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Abstract

Abstract

Inflammation is a protective response by the body to ensure removal of detrimental
stimuli, as well as a healing process for repairing damaged tissue. The innate immune
system is the major contributor to the acute inflammation induced by microbial
infection or tissue damage. However, the innate immune responses must be tightly
controlled to avoid excessive inflammation and prevent unwanted damage toward the
host. Toll-like receptors (TLRs) play important roles in recognizing PAMPs and
eliciting innate immune responses. Thus, the negative regulation of TLR-induced
responses is important for suppressing inflammation and deleterious immune responses.
Here we report that mixed lineage kinase domain-like protein (MLKL) acts as a
negative regulator of TLR signaling pathway to impair inflammation. MLKL has been
revealed as a key signaling factor in tumor necrosis factor (TNF)-induced programmed
necrosis. We found that in mouse embryonic fibroblast (MEF), MLKL deficiency
significantly promoted LPS and poly I:C induced proinflammatory cytokines
production as well as the activation of NF-xB and MAPKSs signaling pathways. Further
studies showed that overexpression of MLKL attenuated the transcription activities of
NF-xB and AP-1, especially when these two transcription factors were activated by
TGF-B-activated kinase 1 (TAK1). TAK1 is a key regulator in the signals transduced
by Toll-like receptors and is required for NF-kB and MAPK activation. We also proved
that MLKL could interact with TAK1 and this interaction dynamically changed in
response to LPS. In addition, MLKL promoted the degradation of TAKL. Our study
reveals that, in addition to its function in necrosis, MLKL plays a role in the innate
immune system. This finding reveals a novel mechanism by which the inflammation is
negatively regulated and provides a new perspective for the exploration of
pharmaceutical approaches against infectious and autoimmune diseases.

Keywords: Toll-like receptors; mixed lineage kinase domain-like protein; TGF-f-

activated kinase 1

1T



H %

=3
R R . |
BENTHIEE ..o I
= v = T 11
BEXEITR oo VI
BB BIS .o 1
11 FERMEBIETRDE ..o 1
LLL IR oo 1
1.1.2 i JEEAE R TR AR ARG 7 T o, 1
113 BEFRTEIIBZIR oo 2
1.2 Toll BZERENBAIEBEEE ..o 3
L.2.1 MR oo 3
1.2.2 TON FEBZARGEIEIL ovvvoovverceeieeeeseeesseeissees s 4
1.2.3  Toll BESZARIE T IEEE oo 5
1.2.4  Toll FEZARME S IEE I TS oo 8
1.25 Toll FEZARAE SIEEEHIRIUN T3 T oo, 9
1.3 EARIIABIBEBIR ..o 10
131 RIG- FEBZ oo 10
1.3.2 NOD FEBZ oot 10
1.3.3  HETPT DNA BZ . s 11
1.4 ZABEIRTE S BEIE.......cov oo 11
1AL ZHHIIRTE oo 11



H %

1.4.2 AR BEAE JIEF IIVEF oo 12

15 BARBEAMBREMIEED ... 13
1.6 LB .o 13
BIE MBRIEE e, 15
2.1 SEERHEBE oo 15
211 WHFLBIIDANBEAR oo 15
2.0.2 JFURL 1ot 15
2.1.3 . AR T EIRT o s 15
214 PUIE oo 15
2.1.5  REAIFME FIM ..o 16
2.2 SEIETTIE oo 16
221 T FEBEMIRIZIEFITTIE (oo 16
2.2.2  HBAHIRSEIG I TTVE oo 22
2.2.3 FEAFHIRIIEAN L oo 24
2.24 RNA FHIESZIEAITTVE oo 26
2.3 BB oo 29
BB B RGO e 30
3.1 MLKL #&l LPS #1 poly I:C BER TLR FSIEEE ..o, 30
3.1.1 MEF A MLKL 235 LPS F1 poly 1:C A5 7= A= [ 4t fitd PR -7 Jik 35 3

