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Abstract: Interleukin-1 receptor associated kinase 4 (IRAK-4), acting as a serine threonine kinase, is considered
as a key signal node for the transduction of IL-1R family and TLRs signal pathway. Studies have found that IRAK-4
has a hand in many signal pathways, involving the inflammatory response of human joints, intestines, liver and
nervous system, as well as other autoimmune diseases. It is also one of the causes of drug resistance of some
cancer cells. Therefore, IRAK-4 tends to be an effective therapeutic target for inflammatory diseases and cancer.
The prospects for the development of drugs in this pathway is to develop novel IRAK-4 small molecule inhibitors
and investigate their safety and effectiveness, enrich the clinical treatment of inflammatory and cancer diseases
finally. This paper classified and summarized the latest research progress on small molecule inhibitors of IRAK-4
signaling pathway according to structures of the compounds, in order to provide assistances and references for the
research and development of related drugs.
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40 M A 2 -1 32 7R A ¢ BB 4 (interleukin-1
receptor-associated kinase 4, IRAK-4) /& ¥ 5 (1 41 i /-
% -1 %21k (interleukin-1 receptor, IL-1R) A T itk B 41 i
FE 2R FK ik (Toll like receptors, TLRs) 15 5 F < HE A5
ST R0, TLRs A& — Mg AR ORI S2 R K, fe
T AR 52 3 G A P B8N A A A ot SR 7 AR S
ST, R A SRR LE B, AN ER-1
(interleukin-1, TL-1) 7E 2 JiF i i H v DL i Il IL- 1R
KA I SR 5 B PUICR Y. TLRs AIL-1R 4% T 74
WG J5 RS T U IRAK BB (5 5 1% Sl g,
(A, IRAK-4 7545 5 980 e S BT EEAEH, v

NS B R RS T el 13 D RN
T R 22 B I 22 (1 i il a2 P R AR 55 11 4 1T 2K
7, BRI T RATIAE I PR B AR o i) PRAN BORMY, 7R 2R
RBA RTINS Z43) 1% (PK) FHIEM L
P IRAK-4 /173 TR . A S5 AR IRAK-4 K7y
IF FAMEI T 7 IR AT B A 5 e, LN
TER BT IRAK-4 /)N 73 T4 4k R
1 IRAK-4HERLM

IRAK-4 & T HIRAK-1.JRAK-2.IRAK-M F1IRAK -
4 LRI IRAK S 5 R, A2 — a8 460 & 2
F& B A O . TRAK X R O3 465 1 3 L dE — A
N-Uii FE T 45 #448, (dead domain, DD)~ — /MR 5 i H gt
P 45 K3 — A I R R L2 R R T TR S A A
(proline/serine/threonine-rich domain, ProST domain) F!
— A Cut &5 R (R IRAK-4 7M. DD 45 4 45 ] /- 5
A5 HERE 10 32 e W L K] 88 (myeloid differentia-
tion primary response gene 88, MyD88) & A IRAK &
TR R R A, RS TS 5@ . EC A
(2 A gh R (B DU, IRAK-4 35 8 285 A4 458 1) 28 1k
SRR ) 28 3 3R O A BB S . N-OR i 2
L) 5 A g AT B A —ANRTE (oC) B . 55 4h, N-iig
B8 T — A BB #R TV T /K 2 36 (Schellman
loop)"™™!%l, £ B 5 aDE ANKI I 25 i I8 DX T, T8
—AN ATP 45 & 1A%, FL A 08t I 3 A 3 iR ok 1) 45
¥y, e — N ATRER/N 7 TSRl e A
) 355 ) 3035 PA 45 1) (activation segment) 7 5 aC 2 jiE
T RS AE F , K oC BRI 2 1F) 28 B 2 A B, B R
AEIETEMI R o aD BRTE B AT (1) ATP 42 0% AR g7 47 &
B 30T P 1 12 45 4534 (phosphate-binding loop, P 3f) JL[H]
S T LN ATP (2551 i & — AR S5 (1
BURSY 117 (Tyr262), 1%k 3 f2& 5 ) ATP 45 & &
BT R” . EME EIFBUE N, WORH R w5
aC B2 e A BEWT 2L . Tyr262 55 aC 12 iE _F 1) Glu233 [7]

