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ABSTRACT  
ReceQW WechQRORgicaO adYaQceV haYe eQabOed PaVViYeO\ SaUaOOeO chURPaWiQ SURfiOiQg ZiWh          

V​iQgOe-​c​eOO ​A​VVa\ fRU ​T​UaQVSRVaVe ​A​cceVVibOe ​C​hURPaWiQ b\ ​VeT ​XeQciQg (VcATAC-VeT) iQ          

WhRXVaQdV Rf iQdiYidXaO ceOOV. HeUe, Ze e[WeQd WheVe aSSURacheV aQd SUeVeQW ​A​TAC ZiWh ​S​eOecW              

A​QWigeQ ​P​URfiOiQg b\ ​VeT ​XeQciQg, ASAP-VeT, a WRRO WR ViPXOWaQeRXVO\ SURfiOe acceVVibOe           

chURPaWiQ aQd SURWeiQ OeYeOV iQ WhRXVaQdV Rf ViQgOe ceOOV. OXU aSSURach SaiUV VSaUVe             

VcATAC-VeT daWa ZiWh URbXVW deWecWiRQ Rf hXQdUedV Rf ceOO VXUface aQd iQWUaceOOXOaU SURWeiQ             

PaUNeUV aQd RSWiRQaO caSWXUe Rf PiWRchRQdUiaO DNA (PWDNA) fRU cORQaO WUacNiQg, WhXV            

cRQcRPiWaQWO\ caSWXUiQg WhUee diVWiQcW PRdaOiWieV iQ ViQgOe ceOOV. IPSRUWaQWO\, ASAP-VeT XVeV a            

QRYeO bUidgiQg aSSURach WhaW UeSXUSRVeV aQWibRd\:ROigR cRQMXgaWeV deVigQed fRU e[iVWiQg          

WechQRORgieV WhaW SaiU SURWeiQ PeaVXUePeQWV ZiWh ViQgOe ceOO RNA-VeT. We dePRQVWUaWe Whe            

XWiOiW\ Rf ASAP-VeT b\ UeYeaOiQg cRRUdiQaWed aQd diVWiQcW chaQgeV iQ chURPaWiQ, RNA, aQd             

VXUface SURWeiQV dXUiQg QaWiYe hePaWRSRieWic diffeUeQWiaWiRQ, SeUiSheUaO bORRd PRQRQXcOeaU ceOO          

VWiPXOaWiRQ, aQd aV a cRPbiQaWRUiaO decRdeU aQd UeSRUWeU Rf PXOWiSOe[ed SeUWXUbaWiRQV iQ SUiPaU\             

T ceOOV. 
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INTRODUCTION  
The UeceQW e[SORViRQ Rf WechQRORgieV aOORZiQg deWaiOed SheQRW\Sic PeaVXUePeQWV Rf ViQgOe ceOOV            

iQ high-WhURXghSXW haV Pade Whe diVVecWiRQ Rf ceOO W\SeV aQd VWaWeV iQ cRPSOe[ WiVVXeV              

acceVVibOe WR PRVW UeVeaUcheUV. WhiOe PeaVXUePeQW Rf ViQgOe PRdaOiWieV haV beeQ highO\            

iQfRUPaWiYe fRU SheQRW\SiQg, QeZ WechQiTXeV WhaW aOORZ deWecWiRQ Rf PXOWiSOe PRdaOiWieV Rf            

iQfRUPaWiRQ fURP ViQgOe ceOOV cRQWiQXe WR be deYeORSed ​1±4​. 

 

MXOWi-PRdaO aSSURacheV cRXSOe VSaUVe cRPSUeheQViYe PeaVXUePeQWV ZiWh PRUe URbXVW         

diUecWed PeaVXUePeQWV WhaW UeSRUW RQ NQRZQ ceOO W\SeV RU VWaWeV. FRU e[aPSOe, CITE-VeT ​5,6 aQd              

REAP-VeT ​7 cRXSOe VcRNA-VeT ZiWh deWecWiRQ Rf VXUface SURWeiQV. IQ WheVe PeWhRdV,           

ROigR-OabeOed aQWibRdieV deWecW highO\ abXQdaQW aQd ZeOO-chaUacWeUi]ed VXUface SURWeiQ PaUNeUV,          

Zhich cRPSOePeQW Whe UeOaWiYeO\ VSaUVe VcRNA-VeT VigQaO aQd eQabOe PRUe URbXVW ceOO W\Se             

diVcUiPiQaWiRQ, UeOaWiQg diffeUeQW OeYeOV Rf geQe UegXOaWiRQ aQd cRQQecWiQg WR a Uich bRd\ Rf ZRUN               

RQ SheQRW\SeV aW Whe SURWeiQ OeYeO. HRZeYeU, ZhiOe PRNA aQd SURWeiQ aUe Whe SURdXcWV Rf geQe                

e[SUeVViRQ, WheiU deWecWiRQ (RU OacN WheUeRf) aW a VQaSVhRW iQ WiPe dR QRW VXffice WR deciSheU Whe                 

XQdeUO\iQg UegXOaWRU\ PechaQiVPV aW WheiU UeVSecWiYe geQRPic ORci. 

 

The chURPaWiQ aUchiWecWXUe Rf a ceOO iV aQ eaUO\ SheQRW\Sic UeadRXW WhaW highOighWV UegXOaWRU\              

PechaQiVPV WhaW cRQWURO VRPe Rf Whe eaUOieVW VWeSV iQ geQe e[SUeVViRQ, iQ iQVWaQceV aOORZiQg              

deWecWiRQ Rf Whe eaUOieVW ceOOXOaU UeVSRQVeV WR VWiPXOi RU deYeORSPeQWaO deciViRQV, aQd            

ideQWificaWiRQ Rf SRiVed VWaWeV​8​. IQ SaUWicXOaU, Whe ​A​VVa\ fRU ​T​UaQVSRVaVe-​A​cceVVibOe ​C​hURPaWiQ           

b\ ​VeT ​XeQciQg aSSOied WR ViQgOe ceOOV (VcATAC-VeT) iV a UeceQW bXW ZideO\-XVed PeWhRd WR              

RbWaiQ a geQRPe Zide VQaSVhRW Rf chURPaWiQ acceVVibiOiW\, VigQaWXUeV Rf acWiYe WUaQVcUiSWiRQ aQd             

eYeQ WUaQVcUiSWiRQ facWRU biQdiQg ​9,10​. SeYeUaO PeWhRdV haYe UeceQWO\ beeQ deYeORSed fRU Whe            

caSWXUe Rf PRNA WRgeWheU ZiWh chURPaWiQ acceVVibiOiW\ iQ ViQgOe ceOOV aQd heOS cRUUeOaWe             

chURPaWiQ acceVVibiOiW\ ZiWh geQe e[SUeVViRQ, aV ZeOO aV Oa\eU PRNA e[SUeVViRQ daWa RQ WRS Rf               

VSaUVe ATAC-VeT daWa ​8,11±13​. WhiOe haYiQg WUaQVcUiSW aQd chURPaWiQ acceVVibiOiW\ daWa fURP Whe            

VaPe ViQgOe ceOOV iV YaOXabOe, Whe XOWiPaWe VWeS Rf geQe e[SUeVViRQ, iQ PRVW caVeV, iV UegXOaWiRQ                

Rf SURWeiQ OeYeOV, aQd PXch Rf RXU XQdeUVWaQdiQg Rf ceOO fXQcWiRQ iV aVVRciaWed ZiWh VXch               

chaQgeV. MRUeRYeU, chaQgeV WR SURWeiQ OeYeOV aQd PRdificaWiRQV caQ haSSeQ iQ Za\V WhaW aUe              

QRW cRXSOed WR WUaQVcUiSWiRQ aQd RSeUaWe aW faVW WiPe VcaOeV, WhXV SUecediQg chaQgeV WR              

UegXOaWRU\ PechaQiVPV, VXch aV chURPaWiQ acceVVibiOiW\. MRWiYaWed b\ Whe UeceQW dePRQVWUaWiRQ           

WhaW fi[ed aQd SeUPeabiOi]ed ZhROe ceOOV \ieOd VcATAC SURfiOeV Rf cRPSaUabOe TXaOiW\ WR             
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WUadiWiRQaO fUeVh QXcOeaU SUeSaUaWiRQV​14​, Ze VRXghW WR cRPbiQe SURWeiQ deWecWiRQ ZiWh           

VcATAC-VeT. 

 

HeUe, Ze UeSRUW ​A​TAC ZiWh ​S​eOecW ​A​QWigeQ ​P​URfiOiQg b\ ​VeT ​XeQciQg (ASAP-VeT), a PeWhRd WhaW              

eQabOeV URbXVW deWecWiRQ Rf ceOO VXUface aQd iQWUaceOOXOaU SURWeiQV XViQg ROigR-OabeOed aQWibRdieV            

WRgeWheU ZiWh high-WhURXghSXW VcATAC-VeT. ASAP-VeT WaNeV adYaQWage Rf e[iVWiQg ROigR-OabeOed          

aQWibRd\ UeageQWV XVed fRU CITE-VeT, CeOO HaVhiQg, aQd UeOaWed WechQRORgieV, ciUcXPYeQWiQg Whe            

Qeed fRU addiWiRQaO VSeciaOi]ed cRPSRQeQWV. IPSRUWaQWO\, XQOiNe cR-aVVa\V Rf RNA aQd           

chURPaWiQ, ZheUe WheUe iV a WUade Rff beWZeeQ eQ]\PaWic VWeSV ZiWh YaVWO\ diffeUeQW             

UeTXiUePeQWV, Ze OeYeUage aQ aSSURach (aV iQ CITE-VeT ​5,6​) WhaW XWiOi]eV Whe eQ]\PaWic VWeSV Rf              

Whe SaUeQW aVVa\ WR deWecW PXOWiSOe PRdaOiWieV, WR eQVXUe high TXaOiW\ acURVV bRWh. MRUeRYeU,              

ASAP-VeT iV cRPSaWibOe ZiWh UeceQW PeWhRdV deVigQed WR deWecW PWDNA geQRW\SeV fRU OiQeage             

WUaciQg aQd VWXd\ Rf PiWRchRQdUiaO diVeaVeV​14,15​. TR dePRQVWUaWe Whe XWiOiW\ Rf ASAP-VeT, Ze             

aSSOied iW WR Whe VWXd\ Rf hXPaQ hePaWRSRieViV, ZheUe Whe cRPbiQaWiRQ Rf ViQgOe ceOO chURPaWiQ               

acceVVibiOiW\, hXQdUedV Rf VXUface PaUNeU SURfiOeV, aQd PWDNA-baVed OiQeage WUaciQg aOORZed XV            

WR UeVROYe bRQe PaUURZ heWeURgeQeiW\ aQd cRPSRViWiRQ. SeSaUaWeO\, iQ a PRdeO Rf iPPXQe ceOO              

VWiPXOaWiRQ, Ze cRPbiQed ASAP-VeT ZiWh CITE-VeT WR UeYeaO Whe diVWiQcW Oa\eUV Rf UegXOaWiRQ Rf              

SURWeiQ, PRNA OeYeOV, aQd chURPaWiQ acceVVibiOiW\. FiQaOO\, iQ a PXOWiSOe[ed SeUWXUbaWiRQ aVVa\ iQ             

SUiPaU\ T ceOOV, ASAP-VeT diVeQWaQgOeV chURPaWiQ aQd SURWeiQ SheQRW\SeV aVVRciaWed ZiWh           

VSecific VigQaOOiQg SaWhZa\V. 
 

 

RESULTS 

Development and validation of ASAP-seq  

 

TR deYeORS ASAP-VeT, Ze bXiOW RQ PWVcATAC-VeT ​14​, a dURSOeW-baVed VcATAC-VeT PeWhRd WhaW            

MRiQWO\ SURfiOeV chURPaWiQ acceVVibiOiW\ aQd PWDNA ZiWh high cRYeUage iQ WhRXVaQdV Rf ViQgOe             

ceOOV. IQ PWVcATAC-VeT, Whe UeWeQWiRQ Rf PiWRchRQdUia iQ fi[ed ZhROe ceOOV aOORZV WheiU geQRPeV              

WR be WagPeQWed aQd VXbVeTXeQWO\ VeTXeQced. We UeaVRQed WhaW Whe fi[aWiRQ aQd            

SeUPeabiOi]aWiRQ befRUe TQ5 WUaQVSRViWiRQ ZRXOd aOVR UeVXOW iQ Whe UeWeQWiRQ Rf ceOO VXUface             

PaUNeUV, eQabOiQg WheiU deWecWiRQ ZiWh ROigR-cRQMXgaWed aQWibRdieV, aV dePRQVWUaWed ZiWh          

CITE-VeT aQd UeOaWed WechQRORgieV (​Fig. 1a ​)​5±7​. TR WeVW ZheWheU VXUface PaUNeU deWecWiRQ iV             

cRPSaWibOe ZiWh Whe PWVcATAC-VeT ZRUNfORZ, Ze VWaiQed SeUiSheUaO bORRd PRQRQXcOeaU ceOOV           
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(PBMCV) ZiWh fOXRURShRUe-OabeOed aQWibRdieV agaiQVW CD3 aQd CD19, aQd SeUfRUPed fORZ           

c\WRPeWU\ WR PeaVXUe fOXRURShRUe iQWeQViW\ aW VXbVeTXeQW VWeSV Rf Whe SURWRcRO (​Extended Data             
Fig. 1a ​). WhiOe SeUPeabiOi]aWiRQ Rf fi[ed ceOOV had a PiQiPaO iPSacW RQ VigQaO iQWeQViW\, Whe               

addiWiRQaO 1 hU iQcXbaWiRQ aW 37�C WR PiPic Whe WUaQVSRViWiRQ VWeS Oed WR VRPe ORVV Rf iQWeQViW\.                 

HRZeYeU, Whe VeSaUaWiRQ WR bacNgURXQd UePaiQed diVWiQcW, VXggeVWiQg Whe ZRUNfORZ WR be            

cRPSaWibOe ZiWh aQWibRd\-baVed SURWeiQ deWecWiRQ. 

  

We Qe[W deYiVed aQ aSSURach fRU SURWeiQ deWecWiRQ WhaW OeYeUageV e[iVWiQg YaOidaWed UeageQWV iQ              

bURad XVe. The PRVW SaUViPRQiRXV aSSURach WR iQcRUSRUaWiQg SURWeiQ deWecWiRQ iQWR VcATAC-VeT            

ZRXOd be WR deVigQ aQWibRd\:ROigR cRQMXgaWeV ZiWh VeTXeQceV cRPSOePeQWaU\ WR Whe ROigRV WhaW             

aSSeQd ceOO baUcRdeV WR WagPeQWed fUagPeQWV. HRZeYeU, Whe OaUge e[iVWiQg caWaORg Rf            

cRPPeUciaO aQWibRd\:ROigR cRQMXgaWed SURdXcWV deVigQed fRU VcRNA-VeT aSSOicaWiRQV        

(TRWaOSeT ​TM SURdXcWV b\ BiRLegeQd) PRWiYaWed XV WR deYiVe a PROecXOaU bUidgiQg aSSURach,            

ZheUeiQ a VhRUW ROigR added WR Whe UeacWiRQ Pi[ bUidgeV Whe iQWeUacWiRQ beWZeeQ Whe aQWibRd\ Wag                

aQd Whe baUcRdiQg bead ROigR iQ dURSOeWV (​Fig. 1b ​aQd Extended Data Fig. 1b​). The 3¶ bORcNed                 

bUidge ROigR VeUYeV VROeO\ aV a WePSOaWe fRU e[WeQViRQ Rf Whe aQWibRd\ Wag dXUiQg Whe iQiWiaO                

aPSOificaWiRQ c\cOeV. The e[WeQded SURdXcW acTXiUeV Whe VeTXeQce QeceVVaU\ WR aQQeaO WR Whe             

bead-deUiYed baUcRded ROigR aQd iV OiQeaUO\ aPSOified dXUiQg Whe VXbVeTXeQW c\cOeV aORQg ZiWh             

acceVVibOe chURPaWiQ fUagPeQWV. TR aOORZ Wag PROecXOe cRXQWiQg ZheQ TRWaOSeT ​TM​-A (TSA)           

SURdXcWV aUe XVed, Ze iQWURdXced a UQiTXe BUidgiQg IdeQWifieU (UBI) VeTXeQce Yia Whe ​B​Uidge              

O​OigR fRU TRWaOSeT ​TM​-A (BOA) (​Extended Data Fig. 1b​). AV each aQWibRd\-deUiYed ROigR caQ             

RQO\ be bUidged RQce, Whe UBI VeUYeV aV a SUR[\ fRU a UQiTXe MROecXOaU IdeQWifieU (UMI) aQd                 

aOORZV iQdiYidXaO PROecXOeV WR be cRXQWed. AOWeUQaWe TRWaOSeT ​TM fRUPaWV (​e.g.​, TRWaOSeT​TM​-B           

(TSB) WhaW aOUead\ cRQWaiQ UMI VeTXeQceV​16​) dR QRW UeTXiUe UBIV iQ WheiU bUidge ROigRV              

(​Extended Data Fig. 2a ​). 
  

TR beQchPaUN ASAP-VeT, Ze VWaiQed a 50:50 Pi[ Rf hXPaQ (HEK-293T) aQd PRXVe (NIH-3T3)              

ceOOV ZiWh TSA hXPaQ aQd PRXVe-VSecific aQWi-CD29 aQWibRdieV (​Supplementar\ Table 1, tab            
µmixed species¶​), fROORZed b\ fi[aWiRQ, SeUPeabiOi]aWiRQ, aQd WUaQVSRViWiRQ SUiRU WR baUcRdiQg iQ            

dURSOeWV iQ Whe SUeVeQce Rf 0.5 ȝPROeV Rf BOA iQ Whe UeacWiRQ Pi[ (​Methods ​). AVVigQiQg ViQgOe                

ceOOV aV PRXVe, hXPaQ RU PXOWiSOeW b\ Whe QXPbeU Rf UeadV PaSSiQg WR Whe UeVSecWiYe geQRPeV                

RU b\ Wag ideQWiW\ \ieOded cRQViVWeQW UeVXOWV (​Methods ​), dePRQVWUaWiQg Whe VSecificiW\ Rf SURWeiQ             

deWecWiRQ iQ WhiV aVVa\ (​Fig. 1c ​aQd Extended Data Fig. 1c ​). IQ WhiV e[SeUiPeQW, WZR ideQWicaO                
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baUcRdiQg UeacWiRQV ZeUe UXQ iQ WZR VeSaUaWe OaQeV WR fXUWheU WeVW Wag OibUaU\ SUeSaUaWiRQ ZiWh               

aOWeUQaWe aSSURacheV; µPUe-SPRI¶, ZheUe Whe iQSXW fRU Wag iQde[iQg iV 10% Rf Whe SXUified              

fUagPeQWV afWeU ePXOViRQ bUeaNage RU µPRVW-SPRI¶, ZheUe Whe iQSXW iV SUeSaUed fURP Whe             

VXSeUQaWaQW fUacWiRQ fURP Whe SPRI SXUificaWiRQ VWeS (​Methods ​). IQ bRWh iQVWaQceV, Ze RbVeUYed             

QR VXbVWaQWiaO chaQgeV iQ ATAC fUagPeQW RU SURWeiQ Wag cRPSOe[iW\, VXggeVWiQg WhaW eiWheU             

fUacWiRQ (RU a cRPbiQaWiRQ Rf bRWh) caQ be XVed WR SUeSaUe Whe Wag OibUaUieV (​Extended Data Fig.                 

1d,e ​). NeYeUWheOeVV, deVSiWe QRW VeeiQg VXbVWaQWiaO diffeUeQceV beWZeeQ Whe WZR aSSURacheV, Ze            

RSWed fRU Whe SRVW-SPRI aSSURach fRU aOO VXbVeTXeQW aVVa\V WR UeWaiQ aV PaQ\ PROecXOeV aV               

SRVVibOe iQ Whe fUacWiRQ XVed fRU Whe geQeUaWiRQ Rf ATAC-VeT OibUaUieV. 

