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Innate Immune Detection and Activation to Viral Infection

Sun Wenxiang, Jiang Zhengfan™
(State Key Laboratory of Protein and Plant Gene Research, College of Life Sciences, Peking University, Beijing 100871, China)

Abstract Viral infections are detected by the innate immune system, which sequentially activates
downstream signaling pathways, resulting to the production of type-I interferons (e.g IFNa/f) and many other
inflammatory cytokines (e.g TNFa, IL-1and IL-18). Viral detecting is mediated by a set of receptors called germline-
encoded pattern-recognition receptors (PRRs), including Toll-like receptors, RIG-I like receptors, Nod-like receptors,
Hin-200 family proteins and some cytoplasmic DNA receptors. Activation of these PRRs will lead to the activation of
different signaling pathways, which are all strictly regulated through various protein modifications. In this review, we
focus on the current understanding of the antiviral innate immune activation and the related regulating mechanism.
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Invading of RNA viruses into the host cells stimulates the TLRs trafficking to endosome or phagosome, where TLRs detect the components from viruses.
Some ER proteins play a critical role in the TLRs trafficking (e.g UNC93B1). Thereafter, the TLRs recruit the adaptors TRIF or MyD88, and then induce
the production of type I interferons. In the cytoplasm, viral RNA is recognized by RLRs (RIG-I, MDA-5 and LGP2) and NLRs (NLRP3 and NOD?2). The
RLRs and NOD2 need MAVS to activate TRAF3-TBK1/IKK-i complex for the production of type I interferons. MAVS also is a NF-kB activator that is a
precondition of production of proinflammatory cytokines. However, the MAVSS on peroxisome activates IFN stimulate genes (ISGs) rather than type I IFNs
in a earlier manner. In another hand, RIG-I, similar to NLRP3, together with ASC and procaspase-1 form a complex called inflammasome in a MAVS-
independent manner, which will mediate the autocleavage of procaspase-1 to form active caspase-1. Caspase-1 sequentially prosesses pro-IL-1B and pro-
IL-18 to the mature IL-1pB and IL-18. IL-1pB and IL-18 promotes the inflammatory response and the “pyroptosis” cell death.

E1 RNABEHNSHRAREESBHRENL
Fig.1 Activation of innate immune signaling induced by RNA viruses
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After the DNA viruses invades into the host cells, TLRY transfers from ER to endosome, where it is cleaved by proteases to the active form. The active
TLRY detects CpG DNA and triggers downstream MyD88-IRAK4/1-IRF7 signaling and finally induce the production of IFN-a. The DNA receptors
in the cytosol, such as DAL IF116 and DDX41 can also detect DNA and activate TBK1/IKK-i-type I interferon pathway and IKKB-NF-«B signaling
pathway in a SITNG-dependent manner. RNA polymerase III (pol III) recognizes AT-rich DNA and synthesizes 5'ppp dsRNA, which is a ligand of
RIG-I, through the adaptor MAVS leading type I interferon production. A newly DNA sensor cyclic-GMP-AMP (cGAMP) synthase cGAS uses ATP
and GTP to synthesize a second messenger cGAMP after DNA viruses invade into cells. cGAMP then binds to STING and triggers the downstream
signaling. The Hin-200 family member AIM2 forms inflammasome with ASC and procaspase-1, which then mediates IL-1f and IL-18 maturation.

