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Latest Findings on the Role of Liquid-Liquid Phase Separation in the Regulation of Immune Cell Activation and Key
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[ Abstract] Liquid-liquid phase separation (LLPS) is a process in which certain proteins or protein-RNA
complexes form phase-separated droplets with different components and properties through multivalent interactions
within a cell. In recent years, the role of LLPS in immunomodulation has received extensive attention. Compared with
phase separation-related studies in other fields, limited research has been done on LLPS and the immune system. In this
review, we first introduced the basic characteristics of LLPS associated with the immune system, and then explored the
functions of LLPS in innate immune-related signaling pathways and adaptive immune cells. LLPS plays a crucial role in
immune signal transduction, immune cell activation, and antigen presentation. It is involved in facilitating the
aggregation of signaling molecules, regulating the intensity and duration of signal transduction, and influencing the
functional state of immune cells. The discovery of LLPS provides a new theoretical basis for elucidating the activation
mechanism of the immune system and is expected to bring new perspectives for understanding the cellular defense
mechanisms. In-depth investigation of the role of LLPS in the immune system not only helps us gain a more
comprehensive understanding of the immune response process, but also provides potential targets and strategies for the
development of new immunotherapies and the treatment of autoimmune diseases.
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PEVEEALR RN T A3 A S 2y 7 v R A 1 JE
1 LLPSHINZE

A e Y 20 B B S A A 52 S04 Rl £ i 1 Bl Y ik
filt o 2 PHI5 AL R ZI RE A4 o 23 0 B X A 8 ST 240 e DX o 4 1
HAE PRI RE R OCT E A0 DX ol R A R A A A
ToHEAfU4S (membraneless organelles, MLOs) 41 %,
A A h Z BOSUR A IR, 5 P PR A AP s
R R P BRI REY . Bl R B, AW Ry T it
LLPSIE i AIMLOs Ry 2 i S b it 1k sr 25 ), A4
A7 REECRURL FTPAURLY )l T I 25 5 i, MLOsRE
% 15 J PRI PR 7 A SR SE A ) sS4 MLOsié
T I AN 3 ik S BN A A= DI RE A sh 25851

LLPSZ A= W2 b i — > S M, e e 2
AL AU 1, B ARTE AN N &6, SR 288 1 el
P BT - AR A2 5 W )k P e I R, A B i v A
3 P AN [ e B2 AR AR, BV ok FE AR AR B AR, JF B
X PRRA 2 K A A S, HYMAN M BAE 20094 58
T2 PR R 1 AR B AT O RIS AN, S
B~ RNARIURL , SOUR: A5 B AR 7> Bt iRl s diald, A
1, LLPSHEN 1 48 17 20 i R B R 5 . LLPSTE Ay 4K
N FER AR T Z M2 EAEH] . X T2
WA EAE 2 LT 45495 E: ORI 25 X (internal
disordered region, IDR), XK 72 FE X (low complexity
region, LCR)". IDRJZE FH it i —Fh AR IR S5 F 5, B
A BARR XU 2R, EATAE iR E 1Y — el — 4k
Fay, T LA e B Sl A ATC 3 RS AAAE o 3k SE R AR A
IDRAENS 5 Z2FhA 6] (4 735 AH B A H, TR BE S TR i 17
PEEAAE, IDRAY S TIRE S 2B A G, [ iz
IRFT PR IR LE R A EAE . TR ERARAS T, IDRATRE
TR AR ol #% J5 1511 (post-translational modifications,
PTMs ) )22 T 52 0 LLPS,, 37E 1053 i 40 0 A= AL D e
QY& E BT P LM 25 X SESE AL TR
v DL S AR B, T8 — RIS RR T S A,
XL TSR BT = 44548 T T RRIE nURe g 19 — 2k
SRAE . B M R S5 BR H e 1 P o R
PR B IRTE — &, T8 R Y B R 4] RN 45 R
XIGINLLPSH R R, @FRNAMEEFH, BN 12
257 & S RNA/E A RMLOsHIE AL, b4k, LLPSH)
AREWZ AR TUE, RGN MNpH ., L | Ehv
SRR I ANPTMs . RNASE