  

TR ideQWif\ diffeUeQWiaOO\ e[SUeVVed SURWeiQV aQd SeUfRUP addiWiRQaO WechQicaO beQchPaUNiQg aQd           

RSWiPi]aWiRQ, Ze aSSOied ASAP-VeT WR PBMCV VWaiQed ZiWh a TBNK SaQeO (BiRLegeQd,            

Supplementar\ Table 1, tab µTBNK¶​) WhaW aVVeVVeV VXUface e[SUeVViRQ Rf 9 PaMRU iPPXQe ceOO              

PaUNeUV. CRQcRPiWaQWO\, Ze UaQ a PaWched XQVWaiQed VaPSOe WR aVVeVV Whe iPSacW Rf aQWibRd\              

WagV RQ VcATAC-VeT daWa TXaOiW\. The TSS VcRUe aQd chURPaWiQ fUagPeQW cRPSOe[iW\ ZeUe             

YiUWXaOO\ ideQWicaO beWZeeQ Whe WZR UXQV, cRQfiUPiQg WhaW Whe VWaiQiQg aQd baUcRdiQg Rf SURWeiQ              

WagV did QRW iPSacW VcATAC TXaOiW\ (​Fig. 1d ​aQd Extended Data Fig. 1f​). ReaVVXUiQgO\,              

SURMecWiRQ Rf aQWibRd\ Wag cRXQWV RQ ceOO W\SeV UeVROYed aQd aQQRWaWed b\ WheiU chURPaWiQ              

acceVVibiOiW\ SURfiOeV VhRZV e[SecWed SaWWeUQV Rf e[SUeVViRQ Rf caQRQicaO ceOO W\Se PaUNeUV,            

iQcOXdiQg PXWXaO e[cOXViYiW\ Rf CD4 aQd CD8 e[SUeVViRQ iQ T ceOOV, CD16 iQ NK ceOOV aQd a                 

VXbVeW Rf PRQRc\WeV, aQd CD14 iQ a QRQ-RYeUOaSSiQg VeW Rf PRQRc\WeV (​Fig. 1e aQd ​Extended               
Data Fig. 1h​). NRWabO\, iQ PRVW caVeV Whe cOXVWeU VSecificiW\ Rf aQWibRd\ Wag cRXQWV aOigQV ZiWh                

Whe chURPaWiQ acWiYiW\ VcRUe Rf Whe cRUUeVSRQdiQg geQe ORcXV, ZiWh PaUNedO\ iQcUeaVed VeQViWiYiW\             

(​Fig. 1e ​aQd Extended Data Fig. 1h,i,j​). AV fi[aWiRQ aQd PiOd SeUPeabiOi]aWiRQ SUiRU WR              

dURSOeW-baVed VcATAC-VeT UeWaiQ PiWRchRQdUia ​14​, Ze fXUWheU UecRYeU 31% PiWRchRQdUiaO UeadV iQ           

WhiV e[SeUiPeQW, aOORZiQg XV WR SURfiOe PWDNA PXWaWiRQV MRiQWO\ ZiWh SURWeiQ OeYeOV aQd chURPaWiQ              

acceVVibiOiW\ iQ ViQgOe ceOOV (​Fig. 1f​).  
  

FiQaOO\, Ze fXUWheU e[SaQd Whe XWiOiW\ Rf ASAP-VeT b\ iQcRUSRUaWiQg CeOO HaVhiQg ​17,18​. IQ CeOO              

HaVhiQg ​17,18 aQd UeOaWed PeWhRdV​19±22​, VaPSOe PXOWiSOe[iQg iV eQabOed b\ baUcRded ROigR WagV            

(haVhWagV) WhaW aUe aWWached b\ a YaUieW\ Rf PeaQV WR aOO ceOOV Rf a VSecific VaPSOe. JRiQW                 

baUcRdiQg Rf haVhWagV ZiWh Whe ceOO¶V WUaQVcUiSWRPe, UeYeaOV bRWh Whe VaPSOe Rf RUigiQ fRU              

iQdiYidXaO ceOOV aQd Whe SUeVeQce Rf cURVV-VaPSOe PXOWiSOeWV (ZiWh >1 haVhWag abRYe WhUeVhROd).             
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TSA haVhiQg UeageQWV aUe cRPSaWibOe ZiWh Whe ASAP-VeT bUidgiQg VWUaWeg\, aQd aUe baUcRded iQ              

dURSOeWV WRgeWheU ZiWh SURWeiQ WagV aQd acceVVibOe chURPaWiQ fUagPeQWV, befRUe UecRYeU\ XViQg a             

VeSaUaWe PCR iQde[iQg VWUaWeg\ (​Methods ​). TR dePRQVWUaWe VaPSOe PXOWiSOe[iQg aQd dRXbOeW           

deWecWiRQ (eQabOiQg RYeUORadiQg aQd WhXV PRUe efficieQW e[SeUiPeQWV), Ze VWaiQed PBMCV ZiWh 4             

TSA haVhiQg aQWibRdieV (​Supplementar\ Table 1, tab µHashing¶​) aQd UecRYeUed 13,772 ceOOV            

WhaW ZeUe VXcceVVfXOO\ dePXOWiSOe[ed iQ 4 diVWiQcW SRSXOaWiRQV, ZiWh 1,396 deWecWed dRXbOeWV,            

cRQViVWeQW ZiWh Whe e[SecWed QXPbeU Rf dRXbOeWV Rf 1,138 deUiYed fURP a PRiVVRQ-baVed PRdeO              

(​Extended Data Fig. 1g​).  
 

 

ASAP-seq is a modular toolkit that enables sensitive protein capture irrespective of antibody             

conjugate or lysis conditions used 

 

We Qe[W deWeUPiQed if UBIV, XVed iQ TSA faPiO\ aQWibRd\:ROigR cRQMXgaWeV, SeUfRUP cRPSaUabO\             

WR UMIV (iQ TSB SURdXcWV). UBIV aUe cRSied Rff Rf Whe bUidge ROigRV WR acTXiUe a QeaU-XQiTXe                 

VeTXeQce VWUiQg fRU cRXQWiQg SXUSRVeV. We deVigQed 10 QW UBIV ZiWh cRPSOe[iW\ aSSURachiQg RU              

e[ceediQg Whe UMI cRPSOe[iW\ cRPPRQO\ XVed iQ VcRNA-VeT ​23,24​, bXW QRWe WhaW Whe OeQgWh aQd              

cRPSOe[iW\ Rf UBIV caQ be aOWeUed fRU diffeUeQW aSSOicaWiRQV. TR fRUPaOO\ cRPSaUe UMI YV. UBI               

TXaQWificaWiRQ Rf SURWeiQ WagV, Ze ViPXOWaQeRXVO\ cR-VWaiQed PBMCV ZiWh a 1:1 UaWiR Rf TSA              

(UBI-baVed) aQd TSB (UMI-baVed) TBNK SaQeO (​Fig. 2a, Supplementar\ Table 1, tab            
µTBNK¶​). DXUiQg Whe baUcRdiQg VWeS, bRWh bUidge ROigRV (BOA aQd BOB) ZeUe added WR Whe               

UeacWiRQ Pi[ iQ eTXaO cRQceQWUaWiRQV WR bUidge WheiU cRUUeVSRQdiQg WagV (bUidgiQg VchePeV            

VhRZQ iQ ​Extended Data Fig. 1b ​aQd Extended Data Fig. 2a ​). UBI-cROOaSVed TSA cRXQWV VhRZ               

gRRd cRUUeOaWiRQ ZiWh UMI cROOaSVed TSB cRXQWV acURVV aOO 9 aQWibRdieV (PeaUVRQ¶V ​r​=0.44-0.93,             

deSeQdiQg RQ aQWibRd\), VXggeVWiQg WhaW Whe UBI caQ SURYide a UeOiabOe SUR[\ fRU a UMI (​Fig.                
2b​). 
  

WhiOe ASAP-VeT diUecWO\ e[WeQdV PWVcATAC-VeT, \ieOdiQg cRPSaUabOe UeWeQWiRQ Rf PWDNA          

UeadV, Ze aVNed ZheWheU SURWeiQ abXQdaQce aQd acceVVibOe chURPaWiQ cRXOd be URbXVWO\            

PeaVXUed ZiWhRXW cRQcRPiWaQW PWDNA eQUichPeQW, Zhich Pa\ be SUefeUUed iQ VSecific WiVVXe            

W\SeV RU e[SeUiPeQWaO VeWWiQgV. TR WhiV eQd, Ze cRPSaUed Whe RUigiQaO OMNI-ATAC-VeT O\ViV             

SURWRcRO SUeYiRXVO\ VhRZQ WR deSOeWe PWDNA​25​, aQd cXUUeQWO\ UecRPPeQded fRU Whe 10[            

GeQRPicV VcATAC-VeT aVVa\ (​Methods ​), WR Whe effecWV Rf O\ViV cRQdiWiRQV fRU PWVcATAC-VeT​14 .             
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We fi[ed PBMCV VWaiQed ZiWh Whe TBNK SaQeO (​Fig. 2a ​), VSOiW WheP iQ WZR aOiTXRWV, aQd O\Ved                 

ZiWh Whe PiOd PWVcATAC-VeT cRQdiWiRQV deVcUibed WhXV faU (UefeUUed WR aV ORZ ORVV O\ViV, LLL) RU                

ZiWh Whe VWURQgeU OMNI cRQdiWiRQV iQcOXdiQg digiWRQiQ aQd TZeeQ-20 iQ Whe O\ViV bXffeU. WhiOe Whe               

O\ViV deWeUgeQW cRPSRViWiRQ had a dUaPaWic effecW RQ PWDNA UeWeQWiRQ (a18[ dURS iQ PediaQ              

PWDNA fUagPeQWV SeU ceOO; ​Fig. 2c ​), iW had OiWWOe WR QR effecW RQ Whe diVWUibXWiRQ Rf UBI RU UMI Wag                    

cRXQWV (​Fig. 2d ​aQd Extended Data Fig. 2c ​). MRUeRYeU, The cRUUeOaWiRQV beWZeeQ UBI- aQd              

UMI- cROOaSVed Wag cRXQWV XQdeU VWURQgeU SeUPeabiOi]aWiRQ aUe cRPSaUabOe WR WhRVe iQ PiOdeU             

O\ViV cRQdiWiRQV (​Extended Data Fig. 2b, PeaUVRQ¶V ​r​=0.38-0.96), aObeiW ZiWh VOighW iPSURYePeQW            

fRU PRVW aQWibRdieV. OYeUaOO, Ze cRQcOXde WhaW Whe ceOO VXUface PaUNeU UeWeQWiRQ iQ Whe ASAP-VeT               

ZRUNfORZ aOORZV UeOiabOe PeaVXUePeQW, iUUeVSecWiYe Rf aQWibRd\:ROigR UeageQW W\Se RU O\ViV           

cRQdiWiRQV XVed, aQd ZiWhRXW cRPSURPiViQg ATAC-VeT daWa (​Extended Data Fig. 2d,e,f​). 
 

 

ASAP-seq is compatible with detection of intracellular proteins 

 

We h\SRWheVi]ed WhaW Whe fi[aWiRQ aQd SeUPeabiOi]aWiRQ VWeSV iQheUeQW iQ Whe ASAP-VeT            

ZRUNfORZ ZRXOd SURYide aQ RSSRUWXQiW\ WR aOVR deWecW iQWUaceOOXOaU eSiWRSeV, Zhich haYe beeQ             

SUeYiRXVO\ iQacceVVibOe iQ high-WhURXghSXW PeWhRdV cRPbiQiQg SURWeiQ deWecWiRQ ZiWh         

VcRNA-VeT ​5±7​. TR e[aPiQe WhiV, Ze VWaiQed PBMCV iQ WZR VWeSV, fRU Zhich Ze XVed diffeUeQW               

cRQMXgaWe faPiOieV fRU e[WUaceOOXOaU aQd iQWUaceOOXOaU PaUNeUV WR aOORZ iQdeSeQdeQW aPSOificaWiRQ           

Rf Whe WZR Wag OibUaUieV aQd WXQiQg Rf VeTXeQciQg deSWh fRU Whe WZR cOaVVeV Rf SURWeiQV iQ Whe                  

eYeQW Rf diffeUeQceV iQ Wag UecRYeU\. We OabeOed ceOOV ZiWh Whe TSA TBNK SaQeO cRPSUiViQg               

e[WUaceOOXOaU VXUface PaUNeUV, fROORZed b\ fi[aWiRQ, SeUPeabiOi]aWiRQ aQd VWaiQiQg ZiWh WhUee TSB            

aQWibRdieV diUecWed agaiQVW iQWUaceOOXOaU eSiWRSeV, ZAP70, PeUfRUiQ (​PRF1 ​), aQd GUaQ]\Pe B           

(​GZMB​), befRUe WUaQVSRViWiRQ aQd baUcRdiQg (​Fig. 3a, Supplementar\ Table 1, tab           
µintracellular¶​). AcceVVibOe chURPaWiQ SURfiOe-baVed cOXVWeUiQg (​Fig. 3b​) aQd diVWUibXWiRQ Rf          

SURWeiQ WagV fRU e[WUaceOOXOaU PaUNeUV ZiWhiQ WheVe cOXVWeUV (​Fig. 3c ​) ZaV cRQViVWeQW ZiWh SUeYiRXV              

e[SeUiPeQWV aQd cRUUeVSRQdiQg geQe acWiYiW\ VcRUeV (​Extended Data Fig. 1i,j ​aQd ​Extended            
Data Fig. 3a,b​), YeUif\iQg WhaW Whe deWecWiRQ Rf WheVe PRdaOiWieV UePaiQV URbXVW WR Whe addiWiRQaO               

iQWUaceOOXOaU VWaiQiQg VWeS.  

 

E[aPiQiQg Whe diVWUibXWiRQ Rf SURWeiQ WagV fRU Whe iQWUaceOOXOaU SURWeiQV, Ze RbVeUYed cRQViVWeQW             

e[SUeVViRQ aV e[SecWed iQ Whe cRUUeVSRQdiQg ceOO SRSXOaWiRQV, ZiWh ZAP70 SUeVeQW iQ acWiYaWed             
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NK aQd T ceOOV (CD4 aQd CD8), aQd PeUfRUiQ aQd GUaQ]\Pe B PRVW SURPiQeQW iQ QaWXUaO NiOOeU                 

(NK) ceOOV aQd a VXbVeW Rf c\WRWR[ic CD8 ​+ T ceOOV (​Fig. 3c,d​). OXU RbVeUYed iQWUaceOOXOaU               

abXQdaQceV ZeUe iQdeed ceOO-W\Se VSecific aQd fXUWheU cRUUeOaWed ZiWh geQe acWiYiW\ VcRUeV,            

XOWiPaWeO\ YaOidaWiQg Whe RQ-WaUgeW acWiYiW\ fRU aOO WhUee WeVWed iQWUaceOOXOaU PaUNeUV (​Fig. 3c,d aQd              

Extended Data Fig. 3a,b​). ThXV, ASAP-VeT eQabOeV Whe SUeciVe TXaQWificaWiRQ Rf bRWh ceOO             

VXUface aQd iQWUaceOOXOaU SURWeiQV, eQabOiQg QeZ SRVVibiOiWieV Rf defiQiQg ceOO VWaWeV iQ ViQgOe-ceOO             

geQRPicV aVVa\V. 

  

  

ASAP-seq reveals cell state and cell lineage in human bone marrow 

 

The PXOWiPRdaO UeadRXW Rf ASAP-VeT XQiTXeO\ eQabOeV SURfiOiQg Rf eSigeQRPic, SURWeRPic, aQd            

cORQaO feaWXUeV (WhURXgh PWDNA) Rf ceOOV fURP QaWiYe hXPaQ WiVVXe iQ a high-WhURXghSXW PaQQeU.              

We aSSOied ASAP-VeT WR SURfiOe bRQe PaUURZ PRQRQXcOeaU ceOOV fURP a heaOWh\ 24-\eaU ROd              

dRQRU, XViQg a TSA aQWibRd\ SaQeO (Q=242 PaUNeUV, ​Supplementar\ Table 1, tab µBM¶​) aQd 6               

haVhiQg aQWibRdieV WR iQcUeaVe ceOO WhURXghSXW. We SeUPeabiOi]ed ceOOV XQdeU LLL cRQdiWiRQV WR             

UeWaiQ PWDNA fUagPeQWV aQd baUcRded iQ SaUaOOeO ZiWh acceVVibOe chURPaWiQ fUagPeQWV aQd            

SURWeiQ WagV (​Fig. 4a ​). We UeWaiQed 10,928 high-TXaOiW\ ceOOV baVed RQ a cRPbiQaWiRQ Rf SURWeiQ               

aQd chURPaWiQ-baVed TXaOiW\ cRQWURO PeWUicV (​Fig. 4a; Methods ​). ​DiPeQViRQaOiW\ UedXcWiRQ aQd           

cOXVWeUiQg baVed RQ ViQgOe-ceOO chURPaWiQ acceVVibiOiW\ SURfiOeV SaUWiWiRQed Whe ceOOV iQWR 21            

diVWiQcW cOXVWeUV VSaQQiQg Whe PaMRU hePaWRSRieWic OiQeageV, iQcOXdiQg SURgeQiWRU aQd PRUe           

diffeUeQWiaWed O\PShRid aQd P\eORid ceOOV (​Fig. 4b; Supplementar\ Table 2 ​). NRWabO\, Ze did             

QRW UePRYe SUedicWed ceOO dRXbOeWV aV defiQed baVed RQ ceOOXOaU PaUNeUV, becaXVe WheVe ZeUe              

eQUiched fRU PRQRc\Wic SURgeQiWRUV, a ceOO VWaWe/W\Se Zhich ZaV SUeVeQW iQ Whe dRQRU¶V bRQe              

PaUURZ aW Whe e[SecWed fUeTXeQcieV (​Extended Data Fig. 4a,b; Methods ​) aQd becaXVe WheUe             

ZaV QR VXSSRUW WR UePRYe WheP fURP haVhWag cROOiViRQV. ThiV UeVXOW UeiQfRUceV Whe XWiOi]aWiRQ Rf               

RUWhRgRQaO WechQRORgieV WR deWecW ceOO dRXbOeWV, VXch aV haVhWag aQWibRdieV VhRZQ heUe, WR OiPiW              

eUURQeRXV iQfeUeQceV abRXW UeaO RU V\QWheWic ceOO SRSXOaWiRQV iQ cRPSOe[ WiVVXe W\SeV, ZhiOe             

ViPXOWaQeRXVO\ iQcUeaViQg WhURXghSXW. 

 

TR ideQWif\ SURWeiQ PaUNeUV aVVRciaWed ZiWh chURPaWiQ acceVVibiOiW\-deUiYed ceOO VXbVeWV, Ze           

XWiOi]ed aQd iQWeUSUeWed a RaQdRP FRUeVW PRdeO WUaiQed RQ ceOO cOXVWeU OabeOV XViQg Whe VcaOed               

aQWibRd\ Wag abXQdaQceV aV SUeYiRXVO\ iPSOePeQWed iQ CiWeFXVe ​26 (​Methods ​). The PRdeO           
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aXWRPaWicaOO\ UediVcRYeUed PaQ\ ZideO\-XVed VXUface PaUNeUV fRU diVcUiPiQaWiQg ceOO W\SeV iQ           

hePaWRSRieWic OiQeageV, cRQfiUPiQg iWV YaOidiW\, iQcOXdiQg CD3, CD4, aQd CD8 iQ O\PShRid ceOOV,             

CD371 (​CLEC12A​) aQd CD2 iQ P\eORid ceOOV, CD71 (​TFRC​) iQ eU\WhURid ceOOV, aQd CD38 iQ               

PRUe PaWXUe SURgeQiWRU ceOOV (​Fig. 4c,d; Extended Data Fig. 4c ​). TheVe aQaO\VeV cRQfiUP WhaW              

ASAP-VeT caQ cRUUecWO\ XQcRYeU Ne\ VXUface SURWeiQV deOiQeaWiQg ceOO W\SeV iQ cRPSOe[ WiVVXe.  

 

Ne[W, Ze XVed Whe cRQcRPiWaQW PeaVXUePeQW Rf PWDNA geQRW\SeV fRU Whe cORQaO WUaciQg Rf              

QaWiYe hePaWRSRieWic ceOOV​14,27,28 ZiWhiQ Whe hXPaQ bRQe PaUURZ cRPSaUWPeQW. UViQg PgaWN​14 Ze            

deWecWed 99 heWeURSOaVPic PWDNA PXWaWiRQV, Zhich ZeUe eQUiched fRU cOaVVeV Rf QXcOeRWide            

VXbVWiWXWiRQV cRQViVWeQW ZiWh SUeYiRXV UeSRUWV​14 (​Extended Data Fig. 4d​)​. ​H\SRWheVi]iQg WhaW           

VRPe VRPaWic PXWaWiRQV Pa\ be cORQaOO\ aVVRciaWed ZiWh a VSecific OiQeage, Ze XWiOi]ed ceOO              

VXbVeW aQQRWaWiRQV WR e[aPiQe fRU VXch SXWaWiYe (OiQeage) biaV, WheUeb\ UeYeaOiQg iQVighWV iQWR             

Whe fXQcWiRQaO heWeURgeQeiW\ Rf hePaWRSRieWic cORQeV dXUiQg bORRd SURdXcWiRQ (​Fig. 4e;           
Methods ​). IQWeUeVWiQgO\, VRPaWic PXWaWiRQV VXch aV 13069G>A aQd 13711G>A ZeUe UeOaWiYeO\           

deSOeWed iQ ceOOV fURP Whe eU\WhURid OiQeage (​Fig. 4e,f ​aQd ​Extended Data Fig. 4e,f​). ​FXQcWiRQaO               

aQQRWaWiRQ Rf WheVe PXWaWiRQV VhRZed QR SUedicWed ORVV RU gaiQ Rf fXQcWiRQ, VXggeVWiQg WheVe              

VRPaWic PWDNA PXWaWiRQV Pa\ PaUN OiQeage-UeVWUicWed cORQeV. FXUWheUPRUe, RQe highO\          

heWeURSOaVPic YaUiaQW, 16260C>T, ZaV SUeVeQW aW a40% heWeURSOaVP\ iQ Whe SRSXOaWiRQ, PRUe            

WhaQ WeQfROd gUeaWeU WhaQ aQ\ RWheU deWecWed VRPaWic PXWaWiRQ, aQd \eW ZaV eYeQO\ diVWUibXWed              

acURVV Whe diffeUeQW hePaWRSRieWic OiQeageV (​Fig. 4e,f​). AQaO\ViV Rf Whe dRQRU PiWRchRQdUiaO            

haSORW\Se VXggeVWed WhaW WhiV PXWaWiRQ iQdeed aURVe VRPaWicaOO\, SRWeQWiaOO\ SUeVeQWiQg aQ eaUO\            

eYeQW dXUiQg deYeORSPeQWaO hePaWRSRieViV​29 RU aOWeUQaWiYeO\, UeSUeVeQWiQg a SRSXOaWiRQ WhaW          

cORQaOO\ e[SaQded dXUiQg adXOWhRRd. WhiOe fXUWheU VWXdieV ZiOO be Qeeded WR ideQWif\ Whe             

PROecXOaU dUiYeUV XQdeUO\iQg WheVe d\QaPicV, RXU RbVeUYaWiRQV VXSSRUW Whe XWiOiW\ Rf ASAP-VeT            

WR XQcRYeU VRPaWic PWDNA YaUiaQWV aQd SXWaWiYe fXQcWiRQaO feaWXUeV Rf hXPaQ hePaWRSRieViV aW             

ViQgOe ceOO UeVROXWiRQ. 

