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R L GBS —DDEEREEDY BT TS, £
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RGN &4 TH 555, T HIEAPUR +
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1. THEMEED 45 =RZESF T

THIE SO REMBE 33 27— arvi
B121E. © YA P A A Ik BEBEREE. @ M
— M OEREDEAE, D2 2O0HENH Y. HiC
PUE SR AER L T A LR + MHC 0153 %
EETHIZIE, @ BENFEETH S, BRI TCR &
MHC & OFEEHHH S 227 > 72 30 Fwi. T A —
PR R AR RE I 2 — O v D v F TR
L:Mf:%i%ﬁfﬂ%f%é k%@ﬁﬁiﬁ%fﬁ!éﬂf
V728, — PSR OBl
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molecular activation cluster (c-SMAC) .

SMAC Supramolecular

activation cluster
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TCR % HU Y & < $£ 75 70 O ¥ = peripheral-SMAC
(p-SMAC). ® M EIEDS K E VWizd Y+ T A
W ANPEBRE S 72+ D% F 1) = distal-SMAC
(d-SMAC) D=FHEZE L TW5EY, THIBOWE
AL . CORLHOREEIVNT L IVISEZ S Z &
Mo, HEYF T A FEIZ O -SMAC 1E TCR &
TFNVOE TH Y, T RG22 1 1
ThHhbEEZOLNIZ. LML, BEYFTANTE
% F TITIE T Ml & Prs SRR & DA R S
BT L0 L, FaLy) YRRV Y T A
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T, ZORICTHIEZ%ET SEL L, THIE A
YTV UICEAE L, THRER="FHTEEZTV5
HE AR TE 2, o0 U T%
Pk CR L2, kRt 27827 (Green fluo-
rescent protein ; GFP) %1} 72F X 743 % #{n T
BALZZD$252 LT, NG TOBIENTREIC 2

BEOMI, TNty M (BRGTT 5 T TAS
e KE L WU 285 Caot 2 BlE 3 %)
7 e R EOBBEM ST Tk, M S 200
~300nm DFEHED (M TRE TWwaIHE L L
THERDIENTED) — D FHREPTRTH S,

COMEERRP LWL NIITE A LI, 1k
TFTANTELHENI, BEIZTCR ¥ 7 F IV &Rz
LTIV =N (VT FMERAT) 5T OEE
1K) BT HZETHDH, THIATL A F— 2
YTV A LZER LD, 20~30 D TCR/
CD3BEERIPET-T1IODI FTAY =L Db,
CD7TAY —IZEETIZKD2 LR~ E THINE 1
24721 100~200 flil T & TIXEEAEE O P.LERICHE
L. 55%I21E c-SMAC & 7% 257 (M 3), G
LRI CIA k&R S AT =LY, —J, §5»
PUERI TIZ/ANE (L TCRFRBO B S & 7 T A% —
R L ML H D, F720 TCRO T T HE
%) YERALEE SR = ¥ — ¥ Zap70 (Zeta-associated
protein 70 kDa) & . ¥ —EHHMNEEICH F 5720
\ZWEER T ¥ 7% —4F SLP-76 (SH2 domain-con-
taining leukocyte protein 76 kDa)  TCR & It |Z%E4E
L (M4a), ZRERBICH LY T ARADRS 5
720 TNHDOHRMLL, TOTCR 2 E L2V T
FIEES T ORERIIHEMTY 7 FVEREE A L
Twb EE 2, TMROEELEF 2 &N 7))V
2=y M [TCRYA 27075 A% —| Lt L712Y,
AW &2, FF—ERT YT I —5Th7 T A
F—L LTHETLIDIF20~-30THY, 7T
friE 51 % %k - 72 TCR/ICD3 A K 7213 25 Hr i
c-SMAC IZH£F 5 2L TH5S (M4b), c-SMAC 1
& o 72 TCR 2573 - BRI S A HTO T3
WES D & 9 e b AL Cwbo Lo L. #a5m
DBIFE (d-SMAC) Tld ¥ 7 F IURES T %o
72727 TCR~Y A 707 5 A5 —HSfiiI A& %
., SN THEE L EZF RS2 7L e
o TWwaY,
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&R & | cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) X programmed death 1 (PD-1) 7 & O
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T B EZHNE L PR Y 7 FOVIREREEE OIX
BNREE L 2o 70 A A= Y ZOBLE,2S TCR &
WM R E RN 5 &, ZNENOZHENRT
o XN ELENDYDHD I LG hoTE T
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TCR ¥ 7 F )ik, O mitogen-activated protein kinase
(MAPK) #£#% (Erk, INK. p38). @ %)L ™7 Ls-NFAT
#E%. @ nuclear factor-kB (NF-xB) #£#. @ phos-
phatidylinositol 3 (PI3) ¥+ —Y&Hk, ® 727 F
B @ AT )y rF Ve, SEFEER
HAT = NI d %5, £1I2K LT, CD28
X 3 NF-«B D, 1COS 1Z @ 1P3 ¥ F—¥L 7
FVDENETN-N 27 FAY —%1EH T & T,
FNENORBEZFFRICHMIBRT 5 Z D050 o
720 CD28 XV 77~ FT&» % CD80/CDS6 & i &