JTIT et 30

3.1.2 {£ MLKL-/-MEF g g mikl fg#0i#] LPS A1 poly 1:C /-5 H40 f K 7
3.1.3 MLKL %}-F MEF 1 LPS #l poly I:C 5] NF-kB Fll MAPK i #% 1]
N B v | KAk (= 5 O 34

3.2 MLKL 3 TLR {SSi@ErINEIER S MR RTIEERBXA .36

IV



H %

3.2.1 1E MLKL-/- MEF 4ij+ 5 22 5 A TR AL THRE R MLKL BE 47 1) 21 A [A]

£ e AU 36

3.2.2 MEF # RIP3 %t LPS F1 poly I:C /- S /= A= 4N K Fi% B 520....... 38
3.3 THX MLKL ATAHEI TRIF RE TN S8 NF-xB 5 AP-1 BI5EH
.................................................................................................................................. 40

3.3.2 iFFiA MLKL 7] LA TAKUTABL /510 AP-1 (IVEVE oo, 40

3.3.3 I FRIA MLKL %} TAKL iR AN T NF-xB 5 AP-1 FiE %A

=20 TSROSO 41

3.4 MLKL 5 TAKL HHE{ERHMERE TAKL HEEREME ..o 43
341 MLKL 5 TAKL KR EAEF oot 43
342 MLKL FEAK TAKL BB TE oot 44

B0 B B G T oottt 46
o 3 -2~ [T 49
MIR 2 4ERRIE R N B e 51
L Al CUTTTTTT USSR 53
S, FRTTTTRTTT R TR 60



Table of Contents

Table of Contents

ADSEract IN ChINESE........cviiiii e I
Abstract IN ENGLISN ..o, I
Table of CONTENTS ..o i
Chaptor 1 INtrodUCHION ........ccoevvieiie e 1
1.1 Innate iMmMUNE SYSTEM .....cviiiiiicie et ae e sreas 1
L1101 OVEIVIBW ..ottt 1
1.1.2 PAMPS @aNd DAMPS ......cooiiiiiiiiieie e 1
1.1.3 Pattern reCognition rECEPLOTS .....ccverveiverieriirieeieeieie ettt 2

1.2 Toll-like receptors and its signaling pathway ............c.ccccooevvivieiieiiiciennen, 3
1,21 OVEIVIBW ..ottt 3
1.2.2 Toll-like receptors and their ligands.............cccooeiieieiie i, 4
1.2.3 Toll-like receptors Signaling Pathways............ccccceoeriiiieninininiecee, 5
1.2.4 Negative regulation of Toll-like receptor signaling ...........cccceevveiviiienns 8
1.2.5 Effectors of Toll-like receptor Signaling ...........cccocvevviieiieviivieie e 9

1.3 PRRSOther than TLRS ... e 10
1.3.1 The RLR Signaling Pathways............ccccvviiiiininiiie e 10
1.3.2 The NLR Signaling Pathways ...........ccccoviiiiininiiieene e 10
1.3.3 Recognition of cytoplasmic DNA ..o 11

1.4 Necrosis and inflammation ..o 11
141 INECTOSIS ..ttt bbb b bbbttt 11
1.4.2 The role of Necrosis in inflammation............cccccoveiiiinnnnncee 12

VI



Table of Contents

1.5 Mixed lineage kinase domain-like protein ...........cccocoeinnniiinicicnen 13
1.6 BaCKgrOUNG......ooiiiieiecie et 13
Chaptor 2 Materials and Methods..........cccccceivieve i, 15
2.1 MALEIIAIS ..o 15
2. 1.1 CITINES .t 15
2.1.2  PlaSMIAS. ..o 15
2.1.3 Enzymes and major reageants ..........cccceeeeruesieesieeriesieeseesieseesieeseeseesnens 15
2.1.4  ANTIDOGIES. .....iiiiiiiiiie e 15
2.1.5 ReAI-tIME PIIMEIS ...coiiiiiiiiiieiieeeee et 16