E2 DNARENSHRAREESERENL
Fig.2 Activation of innate immune signaling induced by DNA virues
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R PEEIRN T, FE 55— M4 25l %,
MAVS 3546 5 0% N TRAF3. TBKIAIIKK-i, i
MR AL IGALIRF32Y, TRAF3. TBKIFIKK-ith j&
TLRIE B H0E — TR~ A WL 5 1. MAVS
FHZETRAF3, 8 5:8IMAVS [ TRAF3 & K 6347 3%
Btz 24k, 3BT 55 00 005 R TBK 1 AITK K -6
IRF3/IRF7AT BRI iG AAE1, Y AL IRF3/IRF 744
B2 iz, Ha— 8T E 17 (K1), TRAF3
I JE — T 25 00 2% 1) 3% 4, TRAF36k 25 41 g 7™ &
K2R T TLRSFITLRsEAR I8 2 06— 2410 22 113
W TRIM2572 53— I #5RLRsHH 2% (1) 3 2 73 1,
VR A2 Z 3R AT 20 1 52 3800 75 5 G o o6
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RIG-IJCARD Z5 A48 1E AT K 1 7258 22 1 ik JEK 634 3%
FEZ AN, Xz F B FH S 58 T RIG-T
EMAVSIHgi&, WifedE 7 RIG-1H0W 115 518 %
PTG A, Zeng S UIHE PR AN SE U0 AT A I, Ui 24
K632 572 2=k AR TH W RIG-115 5 il i, RIG-I[Y
CARDZ: 3 45 iz 4k, I A £z %k
BMidE T T RIG-IE 518 #1546, 1112 h TRIG-15
2RSS G WEOR B A S, K632 iz R n] g
VEREE 7 RIENRE. 94k, RIG-TH A2 B 152 %
AR A L, K634 S 1 2432 AL CY LD
RIG-Till % % TBK-1MIKK-if#] 3 3. ZhangZ5* 4K
T 5 g A — 3, CYLDSR K 41 i 24 22 2199 55
TR, RIBHE =N — TR ZEBMR
N PERIG-15 5l B AR S, A R 21
o FRATTSEEG 508 FH IR B A=A 5250, T HEMAVS
M HAEH & A, %52 TPCBP2S 5 MAVSIHE % 11
2. PCBP27EJi #5155 T KA B, I 5MAVSH H
YEH, S BMAVSE#fii, PCBP21E N — sk A, &
W BT 24 B ATPAKT MAV SHEATK A8 1% 42
72 ZA B, Z JEMAV S A [ BEAA IR 45 B A
346, RIG-1. 2 595 5 | KIL-1BIR) 77 A, X2
— 45 FIRIG-I-MAVS-IFNPBA5 5 1l i 56 4= A [ 138 1)
5 5% 3815, RIG-15ASCIE 1§ 5 & 18 A 4 T
MAVSHINLRP3fj 2 77 73 #8 P A~ $2 3k H5 FICARDOFI
Bel-10/12 5. S5RIG-IH)%, 5%—1"RLR MDASHJj|
RS, TR AEMATE U 75 ZENLRP3 43 140,

3 NLRsTMSHFEEES B

Wi TR AN G o — L ZERAE A 7= AR R
FIL-1B, 51RO BE AE WY I 5 R, KR
il 0o 905 B 52 T e ) BB D) Bg . TL-1BJ H 4
pro-1L-1B£: £ [ W caspase- 189 V) i 1 Jild 1 v 4 H
3o caspase-17E — P B A RGE/DMMATI Z A K
BRI, JAE NI TR O TL-1B 0 T 42 K6
B, RIAENEA Sy ik A7 o —2REE 5 T NOD
Ff %2 ANLR. NLR*Z 14 73 yNODs. NLRPsFHIIPAF
WKW KB A — A0 4 5 45 5 DNAJF
TE % BRAK INACHT S5 #9350, CAR i — M & A 52 2
P2 ) BELRR 5 A6k, N vy W) — Rk 47 53 2 A AH B A
JH I\ CARDZ; ¥y sl pyrin(PYD) 25 Ky 112, H 1y, #f
5% #3548 FINLRJENLRP3, NLRP3 % fANAK 5iPYD
ghfek, H.ONACHTS B RIC AR I LRR &5 M5, I

T PYDEE A 34 55 7] % A PYDAICARD 45 74 35k 1)
13k 4> T-ASC, ASCilll it L ) — ¥ CARD & 4 35 44
Sxprocaspase-1JE il % JiE /NA . procaspase-15K 42 3
i H BT VNG PE, T R Pcaspase-1(p20/p10) - 2E
— 354 Fpro-IL-1P 1 BY U] ¥ i A6 K 2NIL-1B(E1) .
J% #A ¥ caspase- 1 FITL-1B4s 3 i 9F 28 i 1 43 Wb ik
120y W 2 I 4h o NLRP3X T Uit /i EERNA G| L 1)
IL-1BIN T2 06 75 14, it JEkons 75 51 & FINLRP3 4 %iE
N R AR T R R R 1 EU(ROS) 5 5
WAL, FHIROS ™ AE ¥ BH W7 U J8% 3 5 X TL-1B 11 4%
fplel,

HAME IS, NLRsth 2 5 il #= — R T %18
, NLRJ% BiNLRX1(RINODS)E £ T £k ki 44 4
i, 3l I LRREZE #4) 45 5 MAVS CARDSE Ky 35 4 11
Y 1, 41 #HIRIG-I-MAVS-IFNB/NF-xBf55 5 1l %, U{
BRARNLRX 1 5 2 4 53 Al 5 995 75 Se VA = £ K 7 9
BESINVXSIENBI i 4748, N THP-141 g + 3t 2K
NLRC5(RINOD27)[#) ik, W2 4iH|SeV Hlpoly(I1:C)
SR — TP, (HIENLRCSA S HUi 2L
ARG W), NOD2ZE o — i i 2 5 HUm 2 5
5l P FNLR, NOD2fg8 45 & 15 A RNAJE Hig
fRIRF3, 53— R 40 177 AP, fEHEK 29341 fi
HREAE Z 5 [ RRD 25 (112 AL IF HA I BEiE BR,
P 95 S 56 B 3R BANOD 2K T WL AR HE BT 95 B TR 8 9 75
YL T2, NOD2A™ T T #5455 18 s th 22
WIS Bk FMAVSEGE — 5 A (&) .