% &, c-SMAC % HL Y Bl & X 9 |2 NF-xB #2 i O i
ML EVES2Y (X 5a) o NF-kB #% % 0 i P L
Tld. CD28 %%Src 77 3 ) =4 T D Lek - LT
JE#L7 & J — ¥ protein kinase ¢ 0 (PKCO) % FFUN%F
#W & 52 ¥ ¥ ~ /% ¥ CARD-containing
MAGUK protein 1 (Carmal) %) 7 )V — +§4 5 (¥
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fatk) Y NEORRE EFHE SN TEY ., ZoLR%E
F§O Carmal (ZH 1ZHE 4 L NF-«B & 1% O 8 72 15
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LI CHITIN TR L. PURTRMIIC 5B L <
W5 1) 77 N CD80/CD86 (CD28 DY) /iy RTHdH
%) EXVBINHEAET A LICL - T, CD28 »
YT Y FEECI), CD28 ¥ 7 F IV Hifll$ %
(K5c)s &5 TCTLA4 BIm TR~ A TEH
T THIREIC L 2HEOHCRIESUNIZ LD,
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R PD-1 . THIFEDOWEEALIZHE > THBT 2 75,
CTLA-4 L1387 ) ¥ IS REICHFEL TV b,
PD-1 #IEF/RIE~ Y AL, #MA~ 7 ADBEIIZ
FoTESRIEMEZ L )V — 7 AE R 4%,
PEFRBLOGE 20 & O B H CREREZ BIET 5
729, PD-1IZEHMNZ T LG LIHIc b &
HThHhbHEEZLNTWVD, HHWI &I,
CTLA-4 L PD-1 D7 T A =13 B -T2,
CTLA-4 1355 v v — ANIZER S L. TCR 12
FIEAINb 5 EES F T AMmIZER L. c-SMAC
|2 % CD28 O NF-«xB #EFEIHMEH-L 2 BE§ 5 (4
5d)'”, PD-11Z. Y % ~ K T& % PD-1 ligand-1/2
(PD-L12) Li#EHT 5 &, BV » B LEE SR SH2
domain-containing tyrosine phosphatase 2 (SHP2) &
HIZTCR~YA 707 T A5 —I1ZBEL (H6)., ~
A 707 FAY—1CHET LY T FMeEGT 2RI
ZER) VLT Y,

RETF v 7 RA ¥ MEEPERICED L9 12
RELTCWADNL, A A=V TOMENSEZL L

a PDL1__ —
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HFELR TV, VX FHRBFEICHEHIN TS
CTLA-4 9% 7 1 7 1) » # 5] (abatacept X balata-
cept) 1¥. CTLA-4 & [AFkIZ CD28 & CD80/CD86 &
DFEAZIET 5720, CD28—NF-«xB # [t o I 1
HRLEBIEL, Vo~ FORKNEZLITEMET
MR OEEAb 2 I %, F72. & MEPL CTLA-4
£/ 7 a—F VHifk (ipilimumab) (X#EFE MM A
7/ —~. EATHIRNREE . A VT TR
SRR EOHRERELE L THEDNRTE Y'Y, CTLA-
AFERER 70y 7§ 5728, CD28—NF-B & D1
PR O S B BR . T MIH I X 0 iETALT 5. PLPD-1
P 7K (nivolumab) = $LPD-1Y 4 ¥ K U &
(MPDL3280A) (&, BUfE. DSAIEEEDO MY v
ELT, DPABBETORERZIIELT 2 HITK
HFHENTBY, FBECRFRERLTZ A X7 A
VARG ENB M BRGSEGREANOIGH b HIfF ST
Wb, TNHDOHURIZL 5T, PD-1—SHP2 ¥ 1 ¥
077 Ay —OEAHES N, TORE TCR T
WMDY YA FEE L. 2BRACK T 5 THREISE
MRS Ho PD-1 Z N3 BMEF v 7 KA 2 b

