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nsdsdeyeyrauniu T cell receptor (TCR) vliiAnn1snszsiu T cells TUshu Nck 1lu
adaptor protein é?faﬁmm%ﬂagj 2 Tsiiu Aolusiu Nekl waz Nek2 annnisanwneumthinuin
n1sannisuanieanyed Nkl Tu Jurkat T cell denaliiiilovinnisnszdu T cell wé finsnsedu
wuladl Erk war MEK anad waadedenaliasng IL-2 wazn1sianiaanyas CD69 anasnie Tumia
assudmuinieannisuanionnues Nek2 laidsalasionisnszdulusaudsnan usegalsh
mudslinsuunumves Nek senisnszdulusiu Lok, ZAP-70 wag CD3C Tengflndusinas TCR
wazdunumdeulusiu Erk uay MEK fafulunisnunassilasdnwaimietoswesiusiiu Nekt
LAy Nck2 sion1snsedulusiuusalnaiu TCR Han13NISANYINUIINITAANITLANIBBN VDY
TUsfu Nek1 dawalsinnsnsedulusiu Lk, ZAP-70 uaz CD3C anas Tuvnigfinnsannisuanioan
Nck2 laldsralasonisnsesulusiumeant uonaniwudnd ZAP-70 uaw Lok #iduagiu TCR-CD3
complex anasluiwadfiannsuansoon Nekl witfuiinauladn nsannisuanseenues Nek2 fi
danalyi Lek 119uiu TCR-CD3 complex anadituiu dmsunisAnen transcriptomic ANUI
Nck  sndudmsunisianioanass transcription  factor kag cytokine ¥a1gvie INNNANT

naaesaunsaagulaan Nekl SansfiunumddgysianisnseAulusiiu Lk, ZAP-70 wag CD3C

Auan: T cell receptor, NM13nseAu T cell, WWsAu Nk, n1sasdeysyiniusian TCR



Abstract

Project Code: TRG5880030

Project Title: A study of adaptor protein Nck involving in proximal TCR signaling
Investigator: Jatuporn Ngoenkam, Naresuan University

E-mail Address: jatupornn@nu.ac.th

Project Period: 1 July 2016 to 30 June 2018 (Total project period 2 year)

Ligation of TCR with its ligand results in the activation of T cells. Nck is an adaptor
protein that has two members, Nckl and Nck2. Our previous reports showed that down-
regulation of Nckl in Jurkat T cell impaired TCR-induced phosphorylation of the kinases
Erk and MEK. Theses consequently led to decrease IL-2 production and CD69 expression.
In the contrary, down-regulation of Nck2 did not affect the activation of these proteins.
However, the role of Nck in activation of TCR-proximal signaling molecules (Lck, ZAP-70
and CDSC), which lie upstream of Erk1/2 and MEK1/2 proteins, is poorly understood. The
present study aim to investigate the involvement of Nckl and Nck2 in TCR-
proximal signaling proteins. We found that down-regulate of Nckl expression was
associated with the low phosphorylation of CD3Q, Lck and ZAP-70 proteins upon TCR
stimulation. In contrast, the activation of these proteins did not alter in Nck2-knockdown
cells. In addition, CD3 co-immunoprecipitation and in situ proximal ligation assay (PLA)
revealed that the recruitment of ZAP-70 and Lck to TCR-CD3 complex was declined in
Nckl-knockdown cells. Interestingly, the impaired Lck recruitment to TCR-CD3 complex
was also observed in Nck2-knockdown cell. The transcriptomic study showed that
downregulation of both Nckl and Nck2 simultaneously resulted in decrease gene
expression in various genes. Altogether, at least in part, Nckl is a key player to activate

TCR-proximal signaling proteins.

Keywords : T cell receptor, T cell activation, Nck protein, TCR proximal signaling
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(Introduction)

1. anudrAguaznuIveslgmmioniside
T cell @nsuansoonvefisuaumiau (T cell antigen receptor, TCR) s2uAULUSAUN

Idadyayrantdigiwad (signal  transducing subunit) LAislu  TCR-CD3  complex lag TCR
Usznaudnelusiu o waz B chain Tunaied signal transducing subunit 9z5auusgidug 9 Ae

cb3ey, CD3E0 uas C_,Q R cytoplasmic tail ¥®9%n signal  transducing subunit il signal-
transduction motifs #:38n71 immune receptor tyrosine-based activation motifs (ITAMs) Tng
CD3€, & uay Y chains wiaziduil 1 MAM Tuvawwdt Cusazidud 3 ImAMSs defuluwils TCRCD3
complex 3eiiievaa 10 ITAMs [Call et al., 2007]

dle TCR §ufu peptide antigen ﬁgﬂﬁ%auamﬂmaqamm major histocompatibility
complex (MHC) UuiIv849 antigen presenting cells (APC) avnieniliieuleyd Src protein
tyrosine kinases (PTK) Lck kag Fyn ﬂ/T’lmiLaw:gwaawdmﬁmmazﬁiu tyrosine Uu ITAMs 984
TCR-CD3 complex n&sann ITAMs grifumsinoanidiazviiminiidu docking site Tsfoulesl
ZAP-70 (C—associated protein of 70 kDa) 11tn12€4 cytoplasmic tail 984 TCR-CD3 complex
waziawlesl ZAP-70 faggnnazdudnonisgniiumyneawail tyrosine faeioulul Lek Snade
N ZAP-70 ﬁ]zVLULaMMy;WEJﬁLWGﬂﬁﬁJU LAT (linker for activation of T cells) dsualwiin15fs
(recruitment) Iﬂiauﬁﬁ'm%}aﬂﬁUﬂﬂiﬁﬂﬁagapm (signaling molecule) lkag adaptor protein #14
9] 14189 LAT 19U SLP-76 (Src homology 2 (SH2) domain-containing leukocyte phosphor-
protein of 76 kDa), Grb2, PLCY (phospholipase CY), VAV uag Nck (non-catalytic region of
tyrosine kinase) [Samelson et al., 2002] N15LAA tyrosine phosphorylation w84 TCR-CD3
complex ulUgnsiinnssiudiiuvedusiumig 9 v fedndunisdedyualndusine
TCR #30136n91 TCR-proximal signaling Gsilanuddaysienisnszdu signaling molecules lu
pathway #&n ¢ A9 Ras/Rac-MAPK activation, PKC-mediated signaling, Wag Ca’-mediated
signaling pathways miﬂizﬁuimaqaﬁlu pathway mdﬂﬁlﬁaﬂizﬁu transcriptional factor Tl
Futuudmngluiiedeaauinnsuanseenvesdumaniu wun1sadne cytokine interleukin-
2 (IL-2) [Smith-Garvin et al., 2002] 48NIINN1TEII cytokine kdd NMINTEAU T cell FanoliiAn
Mafiusuau (proliferation), n1swasaUasuudasiuviminiante (differentiation) wazadns
growth factors #14 ) [Choudhuri et al., 2005]

Adaptor protein Nck quwwéﬁ 2 vila Ao Nck1 %39 NckOL tag Nck2 39 chB (1139

39ndneEeI Grbd) wiivanyeslusiu Nck Aenisaneeuleslusiusng 9 Trunsiudnudu



complex itelilusiumanduannsaviminiideluls anmsaneluwaduainuanesiianuin
Tsfiu Nek annsadufulusiiuduannndn 60 wia [Buday et al., 2002; Li et al, 2001] lng
Iﬂsaumﬂmﬁulﬁm%’aqﬁ’umsmmmmﬁm actin polymerization [Li et al., 2001] tile491n
TUsiiu Nckl way Nck2 fdwunsvevaluiimilousuds 68% [Lettau et al., 2009] Fudeiuin
TUshu Nek1 way Nck2 anansavhuidinawnusuld uwegnslsinuainnsfinwdeuntnuin T
cell Woannsuanioanvedlusiu Nkl dsnalviinisain IL-2 anamdsningnnszdu T cell se
CD3 waz CD28 antibody e q 71 T cell &afl Nek2 huund wandliidiuin Nek2 Talanunsavin
wiifinauny Nekl Tudunnsadna IL-2 aea Nekl I [Yiemwattana et al., 2012] waziiielyiunu
snimeeniiidoiedldBusuin Neki way Nek2 liiaunsoviwihiinaunuduldluwinisnssdu
human T cells nanAsiilanszdu Jurkat T cells fignannisuanseanueslusiy Nckl wuiinis
dunweammnanasegranntueuled  Erkl/2  war  MEKL2  wasduluaungbinisnszdu
transcription factor AP-1 amasdndie wafAetuiviild T cell ad1e IL-2 ¥anawuazannis
LARIDENYB CD69 e lumsnsaiudry ensedu TCR luwadiignannisuansesnvedlusiiu
Nck2 idamansenule 9 siensnsesuluanasiig 9 @il [Neoenkam et al., 2014] usoghslsi
mmuﬁaﬂwﬁ’u%ﬂﬁﬁmiﬁﬂwﬂmﬁlé’ﬁﬂmﬁqmmé’wﬁfwaﬂﬂﬁau Nk sionsesdeyaalnanuy
TCR-CD3 complex (TCR-proximal signaling) Faudu upstream signaling pathway 8019

nsvAuouleyl Erkl/2 way MEK1/2 annms@nwitisesnuindeannisuanieanvadlusiy Nkl

a 1

Tu Jurkat T cells duiusiudunisaanisiiuvireaminues G chain (Ui 1) ilvinauzd e lads

[

auyfgIudn Nek Imnafedesiunisdsdyagiauinalndiu TCR Junsnisaldsnandnduse

<3 oo

M3Suddaaan TCR TET downstream signaling pathway siglu

Mock shNckl shNck2
OKT3(Min): - 3 10 30 - 3 10 30 - 3 10 30

kDa
43—
e I
34 -
> —— e <

1 2 3 4 5 6 7 8 9 10 11 12

gﬂ‘f/’i 1 nsaansuansaanvaslushiu Nkl dawalinisiia tyrosine phosphorylation w89 C
anas waa Jurkat N transfect p18 empty plasmid (mock) #38 plasmid ﬁUii‘-g short hairpin
RNA (shRNA) 31uw1zsia Nckl (shNckl) 38 Nck2 (shNck2) naudeadinatuainssiueiy

anti-CD3 antibody (OKT3) 1Jut3an 0, 3, 10 wag 30 w9 1nuusnseeeiwaduat total cell

lysate 317711 immunoblotting A8 anti-phospho C antibody



2. IgUsaAvalATINITIY

WeRnwIANUABITsUslUTAL Nck sionisasdyauusnalndnu TCR

3. YBULUAVBILASINISIVY
nsAnwIAsIdazyin1Rne lunaeannass (in vitro study) Iaeua Jurkat T cells u1an
N1suanseenvadlusiu Nekl, Nck2 wag Nckl 591U Nck2 aaginaila shRNA naudiunseau