R 22 B B 5T 2 B, LLP S G0 41 i 5l A A I
b, SR AR AR S0 B O | e | iR AT MR

Joa A RE A AR OGP AEZ R e A 57 b, LLPSI#
SRR 5 07 AU L (ARG 40 81 25 S 3 200 M )
AR, DT A 5 B B AR 518 . XA I RETE
DNAf&IE&E P A, i GMP-AMP 4 A (cyclic
GMP-AMP synthase, cGAS)- T # 2 3 K il 34 5 7
(stimulator of interferon genes, STING)- T4 77 H
3(interferon regulatory factor 3, IRF3)", TESE I E R
N 2% v B AK AL 2 P, A AR R — a2 vl L R
LLPSHY & A JC)7 2 H (intrinsically disordered proteins,
IDPs) 8¢ & A IDRAYEE '™, FETANIFRTE, T4 AR
JE W5 TAR M 4k % 12288 11 (linker for activation of T cells,
LAT) . # K HF 3214454 7 1 (growth factor receptor-
bound protein 2, Grb2) F1SOS1(son of sevenless 1) i 2/
AHEAEHIBE UIARDC, FEBAH AL SZ AR5 -5 3 % Hh B4 Afl i
FETE H (B cell linker, BLNK) 2 AR EE TR A

2 LLPSAT REMEFELIXEESES

2.1 LLPSHERBEHMIES &SR
2.1.1 LLPSA L5 7 RLR{z 5 i@ #449 K 4L
MRS T T #3521k (retinoic acid-inducible
gene | -like receptors, RLR) &g Jii Hf (Y RN AJRAZ 45, 7
PURTENG TN RGN ™. RLRZERALAE 3K
51 METRIESFEA 1 (retinoic acid-inducible gene I, RIG-
1), B 25404 %5 1 5(melanoma differentiation-
associated protein 5, MDAS) DA Mgt %27 Fll Az B2z S0 %
5 H2(laboratory of genetics and physiology 2, LGP2),
RIG- | FIMDAS{ERIG 5 9 XUERNA(dsRNA) J&, &
H:KO3FEHEIIZ R AL . MR AL AN DU R AL, JE T 5 LRk
U FE(5 5 25 [ (mitochondrial antiviral signaling protein,
MAVS) FE AR, 0% TANKES 48 7% 1 (TANK binding
kinase 1, TBK1) FIIRF3, #E s 1 £ F4 % (type 1
interferons, IFN- [ )il . [R]H], 3X — i Fn o] e ok
1h Ik BT (1xB kinase, IKK) & &), a2 5006 1 A+ -
kB(NF-kappaB, NF-kB), MIfii75 T4 AE A PH -9 281,
HBFFE R, LLPSZ 5 1 RLRAG i #% JLA> S i
BBt . HOUZE i i iy 7 i Sl B WL 3], 7EAIl 5 93 75
(SeV) /UL HEK 293 TAA ML), MAVSTEL R4 T il fic
JREERE R ALK, X SEIRAE IR th F FRAELE M LT AR IR 5 W)
MR, X SELFAERESHI I B RT RE 2 LLPS Y 2 i FLAN A
WY B, TATE I i R R AT MAVS, J2 A5 54
A REELIR. HF, DATEY R B, MAVSH] LITE
PRIMAINZILLPS . WANGS (i I TUBELH R,
K IUSARS2-NPiF Kk R H WA T 22 KL HMAVS;
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S 2k SDD-AGE A A i T E S 56 & B, SARS2-NPid b
THMAVSHILLPS, J& 55 T MAVSHIBLIRIRA, ek 0
ki . LLPSYERLR{E 53 i Y o) — A G E PR IAE
E3# M TRIM25 (tripartite motif containing 25) I,
TRIM25 Al 58 1 H:PRY/SPRY 45 #43 5 RN AL 4, fih &
LLPS, #EMHZRIG- | #E1TEER™, $L4h, MAVSHY - 1iF
T AEFHAIRIG- 1T MIMDAS L H A LLPSHY# /1, BERKE
ZEPUHIPEISLEY %625 o By 7 i P B © AR 1) B i &
T 5% SR iR 22 Y, S MAVSEF 4D RIVEH] .
2.1.2 NEMO#84 & ZNF-kB12 5 i@ 34 F 4915 )

