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W E: K _JRF B (Cyclic diadenosine monophosphate, c-di-AMP)Z 0@ F S Z A4 LW H 1255
F. c-di-AMP & faH F 9 K% = IE 3 BR 3R 14 B (Diadenylate cyclase, DAC) A= 5% B2 — B B%
(Phosphodiesterase, PDE)#J#45%E 42, c-di-AMP MUAT A A K. @i s. & TS5 54
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9, c-di-AMP AE A FERAE A T 5518 L& F LI, c-di-AMP A A Z —FF 37 L I G @ R ARAR X
9 4>F 42 X (Pathogen associated molecular pattern, PAMP), &4 48 J& & = 2h AR P 6937 ¥ &
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Role of c-di-AMP in bacterial infection and immunity
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Abstract: Cyclic diadenosine monophosphate (c-di-AMP) is a ubiquitous class of second messenger
molecule in bacteria, whose metabolism is finely tuned by diadenylate cyclase (DAC) and
phosphodiesterase (PDE). c-di-AMP is not only involved in many essential processes such as cell growth,
cell wall homeostasis and ion transport, but also in host anti-bacterial immunity through being sensed by
eukaryotic sensors/receptors of host cells. In particular, c-di-AMP has been found to play important roles
in regulating host innate immunity such as type I interferon response, activation of NF-kB signal pathway,
autophagy and inflammatory response. Acting as a mucosal adjuvant, c-di-AMP induces host adaptive
immune response as well. Thus c-di-AMP is now considered to be a newly identified pathogen associated
molecular pattern (PAMP), which becomes a new target in bacterial vaccines and drug research.
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A T 5 A T A IR A R S S
FEWOE ML SEAR 71, B AR 155 ORI T 3B B
N — FRINFE PR 1) 3R35 , A58 4 i 2 Fh Ak
FAE Ak ot B2 . PR IR R (Cyclic  diadenosine
monophosphate, c-di-AMP)J& 2008 4 & Bl —Fh
PSS AR5 HRTCAE SR b & 3 T
c-di-AMP, B AU T 240 B AR KA A 2 Fh A
Sl AR, H AR s E O R RN .
I, c-di-AMP BN T 4 PRI 25 ) R v 7T
FHTHE S o AR SC RN c-di-AMP 19 A= LI RE I H:
TEAE EPURGL i P E 28R .

1 c-di-AMP #EA

2008 4F, Witte SF7EMEATAL 2 IUAT I DNA
TR H A (DNA integrity scanning protein
A, DisA)dHRZEHIT KB T c-di-AMP 43¥-, Ktk
£ DisA 1724 A R R ML (Diadenylate cyclase,
DAC), ¥ A ML TETEM A ar 244 Dac
25N, o-di-AMP J&HF 4> F ATP 24 " JiRAY IR
EEE A (DacAYHEALS A PRIRZ TR 7> o Al
FZEMFF R DisA 25— 8RB c-di-AMP
A LA 2R R T R A S T R B AL
(Diguanylate cyclase) YybT 1] [ fif 21 b FRRAZ AT R
{559 T ¥ — 5 R (Cyclic dimeric guanosine
monophosphate, c¢-di-GMP). YybT %4 GGDEF %%
Fais,, ATfEfk GTP S A c-di-GMP, ¥ YybT 5 HAth
P4 & & GGDEF Z5F438 ) 25 115 4 4 GGDEF 4
Fe)38 8 F1(GGDEF domain protein containing PDE,
GdpP)?., BJ5 &P, YybT ¥4 ) DHH/DHHA1 45
FEI AT B R T (Phosphodiesterase, PDE)i&1E,
A 7K fi# c-di-AMP N pApA, J& c-di-AMP 7K fift it .
AR W5 K BRES R BT R P ) Rv2837¢ A%
i DHH/DHHAI1 Z5#3f, 7l c-di-AMP FEfig
AMP , Ff ¥ H Ay 4 & CnpB (Cyclic nucleotide
phosphodiesterase, CnpB)®!, [l J5 1580 4H i 51 & ¥
fiti R BEPR A HAEAE 2 F% 47 DHH/DHHAL 25443k

() PDE . Pdel ¥ c-di-AMP [#f# N pApA, Pde2
ALK c-di-AMP Fl pApA [&f# 5 AMPH

H AT R c-di-AMP {UFE T, £
SIAEJERER T (AN : ZFMAFR . TR . A AT ER
R BEERTR) . B TATTCAN : S5 o BT BT Al S
i, W3R 1.