4 WEEZHDNA ZENSHMHEEES
18 B
4.1 FZHDNAZANEZIRNFHHRESHES

HELEDNAJE 73 A2 18 £ 40 L 5, B IDNA ™
W, 75 WA B E 5 CpG DNA#ELTLROIA S, IFif &
AR R RSS2 (AP R ) i w7/ SO T D1 DT
[IDNAY) J57 ) e 40 i 5 P IRIDNA 52 AR RN . filt,
NAVHE - 340 B ST P 25 K 8K e B DNASZ 1K 45 4k
A3 TR

4k 1% 18 995 FEDNAST S ASCH i TINLRP3 ) 4
9 MATE N Z ST, 4T R AR IE T )
—PYHINZ %4> T-AIM2, % 5 WEEDNAE S R AE
ANRTRE B, ATM2 D 5 pyrin FTHIN20045 #4) 43K,
HEK293 41 ity /b WU DNA % 5 AIM23 i Hopyrin4h
P34 52453k 43 T ASC,  #kifiprocaspase-1fJCARD
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&t 4 35k 5 ASCIICARD 45 ¥4 38 AH B AT F 44 1 7% 4k
[ % i /MK, procaspase-152 3 B 3% 8T 1) 1 1% AL
caspase-1, 3% 14 fIcaspase-12% 71 I & 1 4% Bv%, D)
B0 A R TL- 1 BRIIL-18(&12) . 4 I i
VACVIF 3 KAE /A 1) 21 3¢ 75 ZEAIM2FIASCAy F-,
{HIEATENLRPINZ 5. (HAEERZE, AIM2K
E /AR IR A e 0N T A2 28 1 41 S AL T (pyroptosis),
XT38 A G B 52 RN 506 B A P o

DAV/ZBP1 /& f - 4l 18 1) 7] §& FIDNASZ A4, /)y
U929 3% 2T 4 4fl Jifa v it SR A DALY 9 1 Fh 40 i o
DNA% F W — TR 174, /N THPLRNAVUER
DAT 3215 W 52 iy 22 A Jifg )it XUEEDNA S DNAJ £
HSV- 1 G 5]k () — 24 T 25 16 7= AR DR i DATER
B2 /Iy B A poly(dA:dT), JFURIDNAEBCDNAJK B 5| L )
G2 N I B s, A AR 40 b, JTERDAIL
Ja FERA R AMIEDNAL | A 1 S N 7= A 5 e,
DNAfE 5l #4875 2 L AMDNAZ A2 5, Fiind
AL FIRNAE AR (pollll) AE W #poly(dA:dT)%%
SRS IR AL WUEERNA, HE 1M #RIG-TIR 1, £
B L4y TMAVS, #%E TBKI1-IRF3/IRE7i5 S — Y
TE A H N W Mavs-/-IE I 5%ET 4840 i
poly(dA:dT). poly(dl:dC) Flcalf thymus DNA{ 2%
BOE— 4 EHH 5 polLII-RIG-I-MAVS15 5 18 % 77
— TP E . H R IE 4 fluBMDM b A7 7E
pollIIHF R IDNALS 5 0 #5121

HIN-200%K [ 265 55 — 1 52 4 FIFT16(/) B[]
T5R (1p204) th 4l 458 1 W DNASZ AR I XUEEDNA,
HiFES M EN 4. THP-141 K IE T
295 975 7% AFAT-rich 70 bp XU DNA fig 1% % S pollll
M — M= 0 = Az i it 4 BT THP-141
Hi 24 8 P 5 A 2 ] 52 70 bp XUEE ZF 9% SEDNA
g A A, IFI6HE % e R BE B8 45 570 bp XU ik
DNA W BE4E 470 bpLiEDNA . TFI1647 S:% L
STING(stimulator of IFN gene, tHFK A ERISEXMITA),
STING#4 35 TBK 1-IRF3-IFN-B/5 5 il %, it K 37 Bk
IFTI6f) 2% ik 40 HIDNAFIHS V-175 | &2 ITFN-B A 75
SU(E2). TFTI6HE fE 76 40 i k% A J& M HS V-1 DNA
BB I 41 B 5 b A Y (DN A B 4N A JIRDN A &,
IF1163: B AL e 4 ik b, 40 s bt e — 8
HIFI6. 5l — T 705 75 T TFT163V 40 i s 47
AL, W50 AR B, TFIL6 L3 A3 14 57 (A% 58 AL 5 41
NLS. ke 40, IFII6MINLS 741 Ik A= Z itk