2.2 IMEENOOS ... e 16
2.2.1 Molecular cloning relative experiments and methods..............ccccccevvneen. 16
2.2.2 Experiments and methods for cell ..., 22
2.2.3 Experiments and methods for protein...........c.ccooeveieiiieninenenieeee, 24
2.2.4 Experiments and methods for RNA...........cccoveiieii e, 26

2.3 Data exploitation ..........ccccoveiiiiiiice e 29
Chaptor 3 Results and DISCUSSIONS ..........ccceeviieeiiieeeieee e 30
3.1 MLKL limits LPS and polyl:C induced TLR signaling pathway .......... 30

3.1.1 MLKL deficiency leads to accumulation of proinflammatory cytokines

induced by LPS and poly :C.......ooiiiiicee e 30

3.1.2 Reconstitution of MLKL to MLKL-/- MEF impairs LPS poly I:C induced

proinflammatory cytokines producCtion ...........ccccceevveiereeresieseese e 32

3.1.3 MLKL impairs the activation of NF-xB and MAPK signaling pathway

upon LPS or poly L:C treatment.........ccoocveiie e 34

3.2 Necrosis mediatied by MLKL and RIP3 has no function on TLR
SIGNAIING PATNWAY ......coviiiiiiei s 36

3.2.1 Reconstitution of Flag-MLKL to MLKL-/- MEF impairs LPS and poly

I:C induced cytokines production and NF-«kB activation ............c.ccccceveveeiveinnnne, 36
VII



Table of Contents

3.2.2 RIP3 deficiency in MEF does not influence the proinflammatory

cytokines production induced by LPS and poly L:C ......ccooevviiiieecececeee e, 38

3.3  MLKL suppresses NF- k B and AP-1 luc reporter activation activated
by proteins downtream Of TRIF ..o 40

3.3.1 MLKL suppresses TRIF/TRAF6/TAK1-TAB1 mediated NF- x B luc

FEPOITEr ACTIVALION .......ueiiiieie et ee e 40
3.3.2 MLKL suppresses TAK1/TAB1 mediated AP-1 Luc reporter activation 40

3.3.3 MLKL does not influence NF-xB and AP-1 luc reporter activation

activated by proteins downtream of TAKL ......c.cooiiiiiiiiieie e 41

3.4  MLKL interacts with TAK1 and improves its degradation.................... 43
3.4.1 MLKL interacts With TAKDL ......ccooieiiieiiece e 43
3.4.2 MLKL lowers Takl protein 1eVel.........cccooveiiiieiieie e 44

3.5 Conclusions and diSCUSSION .......ccceiuerieieriiinenieisie e 46
Appendix 1 Index of figures and tables .........ccccccevviiviviiveiiecneen, 49
Appendix 2 ADBDFeVIAtioNS ..........ccooceiiiiiieieese e 51
RETEIEINCES ...t sbe s 53
ACKNOWIEAGEMENT ......oiiiiiiece e 60

VIII



;

%
o
B

I
e
I
il

1.1 XMRERS

1.1.1 #R

RAEFENUATE R H RO B PR I S N, Rl R B 2 4 A 2 —
ANERE . Je RIE G ARGy . A0 50 B RE AR B 7 AR . [
I, 6 R S 0 SR G 2 P % Ok 2

P RN G P2 2 M AR JRAR N AR 28 —TE BT 2. B 7 ELWRANAE . B4 SR A
S G B AR REAE B B S b ¥ B 2 4h, A 2R A R4, CL 45 b R4
Mo AN, BRSNS SR E SRR R, B
W BZ4K (pattern recognition receptors, PRRs) AJ LAIE xR 51l 4 A 47 ) 4 5 &5 44
SR A I 2 X LAY NAR o I 8 R ST 25 AL ARORR O TR AR 5% 23 1R X

(pathogen-associated molecular patterns, PAMPs). 34, PRR i&r] LRI H52
405 ) 40 B RS TR A YR A /N g 1, X BN g T PR Dy 45 45 A % 2 1 8 A

