4

% 4’& {& % DOI: 10.6023/cjoc202211049 g%it‘—ﬁiﬁﬁ

Chinese Journal of Organic Chemistry

REVIEW

T ZEERIHER(STING)H o FIF i EHER LN E4I8Y
B RAGEME SRR

FRE

(TBHERALER

A A A LB KA 2 A )2 R B RS =

? % @ *,a,b,c

JE5 100084)

CAb R E R EFIFERE dERT 100069)

TR S RGP T

JE5T 100084)

WE F BHRENER ST - IR S - TP &R L F B 7 (cGAS-STING) K AR 7% {5 518 Bk 13 sh 77, H
BT EZRILT PUF R AR 2 H R STING Bl T4E R4 cGAS-STING & B E R HLEI 1 — SR, BuE
STING &8 # AT 9 B8 i6 97 CBCN A mT I 703 s SR B Bt AT AT AR A1 AR T L 253 1 B R 2 1k BN
HEFNH G PR B A B, 7R, M4 T IR4ESR STING MEIFIFE A BRIAL S & 5 B 3 P 700 .

RERIE IR - IR R A BT R B MR T(cGASSTING);, % H /g, WG/ EMER; Zistt

Progress on the Synthesis and Activity of Cyclic Dinucleotides as
Stimulator of Interferon Gene (STING) Agonists

Wang, Tianyang”

Li, Yan-Mei*5<

(“Key Lab of Bioorganic Phosphorus Chemistry & Chemical Biology, Department of Chemistry,
Tsinghua University, Beijing 100084)
(% Beijing Institute for Brain Disorders, Beijing 100069)
(¢ Center for Synthetic and Systems Biology, Tsinghua University, Beijing 100084)

Abstract Cyclic dinucleotide is the agonist of cyclic guanosine-adenosine synthase-stimulator of interferon genes (cGAS-
STING) innate immune signal pathway. At present, four kinds of natural STING cyclic dinucleotide agonists have been
discovered. In recent years, with the revelation of the mechanism of cGAS-STING pathway, the activation of STING pathway
for immunotherapy has become a hot topic. The modification of cyclic dinucleotides to improve their drug activities and
properties has become an important means to promote their application in clinical treatment. Here, the important progress in
the synthesis and activity of cyclic dinucleotides as STING agonists in recent years is reviewed.
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Figure 1 Structure of the four natural cyclic dinucleotides as STING Agonists
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T 2',3'-CDN #1 2',2'-CDN, RS IR 1 5] AT PR 55 Z s
T HTH hSTING AR, 5 RN A BRAH LR

Chin. J. Org. Chem. 2023, 43, 892~913
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B EYE. KT 2',3'-CDN Al 2',2'-CDN, LA pg
MHEMAAEAFIT CDN 5 hSTING &AM Y167 Fl
R238 FRAE R AEHERUE F,  H I o VR A AR s g 4 282 1) J
Fh CDN(41 2',2'-cIUMP, 105)tH G305 T hSTING 848
1.

Os N OH _O 2
| 5 O\P/
HN o’ O

o] 105

2022 4, Ploetz S5H4OHRIE | & EA AL G FR
R TAZHR 2',3'-c"GAMP (106)F1 3',3'-chGAM (107))
PRk, &R T RHA R AR T IX P AR A%
R 5/ ANZE STING &E AWML &R, Bl TIHAE
YE . BO6 T B SR 2',3'-chGAMP 7] A\ THP-1
YR i AN R B RS /o < D CO (E -
2'3'-chGAMP EALhY 4 i B2 (BLFE 40 A 3 BR R AT R
Ui ) 5 2 T BT IR A R R I B AR O, HL 21,30
cPGAMP 5 hSTING & (A N4 & 55 1B RARIE — i
PR AN AR, X Lk AT 75 E i — D AR v

NH, 107

Chin. J. Org. Chem. 2023, 43,892~913

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2.2.4 HE A G546 Fa ik

3 R AR IR A R U SN 7 A B B 3 AT s A AN
B, RS BEETHIA AL R WIS E A Pl R
fRAE DT, IR RARIR A ERBE 5 1 i 2 36347 AR
AT R R i, 3 1T 4R T Al 4 B R E A K.
P WH I b 35 e o S R S5t mT DR T 6T i
FEMRIIARDT AT, HAh, BT DLORERE I B 40 B R B
N GINZRJE T, k% CDN o g R kAT 1 Fn 2
Bnl Re o R T R 2.