2 c-di-AMP P15 L EAH RN

(e A7 B 93 S WL A HRAE Ff A 0 G L2 i ) T J
ey BB o W FL 30 20 A ok B TR 2 A
(Pattern recognition receptor, PRR)JH 44 Y1 6996
JEARAH O 1) 43T 15 2 (Pathogen-associated molecular
patterns, PAMP), & 2[4 s Y, — ek
T A Y e-di-AMP R B fE F AR 3 T
i e SO, BT O o T AT SR OB R Y
PAMP!"?!, ZHERERYLTE F)5 c-di-AMP 1] B [H] itk
ELAZ A0 T Z2 AN /32 AR5, AT 1 2% Ok
W NUASUSSOIRES . 40 1k, TEEZ A
K 4 1~ c-di-AMP JE&) /52 {4 (Sensor/receptor)
5% % 3k 55 11 (Adaptor) . T 0 2= & A 0 % 4 1
(Stimulator of interferon genes, STING)** . —#h
RNA f#Jiefiff DDX41 (D-E-A-D [aspartate-glutamate-
alanine-aspartate]-box polypeptide 41, DDX41)**!,
NF-«B #illi4 5 iff(Reductase controlling NF-kB,
RECON)*T L) K 14 fii ®4 5 # 3k 2K 1 (Endoplasmic
reticulum [ER] membrane adaptor, ERAdP)*"(/&] 1),
MRS, c-di-AMP i ERYEN 532 (R,
AT 8RS F RS, SISm0 B 7EAE 3
PRINIAE R BG4, L, c-di-AMP 575 F 4
FHEAE B EA R T A0 PSR ]
2.1 c-di-AMP FUE I LT RN E

Jifd 5 Wi B 38342 (Cytosolic surveillance pathway,

CSP)EHUARHCIUI B . 41 TR /Y (1Y) 25 2 G 12 B 1)
Pl RGeS 5, DNA 845 32 DNA &
Z e A R IR A T (Cyclic-GMP-AMP synthase,
cGAS)IRFI, TEA cGAS & M -7 1 iR
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®1 TREAEF c-di-AMP K& REES 5 B KR X £ IR AE"
Table 1 Synthetases and degrading enzymes of c-di-AMP in different bacteria and their physiological functions™

gl R iy #A E PN
Bacteria Synthetases Degrading enzymes Phenotypes References
MG ZEMIFFR DisA, GdpP, PgpH  ¢-di-AMP 7K-FREAIR: DNA SERPEREAR, il Rg i, 40 [5-7]
Bacillus subflis -~ £94 WoBESEAR, Bk RO, MR RAER
a

c-di-AMP reduced: decreased DNA integrity, impaired potassium ion
channel system, weakened cell wall, increased resistance to
antibiotics, delayed sporulation

PR a3 CdaA PdeA,PgpH  c-di-AMP KF[#A%: i RAURMERE, A RERR 2 PRI [8-9]
AR c-di-AMP KETH R BRIE BURRMERRAIR, 75 E40M IFN-B 24
Listeria S, S AT N

monocytogenes

c-di-AMP reduced: increased sensitivity to antibiotics, reduced cell
wall stability

c-di-AMP elevated: sensitivity towards acid stress, enhanced IFN-
response in host cells, increased cell pyroptosis