NF-kB 2 2 fifd Py 7 A% 2 S DR, " 7 B8 U
SARESN . ARMLPRHT . R | s & A A 2 A )2
W R B OE . G BINF-«BI5 530 B FE AR IS
FIRZS T, NF-«B5 9l & (1 (inhibitor of kB, IkB) 454,
FEAET AR, R R FBX A 45 A7 (NF-kappa B
essential modulator, NEMO ) 2 IKK& &4 it 5 W 3k .
Y037 B PR N A ROl NEMOTETZ RALJS RENS 35
AL, TEINEMOTE S, WOl IKKE &4, FEIxBHE
PR AL AR IS 1972 RALBEAREY . X — i BB T NEF-
KB, i RS B8 3 A0 M A h -5 HAH DG Y DN AT 511 45
A LIE I 5

TR gE 2, NEMOSE SR IE W5 LLPS Y IE Al
IR OCY 20 4 it 7 3] 95 A% JE% G b R At o i e
E31Z RESLMGS P0G, ML E K63 E LM 202 R Bk
LMZ2Z ZhE . NEMOSA M MZRES 63 (UBDs), Bl
NEMOZ Z 454 (NUB) WU EEFS (ZF ) 3, 3 45 F 35
W5 207 RN Z WA BEAERIE BLLPS . 7EIRSMEE
o, DUZEPY 4l i FYNEMORE [ 58 M £ 12 K5 IR
A, MEEINEMOTE B T A 1 e R R sl o /e 4
W, NEMOMLLPS[A#AE &A= o 58 A b id if CRISPR-
Cas9F ARTEU20S 4t it 1 # A7 A mCherry$5 28 Y NEMO
FE[, #5357 T U20SmCherry-NEMO Knock-in4i il &, 7£
IL-1BE{ TNFadil 4T, NEMOZTE 4 I I, 1 BESR 1K, 1%
SRR R HAT WS I RRE, BB B SR G . TR A BLIE
5 BN BB AF S FONEMO 28 AR IATE AR SN 41 it Py
FILLPS S5 v i 7 tH 55 I AH 43 B3 i ), JF BN BEAT %0
BOEIKK, FRYINEMORAH /> B XINE-kBIF 57 T 20
HE,

2.1.3 LLPSA4=cGAS-STING:# 3%
cGAS-STINGIH B2 B A1 F s i 1A sk 200 it P B0
EUZHIDNAR EEANMIE K . DNAScGASIES &2
A5 AR R S SRR R T AR (2'3'-cGMP-AMP,
cGAMP), cGAMPZ & P4 J5T W 3 [ (1 STIN G Ho A 37

B R RBEEAR, 7E R AR, STINGHE—2 & A SE R AL A
WA, B ERESZEY . XME G
FLTBK1, TBKIBEFRILIRF3, #—2515 FIEN- [ F5 40
PR 7= A, DUAESE i 96 R 5 IS (FRAP)
SO AN N LLPSSE 30 W8 3 1A N 7 cGAS-DNAH S
BORRTE . LR g R — PRI, cGASHIDNAR £
YA E A FH A2 cGASHINIHIDR | Clif4 3 b B8 2 1Y
3NDNAZE A . DNAK IR SEE T, ZHOU
S BRI E L, cGAS-DNAM > BT G AE A% fif
3 IREE ST (three prime repair exonuclease 1,
TREX1) 43 & B 1) Fe A2, BRI TREX 1A DNA R # i
TR it [68) s FE B O PR A5 VR 2 1 dsDNA 5 cGASAH
EAEF, MIMIHETE T cGASITE . #Emife HE5ie, R
DNA %3 TREX1F#fi# Al fE /2 cGAS LLPS{E #EDNABAIY
Eet 3 E W 0N Bl BUR i LN s N KA
Pt 5000 K I, BRDNASN, ZFIRNASS & 8 1R IA N g
P53 cGASTH: cGAMP, {H 1] 5 cGAS & A LLPS™, K
TCGASIHIE