+

TCRp

<149

> 20 9

b PD-L1

PD-1-GFP

b .‘_‘;.‘..lh -

TCRp

PD-1-GFP

PD-1-YFP

<149

X6 PD-1& TCRYA 27TV TFAY—
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(@) V#H Y FPD-LI LDFHEEICEY TCR~YA 71027 5 A% — & ¢-SMAC ([2&:4:$4 5 PD-1, (b) PD-1 ¥4 27 1%
I A% — LILRIER RS SHP2, (SCHE™ £ ) &ZE L CTHIH.)
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FEEN I NLZTER ZRTEEICIE. O PARME
HEHMPD-1) 7y FEEHL . KELTLSEFT—
T Mg 2 EHHHIT 5. @ PD-1 ) A > NI Tl
PO &7 53, ~JVoS— T % S50 T
NEBL S, Mo AW EFES L, e
PD-1 DA B EEAH 205 TH ). PLPD-1/
PD-LI iffiZ. S o E&ToRENH L F v vt
VT LI ENRTE D,

5. XM 70075 XR2—DE—%2—

SR, TR DR AR AAL L 7l & v
LROERT A0, »o2hE/ - L Tw
o = VHOTHIIESEHSD TCR &< v F
L7oPuR a3 5L, BEIZIEDRES FT A%
L. SOICEREEL D L LAY, HFESHK
g R S AA L L7 ifg e HRAG L2035, TH
TAORENE, BET TR 01 v EOMER
BFR. T 7TV EOMIBEE RS T & o THIE
ENTBY, GEYFTACBTLIIA 707 T A
y—OBEL., INOMBERSTFSRE-—Y—L L
TEWTWwE (7). THIFZIXE D AEETIH%E <,
PR DOEEDE N H IZ A - TRE LEET 5 2 &2
5. [EYF 7 2] 13 T MU= 2
Mo TREEATHDIREL VWZ 5, TCR V7
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A4 R
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WRITHD I 4T v NARY, BUNEIZIH- 7201
keI 5 A =034 70 7 T A —DFE—
Z—L LT TW 319 BUNETRE AL (microtu-
bule-organizing center ; MTOC) VbW 5 H LRI,
WE T MO ST T & SO ALE S 5 A%,
T A ERITHTAI B L. c-SMAC DE
TIEET D COBENL, <A 27027525 —D
E—F— L LTHEFTHL, ¥ T THIROER
PR, (NEBLTWAR=T 5 yR7 7 VA L
IEAHIICIEAL TR b= 212E L) oM
N6 & RO B RIS 5 SRIEY F T ADH
LRI F V) ¢-SMAC & 7 5 72 TCR/CD3 1., ¥ F—
BT Ty —LEKICTCR YA 707 T A5 —
WHETILEILEXFTF ) T —ERLLEFTF VI
foT. AV —F)E¥-ary&hb, B3
FF o)A —X ColiEBAMEY ¥ ED K ER
T & L TR SN, ZD SNP & & F 5T BUE 5
EOMEMELIRENT WD, Cbl ZKIE L7 T A
Tld. TCR~¥A 7027 7 A5 — O E L.
TCR OIHFHEALEE T 5 2 & h 6. ZoEMH/LLD
BIE L (IIFELE OBEATRIZE NG, #HIZ, T 7
FrXx LTI Ny (T FT 4T AL b
DI HE L7147 XY NOMEEYITS) Ol
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P
P
XA F0F
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ESCRT

() A>a—FY

=3y

Ll .. NITOC [ ik

SNARE
----- SSVs { ESCRT
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T IFTUIA
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IOV =LA { microRNA
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HEEEZRTITATIE, T/F VT 7IT7AY D
BEEMWICHE, A v —FV)E=TarbiEr, V7
FVIEEHIGERT A7, 72, BMIETIX, 772
FUEAIZE 5T c-SMAC TOHED A » & —F
¥ = a ysER, PUEROE LR B Mgk
ORF LT XD LPERR b IThNS &9
275,

6. T717%— Tk
— HIEME T MAT - R T MR —

THERZIL. BEER OIS KAEDOH MR &7 OJE F
DEREE. O F DHURDIHEHRR T A b A~ OFEFHIC
MEIG L C. TORBEICHESE LT 7 275 — TH
a7ty M2k d 5. TNEhot 742y Mt
WY AHLT Y= A NAA OIS Th
, Wi ZHERORI Y — v b RL D,
Transforming growth factor- (TGF-B) (2 & 1) iFiE &
. RE N & R A AT M E R R LS
CTLA-4 Z%HL L T %, HHIERIIM S Ah o
JHHTik_728 1), CTLA-4 7 7 A % — 1% CD80/

SHOES

(0~14)

E74% Fly

CD86 % CD28 7> b & \WHL ) CD28—NF-«B i % H
OIS 2720, S T M8 & oM b5
&I wW, F e, BT MO
CTLA-4 |21, PKCO O 7 A V1 L PKCn &G
$5 2 LD o 72, PO I HIEIE T MK & BT
JFIRRAIRL & OFEE R ED . CTLA-4 %4 L CHt
JE R M £ o CD80/CD86 # & XHL-> T L £ 9
(trogocytosis) 728, PLIEIERAMNE O PrIEIE R 6E