¥ B PE A B0, ProST X & & 2 AN IR 10 A7 A,
IRAK-1 1] 78 6 X 3R A 22 IR 1 B B Ak I 55 4 Rl 2R
R & a, C-dif 4 A 3 n] DL SR 4E TNF 52 444 5% IR 7
6 (TNF-receptor-associated factor 6, TRAF6), MM ik
myddosome 554", R 2 RS R TR AL AE S
I T5RFE 2 IRAK FOGEMAT 1, 1% AH IRAK ZK R o — A
JHURE BB 2 03X A RF S BN IRAK -4 3 F: 7
TEAC It 400 ) 7 B AR IR B R AL A, ade B 1 TR ) )
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AR P EARRIE = A SR 2

N-extension

Figure 1
(IRAK-4) (PDB: 2nru)

Structure of interleukin-1 receptor associated kinase 4
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TLRs (¥ il 53 #5435 TL-1R 5 BEAHBL, B FR A Toll/
IL-1 % 4K (Toll/interleukin-1 receptor, TIR) £5#4)3d., IL-
1R A1 TLRs F4H A AR A8 70 5 A S IC A4 45 5 Ja B0,
FLTIR &5 #6318 2> 55 45 1 82 B 11 MyD8S, Jfid i DD &5
ISR IF BN IRAK -4, FEBEZ IRAK-1 5 IRAK-2 ]
BOE 5 R, & 545 TRAF6, i myddosome &
HOEE, Y TRAF6 SR JFIUE fa, 2@ A&
F 5 B 1 (transforming growth factor-activated
kinase 1, TAK1) i — 5 #0224 R 35 L & H (mitogen
activated protein, MAP) ¥ E# p38.c-Jun N K i ¥ B (c-
Jun N terminal kinase, JNK) Al IxB ## & (inhibitor of
nuclear factor kappa-B kinase, IKKa/B) 115 54 S22,
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Figure 2 TLRs/IL-1R signaling pathway
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AR =2 IRAK-4 5825 1) A1 JA) I 55 40 Rk E2 40 i
FEAE N . [RIEE, TL-18 B SOAE B8 2 () F T 44 44
B PR A R

PN B AE A IRAK -4 5 7] 3 % /) Bl (IRAK-4
KD) K [ B D) Re X Ui (S 5 g m >, g5 1k
B, 58 AR L, IRAK-4 KD /N2 IL-18 15 5774
[ NF-xB 35 A0 B 0 /b o« SR OG0 9 S s A A g —
ST E, 4 ) LPS IR, IRAK-4 KD /) R % %%
RREFZIECY . [R] A 78 3R B TE 2 Rl i 2 an R Gtk
ZLBEARAED L 2 R G T5 A8 B0 itk ML AE P ) 2
RAEPIF Y IRFENE N 25 i 2 S 5 IR
JEU A I IRAK-4 25 4 84 /96 97 AE T, I
TRAK-4 1) 7] (1 1 PR3 RE S92 43 3z

BEAk, $] TRAK-4 (196 P 5 58 5 95 /D 10 FL 3
i SBR[, S R A 200 A T 40 R, AN S
PR E 1 o 5 AN 7E IR B8 2 1 Ep-TCL1 i 4k 8 1)