LAY IMEAFE Mitb DisA Mitb PDE c-di-AMP JKCFREAR: AERHEIS, RPN, 75 FA0HE IFN-B 12 [3,10-12]
Mycobacterium WA, 175 i AN 1 R AR
tuberculosis c-di-AMP KF-Thii . A RS, FEVEREAR, i 400 IFN-B

NZESETR, F5E AN A

c-di-AMP reduced: slightly slower growth rate, increased virulence,
decreased IFN-f response of host cells, reduced autophagy of host cells
c-di-AMP elevated: smaller cell size, decreased virulence, induced
increased IFN-f3 response in host cells, increased induction of

autophagy in host cells
WERPRCRFIR Ms DisA Ms PDE c-di-AMP K FREAIR: C12-C20 HEMTRR & AL F [13]
Mycobacterium c-di-AMP /KFThR . BT/, C12-C20 MM & i i
smegmatis c-di-AMP reduced: reduced C12—C20 fatty acids production

c-di-AMP elevated: formed small colonies, increased C12—C20 fatty
acids production

eHEgaekE  CdaA GdpP, Pde2 c-di-AMP JKF-Th5 - AEEAL/DN, ICRMIESCIBIE N, XL 4nfgE . [14-16]
Staphylococcus e L NE S N G A R R BT PR e 1
aureus

c-di-AMP elevated: smaller cell size, increased peptidoglycan
cross-linking, reduced sensitivity against cell wall and membrane
targeting antibiotics, impaired potassium ion channel system

AT AR R CdaA PdeA, Pde2 c-di-AMP KA. ik b AU, Mgt pir-Assgim  [17-18]
Sreptococcus c-di-AMP KT Ak ETE B
mutans

c-di-AMP reduced: increased sensitivity to hydrogen peroxide and
enhanced polysaccharide synthesis
c-di-AMP elevated: increased biofilm formation

il A& S 3K TR CdaA Pdel, Pde2 c-di-AMP AKFFH i . AR REEIEBUZ, A REEIR, e [4,19]
Sreptococcus IResz it
pneumoniae

c-di-AMP elevated: impaired ability of long chain formation,
decreased growth, and imbalance in the potassium ion channel

PesERR B CdaA GdpP, Pde2 c-di-AMP 7KFJH iR : 2R I HE(SpeB) G HEFEAR, BEtERE(R, [20]
Sreptococcus S 22 SR
pfegEEs c-di-AMP elevated: impaired biogenesis of SpeB, decreased virulence

and increased antibiotic resistance
FHHERR IR CdaA GdpP, Pde2 c-di-AMP KFTt R AERKARE, AT g, SRR [21]
Sreptococcus c-di-AMP elevated: reduced growth, increased biofilm formation and
suis (SS2) reduced virulence
B HEHEERTA NudP CdnP c-di-AMP /KT . i IFN-B i A5, 2SI [22]
Group B c-di-AMP elevated: increased induction of IFN-f response in host
Sreptococcus cells and decreased virulence
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Figure 1 c-di-AMP regulates host innate immune response

lnterfere
—_— “
o0 90

ATP+GTP
LD % “N
cGAS 2'3'-cGAMP
DDX41
-~ - IRF3
/’ \ \_)
DNA s TBK1
@9 STING ﬁ
oy
e T |
c-di-AMP \ ERAdP
I
R : |
== )
NLRP3 RECON TAK1
NF-«xB IRF
AN 2,

)
ou:u ’:)N,‘)' e
IL-1p  TNF-qIL-6,.. IEN-

e RERURGYE , AT A SRR s A0 B WA S AT 5 <8 71 c-di-AMP Il DNA 2 5875 15 3 B4 g N 2. i R 9k B g

YUAEAIE IS, 418 DNA i#iid cGAS ¥ DDX41 4

A5 STING K 1 R TR

, c-di-AMP W n]iliid DDX41 #1 STING #4

115 IFN-B JW 2. c-di-AMP i@ 305 ERAAP 5% k% RECON X NF-«B 3350 % M ik NF-xB 8 B&i% 1. c-di-AMP A5
5 NLRP3 K4 RAE/IMAR . BLAh, c-di-AMP AT 18 3 418 [ 1%