 

 

Dynamics of surface proteins during differentiation 

 

WhiOe diVWiQcW ViQgOe ceOO geQRPic PeaVXUePeQWV haYe UeYeaOed Whe cRQWiQXRXV QaWXUe Rf            

hePaWRSRieWic diffeUeQWiaWiRQ ​30,31​, Ze h\SRWheVi]ed WhaW Whe iQWegUaWiRQ Rf acceVVibOe chURPaWiQ          

aQd SURWeiQ WagV Yia ASAP-VeT cRXOd highOighW aQ addiWiRQaO aQd diVWiQcW Oa\eU Rf VXUface SURWeiQ               
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PaUNeU d\QaPicV dXUiQg OiQeage cRPPiWPeQW aQd diffeUeQWiaWiRQ, a SURceVV WhaW haV beeQ            

WUadiWiRQaOO\ chaUacWeUi]ed XViQg a PRUe OiPiWed VeW Rf PaUNeUV. UWiOi]iQg a VePi-VXSeUYiVed            

SVeXdRWiPe aSSURach, Ze chaUWed WUaMecWRUieV fURP CD34+CD38- PXOWiSRWeQWiaO hePaWRSRieWic         

VWeP aQd SURgeQiWRU ceOOV (HSPCV) WR diffeUeQWiaWed PRQRc\WeV (​Fig. 4g​) aQd eU\WhURbOaVWV            

(​Extended Data Fig. 4g​). WhiOe Whe SURWeiQ e[SUeVViRQ Rf PaUNeUV aVVRciaWed ZiWh PXOWi-SRWeQW             

aQd RWheU OiQeage SURgeQiWRU ceOOV, VXch aV CD34 aQd CD49d (​ITGA4 ​), ZaV dRZQ-UegXOaWed             

eaUO\ iQ Whe WUaMecWRU\, PRQRc\We PaUNeUV VXch aV CD64 (​FCGR1A​) aQd CD31 (​PECAM1 ​) ZeUe              

TXicNO\ XSUegXOaWed aQd SeUViVWed WhURXghRXW diffeUeQWiaWiRQ (​Fig. 4h; Supplementar\ Table 3 ​).           

CRQYeUVeO\, PaUNeUV VXch aV CD11c (​ITGAX​) aQd CD371 (​CLEC12A​) ZeUe RQO\ XSUegXOaWed            

WRZaUd Whe eQd Rf Whe WUaMecWRU\. ThRXgh OiPiWed b\ ceOO QXPbeU, Ze RbVeUYed ViPiOaU SaWWeUQV Rf                

d\QaPic VXUface PaUNeU e[SUeVViRQ WhURXghRXW eU\WhURid diffeUeQWiaWiRQ (​Extended Data Fig.          
4h​). TheVe UeVXOWV dePRQVWUaWe WhaW ASAP-VeT, aV a PXOWiPRdaO aVVa\ ZiWh a OaUge QXPbeU Rf               

PeaVXUed PaUNeUV, caQ SURYide a VXbVWaQWiaOO\ deeSeU SURfiOe Rf ceOO PaUNeU diYeUViW\ iQ cRPSOe[              

WiVVXeV WhaQ cRQYeQWiRQaO fORZ aQd PaVV c\WRPeWU\ aSSURacheV​32​.  

 

AV ASAP-VeT cRQcRPiWaQWO\ PeaVXUed acceVVibOe chURPaWiQ fRU WheVe ceOOV, iQcOXdiQg aW Whe            

SURPRWeUV Rf geQeV eQcRdiQg WheVe VXUface PaUNeUV, Ze VRXghW WR e[aPiQe hRZ WheVe             

PRdaOiWieV Pa\ be iQWeUWZiQed dXUiQg diffeUeQWiaWiRQ. APRQg Whe SURWeiQV WhaW ZeUe gaiQed afWeU             

cRPPiWPeQW fURP Whe SURgeQiWRU cOXVWeU, iQ Whe YaVW PaMRUiW\ Rf caVeV, Whe iQcUeaVe iQ e[SUeVViRQ               

dXUiQg PRQRc\We diffeUeQWiaWiRQ ZaV SUeceded b\ a gaiQ Rf acceVVibOe chURPaWiQ aW aVVRciaWed             

ORci (​Fig. 4i ​aQd ​Extended Data Fig. 4i; Methods ​). A ViPiOaU SaWWeUQ ZaV RbVeUYed, aObeiW ZiWh                

feZeU PaUNeUV, iQ eU\WhURid diffeUeQWiaWiRQ (​Extended Data Fig. 4h,j​). ThiV UeVXOW iV cRQViVWeQW             

ZiWh a PRdeO ZheUe chURPaWiQ acceVVibiOiW\ iV Whe µfiUVW PRYeU¶ dXUiQg diffeUeQWiaWiRQ aQd Whe              

UeVXOWaQW chaQgeV iQ WUaQVcUiSWiRQ SUiPe ceOOV fRU diffeUeQWiaWiRQ ​8​. UOWiPaWeO\, Ze QRWe WhaW Whe             

diVSaUiW\ beWZeeQ biQaU\ chURPaWiQ acceVVibiOiW\ YeUVXV accXPXOaWiRQ Rf SURWeiQ fRU ViQgOe ceOOV            

UeTXiUeV caUefXO cRQVideUaWiRQ Rf WheVe PRdaOiWieV fRU XQdeUVWaQdiQg UegXOaWRU\ PRdeOV. TaNeQ           

WRgeWheU, RXU aQaO\VeV VhRZcaVe Whe YeUVaWiOiW\ Rf ASAP-VeT WR PeaVXUe PXOWiSOe PRdaOiWieV Rf             

ceOO VWaWe aORQgVide ceOO OiQeage, eQabOiQg aQ addiWiRQaO aQd diVWiQcW WRRO iQ Whe VWXd\ Rf cRPSOe[                

hXPaQ WiVVXeV. 

  

 

ASAP-seq and CITE-seq reveal three levels of genetic regulation following stimulation 
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ASAP-VeT aQd CITE-VeT aUe cRPSaQiRQ aVVa\V WhaW SURfiOe Whe eSigeQRPic RU WUaQVcUiSWiRQaO            

OaQdVcaSeV Rf ViQgOe ceOOV, UeVSecWiYeO\, WRgeWheU ZiWh Whe VaPe highO\ PXOWiSOe[ed SURWeiQ            

PeaVXUePeQWV. We UeaVRQed WhaW Whe VhaUed SURWeiQ feaWXUeV caQ heOS cRQQecW VcRNA-VeT aQd             

VcATAC-VeT daWaVeWV. 

  

We WhXV aSSOied bRWh ASAP-VeT aQd CITE-VeT WR SURfiOe eSigeQRPic, WUaQVcUiSWRPic, aQd            

SURWeRPic chaQgeV fROORZiQg T ceOO VWiPXOaWiRQ. We VSOiW a ViQgOe PBMC VaPSOe iQWR WZR aOiTXRWV,               

RQe VWiPXOaWed ZiWh WeWUaPeUic aQWi-CD3/CD28 iQ Whe SUeVeQce Rf IL-2 fRU 16 hUV, ZhiOe Whe RWheU                

ZaV cXOWXUed iQ Whe abVeQce Rf VWiPXOaWiRQ (cRQWURO) (​Methods ​), fROORZed b\ VWaiQiQg ZiWh a TSA               

aQWibRd\ SaQeO Rf Q=227 aQWibRdieV (​Supplementar\ Table 1, tab µPBMC¶)​. Each Rf Whe             

VaPSOeV ZaV WheQ VSOiW WR UXQ ASAP-VeT aQd CITE-VeT iQ SaUaOOeO (​Fig. 5a ​). We cRPbiQed bRWh                

Whe RNA aQd ATAC SURfiOeV fURP Whe cRQWURO aQd VWiPXOaWed ceOOV, SUiPaUiO\ UeYeaOiQg             

VWiPXOaWiRQ-deSeQdeQW chaQgeV ZiWhiQ Whe T ceOO SRSXOaWiRQ (​Fig. 5b,c; Methods ​).  
 

AV SURWeiQ abXQdaQceV ZeUe deWeUPiQed iQ Whe VaPe SRSXOaWiRQ Rf ceOOV, Ze diUecWO\ cRPSaUed              

VXUface SURWeiQ PeaVXUePeQWV iQfeUUed b\ CITE-VeT aQd ASAP-VeT. AV e[SecWed, Ze RbVeUYed            

a decUeaVe (a1.7-2[) iQ Whe Wag PROecXOe cRPSOe[iW\ iQ ASAP-VeT cRPSaUed WR CITE-VeT,             

cRQViVWeQW ZiWh Whe dURS iQ fOXRUeVceQce iQWeQViW\ RbVeUYed b\ fORZ c\WRPeWU\ dXe WR Whe              

addiWiRQaO SURceVViQg QeceVVaU\ iQ ASAP-VeT (​Extended Data Fig. 5a, 1a; Methods ​).           

HRZeYeU, Whe WZR PeWhRdV ZeUe highO\ cRQcRUdaQW iQ Whe chaQge iQ aQWibRd\ VigQaO VWiPXOaWiRQ              

acURVV Whe SaQeO (PeaUVRQ¶V ​r​=0.95, ​Fig. 5d​). IPSRUWaQWO\, Ze did QRW RbVeUYe VSecific ORVV Rf               

aQ\ PaUNeUV iQ ASAP-VeT UeOaWiYe WR CITE-VeT, iQdicaWiQg WhaW Whe ceOO SURceVViQg-iQdXced ORVV             

Rf VeQViWiYiW\ iV a geQeUaO SheQRPeQRQ WhaW dReV QRW VSecificaOO\ affecW a VXbVeW Rf PaUNeUV.               

NRWabO\, bRWh aVVa\V deWecWed VXbVWaQWiaO XSUegXOaWiRQ Rf caQRQicaO T ceOO acWiYaWiRQ PaUNV,            

VXch aV CD69, CD25, CD71 (​TFRC​), aQd CD278 (​ICOS​)​33±35​, aW bRWh Whe SVeXdRbXON (​Fig. 5d)               
aQd ViQgOe-ceOO (​Extended Data Fig. 5b,c ​) OeYeO. CRQYeUVeO\, CD3 (​CD3E​; SURWeiQ ORg ​2​FC=-3.5            

aQd -4.5; S<2.2[10 ​-16​, WiOcR[RQ UaQN VXP WeVW fRU ASAP-VeT SURWeiQ abXQdaQce), CD28            

(ORg ​2​FC=-2.5 S<2.2[10 ​-16​), aQd TCR Į/ȕ (ORg ​2​FC=-2.9; S<2.2[10 ​-16​) aQWibRd\ cRXQWV ZeUe          

QRWiceabO\ UedXced XSRQ VWiPXOaWiRQ (​Fig. 5d​), OiNeO\ dXe WR iQWeUQaOi]aWiRQ Rf Whe eQgaged aQd              

QRQ-eQgaged UeceSWRUV XSRQ WUiggeUiQg Rf Whe TCR cRPSOe[​36​. AQ aQWibRd\ SUiRUiWi]aWiRQ           

aSSURach XWiOi]iQg Whe RaQdRP FRUeVW PRdeO ​26 fRU ASAP-VeT daWa (​Methods ​) YeUified WhaW WheVe             

PaUNeUV ZeUe PRVW aVVRciaWed ZiWh Whe VWiPXOaWiRQ aW ViQgOe ceOO UeVROXWiRQ (​Extended Data Fig.              
5d​). NRWabO\, RWheU caQRQicaO OiQeage PaUNeUV, VXch aV CD4 aQd CD56 (​NCAM1 ​), ZeUe             
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SUiRUiWi]ed iQ diVWiQgXiVhiQg ceOO VWaWeV iQfeUUed b\ chURPaWiQ acceVVibiOiW\ cOXVWeUiQg iUUeVSecWiYe           

Rf VWiPXOaWiRQ. FiQaOO\, ​ePbeddiQg ceOOV b\ SURWeiQ abXQdaQce SURfiOeV iQWeUPi[ed ceOOV SURfiOed            

b\ Whe WZR aVVa\V, aObeiW ZiWh UedXced VeSaUaWiRQ Rf Whe acWiYaWed T ceOO VWaWe, OiNeO\ dXe WR Whe                  

UeOaWiYeO\ PRdeVW QXPbeU Rf d\QaPicaOO\ UeVSRQdiQg SURWeiQV cRPSaUed WR acceVVibiOiW\ SeaNV RU            

WUaQVcUiSWV (​Fig. 5e aQd ​Extended Data Fig. 5e-g​). TaNeQ WRgeWheU, WheVe aQaO\VeV aQd UeVXOWV              

iQdicaWe WhaW deVSiWe a ORZeU Wag cRPSOe[iW\, ASAP-VeT iV ViPiOaUO\ caSabOe Rf caSWXUiQg SURWeiQ              

abXQdaQce aVVRciaWed ZiWh ceOO VWaWe aQd d\QaPic chaQgeV aV PeaVXUed ZiWh CITE-VeT.  

 

TR chaUacWeUi]e Whe RYeUaOO ceOOXOaU UeVSRQVe WR VWiPXOaWiRQ, Ze e[aPiQed Whe d\QaPic chaQgeV             

iQ acceVVibOe chURPaWiQ, geQe e[SUeVViRQ, aQd SURWeiQ abXQdaQce iQ VWiPXOaWed YV. cRQWURO T             

ceOOV. AW cRQViVWeQW PagQiWXde aQd VWaWiVWicaO VigQificaQce WhUeVhROdV, Ze deWecWed 8,326           

diffeUeQWiaO SeaNV, 943 diffeUeQWiaOO\ e[SUeVVed geQeV, aQd 71 diffeUeQWiaOO\ e[SUeVVed VXUface           

SURWeiQV, cRQViVWeQW ZiWh SUeYiRXV XQiPRdaO aQaO\VeV OaUgeO\ fURP bXON e[SeUiPeQWV​37,38 (​Fig. 5e;            
Methods ​). Of Whe 84 caVeV ZheUe aOO WhUee PRdaOiWieV ZeUe deWecWed iQ T ceOOV​, ​Ze RbVeUYed                

heWeURgeQeRXV UeVSRQVeV iQ geQe e[SUeVViRQ, chURPaWiQ acceVVibiOiW\, aQd VXUface SURWeiQ          

abXQdaQce (​Fig. 5f; ​Supplementar\ Table 4 ​), ZiWh chURPaWiQ aQd SURWeiQ chaQgeV beiQg Whe             

OeaVW cRQcRUdaQW (​Fig. 5g​). SSecificaOO\, CD3 (​CD3E​) aQd CD28 dRZQUegXOaWiRQ aORQg ZiWh            

CD69 XSUegXOaWiRQ aUe VWUiNiQg RQ Whe SURWeiQ OeYeO, eYideQW WUaQVcUiSWRPicaOO\ RQO\ fRU ​CD3E aQd              

CD69 ​, bXW baUeO\ deWecWabOe aW Whe chURPaWiQ acceVVibiOiW\ OeYeO (​Fig. 5h,i aQd Extended Data              
Fig. 5h​). ThiV caQ be dXe WR WUXe iQYaUiaQce iQ chURPaWiQ acceVVibiOiW\, VXch WhaW geQe               

e[SUeVViRQ iV WePSRUaUiO\ UeSUeVVed ZiWhRXW ORVV Rf acceVVibiOiW\, RU WR WechQicaO chaOOeQgeV, fRU             

e[aPSOe giYeQ Whe higheU VeQViWiYiW\ iQ caSWXUiQg a PRdaOiW\ ZiWh higheU cRS\ QXPbeU (SURWeiQ),              

aV e[ePSOified b\ CD4 aQd CD279 (​PDCD1 ​RU ​PD-1 ​) (​Fig. 5j ​aQd Extended Data Fig. 5i​). OQ                 

Whe RWheU haQd, Ze RbVeUYed RNA-VSecific chaQgeV iQ CD52 ZheUe chURPaWiQ acceVVibiOiW\ aQd             

SURWeiQ abXQdaQce ZeUe UeOaWiYeO\ cRQVWaQW SUe/SRVW VWiPXOaWiRQ (​Extended Data Fig. 5j​).           

TRgeWheU, WheVe aQaO\VeV aQd aQecdRWeV highOighW Whe XWiOiW\ Rf cRPbiQiQg ASAP-VeT aQd            

CITE-VeT WR diVWiQgXiVh chaQgeV aW WhUee OeYeOV Rf geQe UegXOaWiRQ.  

 

BecaXVe Ze acWiYaWed T ceOOV iQ a PXOWiceOOXOaU PBMC cXOWXUe, Ze Qe[W OeYeUaged Whe ViQgOe-ceOO               

QaWXUe Rf RXU daWa WR ideQWif\ VecRQdaU\ effecWV iQ RWheU ceOO VXbVeWV. IQ SaUWicXOaU, Ze e[aPiQed                

cRUUeVSRQdiQg chaQgeV acURVV Whe WhUee PRdaOiWieV iQ B ceOOV, fRcXViQg RQ a VeW Rf 103               

ZeOO-e[SUeVVed SURWeiQV (​Extended Data Fig. 5k ​). WhiOe PaQ\ chaQgeV PiUURUed WhRVe Rf T             

ceOOV (OiNeO\ dXe WR ORZ-fUeTXeQc\ dRXbOeWV iQ RXU aQQRWaWed B ceOO cOXVWeUV; ​Methods ​), Ze              
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highOighW WZR PaUNeUV, CD25 (​IL2RA​) aQd CD184 (​CXCR4 ​), ZheUe RNA aQd SURWeiQ, bXW OeVV              

QRWabO\ chURPaWiQ acceVVibiOiW\, ZeUe affecWed, eiWheU iQ diUecW UeVSRQVe WR IL2 RU aV a VecRQdaU\               

UeVSRQVe WR T ceOO VWiPXOaWiRQ (​Extended Data Fig. 5l,m​). NRWabO\, ​CD25 ​+ B ceOOV haYe beeQ               

UeSRUWed WR SRVVeVV eQhaQced aQWigeQ SUeVeQWaWiRQ caSabiOiWieV, Zhich Pa\ iQ WXUQ faciOiWaWe            

eQhaQced T ceOO UeVSRQVeV​39​. FXUWheUPRUe, SUiRU ZRUN haV iQdicaWed WhaW IL-21 (SURdXced b\             

acWiYaWed T ceOOV) acceOeUaWeV CXCR4 iQWeUQaOi]aWiRQ iQ B ceOOV, Zhich Pa\ be iPSRUWaQW fRU Whe               

UegXOaWiRQ Rf B ceOO hRPeRVWaViV​40,41​. AV Whe ORVV Rf CXCR4 e[SUeVViRQ haV WUadiWiRQaOO\ beeQ              

RbVeUYed iQ geUPiQaO ceQWeUV​40,41​, RXU iQcOXViYe aQWibRd\ SaQeOV eQabOe Whe RbVeUYaWiRQ Rf VXch             

chaQgeV acURVV a PXOWiWXde Rf ceOO VWaWeV.  

 

TaNeQ WRgeWheU, RXU CD3/CD28 VWiPXOaWiRQ V\VWeP diUecWO\ highOighWV hRZ Whe ViQgOe-ceOO,           

WhUee-WieU chaUacWeUi]aWiRQ b\ ASAP-VeT aQd CITE-VeT caQ diVVecW cRUUeOaWed aQd diVcRUdaQW           

chaQgeV iQ cRPSOe[ WiVVXe VeWWiQgV.  