A8 anti-CD3 anibody 91nUURINTT lysis wwaauazin cell lysate 1191 immunoblotting fay

antibody 8 CD3€, CD3C, Lck, waz ZAPT0

4. Adnfigy (Keywords)
Nck, shRNA, TCR-proximal signaling, [TAM, T cell activation
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(Literature Review)

Y v [ 1

TusguugilAufiuiuy adaptive immune system 1 T cell Hunumafgyegaunnlunis

o

'
a

Adndsuuantasuiiidngsnenie nsvimiifives T cell sivianasasiunseauigaqaulvivia

windilenaedu (3on T cell Imdsanslunsshuiwadduin helper T cell w30 CD4™ T cell) 1y

a

ﬂ'ﬁzéju B cell Tinds antibody 1U neutralize pathogen M%Elﬂ'izéju phagocyte cells Tnaufu

(%
=

yatnuwdanUasulaivseansamuiniu vseludnnsdlnils T cell asndsansiuanisaanfniie
Tnense 1wy waarnnwelisaduiu (Son T cell Indsansiuaiiwadinieilin cytotoxic T cell
w30 CD8 T cell) N7l T cell mallagvihuthiidenanaladu T cell asfiosflUfjdnius (interact)
flu APC fidnaue antigenic peptide Wulutana MHC u waaiidnwe, dendritic cell,
[ ¥ '3 & U a ) [N [ . [ 1
macrophage, Wag B cell LUUAU WaALRAUIZIVNUIATNLAIEDULUU peptide YUIALAN NOUIY
11 peptide AsnaIL@UBNIY MHC class | %39 class Il THAU T cell 2uLAnn159ATMaZADUAUDY

ol [Janeway et al., 2007]

1. druusznausazwiindives TCR-CD3 complex

o

T cell aginsuanioonvos TCR-CD3 complex UuRwaa @9 TCR vininfanduazdu
futudullshu w38 protein fragment vadduUanuasu NNLAAIOLULAIVBIYARDUTINAD
antigen presenting cell %39 APC #&391A7 TCR Uy peptide-bound MHC (pMHC) fagan

affinity NunzauazyinliiAnnsdsdygrandidwadiie liwaaiinisnevausssoly Tuana TCR-

o U 9

'
=4 1 I

CD3 complex Usgnausiy 2 d@aundifg A d@runlglunisdudulousiau (ligand binding

o

subunit) Fafuaslusiu oL uay B wazdudilddedygyrandrgnigluiwad (signal transducing

subunit) duduluianaves CD3 subunits fns o Aiduruegidug q 1éud CD3ey, CD3ES uaz
CC Tnedrufiiduy cytoplasmic tail ¥84%n signal  transducing subunit Usznauniy signal-

transduction motifs #38n31 immune receptor tyrosine-based activation motifs (ITAMs) lag

cytoplasmic tail wes CD3E, & war Y chains usaztdud 1 IMTAM Tuvnigdt C udazidudl 3 TAMs

soulumila TCR-CD3 complex Fsiivinun 10 ITAMs [Call et al., 2007]

TCROL ey TCRB wpaztdulsenauluse extracellular, transmembrane Wag

cytoplasmic region WuU1dIU extracellular region YpunazlEuUTTNaUME immunoglobulin
(g-like  domain sfldmddglunsfuiuweuian  peptide  lfegnesume
transmembrane region ﬁLL%iﬂﬁaagﬂu plasma membrane Usznaulugensaexiiluiildveuth
wazdlUsequan (hydrophobic positively charged amino  acid) ﬁé?uﬁﬁﬁmiuﬂﬂiﬁamaﬁu

signaling subunit #1199 f3eWUsE ionic interaction [Call et al., 2007] wagduanyne Ao



cytoplasm region @utliinsaozdluiiies 5 ninezdlly [Bell et al,, 1994] ?faﬁ]mwﬂﬁ TCROL

U ¥

war TCRP ldanunsodedygudidwadld Jsdnludesendeluanaduiiszdsiodyyiuveanis

Y

Uiusening TCR AU ligand whluneluwad luanading1afe CD3 was G subunit lassasng
Y99 CD3 way C subunit fdnwaeediedu TCR namfe Uszneusme extracellular,
transmembrane Wag cytoplasmic region 1ng extracellular region 83 CD3Y, € uag O il Ig-
like domain Tuaueii (:L&Jﬁ dUAUIAD transmembrane segment Y83 CD3 lay (;subunit
duillsznousensyesilufifiuszqau Wieidn interaction U Uszquinwes TCR Tumsusenau
fudu complex uazdmgavneves CD3 waz Csubunit deldindududdymaziduge
Adalunisdsdygudigwadauiilignisneuaueses T cell ifia cytoplasmic tail Tughwildl

ITAMS %ﬂ%gﬂ phosphorylate #3® kinase enzyme Lck %&391n#l TCR dufu lisand wéh

[Molnar et al., 2010] UBAINEIUFN | ATl ENaIN LAY nwulluluanaves CD3E dalldu
proline-rich sequence (PRS) a‘ﬁ'ﬁmlmaas“it,wﬁa ITAM [Gil et al., 2002; Szymczak et al., 2005;
Taylor et al., 2008] unumuas CD3E PRS 5L?‘1'mﬁﬁaaﬁ’umﬁﬂ’wmLLazmimzéju T cell (T cell
development and activation) [Gil et al., 2002; Taylor et al., 2008; Mingueneau et al., 2008]

= ] a ] | v a ] ¢
%JﬂzﬂaﬂiﬂﬂazL@S@@@iﬂluaau“ﬂawum%ﬂ Nck $#9N159DUAUDIVDILYRR

2. nalnn1snsedu TCR-CD3 complex wag N134in TCR-proximal complex

msnsgdu T cell Guduilo TCR dufu ligand  udndwwalviinisifumsweains
(phosphorylation) finsaedilu tyrosine 2 Tuananielu ITAMs ves CD3 uaz € fetoulal Lk
uaz Fyn ndsandinsneziilu tyrosine 2 Tuanauu ITAMs gaidsmwoatiaudy agdutihdidud
gatn1ziudmsu SH2 domain 83 protein tyrosine kinase ZAP-70 [lwashima et al., 1994]
n1sFuiudanaagyiili ZAP-70 anwnsalunsedu protein LAT uag SLP-76 [Horejsi et al,
2004] &slusiusta 2 Tavvimth @y adaptor protein lumsdufigmnzvaslsiiusne q auda
\Uu signaling complex wdadwaliifinisnszdu signaling pathway snnunesaly [Horejsi et al.,
2004; Koretzky et al., 2006]

lu TCR-CD3 complex Usgnausme 10 ITAMs Aewulu CD3 wsiaz subunits 31u2U 1
ITAM (CD3€0 uay CD3EY heterodimers) sy 4 ITAMs wag G wsiaz subunits f9uu 3

ITAMs (CC homodimer) 528U 6 ITAMs #asainn1snszeau TCR wanazdl G 1y subunit wsn

9 Ninswuvineaauunsnerily  tyrosine uariidnwiunseesily tyrosine AignLANmY

woawnunniian [Pitcher et al,, 2003] nanfelunils { subunit 51 6 tyrosines 210 3 TAMs Tag

Avuansaeydly  tyrosine  suvdslnaludadumisiilnaain plasma membrane 1idu

tyrosine 1 @14 tyrosine #uwusil 6 Tuan1zd G subunit luignifiuvyneanazindeuiiuy



reducing SDS-PAGE fluunn 16 kDa LLﬁLﬁ@QﬂLamﬂijaﬁLWﬂﬁ’w Src-family kinase Lck Wag Fyn

wan i bidvueivendiufefivuin 21 waz 23 kDa (p21 way p23 Mua1au) nsiia C 9

1A 21 kDa tu iinanmaiiuvvleaauy tyrosines 31W3u 4 luanauy 2 ITAMs eglna
990 membrane (tyrosine fwnusi 3-6) Tusaegdinisia C 7ivuim 23 kDa Junmsifiumny
Woamuw tyrosine 714 6 laana [van Oers et al., 2000] Wuithauladiaansany C gnifiumy

Woamauaziin C fivunn 21 kDa (p21) Tu thymocyte wag peripheral T cells wifgslaisnnng
nszdufelusiuvesdautantasy  Mellfumsiz TR dulUsiuvesdeslugy  self-

peptide/MHC complexes uanamnildianunsanulusiu ZAP-70 fuiu p21 1aee [van Oers et

al., 19941 Maiin p21 waz p23 tuarluRlusiu ZaP-70 WidunBanie wazideinnisd ZAp-

70 1duiiu p21 way p23 Wy Liemsanm (stabilize) W C egluanmeiignifuvyeaiauas

Uesiunsnisdavaineailnain protein tyrosine phosphatase [Pitcher et al., 2003] 48NN

€ subunit ud n13tAin TCR ligation 9zlunszdulil protein tyrosine kinase Lck wag Fyn whiamy

[ (%
a a

Woamnliiu ITAMs v89 CD3Y, O, uaz € dnee 1571 ITAMS wianlgniuvisieamaiaue vin
Wi ZAP-70 WandainziAadu complex #ids ZAP-70 ganszduain Lek nnsiin
complex ﬁai’WLﬁu@iaﬂﬁiLﬁué’mumgmmﬂ TCR noudsradygruninanluds signaling pathway
$9 9

(%)

dm3U substrate 83 ZAP-70 AelUshiu LAT Fululsiuinfnediuiberiugad uas

TUsfAu SLP-76 L‘ﬂumiauﬁa&ﬂulﬂmwma%u [Koretzky et al., 2006; Sommers et al., 2004] 1y

LUshiu LAT dinsaezillu tyrosine 9 67 uazdzgniiuviveaannain ZAP-70 vaansnszdu TCR

Lﬁ@QﬂLamMijBﬁLWmLéj’Jﬁﬂﬁ LAT Fufidaimzaedusau 1w PLCY1, PI3K, GRB2 wag Gads
[Liu et al,, 1999] Mntiu SLP-76 azgnisands LAT s Gads 89 SLP-76 awgnnsdusenisiiy
veamnedy ZAP-70 vili SLP-76 naneudufisamednsulusiumig 9 @olu WU Vavl,
Nck uae Itk [Reynolds et al., 2004] azwiulginlusiu LAT waz SLP-76 viwihdu backbone
lunsiiia signaling complex Ushadlndiu TCR (TCR-proximal signaling) Fansiie proximal
signaling complex ﬁﬁlﬂﬂﬂ’izﬁuiuLaanﬁa’lﬂ pathway Falugadoiliu TCRdistal signaling A®
Ras/Rac-MAPK activation, PKC-mediated signaling, and Ca’-mediated signaling pathways
manszdulaianalu pathway widniilenszdfu transcriptional factor WludufuBuithmangly
‘fnmﬁaaamﬁﬂﬂmLamaaﬂ%aﬁummﬁ?u LIUNITES cytokine Wudu [Smith-Garvin et al.,
2002] uBNIINNTEFN cytokine Ud nsnsedu T cell SaneliAnnsifiudnauves T cells