(Damage-associated molecular patterns, DAMPs) 2,

112 HWEEEXSFRAMBRGE LS FERX

I AR M 2> TAR . (Pathogen-associated molecular patterns, PAMPS) &4
W R HESANRRMEY B LR. SHUATE AR 25 R .
PAMPs KELRTLAZ» Ny (1) HRZEAEY), 1904020 v 240 B BE v (0 2 R 70t i 25
(Lipopolysaccharides, LPS). HEEEEIRSE; (2) ZHE, WIELE T A4 i BE
R RERRESS: (3) EAMREEIK, WfA/E TR EREES. TRk, HE
EBHERAOFHFRT ERRZEANBSES: (4) &R, SFMEYR DNA
o RNA S8 (5) T/ N FAREL

5557 7151 (damage-associated molecular patterns, DAMPS) & —2%&
52 35 5 R %) 20 R TS HH L AR RN 5T DAMIPs T LU PRRs 456 AT B

1



il

FoE Al

RAEISL . KZHE DAMPs 2 41k 4 B2 i 5T 9 BA Ry e A= B Th RE R s T
TE MBI S5 37 8 B EAG IR B 5 2k 2 R AR B Thael. 590k, TE4HM R AR IR
FEZ 5, AL AR DNA BRSNS L R 40T sy DAMPs. 2 H
JiiZR 1) DAMPs GFE s At 2R E E 1 (high mobility group box-1,
HMGB1) 4. dE4E 5251 DAMPs B85 ATP. JRIR. BRI R AR DL,

1.1.3 #ERIRA =&

HilT, C2A VU PRR 5T 2% € , 7371l =& Toll #5244 (Toll-like receptors,
TLRs). C AUktsE =321k (C-type lectin receptors, CLRs). RIG-I ¥4k (RIG-
| like receptors, RLRs) Ll NOD F£5Z{& (NOD-like receptors, NLRs) M.

RSB PAMP 2 J5, PRR BE L —R5IZ 5 2 OE S Sl v i) 2 [ (0 e
o IXEEFERGRED 7L RIEAMA T (Proinflammatory cytokine). [ BT &
(Type [ interferon, Type I IFND. &7 LA L HANZ 5 2] PRR 15 58 #5715
HEE D T

AR 8 97 4 o X 1~ B0 355 PR SR FE R T+ (tumor necrosis factor, TNF). A&
Cinterleukin, 1L) -1 FIEAE 6 &5, IX LM Rl T4 R Al JOREH) SR R X
B8N FAESIE AR PGS SR A, RTINS SN FE AT o 1K L i [T
P T AR IR SRR, B AT ROAEA S AT T O LA A R e
A 55 1t 40 i 31 JRE 20 2145 2 J5 TR T BE o 1% L1 15 ThRE— ALAT B — R 51 3L (K L [A]
Z 5 R ERE . B0, ES R ARG 10T DA A R 20 RS B
I S 2 i PR 1~ ] DAGE 9 40 M AR T2 A2 B RAEH R 2 e HHLIR T R E A & . ANk
TR AMGEE TR FHOE, XA B T LLE I I - R A RAE
R R A A FHLE PR S 4, ATk 109 15 98 RE S S 1) Bh BTl

[ BFMERBSHR [ RAE RN AHEES . [ PRI R R
KEEEZEN, TG R NRZ PR B eI k. JRBuS M
TAIRRAEE . | BT R A IFN-o F1IFN-B AN SAL AR, AT DL B AL itk B 4
M. EREGEMD . pAFAEANND . bR AR ARV 2 R A k. | BT R AR
B Rl IR W T, AR T IR R 45 & BT G | B4R
BRRAR, BWOE T JAK-STAT {5 518 E%, M~k ISGF3 #x A1, #3 kA



il

FoE Al

Fh IFN %5335 (IFN-inducible genes, 1SGs) [{#iA . X LekE R R 15 7~ ) (.55
IRFs. PKR. IP10. ISG15 LI}z OAS, ‘BEAIREaEHEE ) H . 75 MR 28k
LR, M 20 2 4 T,