 

 

Multiplexed CRISPR perturbations in primary T cells 

 

AV ASAP-VeT UeYeaOed diVWiQcW chURPaWiQ aQd SURWeiQ chaQgeV XQdeUO\iQg QRUPaO T ceOO            

acWiYaWiRQ, Ze VRXghW WR UefiQe VRPe Rf Whe SRWeQWiaO XQdeUO\iQg PechaQiVPV b\ WaUgeWed             

SeUWXUbaWiRQV Yia aQ aUUa\ed CRISPR/CaV9 VcUeeQiQg VWUaWeg\ iQ SUiPaU\ hXPaQ ceOOV. TR WhiV             

eQd, Ze SXUified QaiYe hXPaQ CD4 ​+ T ceOOV fURP SeUiSheUaO bORRd Rf WhUee heaOWh\ dRQRUV,               

SRROed aQd VWiPXOaWed WheP ZiWh aQWi-CD3/CD28 beadV fRU 72 hRXUV. AfWeU fRXU da\V Rf UeVWiQg,               

Ze WUaQVfecWed ceOOV b\ eOecWURSRUaWiRQ ZiWh CaV9 SURWeiQ iQdiYidXaOO\ cRPSOe[ed ZiWh gRNAV            

WaUgeWiQg ​CD4, ZAP70, NFKB2 (2 gRNAV SeU geQe), ​CD3E​, ​CD3E+CD4 (dKO), RU RQe Rf WZR               

QRQ-WaUgeWiQg cRQWUROV (NTCV; ​Fig. 6a ​)​42,43​. FROORZiQg eOecWURSRUaWiRQ, ceOOV ZeUe UeVWed fRU aQ            

addiWiRQaO 7 da\V iQ Whe SUeVeQce Rf IL-2 befRUe Ue-VWiPXOaWiRQ ZiWh aQWi-CD3/CD28 beadV fRU              

aQRWheU 72 hRXUV (​Extended Data Fig. 6a ​). We PXOWiSOe[ed each Rf Whe WeQ SeUWXUbaWiRQ              

cRQdiWiRQV SRVW-VWiPXOaWiRQ XViQg a XQiTXe cRPbiQaWiRQ Rf WZR TSA haVhiQg aQWibRdieV aV a             

VXUURgaWe fRU gRNA ideQWiWieV aQd WheQ VWaiQed Whe ceOOV ZiWh aQ aQWibRd\ SaQeO (Q ​= 37) befRUe                 

dRZQVWUeaP SURceVViQg b\ Whe ASAP-VeT ZRUNfORZ (​Supplementar\ Table 1, tabs µhashing¶           
and µperturbation¶) (​Supplementar\ Table 5 ​). DePXOWiSOe[iQg b\ haVhWag UeadV fURP          

SeUWXUbed ceOOV eQabOed high-cRQfideQce ideQWificaWiRQ Rf 5,825 ViQgOe SeUWXUbed ceOOV          
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aSSUR[iPaWeO\ eYeQO\ diVWUibXWed acURVV aOO SeUWXUbaWiRQ cRQdiWiRQV ZiWh a PediaQ \ieOd Rf 1.47 î              

10 ​4​ fUagPeQWV PaSSiQg WR Whe QXcOeaU geQRPe ​ (​Extended Data Fig. 6b​).  
 

CeOOV SeUWXUbed b\ gRNAV WaUgeWiQg cUiWicaO UegXOaWRUV Rf TCR VigQaO WUaQVdXcWiRQ (​CD3E aQd             

ZAP70 ​) had ViPiOaU chURPaWiQ acceVVibiOiW\ SURfiOeV aQd cOXVWeUed WRgeWheU (​Fig. 6b​). MRUeRYeU,            

WheVe ceOOV OaUgeO\ e[SUeVVed SURWeiQ PaUNeUV chaUacWeUiVWic Rf a UeVWiQg VWaWe, VXch aV CD197              

(​CCR7 ​) aQd CD62L (​SELL ​), iQdicaWiQg a SURfRXQd defecW iQ TCR VWiPXOaWiRQ UeVSRQVe (​Fig. 6c              

aQd ​Extended Data Fig. 6d​). IQ cRQWUaVW, ceOOV ZiWh QRQ-WaUgeWiQg (NTC) gRNAV RU ZiWh gRNAV               

WaUgeWiQg ​CD4 aQd ​NFKB2 cOXVWeUed WRgeWheU aQd diVSOa\ed high OeYeOV Rf VXUface SURWeiQ             

e[SUeVViRQ fRU cOaVVicaO T ceOO acWiYaWiRQ PaUNeUV VXch aV CD25, CD69, CD137 (​TNFRSF9 ​) aQd              

CD279 (​PDCD1 RU ​PD-1 ​), iQdicaWiQg acWiYe TCR VigQaOiQg. IPSRUWaQWO\, RQO\ ceOOV ZiWh gRNAV             

WaUgeWiQg ​CD4 e[hibiWed VXbVWaQWiaO UedXcWiRQ iQ CD4 VXUface SURWeiQ e[SUeVViRQ, fXUWheU           

YaOidaWiQg Whe URbXVWQeVV Rf Whe ZRUNfORZ aQd UeOiabiOiW\ Rf Whe aVVa\ (​Fig. 6c aQd ​Extended               
Data Fig. 6c ​). 
  

Ne[W, Ze UefiQed RXU fiQdiQgV fURP RXU PBMC VWiPXOaWiRQ e[SeUiPeQW b\ aVVeVViQg SURWeiQ             

e[SUeVViRQ iPSacWed b\ each gRNA SeUWXUbaWiRQ XSRQ Ue-VWiPXOaWiRQ. IQ OiQe ZiWh RXU            

e[SecWaWiRQV, (​Fig. 5d,h​), ZAP70-deficieQW ceOOV e[hibiWed iQcUeaVed e[SUeVViRQ Rf TCRĮ/ȕ aQd           

CD3E (​Fig. 6c)​, dePRQVWUaWiQg WhaW dRZQVWUeaP TCR VigQaOiQg iV QeceVVaU\ WR PediaWe            

dRZQUegXOaWiRQ Rf WheVe PROecXOeV. TCRĮ/ȕ e[SUeVViRQ ZaV ViPiOaUO\ abVeQW iQ ​CD3E​-SeUWXUbed           

ceOOV, iQ agUeePeQW ZiWh iWV UeOiaQce RQ Whe CD3 cRPSOe[ fRU SURSeU VXUface ORcaOi]aWiRQ ​44​. B\               

cRQWUaVW, CD28 e[SUeVViRQ ZaV RQO\ PaUgiQaOO\ deWecWed acURVV aOO SeUWXUbaWiRQV, VXggeVWiQg           

WhaW CD28 VigQaOiQg aORQe iV VXfficieQW fRU iWV iQWeUQaOi]aWiRQ fURP Whe VXUface. CRQViVWeQW ZiWh iWV               

NQRZQ UROe aV aQ iQdXcibOe cR-VWiPXOaWRU\ PROecXOe ​45,46​, Ze aOVR fRXQd WhaW CD278 (​ICOS​)             

e[SUeVViRQ cRXOd be SURPRWed aQd VXVWaiQed ZiWh iQWacW CD28 VigQaOiQg, iQdeSeQdeQW Rf            

effecWiYe CD3E VWiPXOaWiRQ (​Fig. 6c)​. TRgeWheU, WheVe aQaO\VeV YeUif\ Whe XWiOiW\ Rf ASAP-VeT iQ              

UeYeaOiQg hRZ WaUgeWed geQe PaQiSXOaWiRQ affecWV SURWeiQ e[SUeVViRQ chaQgeV iQ acWiYaWed ceOO            

VWaWeV. 

  

We Qe[W iQfeUUed chaQgeV iQ gRNA-deSeQdeQW WUaQVcUiSWiRQ facWRU acWiYiWieV b\ TXaQWif\iQg           

acceVVibOe WUaQVcUiSWiRQ facWRU PRWif deYiaWiRQV XViQg chURPVAR​47​. We fRXQd WhaW gRNAV           

WaUgeWiQg Whe VaPe geQe had ViPiOaU SUedicWed effecWV, deVSiWe YaU\iQg WaUgeWiQg efficieQcieV            

(UeYeaOed b\ diVcUeSaQcieV beWZeeQ haVhWag-defiQed SeUWXUbaWiRQ ideQWiWieV aQd ceOOXOaU         
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SheQRW\SeV, cRQViVWeQW ZiWh YaUiabOe gXide ediWiQg efficieQcieV aV TXaQWified b\ Qe[W-geQeUaWiRQ           

VeTXeQciQg) aQd dRQRU RUigiQ (​Fig. 6d-f aQd ​Extended Data Fig. 6e-g​). AV e[SecWed, iQ              

cRPSaUiVRQ WR NTC ceOOV, deSOeWiRQ Rf ​CD3E UeVXOWed iQ a defecWiYe UeVSRQVe WR TCR              

Ue-VWiPXOaWiRQ aQd VigQificaQWO\ decUeaVed acceVVibiOiW\ iQ UegiRQV cRQWaiQiQg PRWifV Rf AcWiYaWRU           

PURWeiQ-1 (AP-1) WUaQVcUiSWiRQ facWRU faPiO\ SURWeiQV VXch aV c-JUN aQd BATF (PediaQ            

chURPVAR acceVVibiOiW\ ORVV, 10.24; FDR < 0.0001; chURPVAR acceVVibiOiW\ ORVV 6.96; FDR <             

0.0001, UeVSecWiYeO\). SiPiOaUO\, gRNAV WaUgeWiQg ​ZAP70 ​, aQ iPPediaWe NiQaVe effecWRU Rf TCR            

VigQaOiQg, diVSOa\ed a PRdeVW decUeaVe iQ AP-1 faPiO\ PRWif acceVVibiOiW\, bXW Whe effecW ZaV              

PRUe biPRdaO SRVVibO\ dXe WR a deOa\ed effecW RU OeVV efficieQW ediWiQg iQ VRPe ceOOV. AddiWiRQaO                

aOWeUed WUaQVcUiSWiRQ facWRU PRWifV iQ ​CD3E- aQd ​ZAP70 ​-WaUgeWed ceOOV iQcOXded NFAT faPiO\            

WUaQVcUiSWiRQ facWRUV, cRQViVWeQW ZiWh WheiU cUXciaO UROeV iQ chURPaWiQ UePRdeOiQg aQd           

WUaQVcUiSWiRQaO UegXOaWiRQ fROORZiQg TCR acWiYaWiRQ ​48,49​. IQWeUeVWiQgO\, diVUXSWiRQ Rf ​NFKB2 Oed WR           

aQ iQcUeaVe Rf acceVVibiOiW\ fRU NFKB faPiO\ PRWifV, Zhich cRXOd be UefOecWiYe Rf cRPSeWiWiYe              

diPeUi]aWiRQ Rf S50 aQd S52 fRU cRPPRQ biQdiQg SaUWQeUV RELA aQd RELB (​Fig. 6d aQd               

Extended Data Fig. 6f​)​50​. TheVe UeVXOWV dePRQVWUaWe WhaW Whe PXOWi-PRdaO ASAP-VeT UeadRXWV            

caQ VXcceVVfXOO\ UeVROYe VWiPXOaWiRQ-UeVSRQViYe WUaQVcUiSWiRQ facWRU-chURPaWiQ iQWeUacWiRQV iQ Whe         

cRQWe[W Rf geQeWic SeUWXUbaWiRQV. 

  

WhiOe aQ e[iVWiQg PeWhRd WhaW aOVR SaiUV PeaVXUePeQWV Rf SeUWXUbaWiRQV aQd ATAC-VeT SURfiOeV             

iQ ViQgOe ceOOV haV eQabOed Whe diVVecWiRQ Rf PROecXOaU PachiQeU\ gRYeUQiQg ceOO VWaWe ​51​, WhiV              

e[iVWiQg aSSURach \ieOdV ORZ ceOO QXPbeUV WhaW OiPiWV RbVeUYaWiRQV. CRQYeUVeO\, RXU aSSURach            

XQiTXeO\ aOORZV TXeUieV Rf hRZ VSecific chURPaWiQ chaQgeV Pa\ UeOaWe WR chaQgeV iQ SURWeiQ              

e[SUeVViRQ. TR e[aPiQe WhiV, Ze fiUVW cRPSaUed acceVVibOe chURPaWiQ VcRUeV ZiWh cRQcRPiWaQW            

VXUface SURWeiQ SURfiOiQg acURVV each SeUWXUbaWiRQ cRQdiWiRQ fRU 22 iQdiYidXaO geQe ORci            

(​Supplementar\ Table 5 ​). OYeUaOO, SeUWXUbaWiRQ-iQdXced chaQgeV iQ VXUface SURWeiQ e[SUeVViRQ          

ZeUe cRUUeOaWed ZiWh chaQgeV iQ chURPaWiQ VWaWXV (​r ​= 0.57 iQ VXUface SURWeiQV QRW WaUgeWed b\ a                 

SeUWXUbaWiRQ aQd ​r = 0.70 ZheQ fXUWheU e[cOXdiQg CD69; ​Fig. 6g,h​). FRU e[aPSOe, PaQ\              

VWiPXOaWiRQ-UeVSRQViYe geQeV VXch aV CD25, CD134 (​T​NFRSF4 ​), aQd CD279 (​PDCD1 ​RU ​PD-1​)            

ZeUe dRZQUegXOaWed iQ bRWh SURWeiQ e[SUeVViRQ aQd chURPaWiQ acceVVibiOiW\ iQ CD3E- aQd            

ZAP70-WaUgeWed ceOOV (ZheQ cRPSaUed WR NTC ceOOV). IQ cRQWUaVW, CD69 geQe acceVVibiOiW\ ZaV             

VOighWO\ iQcUeaVed ZiWh a VigQificaQW decUeaVe iQ VXUface SURWeiQ OeYeOV. OYeUaOO, WheVe d\QaPic             

chaQgeV iQ RXU SeUWXUbaWiRQ V\VWeP PiUURUed RXU UeVXOWV iQ RXU SUeYiRXV VWiPXOaWiRQ V\VWeP (​Fig.              
5 ​). IQWeUeVWiQgO\, Ze RbVeUYed a PRUe SURQRXQced cRRUdiQaWiRQ beWZeeQ chaQgeV iQ SURWeiQ            

16 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2020. ; https://doi.org/10.1101/2020.09.08.286914doi: bioRxiv preprint 

https://paperpile.com/c/IWyhJm/s7DuF+szRDN
https://paperpile.com/c/IWyhJm/7No5p
https://paperpile.com/c/IWyhJm/jazJH
https://doi.org/10.1101/2020.09.08.286914
http://creativecommons.org/licenses/by-nc-nd/4.0/


e[SUeVViRQ aQd geQe acWiYiW\ fRU CD357 (​TNFRSF18​) aQd CD366 (​HAVCR2 ​; CLR-QRUPaOi]ed           

PeaQ SURWeiQ Wag diffeUeQce Rf 0.84 aQd 0.66, UeVSecWiYeO\, beWZeeQ CD3E-WaUgeWed ceOOV aQd             

NTC; ​Extended Data Fig. 6h​). ThiV ZaV QRW eYideQW iQ RXU PBMC VWiPXOaWiRQ e[SeUiPeQW, ZheUe               

chaQgeV iQ CD357 aQd CD366 SURWeiQ OeYeOV ZeUe RQO\ PRdeVW, deVSiWe iQcUeaVed acceVVibiOiW\             

aW aVVRciaWed VWiPXOaWiRQ-UeVSRQViYe eQhaQceUV (CLR-QRUPaOi]ed PeaQ SURWeiQ Wag diffeUeQce Rf          

0.18 aQd 0.17, UeVSecWiYeO\, beWZeeQ CD4 T ceOO VWiPXOaWiRQ aQd cRQWURO), OiNeO\ dXe WR Whe               

VhRUWeU, 16-hRXU VWiPXOaWiRQ SeUiRd. 

  

FiQaOO\, aV UeceQW effRUWV iQ fiQe-PaSSiQg ​cis​-UegXOaWRU\ eOePeQWV b\ CRISPR VcUeeQiQg haYe            

eQhaQced Whe caSaciW\ WR XQcRYeU fXQcWiRQaO UegXOaWRU\ eOePeQWV iQ diffeUeQW cRQWe[WV​52±55​, Ze            

UeaVRQed WhaW RXU SeUWXUbaWiRQ VcUeeQiQg aSSURach cRXSOed ZiWh ASAP-VeT cRXOd RffeU ViPiOaU            

biRORgicaO iQVighWV iQ ideQWif\iQg VWiPXOaWiRQ-UeVSRQViYe acceVVibOe chURPaWiQ UegiRQV. E[aPiQiQg         

SVeXdR-bXON gRNA-aVVRciaWed ATAC VigQaO WUacNV aW Whe ​IL2RA ORcXV, Ze fRXQd VWURQg            

deSOeWiRQ Rf chURPaWiQ acceVVibiOiW\ iQ a QXPbeU Rf UegiRQV ZiWh a cRQcRPiWaQW decUeaVe iQ Whe               

e[SUeVViRQ Rf CD25 (IL2RA) SURWeiQ fRU ceOOV WaUgeWed b\ gRNAV agaiQVW ​CD3E aQd ​ZAP70 ​,              

VXggeVWiQg a SUeUeTXiViWe Rf TCR VWiPXOaWiRQ iQ Whe acWiYaWiRQ Rf WheVe SXWaWiYe eQhaQceUV (​Fig.              
6i​). TheVe iPSacWed eQhaQceUV OaUgeO\ RYeUOaSSed Whe ​IL2RA CRISPRa-UeVSRQViYe eOePeQWV          

(CaREV) WhaW haYe beeQ SUeYiRXVO\ chaUacWeUi]ed b\ fXQcWiRQaO VcUeeQiQg ​54​. IQ SaUWicXOaU, Ze            

RbVeUYed PaUNed acceVVibiOiW\ chaQgeV RYeUOaSSiQg CaRE4, Zhich haV beeQ YaOidaWed aV a            

TCR VWiPXOaWiRQ-UeVSRQViYe eQhaQceU fRU ​IL2RA​. CRQYeUVeO\, CaRE3, Zhich haV UeceQWO\ beeQ           

OabeOed aV a TUeg-VSecific eQhaQceU, ZaV iQdeed UeOaWiYeO\ VWaWic iQ RXU V\VWeP​56​. MRUeRYeU, Ze              

RbVeUYed a decUeaVe iQ CD25 e[SUeVViRQ iQ ceOOV SeUWXUbed b\ gRNAV WaUgeWiQg ​NFKB2 ​, deVSiWe              

UeOaWiYeO\ XQchaQged chURPaWiQ acceVVibiOiW\ aQd Whe SUeVeQce Rf cRPSaWibOe NFKB2 DNA           

biQdiQg PRWifV ZiWhiQ UegXOaWRU\ UegiRQV. TheVe UeVXOWV VXggeVW WhaW ZhiOe NFKB2 dReV QRW             

acWiYeO\ UegXOaWe ORcaO chURPaWiQ acceVVibiOiW\ aW WhiV ORcXV, iW Pa\ VWiOO SOa\ a UROe iQ cRRUdiQaWiQg                

aQd PaiQWaiQiQg CD25 e[SUeVViRQ iQ acWiYaWed T ceOOV. TaNeQ WRgeWheU, RXU iQWegUaWed aSSURach             

eQabOed b\ Whe PXOWi-PRdaO UeadRXWV Rf ASAP-VeT aOORZV fRU XQbiaVed diVcRYeU\ Rf            

cRQWe[W-deSeQdeQW cRdiQg aQd QRQ-cRdiQg geQe UegXOaWiRQ PRdXOeV. 

  

DISCUSSION  
HeUe, Ze SUeVeQW ASAP-VeT, a XQiTXe aSSURach WhaW eQabOeV Whe cRQcRPiWaQW deWecWiRQ Rf             

SURWeiQ abXQdaQce aORQgVide WUaQVSRVaVe-acceVVibOe chURPaWiQ aQd PWDNA iQ WhRXVaQdV Rf          

ViQgOe ceOOV. OXU PeWhRd iV eQabOed b\ UeceQW PRdificaWiRQV WR dURSOeW-baVed VcATAC-VeT,            
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QRWabO\ Whe UeWeQWiRQ Rf Whe ceOOXOaU PePbUaQe fROORZiQg SRROed SeUPeabiOi]aWiRQ, Zhich fXUWheU            

eQabOeV Whe ViPXOWaQeRXV, efficieQW VeTXeQciQg Rf PWDNA​14,15​. AV Whe PaMRUiW\ Rf ceOO aWOaVeV WR              

daWe haYe chaUacWeUi]ed Whe diVWiQcW WUaQVcUiSWRPeV Rf ViQgOe ceOOV iQ cRPSOe[ WiVVXe, ASAP-VeT             

SURYideV a cRPSOePeQWaU\ PXOWi-RPic aSSURach WR PaS UegXOaWRU\ eOePeQWV, SURWeiQ          

abXQdaQceV, aQd cORQaO UeOaWiRQVhiSV.  

 

The ASAP-VeT ZRUNfORZ iV diUecWO\ cRPSaWibOe ZiWh UeOaWed PXOWiPRdaO aVVa\V WhaW           

ViPXOWaQeRXVO\ PeaVXUe SURWeiQ aQd RNA, QaPeO\ CITE-VeT ​5,6​, b\ XWiOi]iQg ROigR:aQWibRd\          

cRQMXgaWeV WR iQfeU SURWeiQ abXQdaQceV iQ cRPSOe[ ceOO Pi[WXUeV (​Fig. 5 ​). IPSRUWaQWO\, RXU             

aSSURach iQWURdXceV a bUidge ROigR (​Fig. 1 ​) WhaW eQabOeV Whe XWiOi]aWiRQ Rf e[iVWiQg aQWibRd\              

cRQMXgaWeV, \ieOdiQg aQ acceVVibOe aQd XVeU-fUieQdO\ SURWRcRO. AV Whe PXOWiPRdaO WRRONiW           

cRQWiQXeV WR eYROYe, RXU bUidge ROigR iQQRYaWiRQ ZiOO SURYide iPSRUWaQW fOe[ibiOiW\ WR aSSeQd             

SURWeiQ TXaQWificaWiRQ WR RWheU aVVa\V, PRVW iPPediaWeO\, WUaQVSRVRQ-baVed PeWhRdV VXch aV           

CUT&Tag ​57​.  