(proliferation), n1sidsuUasluimthilaniz  (differentiation), wazn1sviauwaanfaLge
[Choudhuri et al., 2005]



3. wifivas Nek fian1snausuasas T cells

Nck (non-catalytic region of tyrosine kinase) HUNUMNIANIEADNITVINIUVDIGAA
WU RedestunsmeuaueanTad, N159A3Eve actin cytoskeleton, NsLAReUTIvENTAR
LAZNITNDUAUDINDAULATIATDITAE (cell stress) dmsuunumvtiiives Nek Tu T cell 5u
wui Nek SumumitdfaysenisdnBesiiues actin cytoskeleton Sulilessnainnisnszsusiu
TCR (TCR-mediated reorganization of the actin cytoskeleton) Sﬂﬁgﬂ Nck geflunuimeanisiin
Immunological synapse ¢8 [Lettau et al., 2009; Buday et al., 2002] FoluduseluS oy
namidassadiawes Nek 9ntuaznanisunumuasntifives Nk lu T cell sigld

Nck 18u adaptor protein Stmiinluiana 47 kDa lassadsluianaves Nek Usznausae
Src homology 2 (SH2 domain 91U3U 1 domain agauUaTe Carboxy (carboxy-terminal) k@
SH3 domain 31U 3 domain BgAUUA1Y amino (amino-terminal) (g‘dﬁ 2) [Lettau et al,,
2009; Buday et al., 2002] SH2 domain 83 Nck fnthilduiunsaeziilu tyrosine ﬁgmﬁmmg
Woaalad (phosphorylated tyrosine, pTyr %38 pY) Turauedl SH3 domain ved Nck awiin

interaction AUlUsAWAT proline-rich sequence (PRS)

Tunywdnudn Nek 1 2 ofia fio Nck1 e NckoL waz Nck2 wise Nekf3 (W3eisandnedng
11 Grba) miiivdnues Nek #enns interact U protein 19 9 Tunsyausaiudu complex e
Tlunisdedeyeyioe vililsiiu Nek gndmiu adaptor protein fanunsasdesleadyayiaan
upstream phosphotyrosine (pTyr) #1U SH2 domain fiu downstream effector H1UN1S SH3
domain [Lettau et al, 2009] Tuns@nwiluwaduainwaisaiianuin Nck  a@misaiina
interaction fulUsAuduunnd 60 afia [Buday et al., 2002; Li et al, 2001] dlawseufieu
nanowiluvedlusiiu Nekl uaz Nek2 slaanaudafiamumiloutufs 68% Tnsanuuansaiiny
drilyajazeguiiam linker regions fiegszminsusiay domain (3U7 2)

domnanureudraniioufuvesidunsnosaluriily Nkl uag Nck2 fivthilunsetig
MUt (overlapping) i3eviminfunuAuls (redundant) fau amswuindlony mice 1sif
Nck1 13a Nek2 agnlnegrenilauda wy mice §ad33n uadlolaiiiia Nekt wae Nek2 vilviny
mice aomaudLdy embryo Fa95udt 9.5 [Bladt et al, 2003] urogrslsAnudiuranisanwInuI
Nckl war Nek2 Tsianansavimifinaunusuld endegnady msannisuanseanves Nekl de
wAlla Small interfering RNA (siRNA) Tu Jurkat T cells vililinnsasne IL-2 anasvasaIngn
nszdudne CD3 uay CD28 antibody 139 7 Nek2 siinisuansoanund uandliisiudn Neke T
AT TINALTIUAUN1aEe interleukin2 (IL-2) wes Nkl 1§ [Yienwattana et al.,
2012] LLazLﬁaiajmumﬁmmmz@%’aLaaléﬁué’uiw Nek1 wag Nek2 lalansnsavimiiinaunudy
16lundnisnszdu human T cells namoidensedu Jurkat T cells fignamnisuansesntes

Wsfiu Nek1 wunnisidundnesamnanasegiaunty Erk waz MEK wazduluanmalinisnsesu



transcriptional factor AP-1 anasdnely walAaTulvinld T cell @579 IL-2 uazdin1suansoon
Y94 CD69 anas Tumenseriudiu Wensedu TCR luwasignannisuanseanvedlusiuy Nck2 1l

danansznule 9 den1snseduluanasing 9 wanil [Ngoenkam et al., 2014]

1 5-60 109-164 193-251 280-362 377
Nckl N— SH31 —— SH3.2 —— SH33 C
75% 82% 51% B2% 25% Te% 41% BE% 78%
Nck2 nN— sH3.1 SH3.2 SH3.3 —  SH2 S
1 5-60 114-16%9 198-256 283-365 380

5Uf 2 Tsaadeaa Nek family: A. Nck1 uay Nek2 Uszneusie domain findneadsiu fie Src
homology 3 (SH3) domain 13U 3 domains 88U N-terminal Uag SH2 domain $1uu 1
domain agsu C-terminal Tagluusiaz domain sewing Nekl uag Nek2 axiidfunsneziilud
willoufiu (wansluguvesievas, %) wneaananssuUany C-terminal 909 Nckl way Nck2

A9 IUIUNTARLI U aLAvelUSAU Nck

dmsunhilues Nk dentsmeuauases T cell thu a1 Nek fanuddgysienisauay
actin  polymerization namAsnasaIn TCR FUAU MHC-peptide complex azvilwiin
phosphorylation 7i ITAM ng protein tyrosine kianses Lck A3l ITAM gn phosphorylate 3%
e docking site T ZAP-70 1Wnandudfa phosphorylated ITAM  uagyili ZAP-70 gn
nIgRumeY Lk 9Nty ZAP-70 a¢lUnsedu adaptor protein LAT uag signaling protein Bu 9
s?fqmaﬁluimaqasum LAT & 9 tyrosine residues d@wsulliu docking site ¥89 adaptor protein
F19 9 1nwe 017 Grb2 wa Gads Wud 9Intiu SLP-76 egnAslyidunduiu LAT complex
N Gads waz SLP-76 molecule Aviwiiiiiiu adaptor protein TWlUsAwdw 9 Wwdanie
W Nck, VAV, Itk waz ADAP [Smith-Garvin et al, 2009] TUsfu Nck azdufu WASp %
AUEIRYEMIU  actin-dependent process #19 9 L¥u  lamellipodia formation W@
endocytosis 1Uusiu WAy WASp asnszeu Arp2/3 Tuniswillendiliin actin polymerization
[Billadeau et al., 2007; Reicher et al., 2010]

14pn9n Nck awwim interaction AU SLP-76 ka3 il e.A. 2002 fin15518974731 Nek

gu13aLAn interaction 1nensIAU proline-rice sequence (PRS) w89 CD3E [Gil et al., 2002]

Usingnisadaanaraie@udle TCR duiv ligand Junasiliiin conformational change ¥4

CD3E waliin1stewad PRS 1Wunals Nck 1unidulalagande SH3.1 domain U89 Nck wagnis



¥ 1%
(Y = J

wiinduneu wavlifuediu tyrosine phosphorylation d@un1sfinwiunumuenisiin

(__DQ

CD3&-Nck interaction 1435 overexpression 489 Nck SH3.1 tiioluueanandudinisduiu Nek
Un@ wausIngIndlenseru T cell M overexpression ¥@¢ Nck SH3.1 snguaufven OKT3
(anti-CD3 antibody) ¥4 actin polymerization \indulisianties wazdiinaideaunonisnag

IL-2 8nfae wipg1alsin1uiBnng overexpression wes Nck SH3.1 wenanazdudslall Nk

Unfnnduiu CD3E uar onafinalududalallusaudu 9 Whwdudu Nek 1adneeg usnain

o
LY Y]

Ygan1sinm  CD3E-Nck

v @

WS overexpression ¥8d Nck SH3.1 wdy AnuzeIdedaving

LYY

interaction ¢838l9A15 transduction 989 antibody APA1/1 (antibody fazludutu CD3g
PRS) iU T cell 9ntunszdfuwadivaniling anti-CD3 antibody WuInwadmadEn s

° . . ~ & v Ya o Y v ' P a o a v '
i (proliferation) issdntes AugIdelalauedinisis Nek uarlusfuiieides 1wy

WASp, WIP e Pakl unduiu CD3€ \Judn pathway wilafivhiliin actin polymerization §u

\Wewnannisnszau T cell Mludainsuaziiniuneu tyrosine phosphorylation [Gil et al,

LY - a

2002] fatiuaziiulain uenan Nck azfimnuddyiunismuaunisiie actin polymerization

v 9
(% 1 [ o

W Nck gaunumndrdayrienisdedyayuauilugnisnseu T cells

A
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A5 UNI5IY

(Research Methodology)

1. mMstudensuansoanvaslusiu Nkl waz/sse Nek2 Tu Jurkat T cell

N1511 plasmid ﬁUS'ﬁﬁg shRNA sequence #ia8u Nckl %38 Nck2 Lsﬁﬂﬁj Jurat T cell p183%
transfection Lﬁaa%’wL%éﬁgﬂammil,l,amaaﬂsuaq Nck1, Nck2 #38 919 Nek1/2 33n15mnans
Fall

1.1 ¥hnsiaes Jurkat T cells Tuamns RPMI 1640 auldiwadnusuauigosnns

1.2 yhnsiuwadsensduniesi 1,500 rom Wunan 5 undl igaumgdl 4 °C

1.3 i supernatant kagyi1n1s resuspend cell 98 DPBS (Mg2+, ca’ free).

