
 

 6LQJOH-FHOO WUDQVFULSWRPLFV UHYHDOV LPPXQH UHVSRQVH RI 
LQWHVWLQDO FHOO W\SHV WR YLUDO LQIHFWLRQ  

 
SeUJLR TULaQa​1,2*​, MeJaQ L. SWaQLfeU​3,4*​, MRKaPPed SKaKUa]​1,2​, MaUNXV MXNeQKLUQ​5​, CaUPRQ Kee​4,5​,           
DLaQa OUdRxe]-RXeda​6​, MaOWe PaXOVeQ​6​, VOadLPLU BeQeV ​7​, SWeeYe BRXOaQW​4,5#​, TKeRdRUe AOe[aQdURY​1,8# 
 
1 SWUXcWXUaO aQd CRPSXWaWLRQaO BLRORJ\ UQLW, EXURSeaQ MROecXOaU BLRORJ\ LabRUaWRU\, HeLdeObeUJ,           
GeUPaQ\; ​2 CROOabRUaWLRQ fRU MRLQW PKD deJUee beWZeeQ EMBL aQd HeLdeObeUJ UQLYeUVLW\, FacXOW\ Rf              
BLRVcLeQceV, GeUPaQ\; ​3 DeSaUWPeQW Rf IQfecWLRXV DLVeaVeV, MROecXOaU VLURORJ\, HeLdeObeUJ         
UQLYeUVLW\, GeUPaQ\; ​4 ​ReVeaUcK GURXS ³CeOOXOaU SROaULW\ aQd YLUaO LQfecWLRQ´, GeUPaQ CaQceU            
ReVeaUcK CeQWeU (DKFZ), HeLdeObeUJ, GeUPaQ\; ​5 ​DeSaUWPeQW Rf IQfecWLRXV DLVeaVeV, VLURORJ\,           
HeLdeObeUJ UQLYeUVLW\, GeUPaQ\; ​6 FORZ C\WRPeWU\ CRUe FacLOLW\, EXURSeaQ MROecXOaU BLRORJ\           
LabRUaWRU\, HeLdeObeUJ, GeUPaQ\; ​7 GeQRPLcV CRUe FacLOLW\, EXURSeaQ MROecXOaU BLRORJ\ LabRUaWRU\,           
HeLdeObeUJ, GeUPaQ\; ​8 SNaJJV ScKRRO Rf PKaUPac\ aQd PKaUPaceXWLcaO ScLeQceV, UQLYeUVLW\ Rf            
CaOLfRUQLa SaQ DLeJR, La JROOa, CaOLfRUQLa, USA 
 
*WKeVe aXWKRUV cRQWULbXWed eTXaOO\ 
 
KH\ZRUGV: aVWURYLUXV, RUJaQRLdV, LQWeVWLQaO eSLWKeOLaO ceOOV, VLQJOe-ceOO WUaQVcULSWRPLcV,        
LPPXQe UeVSRQVe 
 
#​CRUUeVSRQdLQJ aXWKRUV: 
SWeeYe BRXOaQW, PK.D. 
DeSaUWPeQW Rf IQfecWLRXV DLVeaVe, VLURORJ\ 
HeLdeObeUJ UQLYeUVLW\ 
IP NeXeQKeLPeU FeOd 344 
69120 HeLdeObeUJ, GeUPaQ\ 
PKRQe: +49 (0) 6221 56 7865 
EPaLO: ​V.bRXOaQW@dNf].de  
 
TKeRdRUe AOe[aQdURY, PKD 
SWUXcWXUaO aQd CRPSXWaWLRQaO BLRORJ\ UQLW 
EMBL 
Me\eUKRfVWUa�e 1 
69117 HeLdeObeUJ, GeUPaQ\ 
PKRQe: +49 (0) 6221 387 8690 
EPaLO: ​WKeRdRUe.aOe[aQdURY@ePbO.de 
  

1 

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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

The copyright holder for this preprintthis version posted August 19, 2020. ; https://doi.org/10.1101/2020.08.19.255893doi: bioRxiv preprint 

mailto:s.boulant@dkfz.de
mailto:theodore.alexandrov@embl.de
https://doi.org/10.1101/2020.08.19.255893
http://creativecommons.org/licenses/by/4.0/


