZ-07 exhibited comparable
degradation activity to KT-474.

Notably, LZ-07 induced rapid and significant degradation within
4h at a concentration of 50 nmol/L, achieving maximum degrada-
tion at 16 h, with a Dpax of 91% in TMDS8 cells (Fig. 3C). Consis-
tently, LZ-07 also rapidly degraded IRAK4 in DOHH2 cells (Fig. S7C
in Supporting information). We further investigated the degrada-
tion mechanism of LZ-07 and found that pretreatment TMD8 and
DOHH2 cells respectively with compound E (IRAK4 binder with the
structure shown in Fig. S2) or pomalidomide significantly inhibited
IRAK4 degradation. Similarly, degradation was blocked when TMD8
and DOHH2 cells were pretreated with the proteasome inhibitor
MG132 or the ubiquitination inhibitor MLN4924 (Fig. 3D and Fig.
S7D in Supporting information). These findings suggest that LZ-
07 mediates IRAK4 degradation through the ubiquitin-proteasome
system and that its activity depends on the binding to both IRAK4
and CRBN.

To further evaluate the anti-inflammatory effects of LZ-07,
we performed inhibition assays using peripheral blood mononu-
clear cells (PBMCs) from two healthy donors. The human PBMCs
were purchased from two companies: Beijing Muxing Biotech Co.,
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Ltd. (Cat # FPBOO3F-C, donor ID: Y1828) and Milestone Biolog-
ical Science & Technology Co., Ltd. (Cat # PB100C, donor ID:
P122071008C). Ethical approval was provided by both aforemen-
tioned companies. PBMCs were pretreated with LZ-07 and KT-474,
followed by stimulation with lipopolysaccharide (LPS) to induce cy-
tokines production. The inhibitory effects were assessed by mea-
suring the levels of these cytokines. The results revealed that LZ-07
significantly suppressed the expression of cytokines compared to
KT-474 (Figs. 4A-D and Fig. S8 in Supporting information). In both
PBMC samples, LZ-07 demonstrated superior inhibition of four key
inflammatory cytokines, including interleukin-10 (IL-10), IL-6, IL-
18 and tumor necrosis factor alpha (TNF-«¢). Notably, in PBMCs
from one healthy donor, LZ-07 exhibited 131-fold greater inhibition
of IL-6 compared to KT-474. In PBMCs from another donor, KT-474
showed minimal inhibition of IL-6, with a half maximal inhibitory
concentration (ICsq) exceeding 10 pmol/L, while LZ-07 achieved an
IC5o of only 4.8 nmol/L. We also assessed the cytotoxicity of LZ-
07 and KT-474 in PBMCs (Fig. 4E) and the results indicated that
LZ-07 exhibited a safety profile comparable to KT-474, further sup-
porting LZ-07’s potential as a potent and safe anti-inflammatory
degrader.

We conducted a comparative analysis of the IRAK4 degradation
efficacy of LZ-07 and KT-474 in PBMCs (Fig. 4F). Although LZ-07
showed weaker degradation activity than KT-474, it exhibited sig-
nificantly stronger inhibition of cytokine production. Further anal-
ysis led us to hypothesize that LZ-07, as a derivative of compound
E, may also inhibit additional targets. Its analog, ligand 3, has been
reported to inhibit not only IRAK4 but also phosphoinositide 3-
kinase delta (PI3K§), which is a potential target for autoimmune
disease therapies that contributes to cytokine regulation [29]. We
speculate that the enhanced anti-inflammatory effects of LZ-07 are
likely attributed to its ability to inhibit PI3KS. To validate this hy-
pothesis, we accessed the inhibitory activity of LZ-07 against PI3K§
kinase. The results confirmed that LZ-07 inhibits PI3K§, with an
IC59 of 92nmol/L (Fig. S9 in Supporting information). Based on
these findings, we further postulate that there may be a synergis-
tic effect between IRAK4 degradation and PI3K4$ inhibition of LZ-07,
further enhancing its anti-inflammatory effects.

Conclusively, we identified a highly efficient IRAK4 degrader,
PL-18 with over 60% degradation of IRAK4 at a concentration of
10 nmol/L in TMDS cells (Fig. 5 and Fig. S5 in Supporting informa-
tion). As the IMiDs-like CRBN ligand in PL-18 may pose potential
off-target risks, we further optimized PL-18 to obtain LZ-07, which
exhibited degradation activity comparable to PL-18 while using a
simplified CRBN ligand to reduce these risks. Subsequently, we de-
veloped a more potent degrader, LZ-22, which further simplified
the structure of the CRBN ligand from LZ-07, significantly enhanc-
ing degradation activity. We have comprehensively evaluated the
biological activity of LZ-07, and future studies will be performed to
investigate the anti-inflammatory activity of LZ-22.

@ Over 60% TRAK4 degradation at 10 nmol/L (in
TMDS cells 16h )

4 IMiDs-like CRBN ligand with potential off-targets 4 Simplified CRBN ligand

@ Molecular Weight: 795.91

@ Over 65% TRAK4 degradation at 10
nmol/L (in TMDS cells 16h )

@ Molecular Weight: 812.94

@ Over 70% TRAK4 degradation at 10
nmol/L (in TMDS cells 16h)

@ Simplified CRBN ligand

@ Molecular Weight: 754.90

Fig. 5. Representative IRAK4-targeting PROTAC molecules identified in our research.
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In summary, through three rounds of PROTAC library construc-
tion, screening and optimization, we successful identified highly
potent and easy-to-synthesize IRAK4 degraders, LZ-07 and LZ-22.
As a case study, LZ-07 demonstrated efficient IRAK4 degradation,
with degradation activity comparable to KT-474, but it outper-
formed KT-474 in terms of inflammation inhibition. Additionally,
the synthesis of LZ-07 is much simpler than that of KT-474. This
research represents a significant advancement by overcoming the
limitations of traditional kinase inhibitors, achieving comprehen-
sive inhibition of inflammatory pathways through dual targeting of
both the kinase activity and scaffolding functions of IRAK4. Nev-
ertheless, LZ-07 faces challenges in further applications, including
the lack of in vivo evaluation and limited oral bioavailability. KT-
474 has shown excellent performance in terms of safety, efficiency,
and has entered the clinical trial phase, which has provided valu-
able insights for our research. Therefore, in subsequent studies, we
will continue to optimize the structure of LZ-07 to further improve
its druggability and therapeutic efficacy.
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