1.4 wawadlutudieldmunamsnuwadlunisvh transfection dae plasmid 7 insert
18 shRNA oligos sl Nckl 1se Nck2 se Nekl 521U Nek2 [Ngoenkam et al., 2014]
&I NN"T transfect Wi azdnideniwadseen puromycin 29agvili T cell nndanns
wansoonvaslsiu Nekl 5o Nck2 og1sams antudsasadaelusn 12 §Undlalesuon
waANINWeRBN1IVIAADIRD 9 LU

1.5 v1n13 lysis Wadu1sdiu aae lysis buffer

1.6 TnUsunalusaulusieeng lysate fae protein detection kit

1.7 as13ansuanseanvuedlusiunie western blot Ineld antibody %o Nckl %38 Nck2

wagldy B—actin Yy intemal control TagiUSeutiisudy Jurkat cell ﬁgﬂ transfect 978 empty

plasmid (mock)

2. n13nszAU Jurkat T cell fi78 anti-CD3 antibody (OKT?3)

m'ﬁﬁﬂmﬁaaﬂLLUU:J']Lﬁaﬁﬂmﬁqﬂawuéwﬁ@maqiﬂﬁau Nck  #9n15LAn tyrosine
phosphorylation ¥8¢ TCR-CD3 complex fAsnsAnuded

2.1 ¥hnnsiiu Jurkat cells Wildwadsmau 107 wad arntutiiead pellet 1vinns
resuspend Tu serum-free RPMI 1640 U319 300 ul 7id 2 mM L-glutamine wadtntuuslug
Aoaiwadiiguugdll 37°C uag 5% CO, Wunan 1 #alug

2.2 NN13NTEAUARAIY anti-CD3  antibody (OKT3) lagld 30 pg/ml  anti-CD3
antibody (OKT3) Usu195 10 pl (rnududuvesnisnszdu As 1 ug/ml) nszduilunan 0, 3, 10
way 30 Uit 7 37°C wEeuwgTimEa 1,100 rpm

2.3 ¥A99INNTEAU 1113 spin down UAIQYA supernatant s andudiu lysis buffer
Us31ms 50 ul ves il protease uaz phosphatase inhibitor udaUnvutudadunan 15 unil

neautlu centrifuge ﬁqmmﬁ 4°C A5 12,000 rpm tuan 15 undl
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2.4 \iiU supernatant 1@ microcentrifuge tube dulwd neutiluyih western blot foly

3. Western blotting

Lﬁufﬁzumaumim’sﬁmsﬁmmmiLﬁm tyrosine  phosphorylation  ¥83  signal
transducing subunit Y83 TCR-CD3 complex A CD3E wag C uag kinase enzyme A Lck Lag
ZAP-70 Fafitumeusieil

3.1 wa9anyinsinANuNtuveslusiunal Yrlushuusuin 50 pg w1dulu non-
reducing sample buffer Wuan 5 il

3.2 41115 load protein a¢ well W& run SDS-PAGE 71 80-100 Volt

3.3 11 SDS gel 11%11n19 transfer asuu Polyvinylidene difluoride (PVDF) membrane
TneldieSes semi-dry transfer U3ufi 20 volt 1uman 1 dalus

3.4 1}1 PVDF 4115 block stetleariulallf non-specific protein #ins 9 inlufuiuusiu
membrane Tag/l% 5% nonfat dry milk Tu 0.5% TPBS (PBS plus 0.5% Tween 20) Usld 1 lug
w30 AU

3.5 171 membrane 11819 3 ASs Fe 0.5% TPBS ASsaz 5 unil

3.6 141 membrane lUuwulu specific antibody (primary antibody) #® protein fiaula
Huan 1 Flus Ghnnsde919 antibody Tu 0.5% TPBS)

3.7 171 membrane 118 3 ASa de 0.5% TPBS AStax 5 unil

3.8 11 membrane u1Uulu peroxidase-labeled species-specific anti-lg  antibody
(secondary antibody) 73aa13lu 0.5% TPBS 1Huwian 1 F3lus

3.9 11 membrane 11819 3 %1 #e PBS Tween

3.10 Y1 membrane 1U3tAS1¢% band YD protein #2835 enhanced

chemiluminescence HazilAs1z¥in1elanass Charge-coupled Device (CCD)

4. Immunoprecipitation

navaaesiiuiBnisnneznou TCR-CD3 complex w&aINNIEduIadae anti-TCR
antibody (C305) fiviandng 9 ilefinwiisaudrAyveslusiiu Nek senisislusiu Lek way
ZAP-70 1164 TCR-CD3 complex Funounsi immunoprecipitation wesaniudunougail

4.1 wiu total cell lysate Fadudunouniswisulusiuainead Tnevhnisnisdes T
cells #8 lysis buffer naubusi immunoprecipitation Fan1seas T cells Huarimisees
MATETRLYLLED [Yiemwattana et al., 2013, Ngoenkam et al., 2014] Fail

4.1.1 Viuwadsiuau 2x10” cells adlu microcentrifuge tube U9 1.5 ml a7

'
al

Wlutumies (centrifuge) i 400xg \Uuian 5 undl Ngaunnil 4 °C
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4.1.2 813 cell pellet §78 ice-cold PBS U3uaw 0.5 ml wdathludumies
(centrifuge) 400xg tHutian 5 Wil ﬁqm%gﬁ 4 °C (Y9190 2 ATY)
4.1.3 am supernatant Al wdn resuspend cell pellet ®8191U1 ¢ A ice-cold

lysis buffer U31185 1 ml (20 mM TrisHCL (pH 8.0), 137 mM NaCl, 2 mM EDTA, 10% glycerol,

10 Ug/ml leupeptin, 10 Ug/ml aprotinin, 1 mM PMSF, 500 UM sodium orthovanadate, 1
mM NaF, wag 0.5% Brij96)

414 1 cell  suspension Msluiudaduiiat 15 undt  91nduga cell
suspension TUldlu microcentrifuge tube aum 1.5 ml

4.1.5 10U centrifuge 7 12,000xg Wulaan 15 w1l figamndl 4 °C

4.1.6 \AU supernatant ld@lu microcentrifuge tube au1a 1.5 ml dulni Inysyis

Tallsiduiianu pellet ud19 supernatant Tivuiiuds

4.2 Immunoprecipitation Juduneuitazuenldsiuiiauls TnonisunTusiugae
protein G-Sepharose beads $21AU specific antibody #18 protein fiaula [Alarcon et al., 1991]
Fetumaunisi immunoprecipitation figraid

4.2.1 U 1 pg 999 anti-CD3 antibody (OKT3) wag 50% slurrly protein G-
Sepharose beads Usu1as 15 pl w@W1lulu supernatant nduney 4.1.6 wionluly lysis
buffer (14.0u control)

4.2.2 ¥uil 4 °C $ruAu Tuanngivapuuuuiyhg (tumble end over end) fae
\A384 tube rotator

a

4.2.3 ¥n15 centrifuge 71 12,000xg Wuwan 5 3wl ﬁqmmu 4°C

4.3.4 am supernatant ‘ﬁﬂ

4.2.5 M resuspend bead pellet #7 ice-cold wash buffer Usuas 1 ml

4.2.6 Juwiies (centrifuge) 7 12,000xg Wuwaan 2 3unil ﬁqquﬁ 4°C

4.2.7 g9 supernatant e seielilidudaty bead nglinde supernatant 11Uy
bead Usgunal 40 LU

4.2.8 819 bead pellet 8n 3 A3 lngATIgANIEAA supermnatant 7i¢ tnglinge
supernatant 1311 tube Uszanas 40 LU

4.2.9 Wy 4x non-reducing sample buffer Ysuns 10 LU wéndufl 95 °C 1
La1 5wl nuudiluAnwIaie SDS-PAGE m1u351105g71 agyin immunoblotting  Aae
antibody #18 Lck wag ZAP-70
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NAN1INNADY
(Results)

1. M3AANISULEAD8NYBY Nckl Unadansnsedu CD3L, Lck wag ZAP-70
PNMsAnsINUIISieiinIsanniswandeentes Nekl fnasian1sannsiiurynaaine
Tvifu CD3T (5UT 3A) uazAutuduves band 990 westem blot lduanalilusuil 38 n1sifia
CD3( phosphorylation ﬁawaawudﬁuﬁuéﬁ’un'ria@ﬂﬁ@wagﬂ/\laal,wsuaﬂﬂiau Lck thag ZAP-
70 (3U 3A, 38) Tumansafudrunisannisuanseenves Nek2 Lidawalaq delusiu CD3T, Lk
LAz ZAP-70 d1m3Un15ann1skantoanaad Nckl uag Nck2 wisududanasion1snsgau TUshu
D3, Lek uay ZAP-70 1Hung1an (U7 3A uaz 38) Mnwansvaaesiuansliidiuiusiiy
Nck1 funuimddgysianisnsedulusiu CD3(, Lek wag ZAP-70 Iu%msﬁagﬂumwmmiﬁﬂm
ANuAAeslUTAY Nckl wag Nck2 sianishslusiu Lek wag ZAP-70 TUds TCR-CD3 complex

AEmATlA immunoprecipitation



A)

shNckl
5 30 -

shNck2
5 30

Mock shMck1/2

- 5 30

OKT3(min):
kba

70+ 4

- 5 30

- w-'—'wh . |
._I ¥ l.-- ". ’ r

—

e T T T T )

70

- Z8P70

55

-« plck

GO S s e S —

e Lck

~al
a3

ps,

ac

7 8 9 10 11 12

[ 1

5U7 3 Nck1 $iaanudn

v

B)

. |« pzar-70

Relative intensity

Relative intensity

5.0
4.5 4
4.0 A
3.5 A
3.0 A
2.5 A
2.0 A
1.5 4
1.0 4
0.5 A

Phospho-ZAP-70

T . 1
1

L

s

0.0

Relative intensity

1.80 -
1.60 4
1.40 -
1.20 4
1.00 +
0.80 -
0.60 -
0.40 ~
0.20 -
0.00 -

y0 5 30, (0 530, ,0 5 30, 0 5 30, :O0KT3(min)
Mock shNck1 shiNck2 shiNck1/2
Phospho-Lck
T * * 1
I
) I
|0 aamm o gammEm
Phospho-¢
*
T ) 1
I 1
——
[ ]

{0 530, 0 530, 0 5 30,
Mock shiNck1 shNck2

(0 5 30,:O0KT3 (min)
shNck1/2

yan1snIzAulUTAuUININGAU T cell receptor: A) A1 western

blot LaniN15LAn tyrosine phosphorylation valUsAu ZAP-70, Lck, Way CD3(; Tuwwad Jurkat

T cells Un@ viSefiannisuansoon Nkl (shNek1) e Nek2 (shNck2) wsevs Nekl wag Nek2

(shNck1/2); B) a1w band intensity 989n15LAA tyrosine phosphorylation ¥83lUsAl ZAP-70,