 

AbVWUacW 
HXPaQ LQWeVWLQaO eSLWKeOLaO ceOOV fRUP a SULPaU\ baUULeU SURWecWLQJ XV fURP SaWKRJeQV, \eW RQO\              
OLPLWed NQRZOedJe LV aYaLOabOe abRXW LQdLYLdXaO cRQWULbXWLRQ Rf eacK ceOO W\Se WR PRXQWLQJ aQ              
LPPXQe UeVSRQVe aJaLQVW LQfecWLRQ. HeUe, Ze deYeORSed a SLSeOLQe cRPbLQLQJ VLQJOe-ceOO           
RNA-SeT aQd KLJKO\-PXOWLSOe[ RNA LPaJLQJ aQd aSSOLed LW WR KXPaQ LQWeVWLQaO RUJaQRLdV            
LQfecWed ZLWK KXPaQ aVWURYLUXV, a PRdeO KXPaQ eQWeULc YLUXV. We fRXQd WKaW LQWeUfeURQ cRQWUROV              
WKe LQfecWLRQ aQd WKaW aVWURYLUXV LQfecWV aOO PaMRU ceOO W\SeV aQd OLQeaJeV ZLWK a SUefeUeQWLaO               
LQfecWLRQ Rf SUROLfeUaWLQJ ceOOV. IQWULJXLQJO\, eacK LQWeVWLQaO eSLWKeOLaO ceOO OLQeaJe KaV a XQLTXe             
baVaO e[SUeVVLRQ Rf LQWeUfeURQ-VWLPXOaWed JeQeV aQd, XSRQ aVWURYLUXV LQfecWLRQ, XQdeUJReV aQ           
aQWLYLUaO WUaQVcULSWLRQaO UeSURJUaPPLQJ b\ XSUeJXOaWLQJ dLVWLQcW VeWV Rf LQWeUfeURQ-VWLPXOaWed         
JeQeV. TKeVe fLQdLQJV VXJJeVW WKaW LQ WKe KXPaQ LQWeVWLQaO eSLWKeOLXP, eacK ceOO OLQeaJe SOa\V a               
XQLTXe UROe LQ UeVROYLQJ YLUXV LQfecWLRQ. OXU SLSeOLQe caQ be aSSOLcabOe WR RWKeU RUJaQRLdV aQd               
YLUXVeV, RSeQLQJ QeZ aYeQXeV WR XQUaYeO UROeV Rf LQdLYLdXaO ceOO W\SeV LQ YLUaO SaWKRJeQeVLV. 

IQWURdXcWLRQ 
TKe VPaOO LQWeVWLQe LV UeVSRQVLbOe fRU PRVW QXWULeQW abVRUSWLRQ LQ KXPaQV. IW LV cRPSRVed Rf               
YaULRXV ceOO W\SeV eacK SeUfRUPLQJ VSecLfLc fXQcWLRQV cRQWULbXWLQJ WR KRPeRVWaVLV ​(PeWeUVRQ &            
AUWLV, 2014) ​. TKe PaLQ ceOO W\SeV fRXQd LQ WKe LQWeVWLQaO eSLWKeOLXP aUe WKe abVRUSWLYe              
eQWeURc\WeV, WKe PXcXV-VecUeWLQJ JRbOeW ceOOV, WKe KRUPRQe-SURdXcLQJ eQWeUReQdRcULQe ceOOV,         
WKe aQWLPLcURbLaO SeSWLde VecUeWLQJ PaQeWK ceOOV aQd WKe VWeP ceOOV. DXe WR WKe cRQVWaQW              
cKaOOeQJeV SUeVeQW LQ WKe OXPeQ Rf WKe JXW, LQWeVWLQaO eSLWKeOLaO ceOOV aUe WXUQed RYeU eYeU\ fLYe                
da\V. TKLV cRQVWaQW VeOf-UeQeZaO LV RUJaQL]ed aORQJ WKe cU\SW-YLOOXV a[LV aQd LV VXSSRUWed b\ WKe               
VWeP ceOOV ORcaWed LQ WKe cU\SWV, WKePVeOYeV VXSSRUWed b\ LQWeUOa\LQJ PaQeWK ceOOV ​(KUeW]VcKPaU             
& COeYeUV, 2016) ​. DLffeUeQWLaWLRQ Rf WKe VWeP ceOOV WR WKe YaULRXV LQWeVWLQaO ceOO OLQeaJeV              
UeTXLUeV a NRWcK/WQW-deSeQdeQW bLfXUcaWLRQ WRZaUdV eLWKeU abVRUSWLYe RU VecUeWRU\ SURJeQLWRU          
ceOOV. AbVRUSWLYe SURJeQLWRU ceOOV JLYe ULVe WR WKe eQWeURc\We ceOOV ZKLOe WKe VecUeWRU\             
SURJeQLWRUV dLffeUeQWLaWe LQWR eQWeUReQdRcULQe, JRbOeW, WXfW RU PaQeWK ceOOV ​(SaQcKR ​eW aO​, 2015;             
GeKaUW & COeYeUV, 2019) ​. OYeU WKe SaVW 10 \eaUV, LQWeVWLQaO RUJaQRLdV KaYe beeQ deYeORSed aQd               
KaYe ePeUJed aV WKe beVW VXUURJaWe PRdeO WKaW PLPLcV WKe dLffeUeQWLaWLRQ aQd fXQcWLRQ Rf WKe               
LQWeVWLQaO eSLWKeOLXP ​(SaWR ​eW aO​, 2011, 2009) ​.  