2010 4, Beaucage “EWHRIE [ 2T VAL L A Ak
3',3-CDG AU 77 1:(Scheme 13). Aifi 1458 FH 1H-DU%
A WA I 17, F5 58 — 1% 4F 108 (1) 5'- 32 45
B 75 21 3 W R — Mg v R0 A, o e (Rl A AT A S T
3-F0 S-mmiR L AR Y. H BN PADAFA 2-8 4 %-
N,N,N,N-VY S5 P4 B P 1ok — Jle A 1 H-DU S8t 5'-siig e ik
BEATWAEEEAL, HE—2 5 2 MECSE I IAMb. B IRk
J I R — IR AR A 5 AR, 1531 3',3-CDG 2
112, EIE X PR AL R BE I b F2 JE AT B o B ]
FIRTAE, ATE—K CDN 53R 3EBEMifik &Yk
18I, A CDN [T AL IB IR AL T4 F I R 2%

2011 4E, Strobel 2SR FH [ AL A& B T HEA 2'-OH
FA S HUIR ) 3',3'-CDG 284 113, A LR P &
APIFRIE) 3,3-CDG S5 5B %, AL EERM
NEEEE G IR FM TR, 5 c-di-GMP-I
ZRETF SRR R GE A, 55 c-di-GMP-IT 1%
TFREEART, 3',3'-CDG 145 WA ol J2E 368 1ok S 10 ¥ 1 % 4
W, JF ABERE BB 28RS RNA B, AbAT1F A Bt
AR 3',3'-CDG 2514 113 5 c-di-GMP-II RNA [#i%
PEVESE G, WU T — PR B ) R — AR O TR
¥

0
N
0. y NH
L. <f
Hico o ON° N N/)\NH2
3 o
:o: .
H2N\(/N N 5 O\P/O OCH3
" ? o0 O
0 13

2013 4, Sintim S5 B T —FPHEER 2'-OH #ARH)
3',3-CDG KW 114, FHFHZMILIRY BUF 15DOSY
NMR)F 5T 7 H 5 J LR 0% 8 H (40 DGC g1 PDE i)
g4, RIEACAT LR 3.3-CDG HIfEBENH:. 1t
AN, ABATTR IR 2'-F 1) 3',3-CDG K45 DGCs K454
e JIELRER 3',3-CDG #58(4 %), {H 3',3'-CDG 5 PDEs
[ 454 H 2'-F-c-di-GMP B 58(10 £3%).

http://sioc-journal.cn/ 907
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—P= NH O
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1

(PN.p -0 OTBS (iv) 80% AcOH N N/)\N

('31 W o) H

CN 108 OH O
17 - “l
? 109
(iPr)zN\FI,/N(iPr)z NC/\/O\?/N(in)2</N TN o o
© © N N/)\N)H/ (i) 1H-tetrazole, MeCN O </N | )N\H
° H (i Oxidation o o O NN,

110 CN

1 g
NC \w (iii) Deprotection 0
1H-tetrazole, MeCN ~— © o8BS o] o
> (e}

N° N
O H
O
OH O
} |
11 112

B 13 BB AR 3',3-CDG U
Scheme 13  Synthesis of 3',3'-CDG analogue synthesis based on phosphoramidite cyclization

o 114
NH,

2019 #F, Francesco SFMHRIE T WFH & 203 — 4% S\\P/E- </N | \)N
¥ STING #45h 71 IACS-8803 (115)H1 IACS-8779 (116) o 07, 0N NTW
Ak, FIRHMLATE 2.3-cGAMP (9% Hskat Lt (7 gjfl I;;j
T L2 51f: TACS-8803 7 2'3-CDA HyER 3T T % NN N oH 0
WX W&, ITACS-8779 NITE 2',3'-CDA (¥ 45 #4 S ili b3k N( Ny fP\\S

177 B REOBEIR M, 3645 A BRIER— N B #ly T, ©

aisaﬁAm%Mﬁm&mAmmmommmw, e

E’TI‘]E,TZIS&I\EZX_\‘&%%%E@?]%?% STING ﬁﬁ%ﬁl‘] %‘Ejj, j‘JF —LZ‘@%:WE 2',2'-CGAMP B{J%E&}LE{T%T G Eﬁ%, )I%'_]% A
@ B16 MEORMANRBE R REORATI s iR BHOIIUTHRIR, FEHET T AR
S . BRAREEGe T {6 PO A AT 65 S BLA0 SN e, DA