Lck, way CD3C voswaduilacigg *p < 0.05
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doiduns@nwdemuddyues Nek Giamiﬁﬂmaqaﬁﬁﬂﬁigﬁa Lck wag ZAP-70 w16
TCR complexslumiﬁﬂw’lﬁ?ﬂ%} anti-CD3 antibody (OKT3) Tunisanngnoulusiu TCR-CD3
complex AMNLwadNgNNTEAUAEY anti-CD3  antibody (OKT3) nanisnaassilliaenadeariy
TUsAuRIN cell lysate Ao wudrduauvealusiu ZAP-70 gnaaluds TCR-CD3 complex anad Tu
[wadTignannTsuanIsanvaslUsiy Nekl usnisannsuansoonvestusiiu Nek2 laidssanseny
Ffandn (U7 4 unadt 2) Feusdlddndle T cell ganszdu Tusiiu Neki favudrdysenisis
TUsfiu ZAP-70 1U8a TCR-CD3 complex Wufiinauladn lefieufiunaain total cell lysate

WUINITRMAENTEAUIUSAY Lek  USKa TCR-CD3 complex anasvislulgadiannisuaniaen

84 Nkl %30 Nck2 (U7 4 waail 1) desalnisnsedulusiu c03C anas (U7 4 wnadi 3)

& &

fatu aziuladnlushiu Nekl wag Nek2 danusesnisdmsunisnsedu CD3C wagn1shauay
nszaulUshiu Lek anene lunmenseaiudiu aeiliiieslusiu Nekl whiuiifgidesiunisiauas
nszfulusiy ZAP-70 Ui TCRCD3  complex  luntsnaassssliagAnwiuiauiioy

AR UaslUTAY Nckinaz Nck2 sionishalusiu WASp Lugs SLP-76
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Mock shNckl shNck2 O

o

0KT3[|\;'|(E1]= 0 3 1030 0 3 10 30 0 3 10 30~
|

72 4

g p-Lek(¥319)

. |d4zapr0

<« phospho-7¥1
(EM26)

e

1 2 3 4 5 e 7 8 9 10 11 12 13

g‘dﬁ 4 n1sann1suansoanvaslUsiu Nckl denananisaslusiu ZAP-70 1U§e TCR-CD3
complex: 1waasuan 15x10° cells gnnszRusie OKT3 antibody 1uwian 3, 10 uay 30 w1¥l
Mniunenlusiuudiunanezneusie 1 g anti-CD3E antibody (OKT3) tilusiuiinnnzneu
11911 immunoblotting A28 antibody 8 total phospho-TCR( a1 membrane LANLA

tripping kA¥UNTIMAU ZAP-70 wag phospho-Lck antibody
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2. Nck1 fa2udfgysia interaction w89 CD3 fiu ZAP-70- wag Lck

INNANITNAABDY immunoprecipitation Wui1 Nckl AUNUIMFDNITAY ZAP-70 wag Lck
TUgs TCRCD3  complex wion158usunanisvaasfangt’ Aidelawmeilla in  situ proximal
ligation assay (PLA) Tun13@nw1n159uaiu (interaction) U89 CD3 AU ZAP-70 uag Lck nnelu
wwad Sanaiia PLA aunsansiadaldanngn (dot) iFesuasdunsiitindu 9anmsinwmuingad
uASBY CD3-ZAP-T0 interaction azusnntuluiead Jurkat T cell (mock) fignnsedu (Ul 5A)
Tunansatudruiloannisuanioanves Nekl danalin1sdufiunes CD3-ZAP-70 interaction
APANRENUINYAIIINNITNTEAY FIMTUNITAANITHAAIDBNTBY Nek2 Lilderasianisiin CD3-ZAP-
70 interaction usiiloannisuanseanits Nckl way Nek2 w¥oulu Jurkat T cell danalduds
A34fin CD3-ZAP-70 interaction (3U#l 5A) Bsannnanisnaassuandlififiuin Nk finasdenisi
ZAP-70 TUduriu TCR-CD3 complex

AMTUNITANYINAURINITANNITLANIDDNVDI Nck #an159uUAuYes CD3 AU Lck wuna
Wuferfufeilonszdu Jurkat T cell #ay OKT3 danalviinisie Lok lUdudy TCR-CD3
complex 118U wikile Jurkat T cell QNAANTITHARI8aNTBY Nekldewalin1sduiuves CD3 fu
Lck anas (3U7 58) ustegnalsAmuifuinaulainfleannisuansean Nck2 Adawasionisia Lk
Ui CD3 wuifu wazdlerinisannisuanseanvasits Nekl way Nek2 wdoufudsualidudanis

WM CD3-Lck interaction



A)
TCR-ZAP-70 interaction
| Mock shNck1 shNck? shNck1/2
Ur‘S---
OKT3----
B)
TCR-Lck interaction
| Mock shNck1 shNck2 shNck1/2
Uﬂs---
OKTE;----

v

sU#l 5 Nck Sndudmiunisia ZAP-70 uag Lek lUdufu TCR-CD3 complex: n1seglndriu
Y94 CD3 fiu ZAP-70 (A) uaz Lck (B) luwadnneg gnasiainlaginaia in situ PLA lagdnead
WUURN9Y 2NN (OKT3) wielinszsu (Uns, unstimulated) seweufiveiluan 5 uiil
Tu 8-well slide neuily fixation way Permeabilization kaf98193571AU primary antibody
goat ant-CD3€ way rabbit anti-ZAP-70 w38 rabbit anti-Lck udauuresie secondary idex

Anagiiu oligonucleotide wazdsianigldnges fluorescent
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3. nsAnen Transcriptomic luwagfiannisuansaane Nck1 uaz Nck2
nsnanasiidumsfinudoyanisuansoonuesdusingg  Adedestumanssdu T cell
uazdu cytokines 199 flazuansoonudsann T cells gnnszdu anmsAnwiluwadfianns
LansoBNT Nekl wa Nck2 (shNck1/2) wuinduvesieules! kinase fidndayiu Lok was ZAP-70
finsuansoonogudneunsziu (SUA 6) wazvdsnnisnszduidunar ¢ dalus wuirBuves
kinase wighiilaifinsasundas luvaedinisuanseanue transcription factor wWuin NFAT 2wl
mauansoomnntuionsefueadfiannisuansoon Nekl wag Nek2 (shNckl/2) iuftinaulady
n¥rnnszfueadiudy dealinisuansoonues  transcription factor Rel anas @1m3unis
waneenvesduadna cytokine luwadfiannisuanioan Nckl waz Nck2 (shNckl/2) wuiilu
JzuEin (resting state) Bu IFN-3 uaz IL10 T suanoenanas wasudasnseiuwadas nns
wansvoaduflifinnnudsuutas (GUA 6) Mnmanismaassiwuiilusiiu Nek dauddaluns

muqummﬁmaaﬂmaqﬁwmwﬁ@



Kinases

shNck1/2

OKT3: - +

ZAP-70
Lck

Fyn
AKT1
GSK3B
ITK
MAP2K1
MAP2K2
MAP2K7
MAP3K14
MAP3K7
MAP3K8
MAPK1
MAPK3
MAPK9
PAK1
PDPK1
PRKCD

Transcription factors

Log (transcription level)

20

Log (transcription level)

2.5 1.5 0 1.5 25
Transcription Cytokines Kinases
factors
PRKCD
shNck1/2 shNck1/2 —

- + - + W Stimulated

PAK1
MAPKS W Unstimulated
MAPK3

MAPK1

MAP3K7
MAP3K14
MAPZK7
MAP2K2

MAP2K1

X
GSK
AKT1
Fyn
Lek

ZAp-70

0% 1.0 15
Log (transcription level)

Cytokines
TGF-b
TGFa. |

"V
IL-17

i-12
m Stimulated

m Stimulated L6 B Unstimulated

m Unstimulated -5

IL-1b

IFN-a

Log (transcription level)

35U 6 Transcriptomic Tulwadnaansuansaaniie Nckl uag Nck2: wadlun1iznouuasnas

n3zRumY OKT3 Wunan 4 47lu gnaria total RNA nawtludiasiesiaae RNA sequencing

wanhansuanseenieuiulwadunfvazseulugy log transcription level
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2AUI1INANIINAADY
(Discussion)

Wsfu Nek Tuaudl 2 9dia fie Nck1 uaz Nek2 Gafidnsunsaeslumiloududis 68% uay
mannsaliuinlusiusta 2 adindvimiiinaunuiuly (Lettau et al, 2009) uanmsseauReu
wifinuin Nekl Sanudndudmiunisnsedu Jurkat T cell waz primary CD4 T cells
(Ngoenkam et al,, 2014, Yiemwattana et al.,, 2012) TAgNUINNITANNITLERIDDNYBY Nkl

dawalsiannisnszeu Erk uaz MEK Sedenalviiinisaing IL-2 uagnisuanioon CD69 anas dmsy
nsAnwasiitnudn Nek1 fanuddayenisnsedulusiu cosl, ZAP-70 uag Lek Safintind
Iuﬁdaqﬁmaamsdqé’aujﬁgmlfﬁwéL%aéwé’qmﬂﬁ TCR Fuifu ligand wazlUsaumaniviniiidou
Erk wag MEK (Smith-Garvin et al., 2009)

finsseauinde TCR Fusu ligand ReliAnnisdsunladlaseadrsves CD3€ Toed

MMEEI PRS UL cytoplasmic tail va4 CD3€ Fauduudnaiidures SH3.1 veslushiu Nek (Gil

et al,, 2002) weriloladuruunidnuinuanain SH3.1 waa §ail SH2 vea Nck Ndndudniuduiu

CD3E  WagnN1T3UAUAINGIIABINITNISLAM tyrosine  phosphorylation 993 CD3E A1y

¥ IS

(Paensuwan et al, 2016) yananifmuinile T cell gnnseduaziinisis WASP Alug TCR-

Y
2/ '

CD3 complex tufiu (Paensuwan et al, 2015) 8nvisdsdilusAunarsviianamisaluduiu
TCR-CD3 complex I#f wagsimihilunismuaunisnszdiu T cells (Ngoenkam et al, 2017)
d1115Un134Aa Nck-CD3 interaction L%@’iﬂﬁmmﬁﬁﬁzﬁumimzﬁu mature T cells Ae weak
agonists lallaidndudmsu strong agonists (Tailor et al., 2008; Roy et al., 21010)

dmiunisdneesitaziiulainfefinisannisuansoanved Neckl dnason1snszau

TUsfiu CD3C, ZAP-70 waz Lck FeaennanstuudTeneuntinfinuinnisie Nek luss TCR-CD3
complex finnuddgyienisnszdulusiu ZAP-70 Fifelausiniile Nek gnAaluds TCR-CD3
complex LLﬁa%Wﬂmaanuﬁ%’U@@ﬁU Nck luaae 1u Lk %qﬁmﬁwﬁiuﬂmﬁmg phosphate
19U ITAM wag ZAP-70 maly (Borroto et al., 2013) 013551897477 Nck @31509UAU Lk Lol
lnensa (Vazquez ML, 2007) viSed1uluiana TSAd (Hem et al, 2015) dwiunisannis
uansean Nkl udaiinasion1sis Lek uaz ZAP70 luga TCR {ideidoinorafunaniainnisan
N13LERI00NTBY Nck Jnanenisiin actin polymerization (Pauker et al., 2011) %3 actin

polymerization 81afimudrdmenisindeuniveslusauludadmuneg
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dyUNan1INAaDY