B1i, FE FIFI6E N AEAN i . (H & Lk 1&
TP HITFII6 AN % 1) 73 1 L AL ANV 4B PS. {459
R, PRNATHLIFI6)5, DNAE S — A T3 %=
()7 A 52 25 3 F ), T STINGHR 2% 5 35y 41 il
BNV ELSEA N Z o WnIEAFAE AR IDNASZ AR 5 T
— TR
DDX412& 75— #% % & WDNASZ AR 73 1, J&
T DExD-HAHE fiff Jie I 8 5K I, 7 A 44 5 4 Jf v /)
RNAJTER #DDX41 1) 314 ™ 5 52 1 T DNAB{DNA
T3 75 WTHS V- DRI 7 /3 10— PE 40 38 s A 4
BRI 147 42, DDX41BERE 25 & DNARE L & k
HAISTING, FF H AR T STINGIH i 8 T 45 Fy ik,
BOSTBK1. IRF3FINF-kB. 4R1M, DDX41 - 7ER 5
40 it b R FEDNASZ AR Th i, Fr LU A fg i DDX41
1 b % 3 38 F IFIDNASZ AR . fedl [m] — DR 4k B,
DDX41 [ 6 if] 4% 8 A TRIM21, TRIM212& — iz %
I, 38 3 SPRY-PRY 45 1) 45 55 DDX4 141 T A H,
I FDDX41 KAEKAALIERL M =ik, FHDDX41
BAigE, M0 i i DN A B DN AJH B 5 |2 1K R 28 fo
Eﬁ[ls,m](@]z)o
T, ChenE 56 /v 210 42 K £ W G
(Science) 3 F i Fh L S RG4S (Cyclic GMP-
AMP, 5K HcGAMP) % K MicGASHE NS 45 7 41l i it
FRELJLDNA SR A {295 FDNA, & JlicGAMP, cGAMP
JEDNARL YL sk DNAJH 5E N1 J5 77 AL IR 3 A5 i, 45
GHELE FISTING, HBUEIRE3 A — M40 E, M
P % WDNAZ A, ZHTA N CEHOEAN M 1
fific-di-GMPHlc-di-AMPHR BEH STING VUi s — 242
T4 %%, HEK293T-STINGAH il i 7 % ik cGAS
fit % 55 2115 SIFNB RNA i, {H & /EHEK293 T4
Mo AN RE . 1L92941 Hd HH DNAFL 44 5k DN A £ K
PHBRETS FCGAMPIN & 1L, H T — TR
Ao L9294 il FRNAT-HLUTERSTINGER IA, FHIT T
cGASHURIFNBII 8 J1, 11 AH R T ERcGASIF R IA I
S B STINGS SIFNP mRNAZKF (1 . 3560
cGAS{ESTINGIF) L, FHHOM T STINGIE 46— 241
U8 . RNATHE L5 0 F B, cGASH /EDNA
e JL B DNAY £ B G 5 | RS 11— -t 25 0 1l 1%
EAE L, 16T TRIG-T [ORNAYS #5341l 4 9% 7%
SeViEF— TR B AEIEH . cGASEAZE—
TR F A 5 10 B 1 e 25 EDNASZ AR, VT ie
T BN SR HE— B IR UE . HE AT LA 2 1S 41
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DNATE 518 6 2 th 2 2 AR U, 73045 R 14
JL PRl B 2 1 A

4.2 STINGZERERDNASDNAfFESI X XK &%
RIS BIEPEZUIER

STING /& — /™ DY % 5 8 2 [, fe 8 i 50 % 5
— BT W77 R, IR AUNF-xBAE 5 38 e,
STINGIH & %A 552 21 o 5 BN, T e — SR A4 Bl
2 ARSI A FRE Ak, RS — AT R 5K i,
STING 1) it A 5 RIS RE T STING BA SR 44 B X
RAETH B, STINGH 2% 41 g /™ T B Wr 1 )7 4
FEIEDNAKL YL sRDNAJ B 5 10— R T R 1107
Az, H SR R IR EIRNATR B0 S — T %
[ 7= Al SRIMSTING I AN JEDNASZ AR, AfRE4h &
DNA. XIDNAJH B2 AR R I, H i3 5% e 1)
% /4 DNA% {AIF116. DDX41. ¢cGASHIDNA-PK,
#HLASTINGH 46 7 XS 5 — R THL R B e L. &
TS 56 = 1) oy — T 5T, 48 78 STAT6 K 4R 2 it
BRSOl B, A T LA 4 ILIL-4/1L-13 4
STAT6i Ak, T — R4 = A B 05 S i
F R ] [ W, RNABDNAYG 712 A 15 340 i 2>
75 FSTAT6 K A= BRI TE it — SR pim 1k, '
— R A4 X777 A, inCCL2. CCL20AICCL26
S, I B R AR G 5 T B G A T STING I 2
Lo 95 % K Y 5 BISTING K STAT6 44 55 31| 4 i M
I, STING[F] I} 41 %% ¥ B§ TBK1, TBK1XJSTAT6
SA07{ 22 IR ik e HEAT W R AL & 1, 53 A Y 64147
V% 2, PR 0 R AR AN MO T 8 LT % JAK
KW BB A A i o Star6-/-5 B /I B934 14
JEE 2 BB U0 W STAT6LE P I 8R Hh 58 3 1 o
POREE,