PIRT S, ENDREHFNCES L EE 26N T
Wb, COMFHOMBELS) Ty Faed WA
RiE, S E I RQEINFOY TR > TV,
PD-1 1%, JUKDOT 74 =T 4 =R 7 T A A
Ay FAZWER T ANV S—HREY 74 v g~
28— T MIBE R IS IR S0 IR A P 2SS L
7oA T ARE. 1Bk C BIF RS = A XY A L A&
GeZp EOBERIEOBICHIN 2 958 (HFE) T Mg
REIEEBLTW5, Ridko@E), REF v 7
KAV MEFEEIZ, PULPD-1 LA ZD ) Y BT
&% PD-L1 IZRT B 5uk % T, 20 PD-1 O]
HiBkgEr v vV THIEIIHD, LA F— A

I
(1~543)

i
(5 53~ HhsfE)

*®
wl
i [
{ir:T_E] ¥
=
a 3
% (@)
K S
y o
| v 3
iy T g : . $
¥ oA p-SMAC - ] $
“TCRYA /05 R4—" |#EHTOH |“CD28-NF-xB i&FMAL 2
Twysme T A
1, PD-1 $i{% PD-1 0Y52%— 11, CTLA-4 5
11 PO-L1 Btk [ B B Ship B [gl| CTA4 Y1707 728~

8 HEY ;T ATORZEME) T MG MELHIEE TV ERIETF = v 7 KA > b ool

(LR & ez LChIH,)
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YTV v EHWIEbNNOIOFEREIS D, EET
ML TR LTS PD-11E, PD- 1A 270275
A =% A ETHEETHREA SO TCR ¥
TV ERZTWEH, PLPD-1 RPLPD-1 ) #
FHARDOHEGIZE 5> TPD-1 YA 707 T A5 =78
fRHES LA & RIS, JEER T MR O IGEAL A3 18
L7,

BbHWIC

INEDARA=V VTN LELTEL L)
2. THIRE O LIE, T ML & PUEIRRMR L ©
AWM SN DLH0EY F T AL “B T,
TCR R G AL - #HIEM IS ZE Ao~ A 70
7T Ay — DS Z2 R LTI & AR 2 4 ) 9K
L. #ifishTwad (X8, TCR & fibhfili =%
Rix, 2 F—N—=F v T LIy 7P IVRERE %
Fobon, TNENOFMPRIEERITH 5 R
1) 7 R 2 B850 A 2 W ITHIHI S A 2 &0 B - =
W THIB Y 7 F IVICEALE N Z T %o T DREFRDS.
TCRAEYNT I A ZHEEE L CEESERT Y
M7y bEBL. THBROEERICZREEZ S5 2 51
LEHTH L, bUONOWFEIZH T, B
natural killer (NK) #ifg, NKTfifgicdb~A 27 a2
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Imaging unveils spatiotemporal regulation of lymphocyte activation
— Discovery of the T cell signaling units “TCR microclusters” ——

Tadashi YOKOSUKA

Department of Immunology, Tokyo Medical University, School of Medicine

Abstract

Immune system is a higher-order network where various cells communicate each other and maintain the homeostasis of
internal environments from invaders by identifying self and non-self or pathogenic and non-pathogenic. Among a set of
immune cells, T cells are important coordinators in this system to display clinical conditions, such as suppression of autoimmune
diseases or allergy, rejection of transplants, and recognition and elimination of cancer cells. T cells recognize antigen peptides
on MHCs via a solo receptor, T cell receptors (TCRs), and introduce proliferation, differentiation, or apoptosis.  Although vari-
ous biochemical approaches and structural analyses can contribute to unveil the mechanisms of antigen recognition and biologi-
cal functions through a TCR, new imaging technologies remind us that T cells require a particular structure formed at the T
cell—antigen presenting cell interface, so called “immunological synapse”, for T cell activation regulation. We furthermore
demonstrated that an immunological synapse is constructed by the clusters of several decades of TCRs and their downstream
signaling molecules, “TCR microcluster”, which is an essential signaling unit for antigen recognition and T cell activation. Our
continuing studies further illustrate the spatiotemporal regulation of T cell activation not only by TCR microclusters but also by
the other signaling clusters composed of positive or negative costimulatory receptors, phosphatases, degradation-related mole-
cules, and so forth. Microcluster becomes a commonly known concept for the signaling of lymphocytes bearing antigen-recog-

nition receptors like B cells, NK cells, and NKT cells.
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