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Advances in the Innate Immune Recognition of Nucleic Acids
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Abstract There are two major types of immunity: innate immunity and adaptive immunity. Innate im-
munity is the first line of defense for the body’s non-specific resistance to microbial invasion and recognition of
tissue damage. With the identification of the pattern recognition function of Toll receptor in Drosophila in 1996,
the discovery of new PRRs (pattern recognition receptors) and the revelation of their regulatory mechanisms under
physiological and pathological conditions have become cutting-edge fields in biomedical research. Over the past
thirty years, a new batch of nucleic acid-sensing PRRs, including TLRs (Toll-like receptors), RLRs (RIG-I-like
receptors), NLRs (NOD-like receptors), cGAS (cyclic GMP-AMP synthase), etc. and inflammasomes have been
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identified. Among them, many nucleic acid-sensing pattern recognition receptors are targets for the development of

new vaccine adjuvants and anti-tumor drugs. Numerous candidate drugs have also entered clinical trials. Nucleic

acid-sensing pattern recognition receptors play an important role in recognizing virus invasion and self nucleic ac-

ids. This article reviews the innate immune recognition mechanism of nucleic acids and the latest progress in the

development of cancer immunotherapy drugs.
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19894 G i 2 5 JANEWAY I 41 ffd Py 1776
— BB IR B PR G i 1) S AR, AT G .
FARIENE, 5N L2 AR FR R R ) 32 K
(pattern recognition receptors, PRRs). JANEWAY!"
P2 B R R FR O I g — A B IR AL, BDMLAR e
B R ARG R ) <A B3R AR, BRONE IR A
K4y 155X (pathogen-associated molecular patterns,
PAMPs). 19944F MATZINGER 2 HE— 5 HE] 5 %5
ROGA T BN, & 3= E A IR 7 70 1 5 7,
XHERR g “fabaiife RS IR 5 7
PR A5 FH 5% 43 115 2 (damage-associated molecular
patterns, DAMPs). 19964 HOFFMANNSE L 5 Bk
LR W) Tolln] AN SR G5 F I PTE B K,
R IR RESRAE T R YEYE , HEIT 7RI R
T S AR B R AT AR (B ).
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1 X AIHZES Y Toll A 32 44

19804F , f# [F £l 22 % NUSSLEIN-VOLHARD
LRI T — AR SR TS IR LR SRR, F
W Hodim 408 Toll(FEAEE 2 “UF e 77y < T AR”
M. )5, WFAN ORI Toll 2 R 1 48
% -1(interleukin-1, IL-1)52 {4 (IL-1 receptor, IL-1R)E
AR, $En T e S5 A B, 19964F
1% B R X HOFFMANNEE B I Toll7E S 1 5 B
SR R YE T AR, Toll5E A5 1) FL i 5 25 5y DR ke
AT, HH A E T Toll 32 AR 1) % 2 75 M. 19974,
MEDZHITOV % 5[ | 55— Toll N RIS E H
RN TSR 1, BB 15 T8 NV G B2
19984, — ELTETHRAM i N 25 R E 2 0 244 136
[ R 5 BEUTLERZS 7R /N R R R 21 T Tollkf 32 44
4(Toll-like receptor 4, TLR4), FHiEsE T HAE KR4
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Fig.1 Main cytoplasmic innate immune recognition receptors sensing nucleic acids
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$Erh i E AR . HOFFMANNAIBEUTLER 9 7 R}
5% AR B TLR 78 56 R A 5 B0 B 15 o BILAR
FOIRYH LAY 26 B FBHF K STEINMANZL 2 72011453
DURAE B A7 Bl e 2 20

TLRs 2 —RHEEZ R 244, i P A
[7 ) PAMPs 5 DAMPs#GH LA™ A= e e 25 B 72
I FLAI H A R ILE TLRsZK R 1A 134 A
I TLRsZJEA 104 F b1, 7393052 TLR1~10; /MR
TLRs R A 124, fFF TLR1~9. TLR11. TLRI2
MTLRI3. &7 T 20 B ) TLRs 51 57 1R 5 i 417
JEARR A>T ML TLRs¥YE 2 T AR, 145 TLR3.
TLR7. TLRSFITLRY, = E VI AL ER AR G =40

TLRsJ& T RS E A, AN X . BRI A
MR IX =F k. MK S A RARE LEEIX
(leucine-rich repeat, LRR), 11575 PAMPsfl DAMPs
Zit; N IX S 5 IL-1REE M) 3 28U Tol/IL-1
ZAR(Toll/IL-1 receptor, TIR)ZE #4348, 5 [FIFE & A TIR
SERIB TR B B A5 5 OF ) R85 5. TLRs T
W5 5 5 3 Ae T E RS A TIRG IR A BERE 1L
[X]-F- 88(myeloid differentiation primary response pro-
tein 88, MyD88)E TIR 4 #43 #7 % 5 [ (TIR-domain-
containing adaptor inducing interferon-8, TRIF)/™F.
FRTLR3%F, BT TLRs#E HHMyD88 /5, HIMyD88/{k
RS Sl TLR3 ATl TRIFHOB & 125 5 i
TR U B T IR B S, IR
W25 5 R 455 G 5 A0 TS, G 164 5 24 L 5 14 T4 A o
PERIZE, FEMER TR AL PR SR8y, S HM
Jed S R0
1.1 TLR3/7/8 R HIXfRNAHIR

B 57 W AZ B I TLR3/7/8/9¥1 % 7 T N
A, WHRR LR AL &S, Horh TLR3 R B 25 4
dsRNA(double-stranded RNA, dsRNA), &% — 1K
PR 55 23 1) TollBE 52 44 ; TLR7A1 TLR8 A
J7i B FRL4EE RN A(single-stranded RNA, ssRNA), TLR9
DR 531095 B B4 6 1 E H 224K CpG-DNAM, TLR3
I AR S A BB AN, T SEAE SRR SRR 41
5 PRI . LR34 IX 1 LRRES 505
dsRNA B AU poly(1:C), FL P [X 1) TIRS #4385
A TIRG I B B TRIFSS &, #1155 MR
I Rg R AR IR - 52 AR #H 5% K - 3(tumor necrosis fac-
tor receptor-associated factor 3, TRAF3), TRAF3if
— AL T U TRAF X5 B AH 5% ) NF -k B0 &