8 4 6k T2 41 B (A L9 (chronic lymphocytic leukemia,
CLL) /) fR B A b IRAK-4 1 1] 77 ND2158 i ] 1 %8
FFF 8 B AT T 40 )5 4, k2> T CLL 48 2 (1) NF-«B Al
STAT3 15 5% 3 A M Rl 53 il G FE AT 7%, 1827 1 )i
I, RN IRAK-4 23X PP (176 7 #E S . 534h,
WG IRAK-4 38 2%, JE 1 5 BUNF-«B g K1 Eif, &
2 Pl i AT T 24 2R B 25t #0071 IRAK -4 75 ¥ 7T LA
/D TE TR NF-«B FI0E, 7R3 PR/ R S5 2 5
) K gte R BRE [ ) IRAK-4 15 5 08 %, =2
— T R AT SR B B IR T SRS, i, IRAK-1/4
0461 7 R191 45 52 Wi NF-xB A1 25 [ 388 B/Akt {5 5 1%
5, M R191 508 AT 259 an i 8 1 oK B R 3 £
A A A 8 R BE A 1 F I, 46T 259 %+ Waldenstrom's
EEK A 1 IRE (96 97 7 PR R4S B3 5, B 08 Es T
AT T 25 1, 008 IRAK-4 7] A5 250 5 AIG Fit i 545 i
J& (pancreatic ductal adenocarcinoma, PDAC) 41 i 1)
NF-xB % M i 2 SR 1 A 4 Ak 22 P e AR 4% 40 B
BRIl [0 73 W o A8 FH 250040 1) TR AK -4 1) 355 1 R 3 PR et
B, #OA K Hb P T /N R B9 PDAC A=K, FFiE Rt g 2k 4
FL R T < 2 e 98 4 6 B R e 4T 4 AL 5 T
b (¥R T 2R P IX I R T S 1) 1 YT TRAK -4
XHJERE TR 1 R AR VR T AR
4 IRAK-4 /)5 FHDHI5

H M IRAK-4 1E 93 B 2548 i 5| e % 7 000, H
BT IRZ /Ny Tt I, #3620 7] 1) PF-06650833
TE 2016 4F FF J3 i AR R 50, 2 B8 — Ak NI IR (1 4400 1)
7, B BT IE A2 HEAT 28 KOG DT 6 RNk Bl R VT R A
I7 T A I AR IR B AFF 7802, Bk PF-06650833 4, 78 i
2 JU4E A, BAY-1830839""), BAY-1834845"°*  R-835""
T CA-49485M1, U N THAIG R IG B B o BbAb, T 4E
SRIE A R 2 8 B/ o3 7 H ) AR LA i eI
(RE R, B R IR B 5%, A SOR 2 45 1 SR R0 AR
KEWHATRR
4.1 15 IRAK-4 /Ny FHHIF EFEE AR KK
(1) Rl H G 5| 2R AL S Y R o (B13), (&
1 (BAY-1830839, IRAK-4 IC,,= 3.4 nmol-L™) . fb &4 2
(BAY-1834845, IRAK4 IC,, = 11.7 nmol-L™") iif 4 + 4>
e 5, R R T 45 IR RO, MR EFRIE 14 o 7 4 6-
= R Y bt e e A B 0 R ) TR AK 4 19 1) 3 28 o
7E LPS H 3 1) THP-1 20 i A0\ #1154 4% 40 i
A0 1 F 2 356 A ) 7 TNF-a 7248 . 3 HF
il TAA Y UFI 20 IR SR PR TS T DR R R PEAL
BEAR A AR S 0 BT LE Y RV 22 MG 15 sh 492 9 1S 7R )
TBITROR, X R A YITE 15 £ 200 mg-kg' 45 2570
P, YR B TR R AR ST 2016 4E FEH A B AE
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JHEL IR 28 400 ) /0 B S A R AR TR e BB S P 24 R
H EE R B A B S i R AR M ROR, OF HBCH
FF B A I A S RN 2 # 2 HEN TH I PR K5
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TZA S AR R [ HoAh 67 Bl AL & M ROR R T
W R R e M 2 A 6 . AL TR B &P 3
(IRAK-4 IC,,= 1.6 nmol-L", [#] 3), ££ THP-1 4H il 1 (&
7 R B PR TR AK -4 T 40 1) Vi 1 R 4 P 1

1-4
1: R'=C(CHj,3),0H, R?=C(CHj;),0OH
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3: R'=oxetan-3-yloxy, R%=C(CH3),OH
4: R'=C(CHj3),0H, R?=N(CHj3),