STINGA 3 ¥ KR %o A5 530 1% 52 31 2 T i
PR ¥ . WFSTING & A (1 5% & BLSTING 32
PPN 0T T 2 U EEDNARE Je i i )G, &5
FSTINGE 7 2% 4k, STING MERM i i /R K 44 %
% 20 40 W 5t b s IR o A, JF 5 TBKIAE sUIR 45 1)
FILEAT . H I N Arg 9K R i O 40 P v, f 2 0
% T STING S TBKIAE fUIR &5 44 i 3t e A, M it
WIATGY#E [ 41 # STINGAS 5 1l ¥, STING Y
TBK14% 4, /v S TBKIXIRF3 /1 % R Ak A5 11, il 12
A HIIRF3TE B 58 AR 54 4% 21 41 i 4% )3 BITFNPFI
NF-kBIf#55 .  JIANSTING W 52 132 & Ak A5 i 1
5, 12 FIE P GRNFS BEM8 70 i 75 13T 5 STINGZ

4, M FSTING K150 8 22 e 2 Jk W e 55 AE K48
REERE 2 Z A B, STING K48ALIEE 1z Ak
B4 I B 1 A R S0 R0 I B R, BT LARNFS &
PRSP AE Y A AR 53 4b— R AR GE TP STING
(K 15047 41 % R e LEK 6307 7 B2 (172 Z 4k, 1IXFPiz
FAL B BESTING — 2 4t 1E 1y 48 ZETBK 1T
TR B, X R 3AIE R B R I
FIEFMTRIMS6 /T 11, TRIMS6AE g 1E 4 A 1
W #¥STING-TBK 1-IFNs 1 # 135467, R % T
STING K150073Z =AW FUAE(E G+, STINGIZ 2%
AT TR STING A T 1R R AR Ho 935 4 518 i I
SRR L

5 S

13 22045 R ) 32 A4 AT 204 A 53 g s v,
NATTHE R AR G 5 B 7508 2% 40— B R LS
TRER L . B> 7850, S AR
(RS TR B2 A 1T = AR AN R IR PO BN o R[]
[P % 2 (8] A LR, W TRAF3RES 5 TLRsfH 5
I % 4% 1 2 H5RLRsH 5 il % i 125, TLRsil % A1
RLRsHHTBKI/IKK-iE A4 HE — R, ANFH
T % 2 5] T B 52 2% 1) 1) 28 B8R AT 5 5 AL A 11 s 55 o
HUA QT SBLX 23 5 O — B s RELIE W I8 1T 1)
A% JEUN, A R 5 B2 AATLRs YV 41 B 52 47, BA S
) S DR ) IR R 45 R (I TLROH 7 CpG DNA)E —
SEFEIE LR T R X — ) 8. R AR TR
J TR 9T R IS P TLRs YU 745 5 1l 4%, W ARAL
PO BRI A 2 . AT T4l il
JIT PN A 2 T 5 52 /A RLR, NLR LA A DNASZ A4 i fi] X
o ARG AR MIEA IR 4. 541, DNA
PRI B IAE A AEAR KA A, 40 i PN 3 35 [ DNASZ
WIeH Fedk— e, REGASE A& T4 —A4
W IE FIDNASZ R, {H &I 75 55 2 A Y5 S 5ok 50 0E,
A eGASEE T TP 177 A2 b SR 52 3 2 Fh
TR, A AR — 0 — D WIFRR %
FEPUTE S W B T 2D, A BB 25 1 R K
50 25 B R AR AL B AR

S X3k (References)

1 Kawai T, Akira S. Toll-like receptors and their crosstalk with other
innate receptors in infection and immunity. Immunity 2011; 34(5):
637-50.

2 Schroder K, Tschopp J. The inflammasomes. Cell 2010; 140(6):



10

FFAI LR

10

11

12

13

14

15

16

17

18

19

20

21

821-32.

Hornung V, Latz E. Intracellular DNA recognition. Nat Rev
Immunol 2010; 10(2): 123-30.

Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB,
Sharma S, et al. TF116 is an innate immune sensor for intracellular
DNA. Nat Immunol 2010; 11(11): 997-1004.