HXPaQ LQWeVWLQaO eSLWKeOLaO ceOOV (KIECV) SOa\ Ne\ UROeV LQ SURWecWLQJ XV fURP eQYLURQPeQWaO             
SaWKRJeQ- aQd cRPPeQVaO-UeOaWed cKaOOeQJeV. TKe\ acW aV a fLUVW-Oa\eU SK\VLcaO baUULeU Rf WKe             
KRVW defeQVe aQd PRXQW UeVSRQVe XSRQ LQfecWLRQ ​(MaUWeQV ​eW aO​, 2018) ​. HRZeYeU, RQO\ OLPLWed              
NQRZOedJe LV aYaLOabOe abRXW YLUaO SaWKRJeQeVLV LQ WKe LQWeVWLQaO eSLWKeOLXP LQ WKe cRQWe[W Rf              
WKe ceOO W\SeV, LQ SaUWLcXOaU KRZ dLffeUeQW KIEC W\SeV cRQWULbXWe WR WKe LPPXQe UeVSRQVe aQd               
cOeaUaQce Rf WKe YLUaO LQfecWLRQ. TKLV JaS Rf NQRZOedJe LV caXVed b\ WKe cKaOOeQJeV aVVRcLaWed               
ZLWK UeSURdXcLQJ WKe PXOWL-ceOOXOaU cRPSOe[LW\ Rf WKe KXPaQ LQWeVWLQaO eSLWKeOLXP. TKLV OeadV            
WR WKe cXUUeQW VLWXaWLRQ ZKeUe fRU a PaMRULW\ Rf eQWeULc YLUXVeV, eVVeQWLaO TXeVWLRQV Rf YLUaO               
SaWKRJeQeVLV KaYe beeQ PRVWO\ addUeVVed LQ LPPRUWaOL]ed ceOO OLQeV, a PRdeO ZLWK a OLPLWed              
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caSacLW\ WR UeSURdXce LQWeVWLQaO eSLWKeOLXP LQ LWV PXOWL-ceOOXOaU cRPSOe[LW\ aQd PLVVLQJ Ne\            
SKeQRPeQa VXcK aV ceOO dLffeUeQWLaWLRQ. IQWeUeVWLQJO\, LQcUeaVLQJ eYLdeQce VXJJeVWV WKaW VWeP           
ceOOV aUe LQWULQVLcaOO\ UeVLVWaQW WR YLUaO LQfecWLRQ ​(BeO]LOe ​eW aO​, 2014; WROf & GRff, 2009) ​. IW                
ZaV UeceQWO\ VKRZQ WKaW SOXULSRWeQW aQd PXOWLSRWeQW VWeP ceOOV e[KLbLW LQWULQVLc e[SUeVVLRQ Rf             
LQWeUfeURQ VWLPXOaWed JeQeV (ISGV) LQ aQ LQWeUfeURQ-LQdeSeQdeQW PaQQeU. TKLV baVaO e[SUeVVLRQ           
Rf ISGV KaV beeQ SURSRVed WR be UeVSRQVLbOe fRU WKe UeVLVWaQce Rf VWeP ceOOV WR YLUaO LQfecWLRQ                 
(WX ​eW aO​, 2018) ​. USRQ dLffeUeQWLaWLRQ, VWeP ceOOV ORVe e[SUeVVLRQ Rf WKeVe LQWULQVLc ISGV aQd               
becRPe UeVSRQVLYe WR LQWeUfeURQ (IFN) ​(WX ​eW aO​, 2018) ​. TKeVe RbVeUYaWLRQV VXJJeVW WKaW, aW              
OeaVW ​LQ-YLWUR ​, VWeP ceOOV aQd dLffeUeQWLaWed ceOOV XVe dLffeUeQW VWUaWeJLeV WR fLJKW YLUaO LQfecWLRQ.              
WKeWKeU VXcK ceOO-W\Se-VSecLfLc aQWLYLUaO VWUaWeJLeV e[LVW ​LQ-YLYR ZKeUe VWeP ceOOV dLffeUeQWLaWe           
LQWR dLffeUeQW WLVVXe-VSecLfLc OLQeaJeV UePaLQV XQNQRZQ. AQVZeULQJ WKeVe TXeVWLRQV UeTXLUeV          
XVLQJ SK\VLRORJLcaOO\ UeOeYaQW ​e[ YLYR PRdeOV aV ZeOO aV VLQJOe-ceOO PeWKRdV abOe WR dLVVecW WKe               
KeWeURJeQeLW\ Rf KRVW-SaWKRJeQ LQWeUacWLRQV Rf dLffeUeQW ceOO W\SeV aQd Rf LQdLYLdXaO ceOOV ZLWKLQ             
a SRSXOaWLRQ. 