Figure 3  Structures of indazole IRAK-4 small molecule inhibi-

tors
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AR i v & P, 9 404k &4 6 (IC,, = 0.55 nmol L™,
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2016 4F Biogen [ & F| 4 1, 78 15] 1 BEAZ 1) N-1
A1 C-6 5] NEUARMERE, B 1,6-FUAC (1) 5] 4 A IRAK -4
0t 70 BE A%, R N-TF B HUR B AT T IR R, &
RIAEY 7.8 (K 3, IRAK-4, IC,, < 100 nmol-L™, ).
TE IL-158 R AS49 4 i, (7 H X IL-6 B RE T8
# (IC;, < 1 pmol-L)eH2,
4.2 TEMRFNIERLIE A IRAK-4 /Ny FHISIF  E T
HETHIER A A9 (K 4), X IRAK- 4j*»f|1ﬁ%H’Eﬁﬁ
1 1C,, fE M 55.06 nmol-L™ o Ji i 3t 5 70 Hr &5 Rt 47
MR, 16 ZE 50K R BER%, 7 wiinéf@m}%
ATP 45& A7 mU S5 48, FF 5 AR5 1 55 148 8 LA
PE 5% 3L W1 Asp329. Asn316 fil Ala315 7= A4 S BE1E H .
B G XA G/KEH, I T MM F5EA%E,
A5 FH AR 1 B iR P 2 IR 2R DASRAS SR AT IO 455 AE H,
4110 (PF-06650833, IC,,= 0.2 nmol-L™, fiff). 105
IRAK-4 L AT s (B SA), P BERE (1) 28 JE R0 i Jk

D RVE N A AR Z K, 5 Ala315.Asn316 fll Ser328
ﬁﬁﬁﬁiifﬁm’ﬁﬂﬂ H 5 Lys213 KA KA S HIAH HAE
H, B AR IRAK-4EFEME. (&7 10 B RIF
) T8 A 2 RD ORE A4 AU A2 7 1, B W5 0 LPS 155 3 1Y)
KRB AL = A ) 13 R F TNF-a, I H 2 75 S AR
K B S 56 2 B HG 11 iR A2 0 R BE DR 34% ~50%, I B
A R 2 S TG R 45 & 57K PF-06650833
BA RO 2 BEER . X SCRER YT
DA T B 92 11 T ) N AR i PR X6 v 4k B2 i3k AT
PEAG Y 53 LI PR 70 3 W IR A= 0 R EE

O F
L S
S S .
o HoN =
@ 10

9
OH
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R® K
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Figure 4  Structures of quinoline and quinazoline IRAK-4 small

molecule inhibitors
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HEAR, C-8 ML HUARKTEEAF] . 24 C-4 A7 Y EUAR 2 b
FA TR, FLE 1 3 4 v, T8 N IR B R DA
1 pKa, SUR 5T IR BB & PEATAE DR B, AR
A5 B4 & 412 (IC,, = 7.0 nmol-L™, ). 7E TLR /¢
SN R AR YA R 12 BT 7 AR RS M B ) TLR7
PR VE SLRE (R848) 15 T KB IL-6 7y b 24
RN S SR W, & B A 73% 1 AP0 R R
22 mL-min™" kg [P L 775 B %10

e IR IR C-5 B 4o N 7, T L C-4 EIER
BTG Ry 1 AR, BRI AR . R C-6 R L
NR LK, BB T &Y 13 (B 4,1C,,= 4.0 nmol-L7,
filF), 5 BTK 411 i) 5751 B A7 £ J& Bk & A H iR 7 MyD88
L265P Z27F M 5/k 38 P4 K B 41 g bk 298 (DLBCL) o i
RAFEYE . ER4HE T OCI-LY 10 (MyD88 L265P 2874%
RS BTK A 5 fir 78 4 B ) (99 /08 BROBE AL o, 33047 1 IRSR
ZiE Y13 (50 mgkg™) Ja, 1E A — 254, RN
il iR ARG B A B JE B EG 2 (12 mgkg ™) 3 B
s, BEA A 2513 (b A 13 = 50 mg-kg!, A &
Jeé =12 mgkg") SEUEZE IR HEIE . X gk FHEsL