1.2 Toll ¥Z&ERENSHIESERE

121 #k

1996 4F, FMEHY Toll & A4 B OIEBTE KB R 2 5 3 7 & Fu b
. B, FZ VRN Toll EIEREFLANYI il R I . X EL2E B dr 444 Toll
FERZPR (Toll-like receptors, TLRs), A&fi%iH%A] PAMPs JH¥iE H B fuii e il
TLRs & —ANAIRES AR [, 76450 _E HBSIEIX | fe KR AR X = 3553 4Lk »
N i [T B AP 2 A3 2 B & e B IR B R /741 (leucine-rich repeats, LRRs), AJLLiH
TR 5 9 DR AR TR 43 - C i 140 6L P 45 A4 38 R i Toll/IL-1 3244 (Toll/IL-1 receptor,
TIR) Ziitsk, HITHuE FirnfE 5.

Hf oA TLR Kike#EE 13 NEUAHR, &—AN ot #mT DUR A 7
YHER . H RS FDR R AR PAMPSIM (UL 1.1). TLRs 7EEWRZHM . # FHR4H
A B ZHA . W PRI B A G B A R ek, TE AT AEAEAR . b R A R £
RN R RIE . 7EIR%A] PAMPs 2 J5, TLRs [ TIR 45 fyias & 2ot &4 R K
TIR S5 M S B 1, WS — RIVE 5 IR BRI, i e 48
RER T BATL R T2 077 42 . TLRs R5] PAMPS [ R AN 2 E S5 7 R 380 AF
WEE, JCIERFAAE T SRS e i R rp R T AR L

TLRs HHE 20 P 52 A7 AR K PAMP [RIFPSR K E0AT A AR AT Sk . —
MG TLR1. TLR2. TLR4. TLR5. TLR6 Fll TLR11, X852 443 A £ 40 it
L FEBNHAD R, GlaniEs. lBEOMEARS. H— M EFRER
i TLR3. TLR7. TLR8 Fl TLRO, X L34 = Zor A LA N iR S5 44 L, 40
NN ARFIVERE AN |, BN AR IR 51 . ReRS AL IR 43 711
TLRs 23 A\ P9 J5 09 5 11 55 31 A A B A4, DT B AR 2 AR AR 0SSR ANFH BRI
T2 1) BN LR AN 2P
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Lipopeptide
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Modulin Viral Zymosan  Profilin-
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BB RIS
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NF-KB activation NF-xB activation NF-kB activation
Proinflammatory IRF3/7 activation Proinflammatory
cytokines cytokines

Type | interferons &
IFN-inducible genes

Proinflammatory
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Bl 1.1 Toll #3245 i A B F e Ak
Fig 1.1 The family members of TLRs and their ligands
(from Sankar Ghosh, 2006)

1.2.2 Toll BZEFRIER R

TLR2 AT AR ANTE KR BR . B EESE L2 Rhas oy, b asmgm
B AN R AR IR . TLR2 it 5 TLR1 3% TLR6 MR — AR
HEdfR. TLR2. TLR1 1 TLR6 AN E5HI8H) S AR S5 M R W EATRETE A M 2L
gER, e FYEECA T LASE 474 TLRU/TLR2 0% TLR6/TLR2 i —H4ik
T8RS YR 148 LU0 M 7E TLR2 (RN T, AR R 4E 26 AN R 1 4
FEIRNL, AR SO R ECE T AR

TLR4 5 MD2 I:[A/EHAE AR R I AE 2 8E (lipopolysaccharide, LPS).
LPS J& 5= 22 IR PE B AR B — AN AR 7« TLRA. MD2 A1 LPS JE2 R H 2 & K1Y
AR 7R, P TLR4-MD2-LPS & & RS FRHAH B 456 T8 il — > [R1JE — 5%
R0, TLR4 LR 5 TR E A A TUIRTERIANR . 74h, TLR4 i A LA
2 HENL B i R e g B F2, AR SR fe A B 0ok, i isid — AW
JE ) DAMPIEL,

TLRS FE/NMiz AT /= H AR SR M v ik, R0 e ml AR 4H e (14 41
4
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