1 (TRAF family member-associated NF-kB activator,
TANK) 45 -4 1(TANK-binding kinase 1, TBK1)#ll
kB 1| Al 73 e(inhibitor of kB kinase &, IKKe), M
BB AL T-HE 2% 1 75 K] ¥~ -3(interferon regulatory fac-
tor-3, IRF-3), A% 2l 178 T3 % -o/B(interferon-a/B,
IFN-o/B)HIRIE , RIEPUREAEH U2 TIr3shE R
ZIN BROGT /)N B 400 i 7 R e B RURR , TLR3WR I N
T N R Al 5 1S iR . B T HU0
B, VT RIES 51 g ig v, g
SER A T 1 T 00 B B 958 N, M RS SROPR 248 L P e
SRR, PR BRI,

P ssRNAF TLR7HI TLR8YE /& B A4k #) E#E
FEH AL, TLR7 32 2278 H A1 MR SRR 4 i A B4
MR, TLR8E EEAEHE F A4 SR 40 B AN A% 2
ik, TLR7/85 ssRNAZL & )5, it MyD88IK i
PEIRAZ ) R LSS . MyDS8 5 TLRs4: & )5,
SEIL-1RAH 52 AR B 4 (interleukin-1 receptor-associ-
ated kinase 4, IRAK4)F1IRAK 1, BRI IRAK 1/4,
it — B B0E TRAF6 AT i A0 A= K DR -7 - BUlis L
fif 1(transforming growth factor-B-activated kinase 1,
TAK1), i&fb 5 FITAK 1 S EINF-«BFIRF7 A%, i
SAH DA M [R5 0 i S8 PR K IRl ¥ (tumor necrosis fac-
tor, INF). IL-6. IL-1BHIIFN-o/p& k01012,

AN I mRN A, TLR 745 32 741 5 5 2517
RHURTRZI) SR N . 2005435 [F 52 47 7% R WK
1) KARIKOZE VR L HALHIE T mRNAHAAEJR
WEIEAZ R (uridine, U), W19 B R 8 g #% 1 (Pseu-
douridine, V) &K UTE BB ) mRNA, WA 25058 4
T RAESR N, AT LA mRNA R FE E M 1 R
B %R T HES mRNA N A A B AR
R e 20194F Bt A (R, 3 T mRNAJE
WA RIHERE . 20234, KARIKOFI WEISSMANE
it I R W WEAB MR AE G 38 57 7 TH IR BEBE P i L, DA%
COVID-19H) mRNAYE i il I /& , 345 1 18 DURAE
TR Azl R A 20T
1.2 TLR9K HiR7IDNARIHLHI

20004F , &2 K AKIRAZE USRIl TLRO
AT LR Sl i A ke U R F 2 A R R S
DNA(CpG-DNA), = EFRIATE I A HFER TR0 A
B4, TLR9/ T 5 5% 5 TLR7/83KAU, A
MyD88{KHi % . 24 TLR9 CpG DNAZE A ), TLRY
A5 A MyD8S, {E#FIRAK /41 H Rk, 2t
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L] RS HES T IE TU R -

— 5154 Ui TRAF6, i & 300G NF-« B & 1 154
IFNIE S, 3 s RN 5%, S 5H0n s bTihg
B 200121

2 BEFRRNABIIR AL

LR EZRIEANAMR G, 2FH — RV
AR AIHARAE . BEE TR 5T RNA AR R )
AR T EAFEYE IR T 5 B A I(retinoic acid-
inducible gene-1, RIG-)Ff 52 /& (RIG-I-like receptors,
RLRs). 2°-5’ 5 R H L G M (2°-5” oligoadenyl-
ates synthesis, OAS)%%, 3= i# L iR 79 B RNAJA )
PO 75 5 SN
2.1 RIG-IH%{K

RLRs &£ 20005 AT AE 9 50w 55 G % o
IR 32 AR R AR . 20044F FUJITAZE VR B T
RIG-IAEf5 R dsRNA, #8751 40 A7 30 i 5
Hhoj B 52 1) o (8] 44 (1) RF € HL] X5 TLRsTEZH Y
I B A A b R )9 B LR AN [ o S SR AT R I
T RLR S 1 o Ath 74 o7 8 2 A 7 e 8 €8 35088 70 1k
AH R K 2 1 5(melanoma differentiation-associated
gene 5, MDAS). I5if% 2% FIAE 3 22 555 %5 B 1 2(1ab-
oratory of genetics and physiology 2, LGP2). MDAS
BEAE S RERE PR3] R 2 285 75 7 A2 1 K dsRNARY, T
LGP27ERIG-TFIMDAS A5 ) S S i 1 45 7E H,
W 7T R B LGP2 ] J@ i e ATPRE 45 #4938 {2 i RIG-11
MDAS X} B RN AR 1 112122
2.1.1 RIG-I#ZikeyzEME5shae  RIG-IFEZIE
HA =A BB NAR I 0P8 28 bt K 4 i
(cysteinyl aspartate specific proteinase, Caspase)$H 5=
25} 358, (caspase-recruitment domains, CARDs). H1 4t
(¥ DExD/H-box RN A fiff Jite B 45 R 4 FlT C A 3 () 1 28
Sk, CARDsth Tl 54 A HURF1E 5 HEH
(mitochondrial antiviral signaling protein, MAVS)f#*J#H
HAE ISR AR 38 T IEAE =, T A Pl R 8 42 35 A S )
Z 5 RNA S & 58 iRm0 & e 3 BL 40 i
FROZE BT, RIG-12 3R 501 H 5 25 (Uit /@ 22 A0l
BT ) E KR dSRNABLS - = R RNA, T IXAFH]
SERIFEARNE H B RNATFZ B Z (9P, MDAS 5 RIG-I
T BERH L, {EEE A5 7) T 45 5 K dsRNA, WI7E/NRNA
TRTER G A RNA . 5 RIG-IAN[A], MDASHY &
dsRNAFE K 2R G5, (2 it HH0E Y, i MDASY
IRERAF 1 (gain-of-function) AR 2>ty T r= A= ik