(Conclusion)

nsannisuanseanyes Neki finasonisnszdulusiu cp3C, ZAP-70 uag Lok Tuvaiedi
Asasmsuantoanuas Nck2 lifina uenaininudn Nkl fAnudfsion1sAclUsAE ZAP-70
wa Lek Tuga TCR-CD3 complex luwaugdi Nck2 finasionisis Lek T8 TCR-CD3 complex 910
nM3fnw transcriptomic wandlifuinlusiiu Nek fduAsidestuniswanteanvesmansBui

NgUeIiUuN1INITEAULATNITINUYee T cell nuanisAnwvianunasuladn Nek Tngiane

Nck1 finasionisnszdulusiu CD3C, ZAP-70 uay Lck
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Introduction

Summary

The T-cell receptor (TCR)—CD3 complex, expressed on T cells, determines
the outcome of a T-cell response. It consists of the TCR-aff heterodimer
and the non-covalently associated signalling dimers of CD3¢y, CD3&d and
CD3{{. TCR-af binds specifically to a cognate peptide antigen bound to
an MHC molecule, whereas the CD3 subunits transmit the signal into the
cytosol to activate signalling events. Recruitment of proteins to specialized
localizations is one mechanism to regulate activation and termination of
signalling. In the last 25 years a large number of signalling molecules
recruited to the TCR—CD3 complex upon antigen binding to TCR-aff
have been described. Here, we review knowledge about five of those inter-
action partners: Lck, ZAP-70, Nck, WASP and Numb. Some of these pro-
teins have been targeted in the development of immunomodulatory drugs
aiming to treat patients with autoimmune diseases and organ transplants.

Keywords: protein—protein interaction; transduction;  T-cell

activation; T-cell receptor—CD3 complex.

signal

foreign peptide bound to an MHC molecule presented on
an antigen-presenting cell. Information of this binding is

Immune responses to infectious pathogens serve to main-
tain body homeostasis. Among various immune cells, T
cells play an important role to fulfil this critical function.
A T-cell response to foreign antigen is initiated by the
binding of the T-cell receptor (TCR)-CD3 complex to a

transmitted into the cytosol to activate many signalling
proteins.”* The final targets are transcription factors, to
alter the gene expression profile, metabolic enzymes, to
change metabolic activity,” and cytoskeletal rearrange-
ment. Together this leads to cell proliferation and effector

Abbreviations: CAR, chimeric antigen receptor; ERK, extracellular signal-regulated kinase; ITAMs, immunoreceptor tyrosine-
based activation motifs; LAT, linker for the activation of T cells; Lck, lymphocyte-specific protein tyrosine kinase; Nck, non-cata-
Iytic region of tyrosine kinase; PRS, proline-rich sequence; SH, Src-homology; SLP-76, SH2-domain-containing leucocyte protein
of 76 000 MW; TCR, T-cell receptor; TSAd, T-cell specific adaptor protein; VCA, verprolin homology domain-cofilin homology
domain-acidic region; WASP, Wiskott—Aldrich syndrome protein; WAS, Wiskott—Aldrich syndrome; ZAP-70, { chain-associated

protein kinase of 70 000 MW

© 2017 John Wiley & Sons Ltd, Immunology
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molecule production and secretion, which are crucial for
T-cell-mediated immune responses.*

The TCR-CD3 complex is a multisubunit protein com-
plex. It is composed of an antigen-binding TCRaf} het-
erodimer non-covalently associated with the non-variable
signal transduction subunits; the CD3 heterodimers
CD3¢y and CD3&d as well as the CD3{{ homodimers.””
The cytoplasmic tails of CD3e, CDJ, and CD3y each con-
tain one immunoreceptor tyrosine-based activation motif
(ITAM) and that of CD3{ contains three ITAMs, hence
one TCR-CD3 complex comprises 10 ITAMs. The con-
served amino acid sequence of the ITAMs is D/ExYxxLx
(6-8)YxxL. Antigen binding to TCR-uf results in phos-
phorylation of the ITAM residues, leading to recruitment
and activation of multiple downstream signalling mole-
cules including enzymes and adaptor proteins."* As there
is a myriad of signalling molecules, regulated protein—
protein interactions are one of the critical mechanisms
for regulating specificity in signal transduction. Over the
past decades a large number of proteins have been
reported to be recruited to the TCR-CD3 complex. Here,
we review recent data on five (direct or indirect) interac-
tion partners of the TCR-CD3 complex, including the
lymphocyte-specific protein tyrosine kinase (Lck), CD3(-
associated protein kinase of 70 000 MW (ZAP-70), non-
catalytic region of tyrosine kinase (Nck), Wiskott—Aldrich
syndrome protein (WASP), and the inhibitor of Notch-1
signalling Numb (Table 1). Other proteins associated
with the TCR-CD3 complex have been discussed else-
where and they are not covered in this review.*'* The
effects of some mutations of these proteins on TCR sig-
nalling is shown in Table 2.

T cells develop in the thymus where self-reactive T cells
are deleted by a process called negative selection, which is
based on a strong signal elicited by high-affinity binding
to the self-peptide MHC.'*'> A lack of, or mutation in,
the critical proteins involved in TCR-CD3 signalling,
such as ZAP-70 and WASP, causes a reduction of the
TCR-CD3 signalling strength that allows autoreactive T
cells to escape from negative selection and reach periph-
eral tissues.'®? These autoreactive T cells can be acti-
vated in response to self-peptide, which consequently

. .. . . 15,21
leads to tissue injury known as autoimmune disease.

Hence, chemical agents blocking specifically the T-cell
activation process are promising therapeutic interventions
for the treatment of T-cell-driven diseases. Here, we cover
the information on some inhibitors that target the sig-
nalling proteins at the TCR-CD3 as they may have a
potential to be used for the treatment of autoimmune
disorders and in organ transplantations.

Lck

Members of the Src family of protein tyrosine kinases
modulate signal transduction downstream of transmem-
brane receptors in most, if not all, cell types. In T cells,
Lck is a member of the Src family of 56 000 MW. TCR—
CD3 engagement with an antigenic peptide MHC triggers
the phosphorylation of the ITAM tyrosines by Lck.*”
Phosphorylated ITAMs then become a docking site for
ZAP-70, which is also activated by Lck upon binding to
the ITAMs.>® Subsequently, ZAP-70, together with Lck,
phosphorylates downstream signalling molecules, to acti-
vate TCR—CD3-controlled signalling cascades.

Lck contains an N-terminal membrane anchor region
(SH4 domain), a unique domain, an Src-homology 3
(SH3) domain, an SH2 domain, a catalytic kinase domain
and a short C-terminal tail (Fig. 1a). The SH4 domain is
post-translationally modified by the addition of lipids,
including myristoylation and palmitoylation, which allows
the attachment of Lck to the plasma membrane. A serine
59 residue in a unique domain of Lck can be phosphory-
lated by the extracellular signal-regulated kinase (ERK)**
and phosphorylation of this residue inhibits Lck activ-
ity.””> In addition, Lck activity is tightly regulated by a
conformational state mainly depending on the phospho-
rylation and dephosphorylation of two tyrosine residues
(Y394 and Y505) on the catalytic kinase domain and the
C-terminal tail, respectively.”® Phosphorylation of Y505
by the C-terminal Src kinase mediates an intramolecular
interaction with the SH2 domain, resulting in an inactive
or closed conformation of Lck. When Y505 is dephospho-
rylated by the phosphatase CD45 or SHP-1, the SH2
domain detaches from Y505, so promoting an opened

Table 1. Selected proteins interacting with the T-cell receptor (TCR) —CD3 complex

Proteins associated Binding domain of the

Effect on TCR

with TCR-CD3 associated protein Binding motif of the TCR-CD3 signalling References

Lck SH2 Phospho-ITAM Enhancement 38

ZAP-70 SH2 Phospho-ITAM Enhancement 86

Nck SH3.1 and SH2 Proline-rich sequence (PRS) Enhancement 40, 65
and Phospho-ITAM within CD3¢

WASP SH3 domain bind to Nck Indirect via Nck Unknown 79

Numb Phosphotyrosine binding NPDY motif within CD3¢ Decrease 84

(PTB) domain

© 2017 John Wiley & Sons Ltd, Immunology
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Table 2. Mutations of T-cell receptor (TCR) -CD3 binding proteins with their effects on TCR signalling

TCR-CD3
binding proteins Mutations Effects on TCR signalling References
Lck R154K (SH2 mutant) Inhibits Lck association with ZAP-70 and CD3{ 38
Y192F Inhibits Lck association with TSAd, Itk, Pyk2 and SHP-1 and 87
enhances tyrosine-phosphorylated proteins
Y394F Closed conformation with decreased kinase activity 35,88
Y505F Open conformation with increased enzymatic activity 35,88
Y505F, K273R Open conformation but lacking kinase activity 35
ZAP70 Y315F Inhibition of Vav—ZAP-70 interaction and reduction of tyrosine 89
phosphorylation
Y319F Impairment of Ca** mobilization, Ras activation and activation 54
of phospholipase Cyl
WI31A Increases kinase activity of ZAP-70 90
Y315, 319A Open conformation with increased kinase activity of ZAP-70 51
Y315, 319F Closed conformation with ZAP-70 kinase inactive 51
D461N Inactivates the kinase domain known as ‘kinase dead’ 50
Y493F Inactivates ZAP-70 catalytic activity 91
Nck Nck1(W38K) (SH3.1 mutant) Impairs the binding of Nckl to CD3¢ and decreases ERK activation 65
Nck1(W143K) (SH3.2 mutant) Impairs the binding of Nck1 to Cbl 92
Nck1(W229K) (SH3.3 mutant) Impairs the expression of CD69 expression and ERK phosphorylation 63
Nck1(R308K) (SH2 mutant) Impairs the binding of Nckl to CD3¢ 65,93
Abrogates the binding of Nckl to ADAP
WASP WASPAC (deletion of amino Inhibits actin polymerization but enhances the activation of NFAT 94
acids 444-502 at C terminus) transcription factor and ERK phosphorylation in human T cells
L46P (WH1 mutant) Impairs the chemotactic migration of human T cells and actin 95
cytoskeleton reorganization
A47D (WHI1 mutant) Impairs the chemotactic migration of human T cells and actin 95
cytoskeleton reorganization
Numb ANumb (condition Normal CD3( phosphorylation in murine T cells 96

deletion of Numb)

conformation. The opened conformation allows phospho-
rylation of Y394 by Lck trans-autophosphorylation.**?’
However, doubly phosphorylated tyrosines Y394 and
Y505 might also exist and confer a dominant effect of
kinase activity over the inhibitory Y505.%%