2021 £, Kempson 5L v SARKE ML —FH oy osmage i, DA 159000 B A0 T 52000
RHERARBARBE IR 2L PR IR — R BMT-390025 (117), =

908 http://sioc-journal.cn/ © 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Chin. J. Org. Chem. 2023, 43, 892~913
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2021 4, Minakawa SFBVSRFH V8 95 & v & 1
c-4'-S-diAMP 5% 118, FHARMEHEIR I (10 SR 1 B it
JRFEUAC. HIEE RN c-4'-S-dIAMP B % STING
T % K 0

NH,
Ne X
-0. O N
o o TOus </Nf\/)
3' S N
:s: . l
N N } 8

O OH

NH, 118

2021 4F, Vyskocil B2HRIE T — FOSUBEBR AR 1
WEIR A% H IR STING HEhfl 119 W& B A Pis 7
i, RIS AL E TR I I P AN 53 1) Dy 1 A e
WE, [F]NAZNE R — SRR 4 B 4 B R, 12115 )5 ) CDN
BAT AP 4 S Fp ks 251018 71, TGS CDS ' 4l il &
PE T 40 M7= A2 38 RV S g% I R, 2 I HE AL = R T e 2
xR

2021 4, ZHEMGEESSHRIE | —FR LA 31,3
CDG (CDGS, 4NII&E R, T EERTE T 3,3
CDG 1AW EUR e iG M RE )1, JRE/N RS TH 2B H
LT XA 3',3-CDG B R iE 1. A A1k o Ok
STING 5Bz T SARS-CoV-2 P54 {ER] T
CDGSF 1 5] AR 5 BRI G2 F4H M G s, el 78 H
RV e FARVE T R B S, BoR IR PR IS STING
BT 08 B A 5.
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3 HIHRHFBRALSUINERRS K
3.1 KA ZIZHEREFIHNEEREK

UTHR BHRICEV IS R BN A,
MR A% B BRAS 5 5 vT e 2B B FLa & ik, KR
I A TR B & i — B DO B 5T N AT T 2%
LR AR A N R A TR A A A L — B IR R
(ATP) Bl = B R & (GTP) A5 — B MR A% 1 s B2 B T S 30
AR A& Bi(Scheme 14). 51b254 A B,
AR G BOR A% E R IR 5 A AR AN, 5 S 42 0 AF T
fal B, (E H A7 B A R A% IR 1 s S FUSEATY B /)N,
N FH AR R 52 PR

EHBE N, 3',3-CDG B DGC B A K, HiEd
DCG BAR AN IR 3',3'-CDG FE4E 5 [ R ASKE 58 S = 141
P R AR B 5. 2009 4E, Liang S5k 58 T HA 5 = #ivia
EVERIER DCG B4 IR (DGC)E [ R IAM L E,
A 3 R R S R R I RS, IR T = 1)
) . A 984K DGC, A1 i £ b e i e oL A=
AT S T H =5 KT 3,3'-CDG [l &

2018 4F, Strobel ZEOHRIE | —Ffr i i B S5 . a7 4
A H 3',3'-CDN [ /715, RAIR AMP-GMP & Rl
(DncV)& T 3',3'-CDG. 3',3-CDA /% 3',3'-cGAMP. fil
TR DneV R, FHE AR M &7t —2
ol 7 HAEARE 7y, M T —ANERE . DR AR R A A
FHHMT BRSBTS, fEAER L
WA AT & T 3',3-CDG Al 3',3-cGAMP HIfiTA4:4,
un 2-F MR IR AL IR AU R BR AR B BRI A —
AR ZE.

2019 4, Zhu SEPRIE TR TRMAEM AR 3,3
CDG- 3',3'-cGAMP }% 2',3'-cGAMP [ 7. %771+ 5
ALFEPAS BB 4 7R KA s AR A A E W
DncV FIH AR & [k & 6 CDN, R STING £l
JEHT KFLIR B i A C18 S AR il 45 T 25 kit —
A alifb 4l B = 2E 1) CDN.