HeUe, Ze eVWabOLVKed a SLSeOLQe WR LQYeVWLJaWe ceOO-W\Se-VSecLfLc YLUaO SaWKRJeQeVLV LQ a            
WLVVXe-OLNe eQYLURQPeQW. TKe SLSeOLQe LQWeJUaWeV VLQJOe-ceOO RNA VeTXeQcLQJ aQd PXOWLSOe[          
RNA ​LQ VLWX ​K\bULdL]aWLRQ LPaJLQJ Rf eQWeULc YLUXV-LQfecWed KXPaQ LOeXP-deULYed RUJaQRLdV. IQ            
RUdeU WR eQabOe ceOO W\SeV-VSecLfLc aQaO\]eV LQ RUJaQRLdV, Ze KaYe cUeaWed a VLQJOe-ceOO             
RNA-SeT aWOaV Rf KXPaQ LOeXP bLRSVLeV aW WKe KLJKeVW WR-daWe UeVROXWLRQ. ASSO\LQJ WKLV             
SLSeOLQe WR RUJaQRLdV LQfecWed b\ KXPaQ eQWeULc YLUXV aVWURYLUXV (HAVWV1), Ze KaYe            
cKaUacWeUL]ed HAVWV1-LQfecWLRQ Rf YaULRXV SULPaU\ KIEC W\SeV aQd deWeUPLQed WKaW HAVWV1 LV            
abOe WR LQfecW aOO LQWeVWLQaO ceOO W\SeV ZLWK a SUefeUeQce fRU SUROLfeUaWLQJ ceOOV. SLQJOe ceOO               
WUaQVcULSWRPLc aQaO\VLV UeYeaOed a ceOO-W\Se-VSecLfLc WUaQVcULSWLRQaO SaWWeUQ Rf LPPXQe UeVSRQVe          
LQ KXPaQ LQWeVWLQaO RUJaQRLdV. We fRXQd WKaW bRWK aW VWead\-VWaWe aQd dXULQJ YLUaO LQfecWLRQ,              
eacK LQWeVWLQaO ceOO W\Se KaV XQLTXe e[SUeVVLRQ SURfLOeV Rf LQWeUfeURQ-VWLPXOaWed JeQeV cUeaWLQJ            
a dLVWLQcW aQWLYLUaO eQYLURQPeQW.  