Different pools of Lck have been identified, including
Lck in the cytoplasm, Lck anchored to the plasma mem-
brane and Lck associated with the co-receptors CD4 and
CD8.* Approximately 40% of Lck is already active
(phosphorylated at Y394) in resting T cells and upon
TCR engagement the amount of active Lck increases, as
seen by Forster resonance energy transfer.’®>” In addi-
tion, the distribution of Lck to its correct destination
may regulate the function of Lck in phosphorylating its
substrates.”® Several lines of evidence have also suggested
that initial phosphorylation of the CD3’s ITAMs is medi-
ated by free Lck, whereas the co-receptor-associated Lck
acts as an adaptor molecule to bring the CD4 or CD8
molecule to the phosphorylated TCR-CD3 complex in a
later step.”>>* Furthermore, it has been suggested that the
conformation of Lck determines its distribution. Lck in
the opened conformation might allow clusters of Lck,
whereas the closed conformation inhibits the clustering.
TCR triggering induces the clustering of Lck with the

© 2017 John Wiley & Sons Ltd, Immunology

phosphorylated TCR-CD3, suggesting that conformation-
driven Lck clustering may determine its localization to
perform its activity.”> These findings suggest that Lck
recruitment to the TCR—CD3 complex induces the phos-
phorylation of the ITAMs.

Lck can be co-immunoprecipitated with the TCR-CD3
complex upon TCR-CD3 ligation, suggesting that these
two proteins can interact directly or indirectly with each
other.® An indirect interaction might be mediated by
RhoH, a haematopoietic-specific Rho GTPase.”” The
direct interaction might be mediated by the SH2 domain
of Lck and phosphorylated ITTAMs.”®* In addition, the
SH2 domain of Lck can also interact with lipid within the
plasma membrane upon TCR activation. This binding
might be crucial for a lateral diffusion of Lck to interact
with the triggered TCR-CD3 complex.”® These data indi-
cate that localization of Lck to TCR—-CD3s that are phos-
phorylated on few tyrosines facilitates the phosphorylation
of the other ITAM tyrosines within CD3.

Our own data have suggested that the resting TCR—
CD3 is in a closed conformation, in which the ITAM
tyrosines are not exposed, but hidden within the quarte-
nary structure of the TCR-CD3 complex.*>*! Upon pep-
tide-MHC binding to TCR-2ff an open CD3
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Figure 1. Modular composition of proteins associated with the T-cell receptor (TCR) —CD3 complex. (a) Lck consists of an Src homology 4

(SH4) domain, a unique domain, an SH3 and SH2 domain, the catalytic domain and a C-terminal region. The serine (S) and tyrosines (Y)

depicted can be phosphorylated upon TCR-CD3 ligation. (b) ZAP-70 contains an N-terminal SH2 domain, an interdomain A (IA), a C-terminal

SH2 domain, an interdomain B (IB) and the kinase domain. The tyrosine residues indicated can be phosphorylated upon TCR-CD3 triggering.
(c) The Nck family has two members, Nckl and Nck2, both being composed of three SH3 domains and a C-terminal SH2 domain. (d) WASP
consists of a WH1 (WASP homology 1) and basic domain, followed by a GTPase-binding domain (GBD), a proline-rich sequence (PRS) and ver-

prolin homology domain—cofilin homology domain-acidic region domains (VCA). (e) Numb contains a phospho-tyrosine binding (PTB)
domain, two PRSs and DPF (Asp-Pro-Phe) and NPF (Asn-Pro-Phe) tri-peptide motifs at the C-terminus.

conformation 1is stabilized, that allows access of Lck to
the ITAM tyrosine.*> This might be one explanation of
how peptide-MHC binding to the TCR-CD3 complex
causes CD3 phosphorylation by Lck.

As Lck expression is found only in T cells and natural
killer cells, selective inhibitors that target Lck would
potentially provide a safe treatment of diseases mediated
by over-activation of T cells such as rheumatoid arthritis,
inflammatory bowel disease, psoriasis and organ graft
rejection.” A large number of compounds have been
reported that selectively inhibit Lck activity by binding to
the ATP pocket of Lck’s kinase domain.** Some of those
inhibitors prevent the allograft rejection in mouse mod-
els,**** and one inhibits the hind paw swelling in an

adjuvant-induced rat arthritis model.*”

ZAP-70

ZAP-70 is a cytoplasmic tyrosine kinase expressed predomi-
nantly in T and natural killer cells. The importance of
ZAP-70 in humans has been demonstrated as a lack of

ZAP-70 causes a profound combined immunodeficiency,
which is characterized by an absence of CD8 T cells and a
defective function of CD4 T cells.'”'® Combined mutations
of R192W and R360P in ZAP-70 cause an autoimmune
syndrome. The former mutation results in decreased bind-
ing to phospho-CD3, whereas the latter mutation reduces
an autoinhibitory mechanism.*® These mutations that alter
TCR signalling thresholds cause autoimmune diseases as
phenotypically demonstrated by uncontrollable bullous
pemphigoid, colitis and proteinuria.*®

ZAP-70 is structurally composed of two SH2 domains
separated by a so-called interdomain A. Following the tan-
dem SH2 domains is the interdomain B and the kinase
domain* (Fig. 1b). There are several tyrosine residues on
the interdomain B and kinase domain that can be phos-
phorylated after TCR stimulation. These tyrosines have
various functions including regulation of the catalytic
activity of ZAP-70 and interaction with other signalling
molecules. Tyrosine 292 (Y292), Y315 and Y319 are
located within the interdomain B, whereas Y492 and Y493
are located in the kinase domain. In resting T cells, ZAP-

© 2017 John Wiley & Sons Ltd, Immunology



70 is in an autoinhibited conformation mediated by the
intramolecular interaction of Y315 and Y319 with the
kinase domain.® Upon TCR engagement, the tandem
SH2 domains of ZAP-70 are recruited to doubly phospho-
rylated ITAMs of the CD3 subunits. Binding to the CD3
subunits changes ZAP-70 conformation to an opened con-
formation with the release of Y315 and Y319 from the
kinase domain. This facilitates the phosphorylation of
Y315 and Y319 by either Lck®™ or by trans-autopho-
sphorylation.” Likewise, the conformational change also
gives rise to a more flexible kinase domain, resulting in
phosphorylation of Y493, which is located within the acti-
vation loop of the kinase domain, by either Lck or by
trans-autophosphorylation.”®  Phosphorylation of Y493
allows ZAP-70 to be catalytically active. Lck can bind with
its SH2 domain to phospho-Y319 of ZAP-70 and is
required to mediate the phosphorylation of various tyro-
sine residues on ZAP-70.>* Mutation of ZAP-70’s Y319’
or Lck’s SH2 domain® abrogates the Lck—ZAP-70 interac-
tion and consequently impairs downstream signalling.
Taken together, the activation of ZAP-70 relies on two
steps: first binding of the tandem SH2 domains of ZAP-70
to doubly phosphorylated tyrosines within the ITAMs of
CD3, causing a conformational change, and second the
Lck- and ZAP-70-mediated phosphorylation of Y315,
Y319 and Y493 resulting in full ZAP-70 activation.**!

By comparing the different ITAMs among the CD3
subunits (CD3(, CD36, CD3¢ and CD3y), it is likely that
ZAP-70 preferentially binds to fully phosphorylated
CD3¢.°? Recently, a ‘catch-and-release’ model for ZAP-70
activation has been proposed by Katz et al® After
recruitment of ZAP-70 to the phosphorylated TCR-CD3
complexes and ZAP-70 phosphorylation by Lck, activated
ZAP-70 is released from the TCR-CD3 complexes into
the plane of the plasma membrane. The association of
ZAP-70 with the membrane might be mediated by the
binding of the SH2 domains to lipids or of phosphoty-
rosines to other membrane-associated proteins. Conse-
quently, empty phospho-TCR-CD3 complexes allow the
recruitment of additional ZAP-70 molecules to the TCR—
CD3 for activation of additional ZAP-70. The released
ZAP-70 translocates within the membrane into adjacent
protein islands to mediate phosphorylation of its sub-
strates including the linker for the activation of T cells
(LAT) and the SH2-domain-containing leucocyte protein
of 76 000 MW (SLP-76).>> Phosphorylated LAT and SLP-
76 adaptor proteins have various interacting partners such
as the phospholipase C-y1, which is recruited to these
two proteins to form the LAT/SLP-76 signalosome.’®
Forming of this signalosome results in T-cell activation,
proliferation and differentiation.

As ZAP-70 is required to initiate T-cell activation, inhi-
bition of ZAP-70 from interacting with the TCR-CD3 by
small molecules may be used to treat patients with autoim-
mune diseases and organ transplants. High-throughput

© 2017 John Wiley & Sons Ltd, Immunology
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screening of a library of 132 842 compounds has been con-
ducted to find inhibitors that would disrupt the interaction
of ZAP-70 with CD3(.”” A series of pyrimidine derivatives
that can inhibit ZAP-70 activity have been identified and
patented by researchers and Novartis companies.”®

In recent years, chimeric antigen receptor (CAR)-
expressing T cells have been used for tumour immunother-
apy. CARs consist of an extracellular anti-tumour antigen
single Fv fragment, a transmembrane region and the
cytoplasmic tail of CD3{. CAR signalling relies on tumour
antigen-binding-induced CD3( tail phosphorylation. An in
silico model has suggested that the sensitivity of TCR
signalling is modulated by the differential affinities of
ZAP-70 to the ITAMs of CD3(, and sequential phosphory-
lation of these ITAMs leading to a ‘switch-like’ response of
TCR signalling.”® Cytokine production by T cells could
occur without phosphorylation of the CD3({, CD34, CD3y
chains when there are intact CD3¢ chains.®® It has been
suggested that no matter which ITAMs are phosphorylated,
the number of ITAMs to be phosphorylated would
determine the outcome of the T-cell response.®’ Hence, to
obtain effective CAR-T cells with a strong anti-tumoral
cytotoxic function but without producing too much
cytokine, preventing the so-called cytokine storm, one
may optimize CD3( signalling by titrating the number of
ITAMs to be phosphorylated and by using other CD3
chains than CD3C.