BB TRERIN S E &k kA >, LGP2E
= CARDs, o2 B KL 5 5168, (HrlEid 45 &
RNA T RIG-IFIMDAS #5421, RIG-I 75 P52 2
ZREIPE GBI , RN E T R R KRR
i RNA(long non-coding RNA, IncRNA)tH fg il i £ &
RIG-15 = 45 #35k B5 25 (tripartite motif 25, TRIM25)JE
BRIV G RARBESH 5 R IR S B2,
2,12 HAHEEAMAVSH AL 20054, EE IR
[ 27 HH O R 75 0 [ A 275 5 HH B 1 5 MAVS . [R] 3
Hph = EWAN T iZEA, 2R Ha sl
IPS-1281 VIS A(FK [ EC K 2 &7 41 = A1 BA 4 )
Fl Cardif™!, MAVSE N T 2RRiARIMEE, 5 O30S 1)
RIG-IfIMDAS] CARDsAH HAEH], R IEHHX AN
M RNASZ RS R ilE(E 5 0B E A 1 P70, RIG-T
EEWBERNAL G )G, 2 KAEMS A, R B 3]
IRZS, f# CARDsHERS 5 MAVSHI HAE, 24 RIG-1EX
MDASHE S J5 , MAVSTEZRRifR FR AR SR AL, X
— X T4H 5 NS 5 5 EH W TRAF3. TRAF6
FNKKeZE S H BB, Xeeh-Fib— s L N T
IRF3. IRF7HINF-kB, ft4 7% S 18T P R AL 4 41
Rl A28 RIS, e (1) — T 73R B, MAVSH)
AR AR TS5 AN A P R4 mRNASE A P2, IX 8
/N TRLR-MAVS £ 4t 5SRNAZ M E &I HH R R .
2.2 Hhfa/RRNAZ K

Bk T RLRs#h, B Ak 17 76 Fo Al — L6 Bl 6% K
KIRNAMISZAR, W OASIHAF# dsRNAJE , &774:
5 AR 275 R SRR R (2°-5 - linked oligoad-
enylates, 2-5A), BWOHZ PEAZ IR ES L(ribonuclease L,
RNaseL), 7)%155% #dsRNA M7 SR A0 i 9 46 T8,
dsRNAK i 1) & 1 (doublestranded RNA-depen-
dent protein kinase, PKR) iR 5|dsRNAJ5, Ae% iR 1L
BAZ W # S lL 4R R 7 2a(eukaryotic initiation factor
2a, elF2a) 4l FL ik itk , B Lk 975 25 A0 40 i 1 25 1 360
B, RIEPURTERIIIAE B, X a2 R I 3R {8 5 (10 3
RETLAR , PRI T MU0 A AR RN A & 2 A 2
FEPES

3 BaFRDNARIRARIZIR A
3.1 cGAS-STING/= =@

20084F BARBER 5256 5 BRI EGDUK 8P 41 e 5
B =PV RIS HRGE T — AR R IR TR R R
{107 P J5 52 6 R T, R LR O I 2R R R
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(stimulator of interferon genes, STING). 200941k 5T
KEFEFH S LRI = PHEHE T iZ&EA, BHaEN
ERIS. STINGfEDNARZH KIFEHEEN M, (HEMAK
BLEIANE o FE3X HITE], AATT A I B 73 WA 1 — L6 2R
¥ (cyclic dinucleotides, CDNs)#llc-di-GMP/c-di-
AMP B8 U T8 F B S B, JCH 2 IR TR
L, LR R P AN B PS40 i f5 VANCE S5
2 N L OE [ R m) 38 A e, 29 KIS TING #c-
di-GMPJ32 14, & 454 c-di-GMPJE 7E W i 9 _E & A
TR, ATHE 3 TBKJFRERR L IRF3, J538 A%
AT ERRIL,

AR STINGHEWS 454 CDNs, (Hi2EH AR —
ANDNAZEAE . 20134EFR & RS0 5 W*4I7E Sci-
enceZ E FIATI R PR L3, KILHF DNARE IR
TR 5 R IR & 1 (cyclic GMP-AMP synthase,
cGAS)IRAG, A R (5 cGAMP, F45& I3
STING, MMk 7 DNARE IR 71 45 18 M AR
YRR 8, [ A IR A TR R A 20244 3R 15 47 1 e 2
RhZE 23, BRI Ab, cGASHTFELE— SR diThAE,
Eb 4n 4 21 L % A DN AR 7 I cGAS T A%, FF R &7
DNA$ 7547 55 #01 DN A [ Y5 2 2845 52 1 12 33k B 9
A LR 2H DN A 18 B A2 ki oy R 2
}% 2B 11 (meiotic recombination 11, MRE11) ] DAl
B cGASTE ML RZ /MR A48, BR1451473 1] dsDN A - i3
— 1L Z-DNAZE A 5 1 1(Z-DNA binding protein 1,
ZBP 1) (1) 28 H A% 7 P DR BT S B 4 o) o), mp
WL cGASTE iR K2 A8 K e i FE v R PR “ R T) 61 1
YEH .