2019 4F, Rosenthal 58IF|H JC 4l i & A i & Ak
(CFPS) R Gi it A7 Tl i e, R 70 7 RIE T = E £ W)
cGAS R:HBEEEYNR RIL RGP m kL. i@
KIGH B RIBERRE T KRR T =AY cGAS B,
Bl 50T cGAS BEAT Al f K A T 2',3'-cGAMP 1) &
AR UESE TR, BRER. PSR RIBE D ) cGAS [H
RS ELL ATP A1 GTP #44 2',3'-cGAMP.

2021 4F, Rosenthal VR T — 2 HEGEIE S
RS, SEHL T AR — NAR R GTP RN IR
LA Z IR SR AE AL & 2',3'-cGAMP. At AT TF]
Sk [ RS 1 B () I IO (ScADK) . IS R AT B 1 22
IR I W (AJPPK2) A B 1) 22 R PR U i (SmPPK 2) 1)

http://sioc-journal.cn/ 909
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OH OH o 1
N
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O/\P/\O 5' </ | /)\
OH 07 N~ N7 NH,
s o)
N o 3,';
f’ NG, O\P/o OH
N | /> “ \O-
NN
NH, “
(0} 2
N
N o o Z N
2 / NH I I ¢ | CGAS dsDNA
Il 1 W 1 ! -0O-P=—0O-P—0N—-P-
0-P-0-P—0—P-0 <N L L .o P~O-P~0-P-0 N \N)
9 N~ “NH, S BN o
O O O
OH OH o OH OH
N
. NH
O/\P/\O 5 ¢ D]
OH O 3 N N NH,
0
0
NN OH_O 2
(/ | /> 5 O\P/
Ns N O// \O'
NH,

B 14 LWL S B3R AT IR SN
Scheme 14 Biocatalyzed synthesis of CDN

BT 2R RS, AT MR A ATP, 58 ATP &
MARGS cGAS FEIH, DASCIL IR H & % 21,3
cGAMP. 2',3'-cGAMP [1]H Bl % 5 Hb g B H Ik B 1)
BRSOV IE ZAH Y. BB R IR AT 3RA3 45 0.08 mol 2',3'-
cGAMP, F=Z 540255 ik 4.

2021 4F, RABAEEOOHRIE T — Rl H & B IR E
G 3',3-CDA [FBE4R, 14 Ak B BLINE 1 A% TR

910 http://sioc-journal.cn/
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LB DncV, #ill4 T 5w 3.,3-CDA. Z 7k EA
FEVUAP IR DneV [ IR f#%. 3',3'-CDA [
IR Al SR B R R SP207 k4T 4lifk DL K A F i
AR T AT T4 AR S S RN ATP THE
3'3-CDA HIRTFEHR, 218 80%. &1k TEL =
HEAT, ATDATE SR AR E il 4% c-di-AMP, FA KRR T
VAR = T .

Chin. J. Org. Chem. 2023, 43, 892~913
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3.2 ETRARZIZEREMNITEYNEBIREK

T RARFR A% BN 74 22 1 i 24 1%, CDN fiT
AEVIIBEE & AR R SR CDN 1 5 S INE . JTEK,
CDN T A R 22 2 B 5 b LS T
)k R A SR

2014 4F, Li & F/NR cGAS(FR 2 147~507)8
[ 75 fif £ 52 5 DNA (htDNA)FA/E N #4k ATPaS A1 GTP
B ECT —FUKRRR 2',3'-cGAMP XA B 1% T 240
Y1(2',3'-cG°AMP, 30). 5 2',3'-cGAMP #Lk, L5430
TEMRHMS hSTING A R BAREM 7, £ A THP-1
FAZ AR 730 TEN-B 77 TH IR 758145, F6FI F R 54N
FE B T XU RRARE M AT 32 F- CDN idiKfgee /s, it
T2 1 LG S S LR 3K 7.

2015 4, Zinchenko Z56% ] DGC M1k araGTP
o dGTP, A& K T c-di-araGMP Fl c-di-dGMP. N
18 h Ja =ik 8] 95%LA I, 4lifbr=24) 80%, HA
F T CDN KHUAAE ™= (138 7).