YUZEP L B, cGAMPYE R STING I 1, Hvk BE
ARG AR i T STINGAE P B 1% i ELA o BE A T 18
“BEED BEERIE A e SR AR . RSN DL 3 2o 5 PR i R
FEESTINGH K B 28742 (1 21 B AR 7Y, & ISTINGEE 1/
IDRAI - RALBIEHESTING /3T 1R A A LA FH, 3458 1 5E
BIRMIE R . STINGHH T B AE T AE [ 5 cGASHI M B A
], STINGEER R RENS E25 [H] 1K STING-TBK15IRF343
B, IR 1S A i ) ik B e
2.2 LLPSE5REHMAEL
2.2.1 LAT#A84 % f4=TCRIz 5@ %

TN JE Z AR (T cell receptor, TCR) {5 5l 12
TS R HE DI RE A SCHEE AL . Rl h, T
RN AR 8 5 LLPSIE J s 25 4 A 4R ™, TCRIU
IS MHCHUR R G145 6 )5 fil & TCRIGHEE , Xl
FE B G 08 37 AR T A B2 U0 5 ¥ (immunoreceptor
tyrosine-based activation motif, ITAM ) i % R 5% JE 4
Lek I Fyn 5 St A 1 i S BRI R IR AL . BRIy
ITAMAR LI B B O G 11 (ZAP-70), #E—25
WERRILLAT [ s MR R L, Rl 2 Tyr191, LAT 0wk
TR A s 2 TR R FEAE S 45 G 6 A, 48 55 7 SH2/SH345
WAE S F, WBEIEECy1(phospholipase C gamma 1,
PLCyl1). Grb2, GadsFISLP76, feZ AL Bk T 155 9k [ i
B 3, BE T FEMAPK, PI3K-AKT., §5(5 521N K
ZAMF S, IR A Z W 20 A B A K S
TLATHERIE ™,
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PLCYUZTCRIF Zill i I il i — N EH 2001, BAE
TCRELT J5 PR ZEFI TCR-CD3 & & VR I LATHE
PeZAP-70ERR ML . PG IPLCY LI fLBE AR TR L EEA, 5-—
WA 1R 7K i, AR AN T A B AR LB = W R
(inositol trisphosphate, IP3) F1 it & H il (diacyl glycerol,
DAG), #—5 | &5 8 FIEE 1 C(protein kinase C,
PKC) {5530 P A 0E ™. PLCy1 AT LA P A 7 XA ik
LATAHZ B . Hi—, BRAIMANSE ] FH A= Ab 5 3 M St
POCUGARL G 1 T7 15, KIAEVavl, c-CbIFISLP76/12:
5'F, PLCy1#YSH3 X ChiitSH24%5 Fa sl AT S F i PLCy 147 55
FRr Y . PLCy13E i HiSH2Z5 M B S5 LAT B4 A2 Bk, 112
HELATHEA 8, MR TCRIE Sk, H =, ihT
PLCy 1 i i iy, Al LR ST W) 67 L ff i C D45, f LA
PLCyLill id (R I LAT S 32 iR A CD45 1) £ IR AL, AT
ROELATHY I PEIR A, JF (2 #E LA T Y ERKI LAl
SLP76MATRAL™ . TELATHEMN, BRILATAL, S B/ N
b PRt 2 BRI/ oAb, LATHE 4 S
£ SOS15N-WASP(neuron Wiskott-Aldrich syndrome
protein) {E % L (Y 5E B I (8], A fe dt 1 (s 5% =, 2
S RASAS Sl AL S & A A e (EAS
Y, ST AR A 40 MR E A0 52 A -5 T4 AL
HILFHF B LATREEN ], ZENGEE N PLCy1 7] g
TEIX LEAA NI T i o o AHRL A F (. DRI, LATHE
TESPEA NS = 15 5 9 2 AR IEAS I — 2D IR AT
5T, VA4S T PR HAE S e N2 vh B IR AL
2.2.2 SLP65#% % A2 BCRIE 5 1@ 5%

FEIE NS R GE D, BANMI 4701 4 22 O 2 10 A
0, B AT 5 R T A BT AZ fA (B-cell receptor,
BCR) P-4 3 558 WL, MRS B2 2 1155 0k
BORE o AEIX AT R r, S P A P P A 4
H (src homology 2 domain-containing leukocyte
phosphoprotein of 65 kDa, SLP65) #2 # #Z% LoAEH, B AL
S5 (55T, i i A 7y AL 7EB AR h A A
R