3.2 ZBP1ZK

1EcGASHE %2 R Z 1T, ZBP1(L 4 DAI)Z 5
— AN B TR A B DN AR 32 28147, (HAE R 5 &
L ZBP 15 R R B FEAS 52 DN A 1 (1) H 72 Jisi v
T. BAHMRRRE BUR IR, $E7RZBP1 AN 2 32 2
() B Y DNA SZ A4,

AR N ) DNATEEA R B A . B-DNAZ
DNATEAEBRES 55 WL R SRM B | 1 7 T+ e
TER K Z-DNA & F- L8 DNAFEHI (W& & G-C, HIEns
TR e AT ) AR E B R A Y . R AR A
KAEARALET , DNARIR R A] LUK A4 B-AL 31 Z-7 ()
AR, ZBP1IN-3ii £ 5% AN Z-DNAZE & 45 h 3k, e
Hh ZBEE R RENS 45 A Z-DNA, FH 3545 & B-DNA,
$278 ZBP1 R B I RE 8 M R IMAZ TR 731 PO Btk

24, ZBP Ll e 32 A4 AH B H i B ol [R) Y 45 1)
I3k (receptor-interacting protein kinase homotypic inter-
action motif, RHIM)5 2444 B_{E H & H 3(receptor-
interacting protein 3, RIP3)JE K &), (LR G
F I 45 #3580 55 (1 (mixed lineage kinase domain-
like protein, MLKL) P& {4 3 fE A/l EFT AL, fE4H
NP PEIR SIS AR b R AR I B, el T 7T
KL, Z-DNAFIZ-RNAHRREHE ZBP 1115 53 41
IRHEAET TR IAE B2, ARE 1 ZBP LY T IR R 1)
PR R AL IR R A e
3.3 HtBRDNAZ (K

FHE 15 F 5 A 16(interferon inducible protein
16, IF116)J& T8 & Pyrin fli& il T3 = 755 S % &
H 45 #J35 (hematopoietic interferon-inducible nuclear
domain, HIN)¥J PYHINZ [ 5% (PR HIN-2004 H
FIEKIA, BERS RN SR B 1 DNAJFi5 5 1R+
PLae, A0 175 2 R Yl A0 5 R 2 58 P B 1) O
. TFI165 Hofth PYHINSR A 5% 1) X 3 7E T
A P HIN(HIN-A ST HIN-B) 45 /445 . TF1167E 20
JL A% AN B 5T b S5 e AL, L 52 BIAH 4 B
P B9 TFT16:4 B B H U0 I 25 1) RNASK IR
il JLE G 9, DNA-PKZ —F = RUEE 59, difi
1475 DNA-PKesFl DNA %S 4 17 Ku70. Ku804
B, RedERRRE ARG E M. AR RV OR I 14 42 (non-
homologous end joining, NHEJ)i& 4%, Ku70F1Ku80
5 DNAWIZLLE S, ¥ DNA-PK s 52 3453 457 56 47 LA
JFRANMEE . BRIk Z 4, DNA-PKIEZ R 5 DNA )
PRR, Ku70%5 5 15 ] dsDNAFF % 3 T3 2 B0
X E DNAME S G 245 5 % 5 b ) OB A AR
I FLAE A B EATL 1 v ) 22 T BE A AN E A B
BRibz b, ] DNA-PKIE i LA 398 993 55 R 5 1)
[l 70 iR B A P BT

4 REMESEERRS

FAE20014F, 2 H TR 5 R A A5 K38 (nucleotide
binding oligomerization domain, NOD)£f 52 {A&(NOD-like
receptors, NLRs)Z % i 71 NLRC4( X 4 IPAF)# & i i
W% Caspase-1 175 FAIIL TP, pEE S 5iZid
NI AN % SEEA LYY N D =S REsIE il s pea
TE—FRREMHE IS Caspase- 1R 1 L IL-1B/IL-18FF 75 3
FEREFNGH ML T 23 B ALAS , o o 44 8 2ORE /I
& (inflammasome)P? . 28 #i 58 E /IMAR 1) 2H BSE  f
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((PYD Ju(NACHT Ju( LPR Ju(@IIND}=(CARD] Human

NLRPI
NLR
NLRP3/NLRPG | PYD Ju{ NACHT Js{ LPR ]

Caspase-1(CARD) (N CHPC o )
B2 RIS MR

Fig.2 Inflammasome members sensing nucleic acids

FEAR R A SR GEHFE OV NLRE G R H, WAFE—L
JENLREER 01 ) A T AH KB RUFE 5 (apoptosis-
associated speck-like protein containing a CARD, ASC)
M Caspase-1. &5 1) 2 RE /MAHH 55 Caspase-1F114H
KEEEMMANTERE AW, Wik Caspase-111 H 3R
I FUS AR IL-1B K TL- 18 BT, i it . il AR
;AR , Caspase-1tH7] PLYIE| £ L 3 D(gasdermin
D, GSDMD), {ig it H N-uii 2 it [ ERE4T4L, K
AT JOE/NMAR A Fi PAMP/DAMPHL £
TH AR AGR 2K, H AN NLRP 1A NLRP6IR
S RNAC2 NLRP3F1 2 t4 2508 ik = A1~ 2(absent in
melanoma 2, AIM2) i DNAG-4, 48K X Fhild 5]
AR R L —), W NLRP3IE REHE JRIR 45 i
T 105, 3T U — T 4 ik DR AH G BEG Z3 Ar R IE AT AR T
NLRP 35255 A 5y R R O, IX Be il L R 1K) R
AN S 2 A L2
4.1 NLRP1FINLRP6