ReVXOWV 
HAVW91 LQIHFWV KXPDQ KXPDQ LQWHVWLQDO HSLWKHOLDO FHOOV FDXVLQJ IFN-PHGLDWHG UHVSRQVH 

TR XQUaYeO KRZ LQWeVWLQaO eSLWKeOLXP ceOOV UeVSRQd LQ a ceOO-W\Se-VSecLfLc PaQQeU, Ze            
LQYeVWLJaWed KXPaQ LOeXP-deULYed RUJaQRLdV LQfecWed ZLWK KXPaQ SaWKRJeQ aVWURYLUXV         
(HAVWV1). HXPaQ aVWURYLUXV 1 (HAVWV1) LV a VPaOO QRQ-eQYeORSed, SRVLWLYe VWUaQd RNA YLUXV             
ZKLcK LV fRXQd ZRUOdZLde. HAVWV1 LQfecWLRQV Oead WR JaVWUReQWeULWLV aQd caQ Oead WR deaWK LQ               
cKLOdUeQ aQd LPPXQRcRPSURPLVed adXOWV ​(CRUWe] ​eW aO​, 2017; WaOWeU & MLWcKeOO, 2003) ​. TR             
cRQfLUP WKe abLOLW\ Rf HAVWV1 WR UeSOLcaWe LQ LQWeVWLQaO ceOOV, Ze VKRZed WKaW HAVWV1 LV fXOO\                
caSabOe Rf LQfecWLQJ WKe WUaQVfRUPed KIECV, CacR-2 ceOOV, aV caQ be VeeQ b\ WKe LQcUeaVe LQ WKe                 
QXPbeU Rf LQfecWed ceOOV aQd WKe LQcUeaVe LQ WKe aPRXQW Rf YLUaO JeQRPe cRS\ QXPbeU RYeU                
WLPe (FLJ.S1A-C). FROORZLQJ WR WKe LQfecWLRQ ZLWK HAVWV1, CacR-2 ceOOV PRXQWed aQ LQWULQVLc             
LPPXQe UeVSRQVe cKaUacWeUL]ed b\ WKe SURdXcWLRQ Rf bRWK W\Se I (IFNḈ1) aQd W\Se III              
LQWeUfeURQV (IFNƛ) (IFNV) (FLJ.S1D). TKLV IFN-PedLaWed UeVSRQVe cRQVWLWXWeV aQ aQWLYLUaO          
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VWUaWeJ\ b\ CacR-2 ceOOV aV a SUe-WUeaWPeQW Rf ceOOV ZLWK eLWKeU IFN cRQWUROOed HAVWV1              
LQfecWLRQ (FLJ.S1E-F). TKLV LV cRQVLVWeQW ZLWK SUeYLRXV ZRUN UeSRUWLQJ WKaW IFN cRQWUROV            
HAVWV1 LQfecWLRQ ​(MaUYLQ ​eW aO​, 2016; GXL[ ​eW aO​, 2015) ​. CRPSOePeQWaULO\, LQYeVWLJaWLQJ            
aQRWKeU KXPaQ LQWeVWLQaO eSLWKeOLaO ceOO W\Se, T84, ZKLcK LV deVcULbed WR be PRUe             
LPPXQRUeVSRQVLYe ​(SWaQLfeU ​eW aO​) ​, Ze fRXQd LW WR be OeVV LQfecWabOe b\ HAVWV1 XQOeVV WKe               
IFN-PedLaWed VLJQaOLQJ ZaV VXSSUeVVed b\ WKe ORVV Rf bRWK WKe W\Se I aQd III IFN UeceSWRUV                
(dKO) (FLJ.S1G). TRJeWKeU WKeVe daWa cRQfLUP WKe fXQcWLRQ Rf IFNV LQ cRQWUROOLQJ HAVWV1             
LQfecWLRQ LQ KXPaQ LQWeVWLQaO eSLWKeOLaO ceOOV aQd LOOXVWUaWe WKe LPSRUWaQce Rf LQYeVWLJaWLQJ KRZ             
dLffeUeQW ceOO-W\SeV PRXQW aQ LQWeUfeURQ UeVSRQVe WR cRXQWeUacW YLUaO LQfecWLRQ. 