SLP65 /& —Fh &1 SH2Z5 4 3 11 65 kDatk 11, B FK
NBLNK. SLP65H)Z JIREMEFR P T HAS A7 Y 21 1
o TR T TR A1 2 e R TR o 45 P B, 3k 28 DXl 7%
IDR, JEAH 7 B ) A MR AR . WONGARE BT FE 3%
W, 5TCREIS IS AEBUR FIE M LATHEAN A, 7 5 B4
Jarhr, SLP65H ik oI 2R = # 3k (proline-rich motif,
PRM) FICIN85(Cbl-interacting protein of 85 kDa) = {4k
T LA SH3SS I M A EAE T, ZEIZ0F 58, DF5E 0L
FIHHER SO0 BT AR LA Atto 430LSHISLP655

CINS5 KR el (SUVS IR A 5 A/ B % . S5 R
B, 7E AR M AR5 L T, SLP655 CINS5E60 pumol/L
WL AR R A MBS o 2N ASUVsHT, A48 e
I (E AR 20.5 pmol/L, F IR B3I 2 ek 140 43 5
R, EEME, XV 5SLP65FICINSSEDG75F1 5
RN B AHMH i IR BE AR PRI, SLP65AICINGS
FEVROI A AH 43 B 0 B B0V B AE IRy g R 3, (1 R
HUERMAAAERTE T AR R A, PR,
SLP65 1Nt i BT 45 A S EL A ARe 125 th 4540, RERS =
PEHL U FNZS & BAT w2 25 il A SR, A /N
20 R BB % R T A Ak, S ol HIL I X6 SLP 65 ) AH 43 5 ot
PR L EEE, R, % e Tl SRR SLP6SEER W) T7E 12
HEES(E 545 NS AE I LA N (55 @ BE T 1 T RE

3 INESRE

LLPSYE Ry —Fh 241 i 4 A= 4 731 HSLURET AL, 76 %
JE 2 ST AH DRI ST B T I 2 R TR, (TR AT T 1 4
JERE— AR T RGEABIE DL . A SCH T LLPSAn
i) 2 5 R 45 Fh G e i AR, AL LLPSIR SHTE i i A= )
I3 FBERAR LU 25 5 ) 7 20205 5 e R A 5 50l
%, WNcGAS-STING-IRF3{5 53 ¢ . RLR{55-i# % FINE-
«BI 51l %, DL K LATHE FISLP65AH /3 B £ TCRFIBCR
Sl PR AL S R E ] o SR, AR 2 O T A B A A
P25 FR G0 1 1) R Bk — D IR B MR 2E . N, LLPSTEA
JHEL PR A Bk [i) 25 ] MR ATL ] o AT 2, R 2 cGAS-STING
P PR . LLPSHAN IR 2 QRO . BERR . 4022 ) &
TAEAETIRE 25 5, DARGX 625 S A0 qn] 52 00 S e 15 5
BIAEIB AR TS o [RlE, [ —>38 B A E 2 1
BERM, A1 2 o) G AT 15 B A% 32, BRI IR AR )
] mps

FIHITEL &R ) 2 Rl 42 0 3 15 10 S s . (D3E ) Ak 2%
/NG, T, 6- 0 TR ST R] Y B K A B T
QFIFHBERR L . 12 Z A 55 BHIR 5 181 R 15 8 1 BT A
PEIT; @i T RNAGS & 8 A 1R R PR RNA S T 4y
AHAYBS; @ U5 T AR DT, g i o8 AR al fl & 2
FI TR AT B . X EESR IS Ry F B e e . RAE
SN A5 SR AH DGR TR T AR AL 15 i R, (E R S
PEAIE RN FHRCRAT e 2B A TSI

SN2, BB ORI R, W5 AR | 5 B
AR IR RN 1 BT 2 5, AR TRAT T SO A bl WL 4
SYHTLLPSTEAN ML P 94T R LLPSTE Gufis 24 S5k i F 52
A RN 2 0 T R 40 HLE, Sy S A O
PR TGS B AT Y SR R A
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LR, IFIR X TARRBTA i 53
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