NLRP1/2 5 — /Ml R I BE S 5 KR /M 2%
I NLRPJE 71 5, NLRP 1 A 513§ 45 #4035 (func-
tion-to-find domain, FIIND)RERS #% &5 I BE M DI %, 7=
EWAEA B, XA X T NLRP1ARE /MA )
BoE L FHM . AR H NLRPLFIFEJESE A A =4,
233 ANIrpla. NlrplbAINIrple, EATT#RH: = N-Jii i
Pyrin%t #435 (Pyrin domain, PYD). NLRP1&E 4
F993 BEdsRNA 5 25 25 1 g S8 4P 2R L 75 14 % (reactive
oxygen species, ROS)& K 20T , X Le X FRidid —
RINME S PRI R A FENLRPH N-3i K
AEUEIRD A, BT BE S TE B SERE MR I C-31, 5
ASCHlpro-Caspase-15¢ i 7 JiE /M [ 2H 2& 167

NLRP6TEN bz v s ik, xof 4 45 i 1 ik
AEEAEREMNEH. £ RNAR GRS,
NLRP6HEMS 51955 2 RNA FFHE 3 R i IFNAI NF-xB
9725 1681, 3 —BURE 23 B X NLRP6 A E /IMA R 117 5
RNA K& b #2 2 A 21 B i 4
4.2 NLRP3F1AIM2

NLRP37EfE R4 =R IE , & JORE /M it
FAGIR BRI AZ 2% . NLRP3 A /MAH] DL
BT AN IREEARG M R IR Y ROSZE 1812
Wog. AR, NLRP3HAE 45 & dsSDNAJFTE cGAS-
STING:# % FIE H Tt Rtk i e b2
Tilt 22 BE D35 A6 WL #1573 NILRP3 B J8 52 40 i A 48
I F T,

AIM2 5 W) A R e B DR g B, 5 B0
FAR W AIM2RERS 455 )it 1) dsDNA. AIM2J& T
HIN-200% [ 5%, H N-3ii (1) PY D45 38R0 C-vify (1)
HIN-20045 i ds g 45 & b T H HPIR A . 24 HIN-
20045 F 3 45 DNAJG, X E 0GR A B A, 3
PYDZ5 #4381 5% ASCH pro-Caspase- 1 56 i #IE /M
(RIZH 3 K Jm 823805 « S NLRP32RMBL, AIM2 48 E /MA
5 H fth DNAJEKAZ 28 41 cGAS-STING. DNA-PKZ54
FIERTAER, W AT ERE, T 5%

LR,

5 SRR AV AURNIR 51

B AR LR EIE T, & A X
BE IR B 26 R AR DNA (mitochondrial DNA, mtD-
NA), FH7E 5 I B RO & 1 XUE R 2R
RNA(mitochondrial RNA, mtRNA). 24y &4
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JOL 3T, ROSEE BEME A IR R0 A B, 1m0 200 D J5 ¢ i
H mtDNAFI mtRNAY, X &6 Py 5 M () DAMP %
T R Bl S AL T 4 L5 %) A% R ASE Rl 32 Ak T Ik
A1, Eetn cGASIH I mtDNA MDASHIRIG-TIH 5
mtRNAVSL gE M 5 3 IR TP 7 A2, fEDI0
A8 fo s b R A5 B EAEH

6 RINIRAZ TN E BRI
A FRHIN

A VR ) 52 A (10 3800 S0 L B i 98 R0 B Uk 4 2
Yt kR B EBERAME, K — o a5/ R8T
e, P TLR 7330 71 WK g SRR (R837) LAk it
TIRIT A FE AP AN IR SRR K Wi, TLR7/8¥3N 7 5
P BERE (R848) A2 — P ARG 18 71 o w25 AL i
25,

7E DNAR I 5244 77 TH , TLRO¥E S5 W HPOO7
Vidutolimod. Tilsotolimod. D-101%% H §ij IEZE#E4T I
PRIRIE, A1 FH TLROFAS 715 e A 25 st #1551 751 2
FEFPHEFET 5244 1(programmed death receptor 1, PD-1)
Uk CAE PP 16T TR B R AT R,
TR L, R R A E AN THE D
CBLO1377] LA 4m i 7= 4= Z-DNA, AT ZBP1
FH SRR PE IR L 0 2 bR K G R A 2 A
HIFIHA T HEHTT

B % cGAS-STINGAS 5 18 #% 1) D g Bl ok 1 22 1
BN, BT H R s H R BN I AL
AT 77 1) B0 b K 2 G PL S = BUE TN R IR
BT 0] DOBOE IR IR R AL b, Pk
U BRI T DS LR AR . R R SRS I AR A 2R
HHER S TR R T RERT LA & cGASH 2 &
P T+ H IR 2 dSDNAR) R B A i cGAMP ] g
W ATVER T STINGH 158 H 5 2 Fh CDNsIsE A ),
T BEAR ST cGAS-STINGIE 4 %5 41 i 53 HF [ dsDNA
(oo B R U . 7 DI RS, BRI A PD-1
PRI T R4 B e a7 AR . B
SRR 22 1F) STINGI AN FIBE BT Hik , T8 2 [ fi ik
24N T I RIS B B o

7 EEERE

FURLGITIX 7 < B3 “ARRR7AT 57 372 o
PO — . W TEMER MRS, H
ENE R AR T AR B2 AT A S E M A B B

473 5 BT BT R R o AL TR AR IR — R
P, ERRRE A R BB AR5 2, REE R
I S WU T . M L RRIX A “fal A5 5
M AL 1 2 R 2 B, AR R BRI, B AR
AR, E AR SO MR R 2% 0 & AL
o PATTH ERARX MR, 7T L % A
SR L 5244, 75 5 5 R D G B8 S LR AT
TR PUIIE, 0 AT ) 55X R R, Lt
K mRNAZEHTI U] DL o 500 A% PR P 48 1 S e £
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IR, AR N AR !

SE Wk (References)

[11  JANEWAY C A, Jr. Approaching the asymptote? Evolution and
revolution in immunology [J]. Cold Spring Harb Symp Quant
Biol, 1989, doi: 10.1101/sqb.1989.054.01.003.

[2]  MATZINGER P. Tolerance, danger, and the extended family [J].
Annu Rev Immunol, 1994, 12: 991-1045.