Note: After the bacteria infect the host, c-di-AMP and DNA that are released by the bacteria themselves or killed by host are involved in
regulating the host innate immune response. After phagocytosis by macrophage, bacterial DNA mediates STING-dependent type 1
interferon responses via cGAS or DDX41, and c-di-AMP also induces IFN-B responses via DDX41 and STING. c-di-AMP activates
NF-kB pathway by activating ERAdP or inhibiting RECON. c-di-AMP induces NLRP3-dependent inflammasome response. In addition,

c-di-AMP activates host cell autophagy.

(Cyclic-GMP-AMP, cGAMP)Jf- #4855 1% 2

STING, ##%3k/> 7 STING Z£4 TANK 454 1
(TANK-binding kinase 1, TBK 1) i% T4 ZE #17
[A-¥ 3 (Interferon regulatory factor 3, IRF3), /S
[T 48 STING 2 ifs 1 BT Rk
(S50 F 2 — |, TEHLIRARHU B S 40 IR g p &
VEREANEH . ZF5CIER STING J& c-di-GMP
(1 #2572 14 231 e-di-GMP 5 DDX41 HAF7E
HEMEAEM, W DDX41 M HF STING X}

c-di-GMP HA EE M S7, [FR} c-di-AMP 3,7

5 DDX41 4541, STING U3 541 DNA 1%
SR A s, 18 A TR 2 B R AT A PR AR AZ A IR 3

F c-di-AMP Fl c-di-GMP M i F B e s e P
2010 4%, Woodward U KHIE c-di-AMP
REWS ELH2 MG 15 32 TFN-B W& AR 25 07 e 7R
c-di-AMP 4R AR BRI E VAN 5 TFN-B 3%
KEE FH, M c-di-AMP & U 19 2 E 1 25
(Conditional depletion)Pk/EYL F Wi 41 A J5 th nl 175
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IEN-B )2 AT o 53 T30 o AR, 45 4%
I3 AFF B Rv3586 &5 DisA [A YR Y c-di-AMP & ik,
A2 B)E R o-di-AMP 4R B 9 10 45 1 40
FRARYL E A, & B IFN-B & KT, T
Zat A E T NOD2P), Dey 45 % it % ik
c-di-AMP & i 1 55 AR c-di-AMP 2 it B O 45 4243
FAF R Y RIS IRF, M5 F7E 3 IFN-B N &K
S B TF, HiZid BT STING psest™, [Rlm
STING E X T c-di-GMP i3 1Y T BT &
WAEATFA Y Flid 265k Rv3586 MO H 2 R A sk
PEMEANNG, &BL IFN-B £k @ &1mtY, bk
WFFEFRM, c-di-AMP i@ id STING i@ 115 +
DL T T2 IFN-B BB RHAE ) [ G2 N2 o

A, c-di-AMP fEW8 i 3175 5 R 58 AR 4 il
(Dendritic cell, DC) IFN-B Jii%, {HJ&2Y c-di-AMP
FrEfil# DC Bf, A5 RASE RN 519 STING
BRI, (15 TFN-B 20, SRR 40T
KV c-di-AMP E SR V5 T4 32 240 G 1 28
R A E I AT RS A BRGNS HESENY, s
T HA MR A REENLE, DU c-di-AMP i S
JEE ) i oy 25T G e FRLR A
2.2 c-di-AMP {23 NF-xB B &M