T 7E MyD88 L265P %84 5 DLBCL H, 13 fl {41 & J&
I A5 FH 6 BTK AT TR AK -4 (1) X3 S5 171 61 5 S5 [0 400 1)
g AR KT
4.3 MEREFHEIE S IRAK-4 /N FHIEIF W giE
e G E Y14 (K 6) 5 IRAK-4 (3L G 45 0 0 0 (K
5B), 73 A 52 WL M I s g AT I R SR 4 AR B
TG A R ML P TR 1) T i T e i B 114 C-2 Sl i
SR 45 4 51 Met265 A1 Val263 1 4% b, Hmsng 25
5 5y 1R Tyr262 1% m-n HEAR AR LR Y, s kR
Wi VE AL A, HE B Met0192 R, JF 5 P FRFRIE AN
W 45 G A SRR TR B ASTE B D) . WRE (¥
N ATP 254 1148, 5 Ala315 () EREFRIE 45 &
IOy T T S o R W R ER A AL D 2R I AR R
TX PR ANV U 25 48 H A R A R BRG] IR AR 45
TAEVER RS, KA S )15 (IC,, = 170 nmol-L™,
B FE PR . A KRR N SESe &9 15 7] A
I TLRO /i 7= A= I 40 B [l - IL-6 A TNF-o,, 7E 5 K
Y5 255N 100 mg-kg ' B, 72 4E 91% [ TL-6 #1il £ 89%
(1 TNF-a i, FLZ 7S H BT 16 24 30 2 1 i Y

176 FH A 1 S 5 FR) 248 O A T e 28 A AR 00 — &k
W, RS RIS 16 (K16). b A% 16 X IRAK4
PSP T 15 (IL-6 1C,,= 0.16 pmol- L"), HiE#FEM R
I AP 16 75 R84S R /N A AL, 7 3 mg-kg!

Figure 5 A: Co-crystal structure of 10 (PDB: 5uiu) with IRAK4 kinase domain; B: Co-crystal structures of IRAK4 initial lead inhibitors.

The 2.5 A resolution co-crystal structure of 14 (PDB: 609d) bound in the IRAK4 active site reveals three polarized functional groups form-

ing hydrogen bonds to the protein; C: Key interaction of 20 in the IRAK4 kinase domain (PDB: 7¢c2w); D: Key interaction of CA-4948 in

the IRAK4 kinase domain (PDB: 7¢2v)
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Figure 6 Structures of pyrazolopyrimidine IRAK-4 small mole-

cule inhibitors
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BRI 4605 NBJE T 0T AR RIS M, 2 T 1SR 1 &
AR, 0GB T KIEYE, ABAE 7407 5] NER T4 (5
T B (i LTA i 5 THP-1 40 g B i TNF-a, IC,, >
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Figure 7 Structures of benzoxazole IRAK-4 small molecule

inhibitors
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kinase 3, JAK3) Bl /IN 7 H0 1 A6 A 4 J26 w0 3k H
—H 4,6- MWL AU, EATE IRAK-4 245 & R4F, 7]
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A, dEEnfaE. XMEEHAN S — MR R
23 [ R 2 ] A (1) 2R 30 5 < |1 5% 2k Tyr262 [H] B A B 2
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IRAK-4 small molecule inhibitors
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Figure 9 A: Crystal structure of 23 in IRAK4 kinase domain. Residues possibly involved in hydrogen bonds are labeled and bonds are
shown by dotted lines (PDB: 5w84); B: Co-crystal structure of 25 with IRAK4 (PDB: 6vql); C: Co-crystal structure of 26 with IRAK4

(PDB: 6lxy)
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MRL/Ipr ¥ %4 t ) BMS-986126 F1k JE ¥4 T8 (1 E & 1 24
B R s P, 3 2 B T R OR B 2K [ I 1R 12
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Figure 10  Structures of pyrrole double heterocyclic IRAK-4

small molecule inhibitors
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Figure 11  A: X-ray crystal structure of pyrrolopyrimidine inhibitor 29 (PDB: 5k72) in complex with IRAK4; B: X-ray crystal structure of

inhibitor 30 (PDB: 5k76) in complex with IRAK4
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Figure 12 Structures of computer drug design IRAK-4 small

molecule inhibitors
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