 

FXUWheUPRUe, Ze VhRZ WhaW RXU SURWRcRO iV cRPSaWibOe ZiWh Whe diUecW deWecWiRQ aQd TXaQWificaWiRQ              

Rf iQWUaceOOXOaU PaUNeUV (​Fig. 3 ​). WhiOe RWheU SURWRcROV haYe achieYed cRQcRPiWaQW TXaQWificaWiRQ            

Rf iQWUaceOOXOaU SURWeiQ abXQdaQce aQd geQe e[SUeVViRQ ZiWh SOaWe-baVed PeWhRdV WhaW aOVR            

UeTXiUe VSeciaOi]ed fi[aWiRQ cRQdiWiRQV​58​, RU cRPbiQiQg FACS-baVed eQUichPeQW Rf ceOOV ZiWh           

VcRNA-VeT ​59​, ASAP-VeT SURYideV a PRUe SaUViPRQiRXV aSSURach WR cRQcRPiWaQW eVWiPaWiRQ Rf           

diffeUeQW PaUNeU W\SeV RQ a ZideO\-XVed, high-WhURXghSXW cRPPeUciaO SOaWfRUP. ​MRUeRYeU,          

SURWeiQ deWecWiRQ aQd TXaQWificaWiRQ UePaiQ SaiUed ZiWh Whe chURPaWiQ acceVVibiOiW\ SURfiOe Rf each             

ceOO, WheUeb\ UefOecWiQg Whe fXOO d\QaPic UaQge Rf SURWeiQ e[SUeVViRQ. ​ThXV, Whe cRPbiQaWiRQ Rf              

deWecWiQg e[WUaceOOXOaU aQd iQWUaceOOXOaU SURWeiQ abXQdaQceV, Zhich Ze VhRZ caQ be eQcRded b\             

diffeUeQW caSWXUe VeTXeQceV, eQabOeV a diVWiQcW PechaQiVP WR chaUW ceOO VWaWeV aQd WheiU             

XQdeUO\iQg UegXOaWRU\ eOePeQWV. We aQWiciSaWe Whe dePRQVWUaWiRQ Rf iQWUaceOOXOaU SURWeiQ          

deWecWiRQ b\ ASAP-VeT ZiOO VSXU Whe deYeORSPeQW Rf OaUge SaQeOV Rf ROigR OabeOed aQWibRdieV              

WaUgeWiQg iQWUaceOOXOaU eSiWRSeV UaQgiQg fURP VigQaOiQg PROecXOeV, VSecific ShRVShR-eSiWRSeV, RU          

WR WUaQVcUiSWiRQ facWRUV. 

 

B\ e[aPiQiQg RXU PXOWiPRdaO UeadRXWV iQ QaWiYe aQd SeUWXUbed hePaWRSRieWic WiVVXe, RXU            

aQaO\VeV UeYeaO diVWiQcW ceOOXOaU SURgUaPPiQg RccXUUiQg iQ chURPaWiQ, WUaQVcUiSWiRQaO, aQd          

SRVW-WUaQVOaWiRQaO UegXOaWiRQ. IQ SaUWicXOaU, Ze RbVeUYe chURPaWiQ-baVed SUiPiQg dXUiQg a          
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PRQRc\We deYeORSPeQWaO WUaMecWRU\ iQ Whe QaWiYe bRQe PaUURZ (​Fig. 4 ​). CRQYeUVeO\, dXUiQg T ceOO              

acWiYaWiRQ, Ze RbVeUYe a PRUe heWeURgeQeRXV UeVSRQVe ZheUe chaQgeV iQ chURPaWiQ, RNA, aQd             

SURWeiQ abXQdaQceV becRPe PRUe XQcRXSOed (​Fig. 5 ​). B\ fXUWheU XWiOi]iQg CRISPR-baVed           

SeUWXUbaWiRQV (​Fig. 6 ​), Ze diVeQWaQgOe dRZQVWUeaP VigQaOOiQg cRQWUibXWiRQV Rf Whe TCR aQd            

CD28, SURYidiQg a bOXeSUiQW fRU Whe VcaOabOe VWXd\ Rf cRPbiQed ceOOXOaU chURPaWiQ aQd SURWeiQ              

e[SUeVViRQ d\QaPicV iQ hXPaQ ceOOV. FXUWheUPRUe, RXU aQaO\VeV iQ Whe ​IL2RA ORcXV UeYeaO hRZ              

ASAP-VeT caQ eQabOe Whe fiQe-PaSSiQg Rf UegXOaWRU\ eOePeQWV iQ YaUiRXV ceOO VWaWeV WhaW diUecWO\              

iPSacW SURWeiQ e[SUeVViRQ. FXWXUe e[WeQViRQV Rf ASAP-VeT WhaW iQcRUSRUaWe diUecW deWecWiRQ Rf            

gXide VeTXeQceV​6,60​, RU eQcRded gXide baUcRdeV​61±63 ​ZiOO fXUWheU eQabOe SRROed VcUeeQV aW a     ǧ        

VXbVWaQWiaOO\ iQcUeaVed VcaOe. 

 

We aQWiciSaWe WhaW ASAP-VeT, ZheQ cRXSOed ZiWh OaUge aQWibRd\ SaQeOV Zhich e[ceed Whe             

aQWigeQ diYeUViW\ PeaVXUabOe b\ cXUUeQW PaVV c\WRPeWU\ aSSURacheV​32 (aV dePRQVWUaWed iQ WhiV            

VWXd\), Pa\ faciOiWaWe Whe diVcRYeU\ Rf deUegXOaWed VXUface PaUNeUV RQ (SUe-)PaOigQaQW/OeXNePic           

(VWeP) ceOO SRSXOaWiRQV WhaW cRXOd be fXUWheU e[SORiWed fRU diagQRVWicV RU aQWibRd\-PediaWed            

WheUaSieV​64,65​. FXUWheU, aV VhRZcaVed b\ Whe VeQViWiYiW\ Rf RXU PeaVXUePeQW Rf PD-1 iQ acWiYaWed              

T ceOOV (​Fig. 5,6 ​), ASAP-VeT VhRXOd SURYide a SRZeUfXO PROecXOaU aSSURach WR ideQWif\ aQd VWXd\               

Whe eSigeQeWic d\VfXQcWiRQ iQ diVWiQcW VWaWeV Rf adaSWiYe iPPXQe ceOOV iQ WXPRUV, iQfecWiRXV             

diVeaVeV, aQd RWheU PaOigQaQcieV. IQ WRWaO, RXU PeWhRdRORgicaO aSSURach aQd aQaO\VeV iQdicaWe            

WhaW ASAP-VeT SURYideV a PRdXOaU, SRZeUfXO WRRONiW fRU XQdeUVWaQdiQg Whe behaYiRU Rf ViQgOe             

ceOOV iQ cRPSOe[ VeWWiQgV.  
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MAIN FIGURES AND LEGENDS  
  
Figure 1. ASAP-seq incorporates protein detection in scATAC-seq workflows. a.          

SchePaWic Rf Whe ceOO-SURceVViQg VWeSV WhaW aOORZ UeWeQWiRQ aQd SURfiOiQg Rf ceOO-VXUface PaUNeUV             

MRiQWO\ ZiWh chURPaWiQ acceVVibiOiW\. CeOOV aUe VWaiQed ZiWh ROigR-cRQMXgaWed aQWibRdieV befRUe           

fi[aWiRQ, SeUPeabiOi]aWiRQ aQd WUaQVSRViWiRQ ZiWh TQ5. ​b. ​IQ dURSOeWV​, ​bUidge ROigRV VSiNed iQWR Whe              

baUcRdiQg Pi[ SURPRWe WePSOaWed e[WeQViRQ Rf Whe aQWibRd\ WagV dXUiQg Whe fiUVW c\cOe Rf              

aPSOificaWiRQ UeQdeUiQg WheP cRPSOePeQWaU\ WR bead-deUiYed baUcRdiQg ROigRV. E[WeQded         

aQWibRd\ WagV aUe VXbVeTXeQWO\ baUcRded WRgeWheU ZiWh Whe WUaQVSRVed chURPaWiQ fUagPeQWV. ​c.            

SSecieV Pi[iQg e[SeUiPeQW XViQg Whe PUe-SPRI aSSURach; QXPbeU Rf XQiTXe QXcOeaU fUagPeQWV            

(OefW) aQd SURWeiQ-Wag cRXQWV (UighW) aVVRciaWed ZiWh each ceOO baUcRde. PRiQWV aUe cRORUed baVed              

RQ VSecieV cOaVVificaWiRQ XViQg ATAC-deUiYed fUagPeQWV (97.4% agUeePeQW b\ aVVigQPeQW; aOO           

bXW 1 diVcUeSaQc\ ZaV aQ eUUaQW dRXbOeW YeUVXV ViQgOeW cOaVVificaWiRQ) ​d. TSS eQUichPeQW VcRUeV              

Rf PWVcATAC-VeT ZiWhRXW (OefW) RU ZiWh cRQcRPiWaQW SURWeiQ Wag caSWXUe (UighW). Q iQdicaWeV Whe              

QXPbeU Rf ceOOV SURfiOed. ​e. UMAP VhRZiQg chURPaWiQ acceVVibiOiW\-baVed cOXVWeUiQg Rf PBMCV            

VWaiQed ZiWh a 9-aQWibRd\ SaQeO, ZiWh VeOecWed PaUNeUV highOighWed. CRORU baU: SURWeiQ Wag             

ceQWeUed ORg-UaWiR (CLR) YaOXeV. ​f. CeOOXOaU diVWUibXWiRQ Rf WZR PRVW cRPPRQO\ deWecWed PWDNA             

PXWaWiRQV iQ Whe SRSXOaWiRQ. ThUeVhROdV fRU + ZeUe 5% heWeURSOaVP\ baVed RQ ePSiUicaO             

deQViW\. 

 

Figure 2. ASAP-seq enables a modular and versatile multi-omics toolkit. a. SchePaWic Rf             

e[SeUiPeQWaO deVigQ. PBMCV ZeUe VWaiQed ZiWh TBNK SaQeOV Rf Whe TSA RU TSB fRUPaW aW a 1:1                 

UaWiR, fROORZed b\ fi[aWiRQ aQd SeUPeabiOi]aWiRQ XQdeU PiOd (LLL) RU VWURQg cRQdiWiRQV (OMNI). ​b.              

PaiUZiVe cRPSaUiVRQ Rf ceQWeUed ORg-UaWiR (CLR) QRUPaOi]ed TSA aQd TSB cRXQWV fRU iQdicaWed             

aQWibRdieV XQdeU PiOd O\ViV cRQdiWiRQV (Q=4,748 ceOOV). CRXQWV ZeUe cROOaSVed fRU XQiTXe            

PROecXOeV XViQg UBIV (TSA SaQeO) RU UMIV (TSB SaQeO). ​c. DiVWUibXWiRQ Rf SeUceQW Rf PWDNA               

fUagPeQWV UeWaiQed iQ Whe OibUaU\ XQdeU Whe WZR O\ViV cRQdiWiRQV. ​d. CRPSaUiVRQ Rf CLR              

QRUPaOi]ed TSA cRXQWV fRU iQdicaWed SURWeiQV XQdeU Whe WZR WeVWed O\ViV cRQdiWiRQV. SWaWiVWicaO             

cRPSaUiVRQV aUe WiOcR[RQ UaQN VXP WeVW ZiWh BRQfeUURQi adMXVWed S-YaOXeV (QV = QRW VigQificaQW;              

* ​p​adj ​ < 0.05; ** ​p ​adj ​ < 0.01;  *** ​p ​adj ​ < 0.001). 
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Figure 3. ASAP-seq enables detection of intracellular proteins with barcoded antibodies.           
a. ​SchePaWic Rf Whe iQWUaceOOXOaU VWaiQiQg e[SeUiPeQWaO deVigQ. PBMCV VWaiQed ZiWh Whe TSA             

TBNK SaQeO diUecWed agaiQVW ceOO VXUface PaUNeUV ZeUe fi[ed, O\Ved, aQd VWaiQed ZiWh TSB              

aQWibRdieV diUecWed agaiQVW iQWUaceOOXOaU PaUNeUV, fROORZed b\ WUaQVSRViWiRQ. ​b. TZR-diPeQViRQaO          

ePbeddiQg Rf Whe PBMC chURPaWiQ acceVVibiOiW\ daWa XViQg UMAP, ZiWh PaMRU SeUiSheUaO bORRd             

ceOO W\SeV highOighWed. ​c,d. T ceOOV aQd NK ceOOV aV highOighWed iQ Whe daVhed-OiQe bR[ fURP SaQeO                 

(​b​) ZiWh VXSeUiPSRVed Wag iQWeQViWieV fRU iQdicaWed (​c ​) ceOO VXUface aQd (​d​) iQWUaceOOXOaU PaUNeUV.              

CRORU baU: SURWeiQ Wag CLR YaOXeV. 

 

Figure 4. Dissection of native human hematopoiesis with multi-modal cell state inference            
and mtDNA-based lineage tracing. a. ​SchePaWic Rf e[SeUiPeQWaO deVigQ. WhROe hXPaQ bRQe            

PaUURZ PRQRQXcOeaU ceOOV (BMMCV) ZeUe VWaiQed ZiWh haVhWag aQWibRdieV aQd a 242 aQWibRd\             

SaQeO fRU ASAP-VeT SURceVViQg. ​b. RedXced diPeQViRQ UeSUeVeQWaWiRQ aQd ceOO cOXVWeUiQg Rf            

high-TXaOiW\ ceOOV (Q=10,928) iQfeUUed XViQg chURPaWiQ acceVVibiOiW\. ​c. ​RaQN VRUWiQg Rf           

iQfRUPaWiYe SURWeiQ WagV iQ diVWiQgXiVhiQg ceOO cOXVWeU ideQWificaWiRQ. NegaWiYe cRQWUROV (UaW           

eSiWRSeV) aUe VhRZQ iQ Ued. ​d. ​ChaUacWeUi]aWiRQ Rf ceOO SRSXOaWiRQV fRU 6 VeOecWed PaUNeUV. ​e.               
ChaUacWeUi]aWiRQ Rf 99 VRPaWic PWDNA PXWaWiRQV ideQWified iQ Whe BMMCV. SeOecWed PXWaWiRQV            

eQUiched fRU OiQeage biaV (13069G>A aQd 13711G>A; [-a[iV; Vee ​Extended Data Figure 4e ​)             

aQd higheVW fRU aOOeOe fUeTXeQc\ (16260C>T; \-a[iV) aUe highOighWed. ​f. PURMecWiRQ Rf highOighWed             

PXWaWiRQV fURP (​e ​) RQ Whe UedXced diPeQViRQ VSace. ThUeVhROdV fRU + ZeUe 50% fRU 16260C>T               

aQd 5% fRU 13069G>A baVed RQ ePSiUicaO deQViW\. ​g. ​DeYeORSPeQWaO WUaMecWRU\ Rf PRQRc\We             

diffeUeQWiaWiRQ XViQg VePi-VXSeUYiVed SVeXdRWiPe aQaO\ViV. ​h. ​E[SUeVViRQ Rf ceOO VXUface PaUNeUV           

aORQg Whe deYeORSPeQWaO WUaMecWRU\ highOighWed iQ (​g​). RRZV aUe PiQ-Pa[ QRUPaOi]ed. ​i.            
CRPSaUiVRQ Rf Pa[iPXP geQe acWiYiW\ VcRUeV ([-a[iV) aQd SURWeiQ (\-a[iV) dXUiQg SVeXdRWiPe.            

Each dRW iV a geQe/VXUface SURWeiQ SaiU.   
 
Figure 5. ASAP-seq and CITE-seq reveal coordinated and distinct changes in chromatin,            
RNA, and protein levels. a. ​SchePaWic Rf Whe e[SeUiPeQWaO deVigQ. PBMCV ZeUe iQcXbaWed             

ZiWh (VWiPXOaWiRQ) RU ZiWhRXW (cRQWURO) PXOWiPeUic Į-CD3/CD28 fRU 16 hUV, fROORZed b\ VWaiQiQg             

ZiWh Whe 227 aQWibRd\ SaQeO. AQ aOiTXRW Rf Whe ceOOV ZaV ZiWhdUaZQ aQd VXbMecWed WR CITE-VeT,                

ZhiOe Whe UePaiQiQg ceOOV ZeUe fi[ed aQd VXbMecWed WR ASAP-VeT. ​b,c. RedXced diPeQViRQ             

UeSUeVeQWaWiRQV XViQg daWa iQWegUaWiRQ PeWhRdV aQd UMAP fRU (​b​) ​ASAP-VeT aQd ​(​c ​) ​CITE-VeT             

fRU bRWh cRQWURO (OefW) aQd VWiPXOaWed cRQdiWiRQV (UighW). ​d. CRUUeOaWiRQ Rf VXUface PaUNeU fROd              
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chaQgeV (ORg ​2​) XSRQ VWiPXOaWiRQ aV deWecWed b\ CITE-VeT aQd ASAP-VeT. TRS XSUegXOaWed            

PaUNeUV aUe highOighWed iQ Ued, aQd dRZQUegXOaWed iQ bOXe. e. SchePaWic aQd VXPPaU\ Rf              

QXPbeU aQd SURSRUWiRQ Rf diffeUeQWiaO feaWXUeV (chURPaWiQ acceVVibiOiW\ SeaNV, geQeV, aQd           

VXUface SURWeiQV) deWecWed fRU T ceOOV beWZeeQ Whe VWiPXOaWiRQ aQd cRQWURO. ​f. SXPPaU\ Rf              

chaQgeV iQ chURPaWiQ acceVVibiOiW\, geQe e[SUeVViRQ aQd VXUface SURWeiQ abXQdaQce fRU 84            

e[SUeVVed geQeV dXUiQg T ceOO VWiPXOaWiRQ. ​g. ​PeaUVRQ cRUUeOaWiRQ beWZeeQ Whe ORg ​2 fROd chaQgeV              

fRU each PRdaOiW\ aV VhRZQ iQ (​f​). ​h-j. UMAPV Rf ViQgOe-ceOO chURPaWiQ acceVVibiOiW\, PRNA              

e[SUeVViRQ, aQd VXUface SURWeiQ OeYeOV fRU bRWh Whe cRQWURO (WRS) aQd VWiPXOaWiRQ cRQdiWiRQ             

(bRWWRP) VhRZQ RQ Whe UedXced diPeQViRQ VSace fRU (​h​) CD3, (​i​) CD69 aQd (​j​) PD-1. 

 
Figure 6. Multiplexed CRISPR perturbations with ASAP-seq in primar\ human T cells. a.             
SchePaWic ZRUNfORZ fRU cRPbiQaWRUiaO PXOWiSOe[iQg ZiWh ASAP-VeT. CRISPR-ediWed ceOOV aUe fiUVW           

VWaiQed ZiWh ROigR-cRQMXgaWed haVhWag aQWibRdieV aQd WheQ SRROed fRU dRZQVWUeaP SURceVViQg           

b\ ASAP-VeT. gRNA ideQWiWieV aUe dePXOWiSOe[ed XViQg haVhiQg aQWibRd\ cRXQWV. ​b. ​UMAP            

ePbeddiQg Rf ​n = 5,825 ViQgOe ceOOV aQd WheiU aVVRciaWed gRNAV. ​c. HeaWPaS VhRZiQg PeaQ               

e[SUeVViRQ fRU 27 VeOecWed VXUface SURWeiQ PaUNeUV acURVV gRNA SeUWXUbaWiRQV iQ VWiPXOaWed            

ceOOV. ​d. ​HeaWPaS UeSUeVeQWaWiRQ Rf chURPVAR biaV-cRUUecWed WUaQVcUiSWiRQ facWRU PRWif deYiaWiRQ           

VcRUeV fRU Whe WRS 100 PRVW YaUiabOe WUaQVcUiSWiRQ facWRUV acURVV SeUWXUbaWiRQ cRQdiWiRQV.            

AVVRciaWed gRNA aQd dRQRU iQfRUPaWiRQ aUe cRORU-cRded aQd iQdicaWed aW Whe WRS Rf Whe SORW. ​e.                