Barbalat R, Ewald SE, Mouchess ML, Barton GM. Nucleic acid
recognition by the innate immune system. Annu Rev Immunol
2011;29(1): 185-214.

Blasius AL, Beutler B. Intracellular Toll-like receptors. Immunity
2010; 32(3): 305-15.

Iwakiri D, Zhou L, Samanta M, Matsumoto M, Ebihara T, Seya
T, et al. Epstein-Barr virus (EBV)-encoded small RNA is released
from EBV-infected cells and activates signaling from Toll-like
receptor 3. J Exp Med 2009; 206(10): 2091-99.

O’Neill LAJ, Bowie AG. Sensing and signaling in antiviral innate
immunity. Curr Biol 2010; 20(7): R328-R33.

Heil F. Species-specific recognition of single-stranded rna via
Toll-like receptor 7 and 8. Science 2004; 303(5663): 1526-9.
Ewald SE, Lee BL, Lau L, Wickliffe KE, Shi GP, Chapman HA,
et al. The ectodomain of Toll-like receptor 9 is cleaved to generate
a functional receptor. Nature 2008; 456(7222): 658-62.

Park B, Brinkmann MM, Spooner E, Lee CC, Kim YM, Ploegh
HL. Proteolytic cleavage in an endolysosomal compartment is
required for activation of Toll-like receptor 9. Nat Immunol 2008;
9(12): 1407-14.

Yang Y, Liu B, Dai J, Srivastava PK, Zammit DJ, Lefrancois L,
et al. Heat Shock Protein gp96 is a master chaperone for Toll-like
receptors and is important in the innate function of macrophages.
Immunity 2007; 26(2): 215-26.

Kim Y-M, Brinkmann MM, Paquet ME, Ploegh HL. UNC93B1
delivers nucleotide-sensing Toll-like receptors to endolysosomes.
Nature 2008; 452(7184): 234-38.

Tabeta K, Hoebe K, Janssen EM, Du X, Georgel P, Crozat K,
et al. The Unc93bl mutation 3d disrupts exogenous antigen
presentation and signaling via Toll-like receptors 3, 7 and 9. Nat
Immunol 2006; 7(2): 156-4.

Barton GM, Kagan JC. A cell biological view of Toll-like receptor
function: Regulation through compartmentalization. Nat Rev
Immunol 2009; 9(8): 535-42.

Sasai M, Linehan MM, Iwasaki A. Bifurcation of Toll-like
receptor 9 signaling by adaptor protein 3. Science 2010;
329(5998): 1530-4.

Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T,
van Loo G, et al. Identification of oxidative stress and Toll-like
receptor 4 signaling as a key pathway of acute lung injury. Cell
2008; 13(2): 235-49.

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate
immunity. Cell 2006; 124(4): 783-801.

Barbalat R, Lau L, Locksley RM, Barton GM. Toll-like receptor 2
on inflammatory monocytes induces type I interferon in response
to viral but not bacterial ligands. Nat Immunol 2009; 10(11):
1200-7.

Chen H, Jiang Z. The essential adaptors of innate immune
signaling. Protein Cell 2013; 4(1): 27-39.

Palsson-McDermott EM, Doyle SL, McGettrick AF, Hardy M,
Husebye H, Banahan K, ef al. TAG, a splice variant of the adaptor

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

TRAM, negatively regulates the adaptor MyD88—independent
TLR4 pathway. Nat Immunol 2009; 10(6): 579-86.

Tseng PH, Matsuzawa A, Zhang W, Mino T, Vignali DAA, Karin
M. Different modes of ubiquitination of the adaptor TRAF3
selectively activate the expression of type I interferons and
proinflammatory cytokines. Nat Immunol 2009; 11(1): 70-5.
Wang C, Chen T, Zhang J, Yang M, Li N, Xu X, et al. The E3
ubiquitin ligase Nrdpl ‘preferentially’ promotes TLR-mediated
production of type I interferon. Nat Immunol 2009; 10(7): 744-52.
Loo YM, Gale M. Immune signaling by RIG-I-like receptors.
Immunity 2011; 34(5): 680-92.

Saito T, Hirai R, Loo YM, Owen D, Johnson CL, Sinha SC, et al.
Regulation of innate antiviral defenses through a shared repressor
domain in RIG-I and LGP2. Proc Natl Acad Sci USA 2007;
104(2): 582-7.

Hornung V, Ellegast J, Kim S, Brzozka K, Jung A, Kato H, et
al. 5’-Triphosphate RNA is the ligand for RIG-1. Science 2006;
314(5801): 994-7.