NF-xB J&] A TE N Z ) REA% G s A, HM
AR RPN 2R . AR T PRI E .
B oy . LR T2 R AL R 3R, X1
FEPUIRR Y K AR AE I & A FEEAE

NF-kB #1314 J5 /i RECON J& NF-«B if f& 1!
i+, BRI, c-di-AMP #Ii] RECON JEEM
MEE T RAEA MR F IFN-B. #fkIAF CCLS,
CXCLI11 Wik, BRI T2 m . R ATETE £
PIE AN M K AE S 8 A0 M FF I 41 22 ) P9 AT 00,
c-di-AMP E 17| RECON i i Pt 5 Al 48 K 1
(7=, ARG gy 3 5K STING g it
JER Ry B AR o SR, 20T R TR T I 4 A
Ji . HA W c-di-AMP 41 T RECON 31k, 1
58 NF-kB 16k L —% AL ANO)™ 4, {H NO 4

HET 20 T 7E 20 18] A 4% 1% (Cell-to-cell spread), iX
ARITFLIAER c-di-AMP A B 15 3385 B it o ek
YL, HENAS R AE R Y TE £ 5 e-di-AMP AEH
A 77 3 5 1 S AN A AR A AE 22 500

SRR, A BT RS AR T ERAAP Bl /)
UL A R R S, AR R AR ™ A i, Jge
/NERRT A BRI BR BB I BEAIG, /INRAE AR IRAIL, R
ERAAP /342 4 20 M IR 7 A= X ML A4 il 240
ez R EmHP ) c-di-AMP 5 ERAdP & C %
454, i ERAAP JE R RAIAIF S e fb A K IR+
B i I% M 1 (TGF-B activated kinase 1, TAK1), J3
) NilF NF-xB &k, A RAMIEE T TNF-a,
IL-6 B, 2 dE T WL TR e g P71,
ERAAP-TAK1 i 4 4y 15 bR 4% 307 BRI L I A 5
ERAJP /& c-di-AMP (1) H %)) ¥, 1M H. c-di-AMP
5 ERAAP #1158 F STING®,
2.3 c-di-AMP BUERE/ME

NOD F£3Z&(NOD like receptor, NLR)f&—3&
A TR RS EIAR PRR 0 F, fi5ZE
FhEE 1 S 2H R 2 S /MA (Inflammasome), 58 1 /)MA
PO I T AL R A A R R S R e R B I 1
(Caspase-1), JEfLAY Caspase-1 554 IL-1B, IL-18
EHAR, FELIFEMR LA, L IL-18. IL-18
J7HE R R (4 S S /AR R O R A T B AR 22 R
JE AR TR

YRR TG 38 R 0 A W 2 AT A EBLAA
XF s S BV R o NLR Z % NLRP1,NLRP3 ,NLRC4
DL K HIN200 25 #3851 R = sk = [ 1 2
(Absent in melanoma 2, AIM2)%&AE/MART IR FI9%
JEAR F ) PAMP, 77 A= B AR R RE S B .
NLRP3 F250 45 T E MR AR . P 20 5 A
IR, 5 E PN SR O R Y], W2 NLR
KT R RO T BFFE KPR, c-di-AMP
il c-di-GMP ¥l 53 E Wi 4 ig = THP-1 A/ B
HEAR YR B WE4H g (Bone marrow derived macrophage,
BMDM) Caspase-1 BYFIEIIM, IR K1)
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IL-18; NLRP3”/NELH) BMDM %} c-di-AMP F
c-di-GMP R R i ek, KB c-di-AMP #l
c-di-GMP P RAE/IMA N 2 & NLRP3 fK#i g, H
EHAFEAMIT STING 20 7P, R4 AT IR 5Y
FKH c-di-AMP fEWSE S E LEA S NLRP3, IL-1B
Bk B, 0 Had 335 Rv3586 A E 41 A 1 Al i
YERIE/IMA I A5 F NLRP3 . NLRC4, IL-1B £k
(R A R B I, c-di-AMP X488 /IMATY
WOTE AR R B LA ER fas
2.4 c-di-AMP FETE A0 B K

H W% (Autophagy) e ELAZ 4 JifL 5 i 47 76 1 fie
REBHEALE . AR UE B WA B 18 XA RS R B
(s BRI L VT TECTA . 2R ) I B
TS AR B 1 B 3 (LC3) Rk Bl g 2
KRR RRER T p62 B K E S TE
FaoE,