OYeUOa\ RQ ASAP-SeT UMAP Rf chURPVAR WUaQVcUiSWiRQ facWRU PRWif deYiaWiRQV. The PRWif fRU             

Whe giYeQ WUaQVcUiSWiRQ facWRU iV iQdicaWed aW Whe WRS Rf Whe SORW. ​f. VROcaQR SORWV VhRZiQg                

WUaQVcUiSWiRQ facWRU PRWifV ZiWh VigQificaQWO\ chaQged chURPaWiQ acceVVibiOiW\ SURfiOeV beWZeeQ          

NTC ceOOV aQd gXideV WaUgeWiQg ​CD3E aQd ​ZAP70 (FDR <= 0.05, chURPVAR acceVVibiOiW\             

chaQge >= 0.25). ​g. ScaWWeUSORW Rf PeaQ geQe acWiYiW\ VcRUeV fRU 22 iQdiYidXaO geQe ORci SORWWed                

agaiQVW CLR-QRUPaOi]ed PeaQ SURWeiQ Wag cRXQWV aVVRciaWed ZiWh each gRNA. VaOXeV aUe            

QRUPaOi]ed agaiQVW NTC ceOOV. ​h,i. ​GeQRPic WUacNV Rf (​h​) ​PDCD1 (geQe eQcRdiQg PD-1) aQd (​i​)               

IL2RA ​(geQe eQcRdiQg CD25), iQdicaWiQg SVeXdR-bXON ATAC VigQaO WUacNV acURVV gRNAV ZiWh            

cRUUeVSRQdiQg CLR-QRUPaOi]ed SURWeiQ abXQdaQce Uidge SORWV. DiffeUeQWiaOO\ acceVVibOe UegiRQV         

aUe highOighWed iQ Ued. DiffeUeQWiaOO\ acceVVibOe UegiRQV QRW RYeUOaSSiQg CARE eQhaQceUV aUe            

highOighWed iQ bOXe (​i​) aQd Whe TSS iV highOighWed iQ gUeeQ (​i​). NFKB2 VeTXeQce PRWif PaWcheV                

aUe iQdicaWed b\ *.  
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Extended Data Figure 1. Additional technical and computational validation of ASAP-seq           
workflows. a. ​PBMCV ZeUe VWaiQed ZiWh fOXRURShRUe-cRQMXgaWed aQWibRdieV aQd VXbMecWed WR           

Whe ASAP-VeT ZRUNfORZ ZiWh VaPSOeV ZiWhdUaZQ aW Whe iQdicaWed VWeSV aQd aVVeVVed fRU             

fOXRURShRUe iQWeQViW\ b\ fORZ c\WRPeWU\. CD3 (WRS) aQd CD19 (bRWWRP) VigQaO RQ fi[ed ceOOV iV               

haUdO\ affecWed b\ SeUPeabiOi]aWiRQ aORQe, bXW afWeU Whe 37℃ iQcXbaWiRQ fRU 1h WR PiPic Whe TQ5                

WUaQVSRViWiRQ UeacWiRQ, VRPe VigQaO UedXcWiRQ iV RbVeUYed. ​b. ​BaUcRdiQg VchePe Rf TSA WagV             

XViQg Whe bUidge ROigR fRU TRWaOSeT ​TM​-A (BOA). TSA WagV dR QRW cRQWaiQ UMIV, VR WR aOORZ                

PROecXOe cRXQWiQg, UBIV (N9V) aUe iQcRUSRUaWed Yia Whe bUidge ROigR. ​c. SSecieV Pi[iQg             

e[SeUiPeQW aV iQ ​Figure 1c ​, XViQg Whe PRVW-SPRI aSSURach fRU Wag UecRYeU\. PRiQWV aUe cRORUed               

baVed RQ VSecieV cOaVVificaWiRQ XViQg ATAC fUagPeQWV. ​d. ATAC OibUaU\ cRPSOe[iW\ aQd TSS             

eQUichPeQW fRU fUagPeQWV fURP each VSecieV XQdeU Whe WZR SURWeiQ-Wag OibUaU\ aSSURacheV. ​e.             
CRPSaUiVRQ Rf SURWeiQ Wag cRPSOe[iW\ beWZeeQ OibUaUieV SUeSaUed XViQg Whe SUe- aQd SRVW-SPRI             

aSSURach. ​f. CRPSaUiVRQ Rf ATAC OibUaU\ cRPSOe[iW\ beWZeeQ PWVcATAC-VeT aQd ASAP-VeT. ​g.            

TZR-diPeQViRQaO ePbeddiQg Rf Whe PBMC haVhiQg daWa XViQg ​t​-SNE. The fRXU PaMRU cOXVWeUV             

(bOacN) cRUUeVSRQd WR Whe fRXU haVhiQg aQWibRdieV XVed WR VWaiQ Whe PBMCV. 13,772 ceOOV ZeUe               

UecRYeUed aQd1,396 dRXbOeWV (Ued) ZeUe deWecWed. ​h. UMAP ePbeddiQg UeVROYiQg PBMC ceOO            

W\SeV baVed RQ chURPaWiQ acceVVibiOiW\ fRU ceOOV SURceVVed b\ PWVcATAC-VeT aQd ASAP-VeT.            

DaWa fRU Whe WZR diffeUeQW VaPSOeV ZeUe SURceVVed WRgeWheU XViQg ceOO UaQgeU-aWac aggU befRUe              

diPeQViRQaOiW\ UedXcWiRQ. ​i. SeOecWed SURWeiQ PaUNeUV (OefW) aQd cRUUeVSRQdiQg geQe VcRUe           

acWiYiWieV (UighW) VXSeUiPSRVed RQ Whe ATAC-cOXVWeUed PBMCV (fRU Whe ASAP-VeT VaPSOe) aV iQ             

(​h​). 
 
Extended Data Figure 2. Additional validation and comparison of modular ASAP-seq           
workflows. a. ​BaUcRdiQg VchePe Rf TSB WagV XViQg Whe bUidge ROigR fRU TRWaOSeTB (BOB). TSB               

WagV cRQWaiQ UMIV (eQcRPSaVViQg Whe aQWibRd\ baUcRde), QegaWiQg Whe UeTXiUePeQW fRU a UBI RQ              

Whe bUidge ROigR. ​b. PaiUZiVe cRPSaUiVRQ Rf ceQWeUed ORg-UaWiR (CLR) QRUPaOi]ed TSA aQd TSB              

cRXQWV XQdeU OMNI O\ViV cRQdiWiRQV (Q=5,236 ceOOV). CRXQWV ZeUe cROOaSVed fRU XQiTXe            

PROecXOeV XViQg UBIV (TSA SaQeO) RU UMIV (TSB SaQeO). ​c. CRPSaUiVRQ Rf CLR QRUPaOiVed TSB               

cRXQWV XQdeU Whe WZR O\ViV cRQdiWiRQV. SWaWiVWicaO cRPSaUiVRQV aUe WiOcR[RQ UaQN VXP WeVW ZiWh              

BRQfeUURQi adMXVWed S-YaOXeV (QV = QRW VigQificaQW; * ​p ​adj < 0.05; ** ​p​adj < 0.01; *** ​p ​adj < 0.001). ​d.                   

UMAP ePbeddiQg aQd cOXVWeU aQQRWaWiRQ Rf Whe LLL (Q=5,236) aQd OMNI (Q=4,748) SURceVVed             

ceOOV. DaWa fRU Whe WZR diffeUeQW VaPSOeV ZeUe SURceVVed WRgeWheU XViQg ceOO UaQgeU-aWac aggU              
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befRUe diPeQViRQaOiW\ UedXcWiRQ. ​e. TSA aQd TSB CLR cRXQWV SURMecWed RQ Whe LLL ePbeddiQgV.              
f.​ TSA aQd TSB CLR cRXQWV SURMecWed RQ Whe OMNI ePbeddiQgV. 

 
Extended Data Figure 3. Supporting information for intracellular ASAP-seq workflow. a,b.           
SeOecWed SURWeiQ PaUNeUV (​a ​) aQd cRUUeVSRQdiQg geQe acWiYiW\ VcRUeV (​b​) VXSeUiPSRVed RQ Whe             

ATAC-cOXVWeUed PBMCV fURP Whe iQWUaceOOXOaU VWaiQiQg e[SeUiPeQW (Vee ​Figure 3a ​).  
 
Extended Data Figure 4. Supporting information for ASAP-seq bone marrow anal\ses. a.            
AQQRWaWiRQ Rf UedXced diPeQViRQ VSace ZiWh Whe DRXbOeW EQUichPeQW VcRUe fURP AUchR. AUURZ             

iQdicaWeV Whe PRQRc\Wic SURgeQiWRU SRSXOaWiRQ. ​b. HiVWRgUaP Rf VcRUeV fURP SaQeO (​a ​). ​c. FeaWXUe              

SORWV fRU Vi[ addiWiRQaO aQWibRd\ WagV iQ Whe UedXced diPeQViRQ VSace. ​d. ​SXbVWiWXWiRQ UaWe              

(RbVeUYed RYeU e[SecWed) Rf PgaWN-ideQWified heWeURSOaVPic PXWaWiRQV (\ a[iV) iQ each cOaVV Rf             

PRQRQXcOeRWide aQd WUiQXcOeRWide chaQge UeVROYed b\ Whe heaY\ (H) aQd OighW (L) VWUaQdV Rf Whe               

PiWRchRQdUiaO geQRPe. ​e. ​PURMecWiRQ Rf 13711G>A iQ ViQgOe ceOOV; WhUeVhROd fRU + ZaV 5%. ​f.               

DiVWUibXWiRQ Rf RbVeUYed PWDNA PXWaWiRQV iQ ceOOV aPRQg PaMRU ceOO OiQeageV. ​g. ​E[SUeVViRQ Rf              

chURPaWiQ acWiYiW\ VcRUeV aORQg Whe PRQRc\Wic deYeORSPeQWaO WUaMecWRU\ fRU geQeV eQcRdiQg           

SURWeiQV VhRZQ iQ ​Figure 4h. ​h. ​DeYeORSPeQWaO WUaMecWRU\ Rf eU\WhURid diffeUeQWiaWiRQ XViQg            

VePi-VXSeUYiVed SVeXdRWiPe aQaO\ViV. ​i. E[SUeVViRQ Rf VeOecW ceOO VXUface PaUNeUV aORQg Whe            

eU\WhURid deYeORSPeQWaO WUaMecWRU\ highOighWed iQ (​h​). RRZV aUe PiQ-Pa[ QRUPaOi]ed. ​j.           

E[SUeVViRQ Rf chURPaWiQ acWiYiW\ VcRUeV aORQg Whe eU\WhURid deYeORSPeQWaO WUaMecWRU\ fRU geQeV            

eQcRdiQg SURWeiQV VhRZQ iQ (​i​). 
 
Extended Data Figure 5. Supporting information for combined ASAP-seq and CITE-seq           
readouts. a. ​AQWibRd\ Wag cRPSOe[iW\ SeU cRQdiWiRQ aQd WechQRORg\. MediaQ Wag cRPSOe[iW\ iV             

1.7-2[ higheU iQ CITE-VeT cRPSaUed WR ASAP-VeT aQd 1.3-1.6[ higheU iQ VWiPXOaWiRQ cRPSaUed             

WR cRQWURO VaPSOe. ​b,c. CeOOXOaU diVWUibXWiRQ Rf SURWeiQ WagV PeaVXUed b\ ASAP-VeT (OefW) aQd              

CITE-VeT (UighW) fRU cRQWURO (WRS) aQd VWiPXOaWed cRQdiWiRQV (bRWWRP) fRU, (​b​) CD278 (​ICOS​) aQd              

(​c ​) CD71 (​TFRC​). ​d. PURWeiQ Wag PeaVXUePeQW iPSRUWaQce iQ SUedicWiQg ceOO cOXVWeU aQd             

VWiPXOaWiRQ fURP WZR diffeUeQW RaQdRP FRUeVW PRdeOV. NegaWiYe cRQWUROV (UaW eSiWRSeV) aUe            

VhRZQ iQ Ued. ​e-g. ASAP-VeT aQd CITE-VeT daWa cR-ePbeddiQg XWiOi]iQg SURWeiQ abXQdaQceV.            

CeOOV aUe highOighWed b\ (​e ​) chURPaWiQ/RNA cOXVWeU ideQWiW\, (​f​) VWiPXOaWiRQ cRQdiWiRQ aQd (​g​)             

WechQRORg\ aVVa\ed. ​h-j. UMAPV Rf chURPaWiQ acceVVibiOiW\, PRNA e[SUeVViRQ, aQd VXUface           

SURWeiQ OeYeOV fRU (​h​) CD28, (​i​) ​CD4, aQd (​j​) ​CD52. ​k. SXPPaU\ Rf chaQgeV iQ chURPaWiQ                
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acceVVibiOiW\, geQe e[SUeVViRQ aQd VXUface SURWeiQ abXQdaQce fRU 103 e[SUeVVed geQeV iQ B             

ceOOV fROORZiQg T ceOO VWiPXOaWiRQ. ​l,m. ​UMAPV Rf chURPaWiQ acceVVibiOiW\, PRNA e[SUeVViRQ, aQd             

VXUface SURWeiQ OeYeOV fRU geQeV ZiWh diffeUeQWiaO e[SUeVViRQ iQ B ceOOV, iQcOXdiQg (​l​) CD184              

(​CXCR4 ​) aQd (​m​) CD25 (​IL2RA​). 

 

Extended Data Figure 6. Supporting information for ASAP-seq based decoding of           
perturbations in primar\ T cells. a. ​SchePaWic fRU CRISPR SeUWXUbaWiRQ e[SeUiPeQW iQ SUiPaU\             

hXPaQ T ceOOV. CD4+ T ceOOV fURP heaOWh\ dRQRUV ZeUe iVROaWed aQd VWiPXOaWed fRU 72 hRXUV,                

fROORZed b\ a UeVWiQg SeUiRd Rf fRXU da\V WR eQabOe e[SaQViRQ. OQ Da\ 7, ceOOV ZeUe                

eOecWURSRUaWed ZiWh CaV9 RNPV aQd WheQ UeVWed fRU aQ addiWiRQaO 8 da\V befRUe VecRQdaU\              

VWiPXOaWiRQ. ​b. HeaWPaS Rf ceOO dePXOWiSOe[iQg ZiWh haVhiQg aQWibRdieV, iQdicaWiQg QRUPaOi]ed           

abXQdaQce Rf each haVhWag. ​c. ​AVVeVVPeQW Rf Whe effecW Rf CRISPR SeUWXUbaWiRQV RQ WhUee              

iQdicaWed SURWeiQ VXUface PaUNeUV. ​d. ​UMAP ePbeddiQg RYeUOaid ZiWh e[SUeVViRQ Rf Whe eighW             

iQdicaWed VXUface SURWeiQ PaUNeUV. ​e. ​AOOeOe-VSecific CRISPR ediWiQg RXWcRPeV fRU ZAP70           

gRNA1 (OefW) aQd ZAP70 gRNA2 (UighW). The ZiOdW\Se aOOeOe iV iQdicaWed b\ **. ​f. ​VROcaQR SORWV                

VhRZiQg WUaQVcUiSWiRQ facWRU PRWifV ZiWh VigQificaQWO\ chaQged chURPaWiQ acceVVibiOiW\ SURfiOeV          

beWZeeQ NTC ceOOV aQd Whe iQdicaWed gRNAV (FDR <= 0.05, chURPVAR acceVVibiOiW\ chaQge >=              

0.25). ​g. CRUUeOaWiRQ Rf chURPVAR PediaQ acceVVibiOiW\ chaQgeV RU FDR (bRWWRP UighW SaQeO)             

beWZeeQ Whe iQdicaWed gRNAV. ​h. GeQRPic WUacNV Rf ​TNFRSF18 aQd ​HAVCR2 ORci ZiWh             

cRUUeVSRQdiQg CLR-QRUPaOi]ed SURWeiQ abXQdaQce Uidge SORWV. CLR-QRUPaOi]ed SURWeiQ        

abXQdaQce fURP Whe PBMC VWiPXOaWiRQ e[SeUiPeQW iV iQdicaWed b\ Whe cRUUeVSRQdiQg bR[SORWV.            

DiffeUeQWiaOO\ acceVVibOe UegiRQV aUe highOighWed iQ bOXe. 
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ONLINE METHODS 
See PURWRcRO E[chaQge (dRi SeQdiQg) RU CITE-VeT.cRP/SURWRcROV fRU a VWeS-b\-VWeS ASAP-VeT           

SURWRcRO. 

  
Cells 
CU\RSUeVeUYed heaOWh\ dRQRU SeUiSheUaO bORRd PRQRQXcOeaU ceOOV (PBMCV) aQd bRQe PaUURZ           

ceOOV (BM) ZeUe RbWaiQed fURP AOOCeOOV (USA) RU CeOOXOaU TechQRORg\ LiPiWed (CTL) aQd             

SURceVVed iPPediaWeO\ afWeU WhaZiQg. NIH-3T3 aQd HEK293FT ceOOV ZeUe PaiQWaiQed accRUdiQg           

WR VWaQdaUd SURcedXUeV iQ DXObeccR¶V MRdified EagOe¶V MediXP (TheUPR FiVheU, USA)           

VXSSOePeQWed ZiWh 10% feWaO bRYiQe VeUXP (TheUPR FiVheU, USA), aW 37�C ZiWh 5% CO2. 

  

Cell staining with barcoded antibodies 
TSA aQd TSB cRQMXgaWed aQWibRdieV aQd SaQeOV ZeUe RbWaiQed fURP BiROegeQd, Vee            

Supplementar\ Table 1 fRU a OiVW Rf aQWibRdieV, cORQeV aQd baUcRdeV XVed fRU ASAP-VeT. CeOOV               

ZeUe VWaiQed ZiWh baUcRded aQWibRdieV aV SUeYiRXVO\ deVcUibed fRU CITE-VeT ​5,6​. BUiefO\,           

aSSUR[iPaWeO\ 1.5-2 PiOOiRQ ceOOV SeU VaPSOe ZeUe UeVXVSeQded iQ 1î CITE-VeT VWaiQiQg bXffeU             

(2% BSA, 0.01% TZeeQ iQ PBS) aQd iQcXbaWed fRU 10 PiQ ZiWh Fc UeceSWRU bORcN (TUXSWaiQ FcX,                 

BiRLegeQd, USA) WR bORcN FC UeceSWRU-PediaWed biQdiQg. SXbVeTXeQWO\, ceOOV ZeUe iQcXbaWed           

ZiWh iQdicaWed aQWibRdieV RU SaQeOV fRU 30 PiQ aW 4�C, aV UecRPPeQded b\ Whe PaQXfacWXUeU               

(BiRLegeQd, USA). AfWeU VWaiQiQg, ceOOV ZeUe ZaVhed 3î b\ UeVXVSeQViRQ iQ 1î CITE-VeT             

VWaiQiQg bXffeU fROORZed b\ ceQWUifXgaWiRQ (300 g, 5 PiQ aW 4�C) aQd VXSeUQaWaQW e[chaQge. AfWeU               

Whe fiQaO ZaVh, ceOOV ZeUe UeVXVSeQded iQ PBS aQd VXbMecWed WR fi[aWiRQ aQd SeUPeabiOi]aWiRQ aV               

deVcUibed iQ Whe VecWiRQ ​Cell fixation and permeabilization ​. 

 

IQWUaceOOXOaU VWaiQiQg ZaV SeUfRUPed iQ fi[ed aQd SeUPeabiOi]ed ceOOV WhaW ZeUe UeVXVSeQded iQ             

IQWUaceOOXOaU SWaiQiQg BXffeU (BiROegeQd, cXVWRP SaUW QXPbeU 900002577), ZiWh Whe addiWiRQ Rf            

TUXSWaiQ FcX aQd TUXe SWaiQ MRQRc\We bORcNeU aV UecRPPeQded b\ Whe PaQXfacWXUeU            

(BiRLegeQd).  

  

Cell fixation and permeabili]ation 
CeOOV ZeUe fi[ed iQ 1% fRUPaOdeh\de (FA; TheUPRFiVheU, QR.28906) iQ PBS fRU 10 PiQ aW URRP                

WePSeUaWXUe, TXeQched ZiWh gO\ciQe VROXWiRQ WR a fiQaO cRQceQWUaWiRQ Rf 0.125 M befRUe ZaVhiQg              

ceOOV WZice iQ PBS Yia ceQWUifXgaWiRQ aW 400 g, 5 PiQ, 4 ​�​C. CeOOV ZeUe VXbVeTXeQWO\ WUeaWed ZiWh                 
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Whe aSSURSUiaWe O\ViV bXffeU deSeQdiQg RQ dRZQVWUeaP aSSOicaWiRQ. If PWDNA UeWeQWiRQ ZaV            

deViUed, SeUPeabiOi]aWiRQ ZaV SeUfRUPed aV deVcUibed iQ PWVcATAC-VeT ​14 ZiWh 10 PM TUiV-HCO            

SH 7.4, 10 PM NaCO, 3 PM MgCO ​2​, 0.1% NP40, 1% BSA (UefeUUed WR aV ORZ ORVV O\ViV cRQdiWiRQV                   

RU LLL). WheQ PWDNA deSOeWiRQ ZaV deViUed, ceOOV ZeUe O\Ved iQ 10 PM TUiV-HCO SH 7.4, 10 PM                  

NaCO, 3 PM MgCO ​2​, 0.1% NP40, 0.1% TZeeQ20, 0.01% DigiWRQiQ, 1% BSA (UefeUUed WR aV OMNI                

cRQdiWiRQV). SeUPeabiOi]aWiRQ ZaV SeUfRUPed RQ ice, 3 PiQ fRU SUiPaU\ ceOOV aQd 5 PiQ fRU ceOO                

OiQeV, fROORZed b\ addiQg 1 PO Rf chiOOed ZaVh bXffeU (10 PM TUiV-HCO SH 7.4, 10 PM NaCO, 3                   

PM MgCO ​2​, 1% BSA) aQd iQYeUViRQ befRUe ceQWUifXgaWiRQ aW 500 g, 5 PiQ, 4 ​�​C. The VXSeUQaWaQW                

ZaV diVcaUded aQd ceOOV ZeUe diOXWed iQ 1î DiOXWed NXcOei bXffeU (10[ GeQRPicV) aQd fiOWeUed               

WhURXgh a 40 �P FORZPi ceOO VWUaiQeU befRUe cRXQWiQg XViQg TU\SaQ BOXe aQd a CRXQWeVV II FL                 

AXWRPaWed CeOO CRXQWeU. 