Pichlmair A, Schulz O, Tan CP, Naslund TI, Liljestrom P, Weber
F, et al. RIG-I-mediated antiviral responses to single-stranded rna
bearing 5’-phosphates. Science 2006; 314(5801): 997-1001.
Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer
V, Barchet W, et al. Recognition of 5’ triphosphate by RIG-I
helicase requires short blunt double-stranded RNA as contained in
panhandle of negative-strand virus. Immunity 2009; 31(1): 25-34.
Saito T, Owen DM, Jiang F, Marcotrigiano J, Gale Jr M. Innate
immunity induced by composition-dependent RIG-I recognition
of hepatitis C virus RNA. Nature 2008; 454(7203): 523-27.
Ablasser A, Bauernfeind F, Hartmann G, Latz E, Fitzgerald KA,
Hornung V. RIG-I-dependent sensing of poly(dA:dT) through
the induction of an RNA polymerase IlI-transcribed RNA
intermediate. Nat Immunol 2009; 10(10): 1065-72.

Chiu Y-H, MacMillan JB, Chen ZJ. RNA Polymerase III detects
cytosolic DNA and induces type I interferons through the RIG-I
pathway. Cell 2009; 138(3): 576-91.

Rehwinkel J, Reis e Sousa C. RIGorous detection: Exposing virus
through rna sensing. Science 2010; 327(5963): 284-6.

Malathi K, Dong B, Gale M, Silverman RH. Small self-RNA
generated by RNase L amplifies antiviral innate immunity. Nature
2007; 448(7155): 816-9.

Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi
M, Taira K, ef al. Shared and unique functions of the DExD/H-box
helicases RIG-I, MDAS, and LGP2 in antiviral innate immunity. J
Immunol 2005; 175(5): 2851-8.

Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al.
IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type [
interferon induction. Nat Immunol 2005; 6(10): 981-88.

Meylan E, Curran J, Hofmann K, Moradpour D, Binder M,
Bartenschlager R, et al. Cardif is an adaptor protein in the RIG-I
antiviral pathway and is targeted by hepatitis C virus. Nature
2005; 437(7062): 1167-72.

Seth RB, Sun L, Ea CK, Chen ZJ. Identification and
characterization of MAVS, a mitochondrial antiviral signaling
protein that activates NF-kB and IRF3. Cell 2005; 122(5): 669-82.
Xu LG, Wang YY, Han KJ, Li LY, Zhai Z, Shu H-B. VISA Is an
adapter protein required for virus-triggered IFN-B signaling. Mol
Cell Biol 2005; 19(6): 727-40.



PINSCH A P13 TGS

BRI PN 5 3 STt

11

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Dixit E, Boulant S, Zhang Y, Lee ASY, Odendall C, Shum B, et al.
Peroxisomes are signaling platforms for antiviral innate immunity.
Cell 2010; 141(4): 668-81.

Oganesyan G, Saha SK, Guo B, He JQ, Shahangian A, Zarnegar B,
et al. Critical role of TRAF3 in the Toll-like receptor-dependent
and -independent antiviral response. Nature 2005; 439(7073):
208-11.

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L, et al.
TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-
mediated antiviral activity. Nature 2007; 446(7138): 916-20.
Zeng W, Sun L, Jiang X, Chen X, Hou F, Adhikari A, et al.
Reconstitution of the RIG-1 pathway reveals a signaling role of
unanchored polyubiquitin chains in innate immunity. Cell 2010;
141(2): 315-30.

Zhang M, Wu X, Lee AJ, Jin W, Chang M, Wright A, et al.
Regulation of IkappaB kinase-related kinases and antiviral
responses by tumor suppressor CYLD. J Biol Chem 2008;
283(27): 18621-6.

You F, Sun H, Zhou X, Sun W, Liang S, Zhai Z, et al. PCBP2
mediates degradation of the adaptor MAVS via the HECT
ubiquitin ligase AIP4. Nat Immunol 2009; 10(12): 1300-8.

Poeck H, Bscheider M, Gross O, Finger K, Roth S, Rebsamen
M, et al. Recognition of RNA virus by RIG-I results in activation
of CARDY and inflammasome signaling for interleukin 1B
production. Nat Immunol 2009; 11(1): 63-9.

Allen IC, Scull MA, Moore CB, Holl EK, McElvania-TeKippe E,
Taxman DJ, et al. The NLRP3 Inflammasome mediates in vivo
innate immunity to influenza A virus through recognition of viral
RNA. Immunity 2009; 30(4): 556-65.

Lei Y, Wen H, Yu Y, Taxman Debra J, Zhang L, Widman
Douglas G, et al. The mitochondrial proteins NLRX1 and TUFM
form a complex that regulates type I interferon and autophagy.
Immunity 2012; 36(6): 933-46.

Moore CB, Bergstralh DT, Duncan JA, Lei Y, Morrison TE,
Zimmermann AG, et al. NLRX1 is a regulator of mitochondrial
antiviral immunity. Nature 2008; 451(7178): 573-7.