2019 4, Birkus ZEC2HR AN /NRAIAESH) cGAS W
il % 7 33 4~ 2',3'-CDN, FELEA M2 I 1 ix L% CDN
XA STING RARRIISEA ). A 16 &1 33 A
2'3'-CDN 5 n i 38 A\ A1 F I S 4% 24 fid (PBMC) 43 ¥
IFNo. IFNy (IIZ IFN)AI TNFo. (tumor necrosis factor-a,),
e T0E cGAS-STING BB e /1 —5, R HR I
CDN PR T B AZ 40 M (1935 77, (RS540 T Ik EL 40 .

2021 4F, Birkus RS T ok B E AL
(DncV). 75z 4 S 1# (btDisA) . KB #F i (dgez) Fl
Ly A7 BB (tDGC) VY Fh 41 B 1) A% 1 R 5 B 1 SIS A0 R
s, FIAHIXLEGE R T 24 A 3.,3'-CDN. A& I
tDGC 1 dgeZ Bt 6 FI FH GTP 1 NJE4, btDisA U i &F
FIF ATP YENJEY). DncV W] 4L 3',3-CDA.
3',3'-CDG A1 3',3'-cGAMP 14 &, {H A8 JCiER] L
&M J5 1 GTP 1 ATP 1ENEY.

2022 4F, Birkus SECINHRGE T 7-B A CDN 1)
Wit A RCCLRED V. ABATR /N cGAS B AN
Y TR G & L T — &% CDN. TRk
WU — L1 5 RS, #5r CDN Ty ik iid
AR S B i, ARATTIRINE SR A T 4G i B & i S5 10
ZEBEATTFR. RIUE L&A K5 &ERREM
CDN(ILEY) 120) 54 el (10175 5 40 i PR -7 R 1k [
FIREST. A, f@fT T DUFHT 2 CDN 5 hSTING HEH
BEVIN X SRS M, MEEIL A4 120 1757 & HUR 2
5 hSTING £ [ Tyr240 Z [AIfF1E n-n HERUEH, Bt
%€ | CDN-STING #-61). 75 & RIS I 73 =%
HER R, MA@ T Fo i 4 i AL ) g

2020 4F, Liitz ZSEF N cGAS HIJRYIE M, F
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© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

NH,
“O. ,/O J ~N
P |
20-on 08T N
0
H,N_ _N © L °0 OH
2 N
] y  5ORC]
HN o ©
o 120

FHTEBRAE . A% SR o-BE R AN [ B PRI ) ATP
1 GTP 4144, G T — &5 2',3'-cGAMP ZKLl). il
Tk AK AN cGAS HE B A Ref#L 2'-F-ATP 5 6-S-GTP
FIFEAL, TN cGAS & A fels B35 AL X e 41k
HIEAT. 4 BRI A4 K cGAS AT R LA AR [F Y
hhe.

2022 4, Mclntosh ZEC°HR & | MK-1454 (31) 1B
4 17 13:(Scheme 15). MK-1454 & —f b T I R A 7T B
B w2 STING W07, H PRI EE R SR B A A R IR %
TR DA AR sk 3V 1) 5 S0 AE — B K S S H 41 25 T
B ERTEAEYIEAG T A R AR SRR AL TR, A
JETE TSN cGAS BEFIMEA T SE AR = A% T IR
FIBBEAIRAL, ST TR S B IRAZ TR 10 & i, A1
7 =R, Rk T — AN ERA R R TR R4,
HmA =R TR A B & &R BT
FARI) cGAS ST T/ =B MRAZ H IR 1 R B 22, fth
ATE L cGAS € A HEAL RN 4 4 DR 1 R 9 1 4 2L
PTt T AR R AL R AR R L A Rk R B )
IEREME, TEA ORGP 5 B VRS BO A 24 &k
T MK-1454 [ E—JEXT B AL AR, X TR 5T R )
JE [ HEAG R R RE B B R 7 (0 SR, 32 T AR S
FRIIRLE, s 18 FH A6 i 1R e IR i i 52 2%
ERIR > T I5EKAE .
4 ZEP5RE

IR R ETRENEYE R IEN T RCE
WA 7 — e, mETRAN BRI AT
A B B3 O T 2, XSS T
W B A A D AE S 2 VR T H B PR B AT, {H H i
VG VE 2 i) R B fa 3 A R R &
YA AR e MDA 22, B Al BB RICR B R FH 2R A
&, IR 2577 K2R RTINS 2], LKL
R AL AR 1 K USE Tl & AT AR 0 52 PR 4. Ji et 2
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