[3] LEMAITRE B, NICOLAS E, MICHAUT L, et al. The dorso-
ventral regulatory gene cassette spitzle/Toll/cactus controls the
potent antifungal response in Drosophila adults [J]. Cell, 1996,
86(6): 973-83.

[4] NUSSLEIN-VOLHARD C, WIESCHAUS E. Mutations affect-
ing segment number and polarity in Drosophila [J]. Nature, 1980,
287(5785): 795-801.

[5] HASHIMOTO C, HUDSON K L, ANDERSON K V. The Toll
gene of Drosophila, required for dorsal-ventral embryonic polar-
ity, appears to encode a transmembrane protein [J]. Cell, 1988,
52(2): 269-79.

[6] MEDZHITOV R, PRESTON-HURLBURT P, JANEWAY C A
JR. A human homologue of the Drosophila Toll protein signals
activation of adaptive immunity [J]. Nature, 1997, 388(6640):
394-7.

[77 POLTORAK A, HE X, SMIRNOVA 1, et al. Defective LPS sig-
naling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4
gene [J]. Science, 1998, 282(4): 2085-8.

[8] NUSSLEIN-VOLHARD C. The Toll gene in Drosophila pattern
formation [J]. Trends Genet, 2022, 38(3): 231-45.

[97 LEMAITRE B. The road to Toll [J]. Nat Rev Immunol, 2004,
4(7): 521-7.

[10] KAWAI T, IKEGAWA M, ORI D, et al. Decoding Toll-like re-
ceptors: recent insights and perspectives in innate immunity [J].
Immunity, 2024, 57(4): 649-73.

[11] DAS A, MIDDLETON A J, PADALA P, et al. The structure and
ubiquitin binding properties of TRAF RING heterodimers [J]. J
Mol Biol, 2021, 433(8): 166844.

[12] HAMERMAN J A, BARTON G M. The path ahead for under-
standing Toll-like receptor-driven systemic autoimmunity [J].
Curr Opin Immunol, 2024, 91: 102482.

[13] GAO D, CIANCANELLI M J, ZHANG P, et al. TLR3 controls
constitutive IFN- antiviral immunity in human fibroblasts and
cortical neurons [J]. J Clin Invest, 2021, 131(1): e134529.



410 L] RS HES T IE TU R -

[14] BORDEN E C. Interferons a and B in cancer: therapeutic oppor- [32] GOKHALE N S, SAM R K, SOMFLETH K, et al. Cellular RNA
tunities from new insights [J]. Nat Rev Drug Discov, 2019, 18(3): interacts with MAVS to promote antiviral signaling [J]. Science,
219-34. 2024, 386(6728): eadl0429.

[15] DUONG E, FESSENDEN T B, LUTZ E, et al. Type I interferon [33] CHU L, GONG Z, WANG W, et al. Origin of the OAS-RNase L
activates MHC class I-dressed CD11b" conventional dendritic innate immune pathway before the rise of jawed vertebrates via
cells to promote protective anti-tumor CD8" T cell immunity [J]. molecular tinkering [J]. Proc Natl Acad Sci USA, 2023, 120(31):
Immunity, 2022, 55(2): 308-23. €2304687120.

[16] KARIKO K, BUCKSTEIN M, NI H, et al. Suppression of RNA [34] RU S, TANG S, XU H, et al. Human DBRI deficiency impairs
recognition by Toll-like receptors: the impact of nucleoside mod- stress granule-dependent PKR antiviral immunity [J]. J Exp Med,
ification and the evolutionary origin of RNA [J]. Immunity, 2005, 2025, 222(1): €20240010.

23(2): 165-75. [35] ISHIKAWA H, BARBER G N. STING is an endoplasmic reticu-

[17] RAPPUOLI R, ALTER G, PULENDRAN B. Transforming vac- lum adaptor that facilitates innate immune signalling [J]. Nature,
cinology [J]. Cell, 2024, 187(19): 5171-94. 2008, 455(7213): 674-8.

[18] HEMMI H, TAKEUCHI O, KAWAI T, et al. A Toll-like receptor [36] ZHONG B, YANGY, LI S, et al. The adaptor protein MITA links
recognizes bacterial DNA [J]. Nature, 2000, 408(6813): 740-5. virus-sensing receptors to IRF3 transcription factor activation [J].

[19] YONEYAMA M, KIKUCHI M, NATSUKAWA T, et al. The Immunity, 2008, 29(4): 538-50.

RNA helicase RIG-I has an essential function in double-stranded [37] SUN W, L1Y, CHEN L, et al. ERIS, an endoplasmic reticulum
RNA-induced innate antiviral responses [J]. Nat Immunol, 2004, IFN stimulator, activates innate immune signaling through dimer-
5(7): 730-7. ization [J]. Proc Natl Acad Sci USA, 2009, 106(21): 8653-8.

[20] GITLIN L, GILFILLAN S, CELLA M, et al. Essential role of [38] KARAOLIS D K, MEANS T K, YANG D, et al. Bacterial c-di-
MDAS in type I IFN responses to polyriboinosinic:polyribocyti GMP is an immunostimulatory molecule [J]. J Immunol, 2007,
dylic acid and encephalomyocarditis picornavirus [J]. Proc Natl 178(4): 2171-81.

Acad Sci USA, 2006, 103(22): 8459-64. [39] MCWHIRTER S M, BARBALAT R, MONROE K M, et al. A

[21] YONEYAMA M, KATO H, FUJITA T. Physiological functions host type I interferon response is induced by cytosolic sensing of
of RIG-I-like receptors [J]. Immunity, 2024, 57(4): 731-51. the bacterial second messenger cyclic-di-GMP [J]. J Exp Med,

[22] LEE KY, CRAIG C, PATEL S S. Unraveling blunt-end RNA 2009, 206(9): 1899-911.
binding and ATPase-driven translocation activities of the RIG-I [40] WOODWARD J J, IAVARONE A T, PORTNOY D A. c-di-AMP
family helicase LGP2 [J]. Nucleic Acids Res, 2024, 52(1): 355- secreted by intracellular Listeria monocytogenes activates a host
69. type I interferon response [J]. Science, 2010, 328(5986): 1703-5.