  

Transposition and barcoding  
CeOO ZeUe VXbVeTXeQWO\ SURceVVed accRUdiQg WR Whe ChURPiXP SiQgOe CeOO ATAC SROXWiRQ XVeU             

gXide (VeUViRQV ​CG000168 ReY D fRU Y1 aQd CG000209 ReY D fRU Y1.1, 10[ GeQRPicV) ​ZiWh                

Whe fROORZiQg PRdificaWiRQV: 

1. DXUiQg Whe baUcRdiQg UeacWiRQ (VWeS 2.1), 0.5 ȝO Rf 1 ȝM bUidge ROigR ZaV added WR Whe 

baUcRdiQg Pi[. The VeTXeQceV Rf Whe bUidge ROigRV aUe: BOA (bUidge ROigR fRU TRWaOSeT ​TM​-A): 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNNNNNNVTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTT/3IQYdT/ aQd BOB (bUidge ROigR fRU TRWaOSeT ​TM​-B): 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTGCTAGGACCGGCCTTAAAGC/3IQYdT/ 

2. TR faciOiWaWe bUidge ROigR aQQeaOiQg dXUiQg GEM iQcXbaWiRQ (VWeS 2.5), a 5 PiQ iQcXbaWiRQ              

aW 40�C ZaV added aW Whe begiQQiQg Rf Whe aPSOificaWiRQ SURWRcRO (40�C 5 PiQ, 72�C 5 PiQ, 98�C                  

30 Vec, 12 c\cOeV Rf 98�C 10 Vec, 59�C 30Vec, 72�C 1 PiQ, eQdiQg ZiWh hROd aW 15�C). ThiV e[WUa                    

aQQeaOiQg VWeS ZaV QRW eVVeQWiaO ZheQ XViQg TSA SURdXcWV, bXW iQcUeaVed efficieQc\ iQ TSB Wag               

caSWXUe. 

3. DXUiQg ViOaQe bead eOXWiRQ (VWeS 3.1R), beadV ZeUe eOXWed iQ 43.5 ȝO Rf EOXWiRQ SROXWiRQ I                

aQd 3 ȝO ZeUe NeSW aVide WR XVe aV iQSXW iQ Whe Wag OibUaU\ PCR, ZhiOe Whe UePaiQiQg 40 ȝO ZeUe                     

XVed WR SURceed ZiWh SPRI cOeaQ XS aV Whe SURWRcRO deVcUibeV. We UeaVRQed WhaW VRPe Wag                

fUagPeQWV cRXOd VWa\ iQ Whe bRXQd fUacWiRQ dXUiQg Whe 1.2î SPRI VeSaUaWiRQ, VR WR Pa[iPi]e Wag                

caSWXUe Ze UecRPPeQd WR iQcOXde a VPaOO SRUWiRQ (XS WR 10%) Rf Whe ViOaQe bead eOXWiRQ aV iQSXW                  

iQ Whe Wag iQde[iQg UeacWiRQ. 
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DXUiQg SPRI cOeaQXS (VWeS 3.2d), Whe VXSeUQaWaQW ZaV VaYed aQd aQ addiWiRQaO 0.8î UeacWiRQ              

YROXPe Rf SPRI beadV (32 ȝO) ZaV added WR bUiQg Whe UaWiR XS WR 2.0î. BeadV ZeUe ZaVhed WZice                   

ZiWh 80% eWhaQRO aQd eOXWed iQ EB. ThiV fUacWiRQ caQ be cRPbiQed ZiWh Whe feZ ȝO OefW aVide afWeU                   

Whe ViOaQe SXUificaWiRQ WR be XVed aV iQSXW iQ Whe SURWeiQ Wag iQde[iQg UeacWiRQ, RU eiWheU VRXUce                 

caQ be XVed aORQe ZiWh PiQiPaO iPSacW RQ Wag cRPSOe[iW\ (Vee ​Extended Data Fig. 1 ​). PCR                

UeacWiRQV ZeUe VeW XS WR geQeUaWe Whe SURWeiQ-Wag OibUaU\ (P5 aQd RPI-[ SUiPeUV fRU TSA               

cRQMXgaWeV, P5 aQd D7[[_V fRU TSB cRQMXgaWeV) aQd Whe haVhWag OibUaU\ (P5 aQd D7[[_V) ZiWh               

Whe SURgUaP: 95�C 3PiQ, 14-16 c\cOeV Rf 95�C 20Vec, 60�C 30Vec, 72�C 20Vec, fROORZed b\               

72�C fRU 5PiQ aQd eQdiQg ZiWh hROd aW 4�C. E[aPSOe Rf aQ RPI-[ SUiPeU (TUXSeT SPaOO RNA                 

haQdOe, SUeVeQW iQ TSA WagV. ³[´ QXcOeRWideV SUeVeQW a aUe XVeU-defiQed VaPSOe iQde[): 

CAAGCAGAAGACGGCATACGAGAT[[[[[[[[GTGACTGGAGTTCCTTGGCACCCGAGAATT

CCA. E[aPSOe Rf aQ D7[[_V SUiPeU (TUXSeT DNA haQdOe, SUeVeQW iQ TSB WagV RU TSA haVhiQg):                

CAAGCAGAAGACGGCATACGAGAT[[[[[[[[GTGACTGGAGTTCAGACGTGTGC. The fiQaO   

OibUaUieV ZeUe TXaQWified XViQg a QXbiW dVDNA HS AVVa\ NiW (IQYiWURgeQ) aQd a High SeQViWiYiW\               

DNA chiS UXQ RQ a BiRaQaO\]eU 2100 V\VWeP (AgiOeQW). 

NRWe: BRWh Y1 aQd Y1.1 YeUViRQV Rf Whe VcATAC NiW ZeUe VXcceVVfXOO\ XVed WhURXghRXW WhiV               

VWXd\, ZiWh QR diVceUQibOe diffeUeQceV ZiWh UeVSecW WR SURWeiQ Wag deWecWiRQ. 

  

Flow c\tometr\ 
FRU fORZ c\WRPeWU\ aQaO\ViV, PBMCV ZeUe ZaVhed iQ FACS bXffeU (1% FBS iQ PBS) befRUe               

aQWibRd\ VWaiQiQg XViQg a FITC-cRQMXgaWed CD19 aQWibRd\ (HIB19, 302206, BiROegeQd) aQd a            

Pacific-BOXe-cRQMXgaWed CD3 aQWibRd\ (HIT3a, 300330, ​BiROegeQd), each aW a 1:25 diOXWiRQ. AfWeU            

ZaVhiQg, fi[aWiRQ aQd SeUPeabiOi]aWiRQ ZeUe cRQdXcWed aV deVcUibed iQ Whe VecWiRQ CeOO fi[aWiRQ             

aQd SeUPeabiOi]aWiRQ abRYe, befRUe ceOOV ZeUe UeVXVSeQded iQ QXcOei diOXWiRQ aQd ATAC bXffeU             

aQd iQcXbaWed aW 1h, 37�C iQ a WheUPRc\cOeU WR PiPic Whe TQ5 WUaQVSRViWiRQ VWeS dXUiQg               

(PW)VcATAC-VeT. AOiTXRWV fRU fORZ c\WRPeWU\ aQaO\ViV ZeUe SURceVVed aW iQdicaWed VWageV aV            

VchePaWicaOO\ deSicWed iQ ​Extended Data Fig. 1a ​. AQaO\ViV ZaV cRQdXcWed RQ a BD BiRVcieQce              

FRUWeVVa fORZ c\WRPeWeU aW Whe WhiWehead IQVWiWXWe FORZ C\WRPeWU\ cRUe. DaWa ZaV aQaO\]ed             

XViQg FORZJR VRfWZaUe Y10.4.2. 

 

PBMC stimulation 
CU\RSUeVeUYed PBMCV ZeUe WhaZed aQd ZaVhed iQ cRPSOeWe PediXP (RPMI GOXWaPa[,           

VXSSOePeQWed ZiWh 10% FCS aQd 50 IU/PO IL-2). CeOOV ZeUe aOORZed WR UeVW iQ cRPSOeWe PediXP                
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fRU 30 PiQ aW 37�C, befRUe fiOWeUiQg WhURXgh a 70 ȝP ceOO VWUaiQeU WR UePRYe aggUegaWeV. PBMC                 

aOiTXRWV ZeUe VSOiW iQ haOf aQd UeVXVSeQded WR a fiQaO deQViW\ Rf 1î10 ​6​/PO iQ eiWheU cRPSOeWe                

PediXP (XQVWiPXOaWed cRQWURO) RU cRPSOeWe PediXP VXSSOePeQWed ZiWh IPPXQRCXOW HXPaQ          

CD3/CD28 T ceOO AcWiYaWRU (VWiPXOaWed VaPSOe) accRUdiQg WR Whe PaQXfacWXUeU (SWePCeOO           

TechQRORgieV). 200 ȝO ceOO VXVSeQViRQ aOiTXRWV ZeUe deSRViWed iQ a 96-ZeOO URXQd bRWWRP SOaWe             

aQd SOaced iQ a hXPidified 5% CO2 iQcXbaWRU aW 37�C, fRU 16 hUV. CeOOV fURP UeVSecWiYe ZeOOV                 

ZeUe SRROed, haUYeVWed, ZaVhed 2[ ZiWh Pedia aQd UeVXVSeQded iQ 1 PO Pedia, befRUe fiOWeUiQg               

WhURXgh 70 �P WR UePRYe ceOO aggUegaWeV. AbRXW 1î10 ​6 ​ceOOV Rf each cRQdiWiRQ ZeUe WheQ               

haUYeVWed aQd UeVXVSeQded iQ 100 ȝO CITE-VeT VWaiQiQg bXffeU iQ SUeSaUaWiRQ fRU VWaiQiQg. 

 

Arra\ed Cas9 Ribonucleotide Protein (RNP) preparation and electroporation 
L\RShiOi]ed cURNAV aQd WUacURNAV (IDT) ZeUe UecRQVWiWXWed WR a cRQceQWUaWiRQ Rf 400 �M aQd              

VWRUed iQ í80�C XQWiO XVe. cURNAV aQd WUacURNAV ZeUe Pi[ed aW a 1:1 Y/Y UaWiR, WUaQVfeUUed iQWR                 

a 96-ZeOO SOaWe aQd heaWed aW 95�C fRU 5 PiQ, fROORZed b\ iQcXbaWiRQ aW URRP WePSeUaWXUe fRU 15                  

PiQXWeV WR cRPSOe[ Whe gRNAV. 30 �g CaV9 SURWeiQ (TaNaUaBiR, CaW# Z2640N) ZaV added WR               

each ZeOO aQd Pi[ed b\ geQWOe SiSeWWiQg, fROORZed b\ iQcXbaWiRQ aW URRP WePSeUaWXUe fRU 15               

PiQXWeV. CRPSOe[ed RNPV ZeUe WheQ diVSeQVed iQ a 96-ZeOO V-bRWWRP SOaWe aW 12.7 �L SeU ZeOO.                

CeOOV ZeUe UeVXVSeQded iQ LRQ]a P2 SUiPaU\ QXcOeRfecWiRQ bXffeU aW 1î10 ​6 ceOOV SeU 20 �L aQd                

added WR Whe RNP-cRQWaiQiQg V-bRWWRP SOaWe. The Pi[WXUe ZaV geQWO\ Pi[ed b\ SiSeWWiQg aQd              

WheQ WUaQVfeUUed iQWR a 16-ZeOO eOecWURSRUaWiRQ cXYeWWe SOaWe (LRQ]a, CaW# V4XP-2032) aQd            

SXOVed ZiWh Whe EH100 SURgUaP. IPPediaWeO\ fROORZiQg eOecWURSRUaWiRQ, 100 �L SUe-ZaUPed T            

ceOO cXOWXUe PediXP ZaV geQWO\ added WR each ZeOO aQd ceOOV ZeUe iQcXbaWed aW 37�C fRU 10                 

PiQXWeV. CeOOV ZeUe WheQ WUaQVfeUUed iQWR 96-ZeOO U-bRWWRP SOaWeV fRU cXOWXUe aW 1î10 ​6 ​ceOOV/PO,              

VXSSOePeQWed ZiWh 500 IU/PO IL-2. A OiVW Rf aOO cURNAV XVed iQ WhiV VWXd\ caQ be fRXQd iQ                  

Supplementar\ Table 5 ​. 
 

Multiplexed perturbation workflow 
PUiPaU\ hXPaQ CD4+ T ceOOV ZeUe eQUiched b\ PagQeWic QegaWiYe VeOecWiRQ XViQg Whe hXPaQ              

CD4+ T ceOO IVROaWiRQ KiW (MiOWeQ\i, CaW# 130-096-533) aV SeU PaQXfacWXUeU¶V iQVWUXcWiRQV. CeOOV             

ZeUe WheQ VWaiQed aQd QawYe CD4 T ceOOV ZeUe VRUWed RQ a BD FACSAUia-SORP V\VWeP (BecWRQ                

DicNiQVRQ) RQ Whe baViV Rf CD4 aQd CD45RA e[SUeVViRQ. AfWeU iVROaWiRQ, ceOOV ZeUe cXOWXUed iQ T                

ceOO cXOWXUe PediXP cRQViVWiQg Rf RPMI ZiWh 10% FeWaO BRYiQe SeUXP, 10 PM HEPES, 2 PM                

GOXWaMa[ (GibcR, CaW# 35050-061), 1î MEM NRQ-EVVeQWiaO APiQR AcidV (GibcR, CaW#           
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11140-050), 1 PM SRdiXP S\UXYaWe, 55 �M 2-PeUcaSWReWhaQRO aQd 100 IU/PO IL-2 aW a deQViW\               

Rf 1î10 ​6 ceOOV/PO, aQd VWiPXOaWed ZiWh aQWi-hXPaQ CD3/CD28 D\QabeadV (TheUPRFiVheU,          

CaW#11131D) aW a 1:1 ceOOV-WR-beadV UaWiR. 72 hRXUV afWeU VWiPXOaWiRQ (Da\ 3), beadV ZeUe              

UePRYed aQd ceOOV ZeUe UeVWed iQ Pedia cRQWaiQiQg IL-2 fRU e[SaQViRQ, ZhiOe PaiQWaiQiQg aW a               

deQViW\ Rf 1î10 ​6 ​ceOOV/PO. OQ Da\ 7, ceOOV ZeUe eOecWURSRUaWed ZiWh CaV9 UibRQXcOeRSURWeiQ             

(RNP) cRPSOe[eV. FROORZiQg eOecWURSRUaWiRQ, ceOOV ZeUe cXOWXUed iQ Pedia ZiWh 500 IU/PO IL-2             

aQd VSOiW UegXOaUO\ WR PaiQWaiQ a deQViW\ Rf 1î10 ​6 ceOOV/PO. OQ da\ 15, ceOOV Ze Ue-VWiPXOaWed ZiWh                 

aQWi-hXPaQ CD3/CD28 D\QabeadV (TheUPRFiVheU, CaW# 11132D), VXSSOePeQWed ZiWh 100 IU/PO          

IL-2. 72 hRXUV OaWeU, beadV ZeUe UePRYed aQd ceOOV fRU each cRQdiWiRQ ZeUe VWaiQed aQd ZaVhed                

aV deVcUibed abRYe ZiWh a cRPbiQaWiRQ Rf WZR VSecific TRWaOSeTA haVhWag aQWibRdieV (0.25 �g              

SeU aQWibRd\). LiYe ceOOV ZeUe eQUiched aQd SRROed b\ ceOO VRUWiQg RQ a BD FACSAUia-SORP               

(BecWRQ DicNiQVRQ) aQd WheQ SURceVVed aV SeU Whe ASAP-VeT SURWRcRO deVcUibed abRYe XViQg             

OMNI O\ViV cRQdiWiRQV. 

 

Next-generation sequencing of DNA amplicons 
Ne[W-geQeUaWiRQ VeTXeQciQg Rf gDNA ZaV SeUfRUPed eVVeQWiaOO\ aV SUeYiRXVO\ deVcUibed ​66​.          

CeOOV WUaQVfecWed ZiWh CaV9 ZeUe haUYeVWed eighW da\V SRVW-eOecWURSRUaWiRQ, eQUiched fRU OiYe            

ceOOV b\ ceOO VRUWiQg RQ a BD FACSAUia-SORP (BecWRQ DicNiQVRQ) aQd WheQ SURceVVed fRU gDNA               

e[WUacWiRQ XViQg Whe DNeaV\ BORRd & TiVVXe KiW (QiageQ, CaW# ​69504) fROORZiQg Whe             

PaQXfacWXUeU¶V iQVWUXcWiRQV. GeQRPic ViWeV Rf iQWeUeVW ZeUe fiUVW aPSOified b\ PCR ZiWh PhXViRQ             

high-fideOiW\ DNA SRO\PeUaVe (NEB) XViQg geQe-VSecific SUiPeUV (SUiPeU VeTXeQceV aUe OiVWed iQ            

Supplementar\ Table 5 ​). A VecRQd URXQd Rf PCR ZaV SeUfRUPed XViQg 1 �O SURdXcW Rf Whe fiUVW                 

PCR UeacWiRQ WR baUcRde Whe VaPSOeV fRU Qe[W-geQeUaWiRQ VeTXeQciQg. PCR SURdXcWV Rf Whe             

baUcRded UeacWiRQ ZeUe YeUified b\ UXQQiQg RQ agaURVe geO aQd WheQ e[WUacWed XViQg Whe              

MiQEOXWe GeO E[WUacWiRQ KiW (QiageQ, CaW# 28604) aV SeU PaQXfacWXUeU¶V UecRPPeQdaWiRQV ZiWh            

a fiQaO eOXWiRQ YROXPe Rf 30 �O iQ EB bXffeU. APSOicRQ OibUaUieV ZeUe VeTXeQced ViQgOe-eQded               

(SE) 1î 150 bS RQ Whe IOOXPiQa Ne[WSeT PachiQe. AfWeU dePXOWiSOe[iQg, FASTQV ZeUe aQaO\]ed              

XViQg CRISPReVVR2 ​67​. 

 
Sequencing data pre-processing 
RaZ VeTXeQciQg daWa fRU bRWh VcATAC-VeT aQd aQWibRd\ Wag OibUaUieV ZeUe dePXOWiSOe[ed XViQg             

CeOORaQgeU-ATAC PNfaVWT. FRU Whe ATAC daWa, VeTXeQciQg UeadV fRU aOO OibUaUieV ZeUe aOigQed             

WR Whe hg38 RU hg38/PP10 UefeUeQce geQRPeV XViQg CeOORaQgeU-ATAC cRXQW. TR eOiPiQaWe            
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baUcRde PXOWiSOeWV​68​, aOO OibUaUieV ZeUe SURceVVed ZiWh CeOORaQgeU-ATAC Y1.2 Zhich XWiOi]eV           

VhaUed TQ5 WUaQVSRViWiRQ eYeQWV WR ideQWif\ aQd UePRYe baUcRdeV ZiWh ORZ Wag abXQdaQce.             

PURWeiQ Wag abXQdaQceV ZeUe eVWiPaWed XViQg Whe NaOOiVWR, bXVWRROV, aQd NiWe fUaPeZRUNV​69,70​. TR             

PaNe Whe SURWeiQ Wag UeadV cRPSaWibOe ZiWh Whe NaOOiVWR fUaPeZRUN SURceVViQg, Ze deYeORSed aQ              

acceVVRU\ VcUiSW, ASAP_WR_NiWe.S\, WhaW cRQYeUWV faVWT fiOeV iQWR a fRUPaW ViPiOaU WR Whe 10[              

VcRNA-VeT fRUPaW, eQabOiQg Wag abXQdaQce TXaQWificaWiRQ. FRU CITE-VeT daWa, UaZ VeTXeQciQg           

UeadV ZeUe aOigQed XViQg CeOORaQgeU Y3 WR Whe hg38 UefeUeQce geQRPe. Tag abXQdaQceV ZeUe              

cRPSXWed diUecWO\ XViQg Whe NaOOiVWR, bXVWRROV, aQd NiWe fUaPeZRUNV​69,70​. 

 
Anal\sis of species mixing experiment 
CeOOV WhaW SaVVed Whe CeOORaQgeU-ATAC NQee caOO ZeUe aVVigQed aV SXWaWiYe hXPaQ ceOOV ZheQ              

aW OeaVW 100 fUagPeQWV RYeUOaSSed acceVVibiOiW\ SeaNV iQ Whe hXPaQ UefeUeQce geQRPe aQd             

SXWaWiYe PRXVe fRU aW OeaVW 100 fUagPeQWV iQ SeaNV iQ Whe PXUiQe UefeUeQce geQRPe. SiPiOaUO\,               

ceOOV ZeUe aQQRWaWed aV SXWaWiYe PRXVe RU hXPaQ ceOOV baVed RQ SURWeiQ abXQdaQce baVed RQ a                

PiQiPXP cRXQW Rf 100 fRU hXPaQ CD29 aQd 50 fRU PRXVe CD29. DRXbOeWV ZeUe aVVigQed fRU                

ceOOV WhaW cRQViVWed Rf OeVV WhaQ 95% (ATAC; fUagPeQWV iQ SeaNV) RU 90% (SURWeiQ; CD29               

abXQdaQce) Rf Whe cRUUeVSRQdiQg PROecXOe. AOO WhUeVhROdV ZeUe deWeUPiQed afWeU eYaOXaWiRQ Rf            

ePSiUicaO deQViWieV Rf WheVe PeaVXUePeQWV. The SeUceQW agUeePeQW beWZeeQ Whe PXOWiPRdaO           

aVVa\V ZaV deWeUPiQed XViQg ceOOV WhaW had cRUUeVSRQdiQg OabeOV (PRXVe, hXPaQ dRXbOeW),            

Zhich ZaV 97.4% fRU Whe SUe-SPRI aQd 97.1% fRU Whe SRVW-SPRI e[SeUiPeQW. FRU each              

e[SeUiPeQW, RQO\ RQe ceOO ZaV RbVeUYed WhaW ZaV aQQRWaWed aV PRXVe iQ RQe PRdaOiW\ aQd               

hXPaQ iQ Whe RWheU; Whe UeVW Rf Whe diVcUeSaQcieV ZeUe dXe WR edge caVeV aVVRciaWed ZiWh                

dRXbOeW aVVigQPeQWV.  