Neerincx A, Lautz K, Menning M, Kremmer E, Zigrino P, Hosel
M, et al. A Role for the human nucleotide-binding domain,
leucine-rich repeat-containing family member NLRCS5 in antiviral
responses. J Biol Chem 2010; 285(34): 26223-32.

Sabbah A, Chang TH, Harnack R, Frohlich V, Tominaga K, Dube
PH, et al. Activation of innate immune antiviral responses by
Nod2. Nat Immunol 2009; 10(10): 1073-80.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F,
Horvath G, Caffrey DR, et al. AIM2 recognizes cytosolic dsSDNA
and forms a caspase-1-activating inflammasome with ASC.
Nature 2009; 458(7237): 514-8.

Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES.
AIM2 activates the inflammasome and cell death in response to
cytoplasmic DNA. Nature 2009; 458(7237): 509-13.

Rathinam VAK, Jiang Z, Waggoner SN, Sharma S, Cole LE,
Waggoner L, et al. The AIM2 inflammasome is essential for host
defense against cytosolic bacteria and DNA viruses. Nat Immunol
2010; 11(5): 395-402.

Biirckstimmer T, Baumann C, Bliml S, Dixit E, Diirnberger G,
Jahn H, et al. An orthogonal proteomic-genomic screen identifies

AIM2 as a cytoplasmic DNA sensor for the inflammasome. Nat

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Immunol 2009; 10(3): 266-72.

Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, et al.
DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator
of innate immune response. Nature 2007; 448(7152): 501-5.

Ishii KJ, Kawagoe T, Koyama S, Matsui K, Kumar H, Kawai
T, et al. TANK-binding kinase-1 delineates innate and adaptive
immune responses to DNA vaccines. Nature 2008; 451(7179):
725-9.

Wang Z, Choi MK, Ban T, Yanai H, Negishi H, Lu Y, et al.
Regulation of innate immune responses by DAI (DLM-1/ZBP1)
and other DNA-sensing molecules. Proc Natl Acad Sci USA
2008; 105(14): 5477-82.

Li T, Diner BA, Chen J, Cristea IM. Acetylation modulates
cellular distribution and DNA sensing ability of interferon-
inducible protein IF116. Proc Natl Acad Sci USA 2012; 109(26):
10558-63.

Zhang Z, Bao M, Lu N, Weng L, Yuan B, Liu Y-J. The E3
ubiquitin ligase TRIM21 negatively regulates the innate immune
response to intracellular double-stranded DNA. Nat Immunol
2013; 14(2): 172-8.

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, et al. Cyclic GMP-
AMP is an endogenous second messenger in innate immune
signaling by cytosolic DNA. Science 2013; 339(6121): 826-30.
Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase
is a cytosolic DNA sensor that activates the type I interferon
pathway. Science 2013; 339(6121): 786-91.

Burdette DL, Monroe KM, Sotelo-Troha K, Iwig JS, Eckert B,
Hyodo M, et al. STING is a direct innate immune sensor of cyclic
di-GMP. Nature 2011; 478(7370): 515-8.

Sun W, Li Y, Chen L, Chen H, You F, Zhou X, et al. ERIS, an
endoplasmic reticulum IFN stimulator, activates innate immune
signaling through dimerization. Proc Natl Acad Sci USA 2009;
106(21): 8653-8.

Ishikawa H, Barber GN. STING is an endoplasmic reticulum
adaptor that facilitates innate immune signalling. Nature 2008;
455(7213): 674-8.

Zhong B, Yang Y, Li S, Wang YY, Li Y, Diao F, et al. The adaptor
protein MITA links virus-sensing receptors to IRF3 transcription
factor activation. Immunity 2008; 29(4): 538-50.

Ishikawa H, Ma Z, Barber GN. STING regulates intracellular
DNA-mediated, type I interferon-dependent innate immunity.
Nature 2009; 461(7265): 788-92.

Chen H, Sun H, You F, Sun W, Zhou X, Chen L, et al. Activation
of STAT6 by STING is critical for antiviral innate immunity. Cell
2011; 147(2): 436-46.

Saitoh T, Fujita N, Hayashi T, Takahara K, Satoh T, Lee H, et al.
Atg9a controls dsDNA-driven dynamic translocation of STING
and the innate immune response. Proc Natl Acad Sci USA 2009;
106(49): 20842-6.

Zhong B, Zhang L, Lei C, Li Y, Mao A-P, Yang Y, et al. The
ubiquitin ligase RNFS5 regulates antiviral responses by mediating
degradation of the adaptor protein MITA. Immunity 2009; 30(3):
397-407.

Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura Y, et al.
The ubiquitin ligase TRIM56 regulates innate immune responses
to intracellular double-stranded DNA. Immunity 2010; 33(5):
765-76.