[23] REHWINKEL J, GACK M U. RIG-I-like receptors: their regu- [41] SAUER J D, SOTELO-TROHA K, VON MOLTKE 1J, et al. The
lation and roles in RNA sensing [J]. Nat Rev Immunol, 2020, N-ethyl-N-nitrosourea -induced Goldenticket mouse mutant
20(9): 537-51. reveals an essential function of Sting in the in vivo interferon

[24] HORNUNG V J E, KIM S, BRZOZKA K, et al. 5’-triphosphate response to Listeria monocytogenes and cyclic dinucleotides [J].
RNA is the ligand for RIG-I [J]. Science, 2006, 314(5801): 994- Infect Immun, 2011, 79(2): 688-94.

7. [42] BURDETTE D L, MONROE K M, SOTELO-TROHA K, et al.

[25] RICE G I, DEL TORO DUANY Y, JENKINSON E M, et al. STING is a direct innate immune sensor of cyclic di-GMP [J].
Gain-of-function mutations in IFIHI cause a spectrum of human Nature, 2011, 478(7370): 515-8.
disease phenotypes associated with upregulated type I interferon [43] WU J, SUN L, CHEN X, et al. Cyclic GMP-AMP is an endog-
signaling [J]. Nat Genet, 2014, 46(5): 503-9. enous second messenger in innate immune signaling by cytosolic

[26] LIN H, JIANG M, LIU L, et al. The long noncoding RNA Lnc- DNA [J]. Science, 2013, 339(6121): 826-30.
zc3h7a promotes a TRIM25-mediated RIG-I antiviral innate im- [44] SUNL, WU J, DUF, et al. Cyclic GMP-AMP synthase is a cyto-
mune response [J]. Nat Immunol, 2019, 20(7): 812-23. solic DNA sensor that activates the type I interferon pathway [J].

[27] SETH R B, SUN L, EA C K, et al. Identification and character- Science, 2013, 339(6121): 786-91.
ization of MAVS, a mitochondrial antiviral signaling protein that [45] LIU H, ZHANG H, WU X, et al. Nuclear cGAS suppresses DNA
activates NF-«kB and IRF3 [J]. Cell, 2005, 122(5): 669-82. repair and promotes tumorigenesis [J]. Nature, 2018, 563(7729):

[28] KAWAI T, TAKAHASHI K, SATO S, et al. IPS-1, an adaptor 131-6.
triggering RIG-I- and MdaS-mediated type I interferon induction [46] CHO M, KUMAR R J, LIN C, et al. MREI11 liberates cGAS
[J]. Nat Immunol, 2005, 6(10): 981-8. from nucleosome sequestration during tumorigenesis [J]. Nature,

[29] XU L, WANG Y, HAN K, et al. VISA is an adapter protein re- 2024, 625(7995): 585-92.
quired for virus-triggered IFN-p signaling [J]. Mol Cell, 2005, [47] TAKAOKA A, WANG Z, CHOI M K, et al. DAI (DLM-1/ZBP1)
19(6): 727-40. is a cytosolic DNA sensor and an activator of innate immune re-

[30] MEYLAN E, CURRAN J, HOFMANN K, et al. Cardif is an sponse [J]. Nature, 2007, 448(7152): 501-5.
adaptor protein in the RIG-I antiviral pathway and is targeted by [48] ISHII K J, KAWAGOE T, KOYAMA S, et al. TANK-binding ki-
hepatitis C virus [J]. Nature, 2005, 437(7062): 1167-72. nase-1 delineates innate and adaptive immune responses to DNA

[31] HOU F, SUN L, ZHENG H, et al. MAVS forms functional prion- vaccines [J]. Nature, 2008, 451(7179): 725-9.
like aggregates to activate and propagate antiviral innate immune [49] WANG G, VASQUEZ K M. Dynamic alternative DNA structures

response [J]. Cell, 2011, 146(3): 448-61.

in biology and disease [J]. Nat Rev Genet, 2023, 24(4): 211-34.



U REIRIIR e BRI (K BIT 7 3k

411

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

MISHRA S, DEY A A, KESAVARDHANA S. Z-nucleic acid
sensing and activation of ZBP1 in cellular physiology and dis-
ease pathogenesis [J]. Immunol Rev, 2025, 329(1): e13437.
HOBLOS H, CAWTHORNE W, SAMSON A L, et al. Protein
shapeshifting in necroptotic cell death signaling [J]. Trends Bio-
chem Sci, 2025, 50(2): 92-105.

JIAO H, WACHSMUTH L, KUMARI S, et al. Z-nucleic-acid
sensing triggers ZBP1-dependent necroptosis and inflammation
[J]. Nature, 2020, 580(7803): 391-5.

CHANG X, WANG B, ZHAO Y, et al. The role of IFI16 in
regulating PANoptosis and implication in heart diseases [J]. Cell
Death Discov, 2024, 10(1): 204.

LIU D, LUM K K, TREEN N, et al. IFI16 phase separation
via multi-phosphorylation drives innate immune signaling [J].
Nucleic Acids Res, 2023, 51(13): 6819-40.

JIANG Z, WEI F, ZHANG Y, et al. IFI16 directly senses viral
RNA and enhances RIG-I transcription and activation to restrict
influenza virus infection [J]. Nat Microbiol, 2021, 6(7): 932-45.
JUSTICE J L, CRISTEA I M. Nuclear antiviral innate responses
at the intersection of DNA sensing and DNA repair [J]. Trends
Microbiol, 2022, 30(11): 1056-71.