Dey 252 kRl , 263k c-di-AMP & il
(1) T 21 25 A% o BOFF IR IR B WA )5, B W/ AR
M T LC3 kWA, W LC31 &K
SE R, R o-di-AMP ¥E T AW, H E W
(R T U AT R 4 L R A T 1 A K L AR DR AL
PRI c-di-AMP BB T B WA A WEAH SC LA
LC3. Beclinl ., Atg5 } Atg7 %5k iR, B2
W RIE c-di-AMP A B T 4R A A 0
LC3 EARBACER, AL 5N PR 52 LAY
WERELR, BREZ | RPRERKYTIETA
W o A V230 T 1 A 5 P e = R S M R R A
REV IR B RN Z —, RIS c-di-AMP /K
TEDEANNE E W, A BT HUASET O el

3 c-di-AMP SRR E
FhEARIE R GE) 2 o0 A TIFGE . B e . W
PRAEFEIEREE T B —SEoh 73 WA B (A b i itk EL 2 21,
R PAT R FRAE R S Pk SR T RE Y BT, X W
B 5 Wl S PR A B T SR G e e R
Ebensen 2544 c-di-AMP 1EAEH], 5 -2k
FUBE T BRI G S fe e /N, PTEaE TgA i IgG,

B2 TIFN-y, IL-2, IL-17. IL-4 53, W c-di-AMP
A B A 8 4000 AT 175 S o B A i g P 9 1y 2
Pl c-di-AMP K cGAMP 5 15 FIBRA e /R,
WATiE SR 2, IR c-di-AMP M T
cGAMP figA%5 175 S 5 58 0 A T80 40 038 7 5 1%
SHHALHIFFE 2, c-di-AMP Al{E3E DC 2
34+F CD80. CD86. MHC- Il 4> Ty # ik,
DC ZH il F Y CD80.CD86 J&= T 41 i 2 i M il ik
4yF CD28 Myfictk, Mk, c-di-AMP AI{Euf T 41
FRLR) 1G5 TG AL, DRI A HE R Sk e o DRAZH A
FERI, c-di-AMP SZ5Z 0 B PRI & 256
Bt gz /N R, AT R K RO R R A 2K, IR AT
BT — 8 B B A% 5 B UG (R A R BE)
K, c-di-AMP 575752 B A T TR g
AT REARA S Ho 2 S5OCR T G (R R AR A e 38 1

4 4

YT c-di-AMP J476 15 5 [ e Py
(AR A P 452 S 122240 A o T 5 0 T 1
KWEAST, 5ERET c-di-AMP 9IRS, O
ML AN IR, . — 7 Hl, AW c-di-AMP
REASIIE DL 1T B THE R BN RHAE Y AT S 1
ey h—JrTE, AN TR I R R0 A A i
c-di-AMP [ iE,  Hb ik G se R0 i e R 1 &
Ao c-di-AMP AliESHUA T BITHRNE . RIE
PR 306 e A W& A, A B LA G e s (1
[FIET, c-di-AMP 5S4 09 NO e #2407 1 41 A
R EECY, I, W — B Z RS vk
P 2 2 HR A BIBESE, 416 c-di-AMP TE1E
TR RHEMNER . ARB AR RN,
c-di-AMP A Ay Hie 98 A7 1) B feft P Bsf B 928 R4 RE 2
1%, S0 G G ol g R b R R R, TR
Hba 1 B2 = R A B N TR o-di-AMP AUKSF, Wi
EPE R RS 0 e K, 30K B
TUH L R B BY . A, ST 2 R0 4 R
c-di-AMP Jf5 55T, A F TR sl sz 1 71,
THH—BISY c-di-AMP ST E % BRER 7T i
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AWRTVER . H TR AT c-di-AMP BYBIFFEAT AL T
TG BE, c-di-AMP FEAE = A7 SR ME N G
e VR HIBLH TS5 2E— IR AR
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