Nck

Nck is a 47 000 MW cytosolic adapter protein that is
composed of three SH3 domains (SH3.1, SH3.2 and
SH3.3) and one SH2 domain (Fig. 1¢). In humans, two
Nck isoforms exist; Nckl1/Ncko and Nck2/Nckp, which
share 68% amino acid sequence similarity.”> Although
redundant roles of Nckl and Nck2 have been reported,
our previous work has shown that Nckl and Nck2 mole-
cules are functionally non-redundant in T-cell activa-
tion.*” In response to TCR triggering, Nck is recruited to
SLP-76 to mediate actin rearrangement, which is essential
for immunological synapse formation, T-cell activation
and cell movement.* Nck is doing so by binding to
WASP.

In addition, inducible direct association of Nck to
the TCR-CD3 complex occurs when the latter is trig-
gered. For this association, Nck simultaneously uses its
SH3.1 and SH2 domains.®® The SH3.1 domain directly
interacts with the PxxPxxDY sequence located within
the proline-rich sequence (PRS) of the CD3&.*° For this
association to occur the TCR needs to be in its Active
CD3 conformation and the tyrosine needs to be in the
non-phosphorylated state.*>*® The SH2 domain interacts
with the second tyrosine of the CD3¢ ITAM, when this
tyrosine is phosphorylated.®> The functions of Nck-CD3
interaction is not well understood. A knock-in mouse
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strain was generated in which the CD3e PRS was
replaced with another sequence, abolishing the binding
to the SH3.1 domain of Nck, but most likely also to
Numb (see below).®” The fact that Nck is a positive
and Numb a negative regulator of signalling, might
explain why the phenotype of the mutant T cells was
mild. To only block the Nck—CD3 interaction, another
knock-in mouse line with point mutations of the two
central prolines of the PxxP motif of CD3¢ PRS to ala-
nine has been generated.®® Indeed, T cells from these
knock-in mice do not recruit Nck to the TCR upon
stimulation. In addition, this mutation is accompanied
with impaired CD3{ phosphorylation and decreased
ZAP-70 recruitment to the TCR-CD3 complex, as well
as impaired ZAP-70 phosphorylation.®® Moreover, the
SH3.2 domain of Nck can bind to a proline motif in
the unique domain of Lck.*” Recently, another adaptor
protein called the T-cell specific adaptor protein (TSAd)
was identified that interacts with the Src family of pro-
teins including Lck and promotes actin polymerization
via interaction with Nck.”” Nck and Lck contain multi-
ple binding sites on TSAd. The Nck SH2 interacts with
phospho-TSAd whereas the Nck SH3.1 and SH3.3 inter-
act with TSAd PRS. The SH2 Lck binds to phospho-
TSAd and the Lck SH3 binds to the TSAd PRS. Taken
together, Nck recruitment to the TCR-CD3 complex
may also bring Lck to TCR.

Interestingly, the importance of the Nck—CD3 interac-
tion might depend on the antigen quality, as this interac-
tion was critical for stimulation of T cells with weak
(low-affinity) antigens, but not with strong (high-affinity)
antigens.”' Foreign antigens are often of high affinity and
self antigen of low affinity.”> Hence, the requirement of
Nck recruitment for T-cell activation only by low (and
not by high) affinity antigens has raised the possibility for
inhibition of the Nck-CD3 interaction as a target for
treatment of autoimmune diseases caused by self-reactive
T cells. Borroto et al.”> have chemically generated a low-
molecular-weight inhibitor targeting a mnon-canonical
pocket within the Nck SH3.1 domain. As expected, this
inhibitor prevented the binding of Nck to the TCR-CD3
complex. T-cell activation in response to low-affinity anti-
gens was strongly inhibited by this inhibitor, as seen in
mouse models for psoriasis, asthma and multiple sclero-
sis. Interestingly, the T-cell response to a mouse pathogen
acting as a strong high-affinity peptide was normal after
treatment with this inhibitor. Altogether, these results
indicate that this synthetic inhibitor could be a candidate
to be evaluated in clinical trials to treat various T-cell-
mediated autoimmune diseases.”

WASP

WASP belongs to the WASP family of proteins consisting
of WASP, N-WASP and WAVE/SCAR molecules.”

Mutation of WASP or lack of WASP expression causes
the Wiskott—Aldrich syndrome (WAS), which is charac-
terized by thrombocytopenia, eczema, increased suscepti-
bility to infection and increased risk to develop
autoimmune disease.”>”> WASP contains a WASP homol-
ogy 1 domain, a basic domain, a PRS, a GTPase-binding
domain and a verprolin homology domain—cofilin
homology domain-acidic region (VCA) domain (Fig. 1d).
These domains are required for binding to different
cytoskeleton-regulating  proteins. For instance, the
GTPase-binding domain binds CDC42,”® whereas the
PRS acts as a binding site for various SH3-containing
proteins such as Nck.”” The function of WASP at the
SLP-76 signalosome in regulating actin skeleton dynamics
is well described.”®

As WASP is the binding partner of Nck,”” we tested
whether recruitment of Nck to the TCR—CD3 complex
may also bring WASP to the TCR-CD3. We found that
WASP is co-immunoprecipitated with the TCR-CD3
complex after T-cell activation.”” However, whether this
was mediated by Nck is not known. Although the func-
tion of WASP recruitment to the TCR-CD3 complex has
not been investigated, these results suggest that there
would be an alternative pathway of WASP (besides the
SLP-76 signalosome) to regulate actin reorganization in
the vicinity of the TCR-CD3 complex.

Numb

Numb is an adaptor protein that regulates receptor inter-
nalization. Numb is up-regulated in the active phase of
multiple sclerosis® and type 1 diabetes.*’ Two homo-
logues of Numb including Numb and Numb-like have
been identified in mammals.** Numb is composed of a
phosphotyrosine binding domain, several proline-rich
regions at the centre of the molecule and two tri-peptide
motifs (Fig le).* Numb is involved in the development
of murine thymocytes by regulating pre-TCR signalling.®®
In addition, Numb may control TCR signalling in
mature T cells. Constitutive expression of CD69 and
interferon-y, as well as constitutively phosphorylated
ERK, are found in the CD4" T cells from dominant neg-
ative Numb transgenic mice. Upon stimulation, CD4" T
cells from these mice exhibit higher ERK, ZAP-70 and
Akt phosphorylation than those of the wild-type mice,
indicating that Numb may be required for a negative
control of TCR-mediated signal transduction.®* It was
suggested that Numb plays a role in TCR degradation by
simultaneously binding to both Cbl and a site within
CD3e that overlaps with the Nck binding site, thus
mediating TCR degradation.®*

Numb can bind with its phosphotyrosine binding
domain to the cytoplasmic tail of CD3¢ within the PRS
to the sequence NPDY.** Indeed, an endocytosis motif in
CD3¢ in this region has been identified,* suggesting that
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Numb might be involved in TCR-CD3 endocytosis.
Interestingly, Numb was suggested to constitutively asso-
ciate with CD3e. So far, not much is known about the
order of binding of the TCR-CD3 binding partners.
Here, we propose that in resting T cells, CD3¢ is occu-
pied with Numb that impedes TCR signalling. Upon
TCR ligation, a conformational change of the CD3¢ may
result in the release of Numb and exposure of the CD3e
PRS, which is the site that interacts with Nck. Recruit-
ment of Nck to the TCR also brings Lck to the TCR to
facilitate ITAM phosphorylation. Full ITAM phosphoryla-
tion then releases Nck so that ZAP-70 can bind. Once
the TCR signal is transmitted, ZAP-70 is replaced by
Numb to mediate TCR degradation and these cause a
deviation of T-cell activation. However, further studies
are required to elucidate the mechanism underlying
Numb-regulated TCR signalling and the related TCR
degradation pathways.

TCR degradation Lck

Phosphorylation of
ITAMs and ZAP-70

Signalling proteins at TCR-CD3 complex

Conclusion

TCR-CD3 complex is the key molecule to initiate bio-
chemical events in T-cell activation and differentiation
that can lead to different outcomes, depending on the
quantity and quality of the stimulus. Nevertheless, how
stimulation of the TCR-CD3 complex can give rise to
distinct outcomes still remains unclear. Based on the
recent findings, we propose that distinct outcomes may
be due to the different interaction partners to be
recruited to the TCR-CD3 complex upon TCR-CD3
engagement (Fig. 2). These protein partners are involved
in both enhance and decrease of TCR signalling and in
different downstream signalling pathways. Lck can inter-
act directly or indirectly with the TCR-CD3 complex and
phosphorylate the ITAMs to initiate signal transduction.
ZAP-70 directly interacts with the TCR-CD3 complex
upon CD3 phosphorylation and activates downstream

23 > 2
OOOO00O0 OOOOOOO000

Actin cytoskeletal
rearrangement

Phosphorylation of
LAT, SLP-76

Figure 2. Selected signalling proteins at TCR-CD3 complex. TCR-CD3 ligation induces a conformational change of CD3g, leading to the expo-
sure of its proline-rich sequence (PRS). Nck is then recruited to the PRS within the cytoplasmic tail of the CD3¢. Subsequently, Lck is associated
with Nck upon TCR activation. Hence, Nck recruitment to TCR may also bring Lck to TCR—CD3 complex to mediate phosphorylation of the
ITAM motif. In addition, Lck can directly interact with phospho-ITAM. When the second tyrosine of the CD3¢ ITAM is phosphorylated, Nck
can bind with CD3¢ using its SH3.1 and SH2 domains in a co-operative manner. In proximity to the TCR-CD3 complex, Lck phosphorylates
tyrosines in each ITAM of the CD3 chains. ZAP-70 is then recruited to bind to the phospho-ITAMs, where ZAP-70 itself is phosphorylated by
Lck. WASP can be associated with Nck upon TCR activation to regulate actin polymerization. Numb can be associated with the CD3¢ to regulate

in TCR degradation leading to a decrease in TCR signalling.
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signalling cascades. Nck is recruited to CD3¢ and might
co-recruit Lck and WASP to the TCR-CD3 complex.
TCR-CD3-recruited WASP might control actin reorgani-
zation at TCR-CD3. Numb is a new binding partner of
the TCR-CD3 complex and participates in TCR degrada-
tion to lessen TCR signalling after T-cell stimulation.
However, the exact molecular mechanisms underlying the
dynamic distributions of these proteins into and out of
the TCR—CD3 complex still need further clarification.
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