 

Complexit\ anal\ses 

FRU bRWh SURWeiQ Wag aQd chURPaWiQ cRPSOe[iW\ eVWiPaWiRQV, Ze XVed Whe QXPbeU Rf XQiTXe aQd               

dXSOicaWe fUagPeQWV aV SaUW Rf Whe CeOORaQgeU-ATAC (chURPaWiQ) aQd bXVWRROV (Wag) RXWSXW aV             

iQSXWV iQWR Whe LaQdeU±WaWeUPaQ eTXaWiRQ ​71​, Zhich eVWiPaWeV Whe WRWaO QXPbeU Rf XQiTXe            

PROecXOeV SUeVeQW giYeQ WheVe WZR PeaVXUePeQWV. FRU chURPaWiQ, Ze XVed Whe µWRWaO´ aQd             

³SaVVed_fiOWeUV´ cROXPQV fURP Whe ViQgOeceOO.cVY fiOe. FRU Whe Wag OibUaUieV, Ze cRQYeUWed Whe             

cRUUecWed bXVWRROV fiOe iQWR a WVY fiOe WR PaQXaOO\ aVVigQ aQd dedXSOicaWe UeadV baVed RQ               

eUURU-cRUUecWed baUcRde, UMI/UBI, aQd feaWXUe aVVigQPeQWV. FRU VSecieV Pi[iQg e[SeUiPeQWV,          

cRPSaUiVRQV ZeUe SeUfRUPed b\ VeOecWiQg Whe WRS 1,000 ceOOV UaQNed b\ OibUaU\ cRPSOe[iW\ SeU              
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cRQdiWiRQ SeU VSecieV WR PiQiPi]e diffeUeQceV dXe WR YaUiabOe ceOO \ieOd (​Extended Data ​Fig.              
1d,e ​).  
 

Resting PBMC anal\ses 
FRU aOO aQaO\VeV iQ ​Fig. 1-3 ​, geQe acWiYiW\ VcRUeV, ceOO cOXVWeUV, aQd UedXced diPeQViRQ              

UeSUeVeQWaWiRQV ZeUe cRPSXWed XViQg AUchR​72 ZiWh Whe defaXOW ZRUNfORZ. ViVXaOi]aWiRQV Rf geQe            

acWiYiW\ VcRUeV aQd SURWeiQ Wag abXQdaQceV ZeUe SeUfRUPed XViQg XQVPRRWhed YaOXeV afWeU            

CLR-QRUPaOi]aWiRQ fRU Whe SURWeiQ WagV. FURP Whe ceOO haVhiQg e[SeUiPeQW (​Extended Data Fig.             
1g​), Ze aVVigQed SXWaWiYe ceOO dRXbOeW ideQWiW\ XViQg HTODePX[​17 fRU aOO baUcRdeV SaVViQg Whe              

CeOORaQgeU-ATAC NQee caOO. HeWeURSOaVPic PWDNA PXWaWiRQV ZeUe deWeUPiQed XViQg Whe PgaWN           

SiSeOiQe aQd YaUiaQW caOOiQg SaUaPeWeUV aV SUeYiRXVO\ deVcUibed ​14​. The WZR PXWaWiRQV VhRZQ iQ             

Fig. 1f ZeUe VeOecWed aV Whe\ had Whe higheVW PeaQ aOOeOe fUeTXeQc\ aPRQg high-cRQfideQce              

heWeURSOaVPic PXWaWiRQV. ViROiQ SORWV deSicWiQg Whe SURSRUWiRQ Rf PWDNA fUagPeQWV (​Fig. 2c ​) aQd             

Wag abXQdaQceV (​Fig. 2d aQd ​Extended Data Fig. 2c ​) ZeUe SORWWed afWeU UePRYiQg Whe WRS 1% Rf                 

baUcRdeV fURP Whe CeOORaQgeU-ATAC NQee caOOed fRU each YaOXe WR PiQiPi]e Whe YiVXaO iPSacW Rf               

aUWifacWV VXch aV ceOO dRXbOeWV.  

 

Bone marrow mononuclear cell anal\ses 
We ideQWified high-TXaOiW\ ceOOV WhaW VaWiVf\ WhUee cUiWeUia: 1) PiQiPXP Rf a TSS VcRUe >4 aQd                

1000 fUagPeQWV fURP AUchR​72​, 2) aUe QRW dRXbOeWV baVed RQ haVhWag ROigRV / HTODePX[​17​, aQd               

3) haYe OeVV WhaQ 10,000 WRWaO WagV RU 50 WagV iQ UaW aQWibRdieV (cXWRffV iQfeUUed fURP deQViW\                 

diVWUibXWiRQV). TheVe VWeSV UeVXOWed iQ 10,928 ceOOV. We WheQ SeUfRUPed LSI, UMAP, aQd             

cOXVWeUiQg ZiWh AUchR XViQg defaXOW VeWWiQgV​72​. AQQRWaWiRQV Rf ceOOXOaU SURWeiQ WagV ZeUe            

SeUfRUPed XViQg CLR-QRUPaOi]ed cRXQWV aPRQg WheVe baUcRdeV. Tag iPSRUWaQce ZaV          

deWeUPiQed afWeU fiWWiQg a RaQdRP FRUeVW PRdeO XViQg Whe chURPaWiQ-deUiYed cOXVWeU OabeOV aV             

RXWcRPeV aQd VcaOed, CLR-QRUPaOi]ed SURWeiQ Wag abXQdaQceV aV iQSXW feaWXUeV, aQ aSSURach            

iQVSiUed b\ Whe CiWeFXVe ZRUNfORZ​26​. 

 

MRQRc\Wic aQd eU\WhURid SVeXdRWiPe ZaV deWeUPiQed XViQg Whe VePi-VXSeUYiVed fXQcWiRQaOiW\ iQ           

AUchR​72​. PURWeiQ Wag/SVeXdRWiPe heaWPaSV ZeUe cRPSXWed b\ diYidiQg ceOOV iQWR 100 biQV,            

cRPSXWiQg PeaQV, aQd WheQ SeUfRUPiQg a UROOiQg aYeUage RYeU 11 cRQVecXWiYe biQV aV             

iPSOePeQWed iQ AUchR​72​. The VXbVeW Rf SURWeiQV VhRZQ fRU each OiQeage ZeUe VeOecWed VXch WhaW               

a) Whe PeaQ VcaOed SURWeiQ Wag YaOXe e[ceeded 1 acURVV ceOOV iQ Whe WUaMecWRU\ aQd b) Whe UaWiR Rf                   
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PeaQV beWZeeQ ceOOV iQcOXded aQd e[cOXded iQ Whe WUaMecWRU\ e[ceeded 1. TheVe fiOWeUiQg VWeSV              

fRU iQcOXded SURWeiQV ZeUe iQcRUSRUaWed WR PiQiPi]e Whe cRQWUibXWiRQ Rf facWRUV QRW VSecificaOO\             

e[SUeVVed iQ WheVe diffeUeQWiaWiRQ WUaMecWRUieV. The SaiUed geQe VcRUe heaWPaSV ZeUe cRPSXWed            

XViQg Whe VaPe SURcedXUe bXW XWiOi]iQg Whe ViQgOe-ceOO, XQVPRRWhed geQe acWiYiW\ VcRUeV. FiQaOO\,             

Ze fXUWheU UeVWUicWed Whe VeW Rf geQeV fRU Whe cRPSaUiVRQ Rf Pa[ SURWeiQ Wag aQd Pa[ geQe                 

acWiYiW\ VcRUe (​Fig. 4i​) WR geQeV ZheUe Whe SURWeiQ SeaNed afWeU 0.25 iQ Whe SVeXdRWiPe diUecWRU\                

WR eOiPiQaWe facWRUV aVVRciaWed ZiWh PXOWiSRWeQW RU eU\WhURid-biaVed SURgeQiWRUV.  

 

APRQg Whe ceOOV SaVViQg acceVVibOe chURPaWiQ aQd SURWeiQ TXaOiW\ cRQWURO, 6,797 had a PiQiPXP              

10[ PWDNA cRYeUage, Zhich ZeUe cRQVideUed fRU dRZQVWUeaP PXWaWiRQ aQaO\ViV. HeWeURSOaVPic           

PWDNA PXWaWiRQV ZeUe deWeUPiQed XViQg Whe PgaWN SiSeOiQe aQd YaUiaQW caOOiQg SaUaPeWeUV aV             

SUeYiRXVO\ deVcUibed ​14​. PXWaWiYe OiQeage-biaVed YaUiaQWV ZeUe ideQWified XViQg a SeU-PXWaWiRQ          

KUXVNaO WaOOiV WeVW Rf aVVRciaWiRQ beWZeeQ heWeURSOaVP\ aQd ceOO OiQeage, Zhich ZeUe aVVigQed             

WR iQdiYidXaO ceOOV baVed RQ chURPaWiQ cOXVWeUV (Vee ​Supplementar\ Table 2 ​).  
 

Anal\sis of PBMC stimulation experiments 
CRQWURO aQd VWiPXOaWed CITE-VeT ceOOV ZeUe fiOWeUed XViQg Whe fROORZiQg cUiWeUia: SUedicWed            

ViQgOeWV XViQg ScUXbOeW​73​, Pa[iPXP 10% PiWRchRQdUiaO RNA UeadV, PiQiPXP 500 geQeV           

deWecWed, aQd PiQiPXP 1,000 WRWaO UMIV RbVeUYed. CeOOV ZeUe fXUWheU fiOWeUed RXW if Whe\ had               

e[ceVV abXQdaQce Rf WRWaO SURWeiQ WagV (>25,000 RU 30,000 iQ cRQWURO aQd VWiPXOaWed cRQdiWiRQV,              

UeVSecWiYeO\) RU WagV PeaVXUed fURP Whe UaW iVRW\Se cRQWUROV (>55 RU 65 iQ Whe cRQWURO aQd VWiP,                 

UeVSecWiYeO\). SiPiOaUO\, Ze ideQWified high-TXaOiW\ ceOOV fURP Whe ASAP-VeT daWaVeW VXch WhaW            

each ceOO had a TSS VcRUe e[ceediQg 4 aQd a PiQiPXP Rf 1,000 fUagPeQWV. CeOOV ZeUe fXUWheU                 

fiOWeUed RXW if Whe\ had e[ceVV abXQdaQce Rf WRWaO SURWeiQ WagV (>25,000 iQ eiWheU cRQdiWiRQ) RU                

WagV PeaVXUed fURP Whe UaW iVRW\Se cRQWUROV (>75 iQ eiWheU cRQdiWiRQ). AOO WhUeVhROdV fRU bRWh Whe                

ASAP-VeT aQd CITE-VeT fiOWeUiQg ZeUe deWeUPiQed b\ eYaOXaWiQg Whe SeU-ceOO ePSiUicaO deQViW\. 

 

We SeUfRUPed WZR-VWage daWa iQWegUaWiRQ fRU Whe ASAP-VeT aQd CITE-VeT daWaVeWV WR SUeVeUYe             

Whe biRORgicaO effecW Rf Whe VWiPXOaWiRQ aQd UeVidXaOi]e diffeUeQceV beWZeeQ Whe RNA aQd ATAC              

aVVa\V. FiUVW, Ze cUeaWed a XQiRQ Rf YaUiabOe geQeV fURP Whe CITE-VeT VWiPXOaWed aQd cRQWURO               

daWaVeWV aORQg ZiWh geQeV ZhRVe SURWeiQV ZeUe PeaVXUed aV SaUW Rf Whe aQWibRd\ SaQeO. UViQg               

WheVe a2,700 geQeV, Ze SeUfRUPed caQRQicaO cRUUeOaWiRQ aQaO\ViV (CCA) beWZeeQ Whe VWiPXOaWed            

ASAP-VeT (geQe VcRUeV) aQd CITE-VeT (RNA abXQdaQce) daWaVeWV aQd a VecRQd URXQd Rf CCA              
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beWZeeQ Whe cRQWURO ASAP-VeT aQd CITE-VeT daWaVeWV​74​. FRU bRWh daWaVeWV, Ze iPSXWed RNA             

e[SUeVViRQ fRU Whe ASAP-VeT RbMecWV XViQg WUaQVfeU aQchRUV aV deVcUibed iQ SeXUaW V3 ​75​. IQ              

RNA VSace fRU WheVe WZR PeUged RbMecWV, Ze SeUfRUPed SUiQciSaO cRPSRQeQW aQaO\ViV (PCA),             

befRUe XViQg HaUPRQ\ WR iQWegUaWe Whe VWiPXOaWed aQd cRQWURO iQWegUaWed daWaVeWV​76​. A fiQaO             

diPeQViRQaOiW\ UedXcWiRQ aQd cOXVWeUiQg XViQg HaUPRQ\ cRPSRQeQWV ZaV SeUfRUPed WR          

VXPPaUi]e bRWh PRdaOiWieV (ASAP-VeT aQd CITE-VeT) aQd bRWh biRORgicaO cRQdiWiRQV (VWiPXOaWed           

aQd cRQWURO) iQ RQe VeWWiQg. FiQaOO\, Whe ePbeddiQg aQd cOXVWeUiQg Rf ASAP-VeT aQd CITE-VeT              

baVed RQ SURWeiQ Wag abXQdaQceV ZaV SeUfRUPed XViQg Whe 100 PRVW YaUiabOe feaWXUeV acURVV              

Whe PeUged ASAP-VeT aQd CITE-VeT daWaVeWV aV iQSXWV WR PCA aQd WheQ HaUPRQ\​76 WR accRXQW               

fRU Whe WechQRORg\ aQd VWiPXOaWiRQ VWaWXV aV WZR gURXS YaUiabOeV.  

 

IQ deWeUPiQiQg Whe UeOaWiYe chaQgeV beWZeeQ chURPaWiQ acceVVibiOiW\, RNA, aQd SURWeiQ           

abXQdaQce beWZeeQ Whe VWiPXOaWed aQd XQVWiPXOaWed cRQdiWiRQV, Ze geQeUaWed         

cRXQWV-SeU-PiOOiRQ QRUPaOi]ed SVeXdRbXON abXQdaQceV, Zhich ZeUe XVed WR deWeUPiQe Whe ORg ​2           

fROd chaQgeV. WhiOe WheVe PeaVXUeV ZeUe cRPSXWed fRU bRWh Whe B ceOO aQd T ceOO cOXVWeUV                

VeSaUaWeO\, Ze QRWe WhaW PaQ\ chaQgeV iQ Whe B ceOO SRSXOaWiRQ PiUURUed WhaW Rf Whe T ceOOV,                 

Zhich Ze aWWUibXWed WR ORZ-fUeTXeQc\ ceOO dRXbOeWV WhaW SeUViVWed eYeQ afWeU RXU cRPSXWaWiRQaO             

fiOWeUiQg. ThiV iQfeUeQce ZaV baVed RQ Whe SUeVeQce Rf PaUNeUV VXch aV CD4 aQd CD8 aSSeaUiQg                

iQ Whe B ceOO cOXVWeUV, Zhich aUe PaUNeUV UeVWUicWed WR T ceOOV aQd OaUgeO\ XQchaQged iQ Whe                 

VWiPXOaWiRQ.  

 

SeSaUaWeO\, Whe QXPbeU Rf diffeUeQWiaO SeaNV, geQeV, aQd SURWeiQV ZeUe cRPSXWed XViQg a             

SeU-SeaN SeUPXWaWiRQ WeVW​9​, Whe edgeRQLFDeWRaWe fRU diffeUeQWiaO geQe e[SUeVViRQ ​77​, aQd a           

MaQQ-WhiWQe\ WeVW fRU Whe CLR SURWeiQ abXQdaQceV. The QXPbeU Rf VigQificaQW diffeUeQWiaO            

feaWXUeV (​Fig. 5 ​) ZaV deWeUPiQed XViQg cRQViVWeQW WhUeVhROdV Rf a BeQMaPiQi-HRchbeUg adMXVWed            

S-YaOXe Rf 0.01 aQd a PiQiPXP PagQiWXde Rf ORg ​2 chaQge e[ceediQg 0.5. The SURSRUWiRQ Rf               

diffeUeQWiaO feaWXUeV ZaV cRPSXWed RXW Rf 52,551 SeaNV, 10,533 geQeV, aQd 227 SURWeiQV. FRU              

acceVVibiOiW\ SeaNV aQd geQeV, Whe XQiYeUVe Rf WhRVe WeVWed ZeUe VeOecWed baVed RQ a PeaQ               

cRXQW SeU PiOOiRQ e[ceediQg 2 acURVV Whe VWiPXOaWed aQd cRQWURO VaPSOeV. FRU Whe SURWeiQV, QRQe               

Rf Whe 71 diffeUeQWiaOO\ e[SUeVVed PaUNeUV XViQg WheVe cUiWeUia ZeUe Whe UaW iVRW\Se aQWibRdieV              

(NQRZQ QegaWiYe cRQWUROV).  

 

34 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2020. ; https://doi.org/10.1101/2020.09.08.286914doi: bioRxiv preprint 

https://paperpile.com/c/IWyhJm/7RgCS
https://paperpile.com/c/IWyhJm/1ChN6
https://paperpile.com/c/IWyhJm/ooHzm
https://paperpile.com/c/IWyhJm/ooHzm
https://paperpile.com/c/IWyhJm/a2nuM
https://paperpile.com/c/IWyhJm/D0l1K
https://doi.org/10.1101/2020.09.08.286914
http://creativecommons.org/licenses/by-nc-nd/4.0/


Tag iPSRUWaQce (​Extended Data Fig. 5d​) fRU eiWheU Whe VWiPXOaWiRQ aQd cOXVWeU ideQWiWieV ZaV              

deWeUPiQed b\ fiWWiQg WZR RaQdRP FRUeVW PRdeOV WR 1) Whe cOXVWeU OabeOV aQd 2) Whe e[SeUiPeQWaO                

cRQWURO/VWiPXOaWiRQ cRQdiWiRQV. AgaiQ, Whe VcaOed, CLR-QRUPaOi]ed SURWeiQ Wag abXQdaQceV ZeUe          

XVed aV iQSXW feaWXUeV, aQ aSSURach iQVSiUed b\ Whe CiWeFXVe ZRUNfORZV​26​. 

 

UMAPV VhRZcaViQg chaQgeV iQ chURPaWiQ acceVVibiOiW\, RNA, aQd SURWeiQ abXQdaQce ZeUe           

cRQViVWeQWO\ diVSOa\ed XViQg Whe 2Qd aQd 98Wh SeUceQWiOeV aV PiQiPXP aQd Pa[iPXP YaOXeV RQ              

Whe cRORU VcaOe. CeOOV deSicWed ZeUe diVSOa\ed iQ UaQdRP RUdeU. FXUWheU, RQO\ ceOOV ZheUe Whe               

PRdaOiW\ ZaV diUecWO\ PeaVXUed (i.e. chURPaWiQ acceVVibiOiW\: ASAP-VeT; RNA: CITE-VeT;          

SURWeiQ: ASAP-VeT aQd CITE-VeT) ZeUe diVSOa\ed. FXUWheU, QR geQe VPRRWhiQg ZaV aSSOied iQ             

aQ\ diVSOa\.  

 

Multiplexed perturbation anal\ses 
FURP Whe haVhWag cRXQW PaWUi[, Ze aVVigQed SeUWXUbaWiRQ ideQWiW\ XViQg HTODePX[​17​. DRQRU ID             

SeU ceOO ZaV fXUWheU iQfeUUed XViQg SRSVcOe, Zhich e[WeQdV Whe dePX[OeW WRRONiW​78​. High TXaOiW\              

ceOOV ZeUe deWeUPiQed baVed RQ defaXOW TXaOiW\-cRQWURO cUiWeUia XViQg Whe SigQac ZRUNfORZ​75​.            

SXbVeTXeQWO\, WheVe TXaOiW\ cRQWUROOed ceOOV ZeUe XVed iQ geQeUaWiQg LSI diPeQViRQV aQd Whe             

UMAP ePbeddiQg XViQg AUchR ZiWh defaXOW VeWWiQgV​72​. TUaQVcUiSWiRQ facWRU acceVVibiOiW\          

deYiaWiRQ VcRUeV ZeUe cRPSXWed XViQg chURPVAR ZiWh defaXOW VeWWiQgV fRU NQRZQ hXPaQ            

WUaQVcUiSWiRQ facWRU PRWifV, iQcOXdiQg Whe iQfeUeQce Rf Whe WRS 100 PRVW YaUiabOe ​47​. DRZQVWUeaP             

aQaO\VeV Rf SURWeiQ Wag abXQdaQceV ZeUe SeUfRUPed RQ CLR-QRUPaOi]ed Wag abXQdaQceV.           

NFKB-cRPSaWibOe PRWifV ZeUe diVcRYeUed iQ chURPaWiQ acceVVibiOiW\ SeaNV XViQg Whe PRWifPaWchU           

fUaPeZRUN aV SaUW Rf Whe chURPVAR​47​ VXiWe Rf WRROV.  
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