XIAO X, LIANG J, HUANG C, et al. DNA-PK inhibition syner-
gizes with oncolytic virus M1 by inhibiting antiviral response and
potentiating DNA damage [J]. Nat Commun, 2018, 9(1): 4342.
POYET J L, SRINIVASULA S M, TNANI M, et al. Identifica-
tion of Ipaf, a human caspase-1-activating protein related to
Apaf-1 [J]. J Biol Chem, 2001, 276(30): 28309-13.

MARTINON F, BURNS K, TSCHOPP J. The inflammasome: a
molecular platform triggering activation of inflammatory caspases
and processing of prolL-beta [J]. Mol Cell, 2002, 10(2): 417-26.
SUNDARAM B, TWEEDELL R E, PRASANTH KUMAR 8§, et
al. The NLR family of innate immune and cell death sensors [J].
Immunity, 2024, 57(4): 674-99.

BAUERNFRIED S, SCHERR M J, PICHLMAIR A, et al. Hu-
man NLRP1 is a sensor for double-stranded RNA [J]. Science,
2021, 371(6528): eabd0811.

SHEN C, LI R, NEGRO R, et al. Phase separation drives RNA
virus-induced activation of the NLRP6 inflammasome [J]. Cell,
2021, 184(23): 5759-74,¢20.

SHIMADA K, CROTHER T R, KARLIN J, et al. Oxidized
mitochondrial DNA activates the NLRP3 inflammasome during
apoptosis [J]. Immunity, 2012, 36(3): 401-14.

RATHINAM V A, JIANG Z, WAGGONER S N, et al. The AIM2
inflammasome is essential for host defense against cytosolic bac-
teria and DNA viruses [J]. Nat Immunol, 2010, 11(5): 395-402.
MARTINON F, PETRILLI V, MAYOR A, et al. Gout-associated
uric acid crystals activate the NALP3 inflammasome [J]. Nature,
2006, 440(7081): 237-41.

MAJOR T J, TAKEI R, MATSUO H, et al. A genome-wide asso-
ciation analysis reveals new pathogenic pathways in gout [J]. Nat
Genet, 2024, 56(11): 2392-406.

CASTRO L K, DAUGHERTY M D. Tripping the wire: sensing
of viral protease activity by CARD8 and NLRP1 inflammasomes
[J]. Curr Opin Immunol, 2023, 83: 102354.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

CORBET G A, BURKE J M, PARKER R. Nucleic acid-protein
condensates in innate immune signaling [J]. EMBO J, 2023,
42(7): e111870.

BARNETT K C, LI S, LIANG K, et al. A 360° view of the in-
flammasome: mechanisms of activation, cell death, and diseases
[J]. Cell, 2023, 186(11): 2288-312.

PANDEY A, LI Z, GAUTAM M, et al. Molecular mechanisms of
emerging inflammasome complexes and their activation and sig-
naling in inflammation and pyroptosis [J]. Immunol Rev, 2025,
329(1): e13406.

FLORES-ROMERO H, DADSENA S, GARCIA-SAEZ A I.
Mitochondrial pores at the crossroad between cell death and in-
flammatory signaling [J]. Mol Cell, 2023, 83(6): 843-56.
RONGVAUX A, JACKSON R, HARMAN C C D, et al.
Apoptotic caspases prevent the induction of type I interferons by
mitochondrial DNA [J]. Cell, 2014, 159(7): 1563-77.

WEST A P, KHOURY-HANOLD W, STARON M, et al. Mi-
tochondrial DNA stress primes the antiviral innate immune re-
sponse [J]. Nature, 2015, 520(7548): 553-7.

DHIR A, DHIR S, BOROWSKI L S, et al. Mitochondrial
double-stranded RNA triggers antiviral signalling in humans [J].
Nature, 2018, 560(7717): 238-42.

TIGANO M, VARGAS D C, TREMBLAY-BELZILE S, et al.
Nuclear sensing of breaks in mitochondrial DNA enhances im-
mune surveillance [J]. Nature, 2021, 591(7850): 477-81.
ANFRAY C, MAININI F, DIGIFICO E, et al. Intratumoral com-
bination therapy with poly(I:C) and resiquimod synergistically
triggers tumor-associated macrophages for effective systemic
antitumoral immunity [J]. J Immunother Cancer, 2021, 9(9):
€002408.

RIBAS A, MEDINA T, KIRKWOOD J M, et al. Overcoming
PD-1 blockade resistance with CpG-A Toll-like receptor 9 ago-
nist Vidutolimod in patients with metastatic melanoma [J]. Can-
cer Discov, 2021, 11(12): 2998-3007.

HAYMAKER C, JOHNSON D H, MURTHY R, et al. Tilsotoli-
mod exploits the TLR9 pathway to promote antigen presentation
and type 1 IFN signaling in solid tumors: a multicenter interna-
tional phase I/II trial ILLUMINATE-101) [J]. Clin Cancer Res,
2022, 28(23): 5079-87.

ZHANG T, YIN C, FEDOROV A, et al. ADARI masks the can-
cer immunotherapeutic promise of ZBP1-driven necroptosis [J].
Nature, 2022, 606(7914): 594-602.

RAMANJULU J M, PESIRIDIS G S, YANG J, et al. Design of
amidobenzimidazole STING receptor agonists with systemic ac-
tivity [J]. Nature, 2018, 564(7736): 439-43.

WANG C, GUAN 'Y, LU M, et al. Manganese increases the sen-
sitivity of the cGAS-STING pathway for double-stranded DNA
and is required for the host defense against DNA viruses [J]. Im-
munity, 2018, 48(4): 675-87,¢7.

LU M, CHEN M, ZHANG R, et al. Manganese is critical for
antitumor immune responses via cGAS-STING and improves the
efficacy of clinical immunotherapy [J]. Cell Res, 2020, 30(11):
966-79.