HAVW91 LQIHFWV KXPDQ LOHXP-GHULYHG RUJDQRLGV 

TR LQYeVWLJaWe ZKeWKeU dLffeUeQW ceOO W\SeV LQ WKe KXPaQ LQWeVWLQaO eSLWKeOLXP UeVSRQd WR             
SaWKRJeQ cKaOOeQJeV b\ PRXQWLQJ a dLVWLQcW IFN-PedLaWed UeVSRQVe, Ze e[SORLWed KXPaQ           
LQWeVWLQaO RUJaQRLdV. HXPaQ LQWeVWLQaO RUJaQRLdV aUe aQ adYaQced SULPaU\ ceOOXOaU V\VWeP           
UecaSLWXOaWLQJ WKe ceOOXOaU cRPSOe[LW\, RUJaQL]aWLRQ, aQd fXQcWLRQ Rf WKe KXPaQ JXW aQd            
eQabOLQJ cRQWUROOed LQYeVWLJaWLRQV Rf eQWeULc LQfecWLRQ QRW feaVLbOe LQ WKe KXPaQ WLVVXe ​(SWaQLfeU             
eW aO​, 2020) ​. IQWeVWLQaO RUJaQRLdV ZeUe SUeSaUed fURP VWeP ceOO-cRQWaLQLQJ cU\SWV LVROaWed fURP             
KXPaQ LOeXP UeVecWLRQV ​(SaWR ​eW aO​, 2011) ​. TKe VWUXcWXUaO LQWeJULW\ aQd ceOOXOaU cRPSRVLWLRQ Rf              
WKe RUJaQRLdV ZeUe YeULfLed b\ LPPXQRfOXRUeVceQce VWaLQLQJ Rf adKeUeQV aQd WLJKW MXQcWLRQV            
aQd PaUNeUV Rf YaULRXV LQWeVWLQaO eSLWKeOLaO ceOO W\SeV (FLJ.1A aQd daWa QRW VKRZQ) ​(PeUYROaUaNL              
eW aO​, 2017) ​. TKeVe RUJaQRLdV ZeUe UeadLO\ LQfecWabOe b\ HAVWV1 aV caQ be VeeQ b\ WKe                
deWecWLRQ Rf LQfecWed ceOOV aQd effLcLeQW UeSOLcaWLRQ Rf WKe HAVWV1 JeQRPe RYeUWLPe            
(FLJ.1B-D). IQfecWLRQ Rf RUJaQRLdV b\ HAVWV1 LQdXceV a VWURQJ LQWULQVLc LPPXQe UeVSRQVe            
cKaUacWeUL]ed b\ WKe SURdXcWLRQ Rf bRWK W\Se I IFN (IFNȕ1) aQd W\Se III LQWeUfeURQ (IFNȜ)               
(FLJ.1E-F). IQWeUeVWLQJO\, WKLV UeVSRQVe ZaV VLJQLfLcaQWO\ VWURQJeU WKaQ WKe RQe JeQeUaWed b\ WKe             
WUaQVfRUPed KIEC OLQeV (FLJ.S1), fXUWKeU KLJKOLJKWLQJ WKe LPSRUWaQce Rf XVLQJ SULPaU\           
RUJaQRLdV ZKeQ cKaUacWeUL]LQJ KRVW-SaWKRJeQ LQWeUacWLRQV. PUe-WUeaWPeQW Rf RUJaQRLdV ZLWK         
eLWKeU W\Se I RU W\Se III IFN VLJQLfLcaQWO\ UedXced HAVWV1 LQfecWLRQ (FLJ.1G). TKLV VWURQJ              
aQWLYLUaO acWLYLW\ Rf IFN aJaLQVW HAVWV1 LV cRQVLVWeQW ZLWK WKe SUeYLRXV UeSRUWV XVLQJ bRWK              
WUaQVfRUPed ceOO OLQeV aQd KXPaQ RUJaQRLdV ​(KROaZROe ​eW aO​, 2019) aQd ZLWK WKe ZeOO-deVcULbed              
fXQcWLRQ Rf IFNV LQ cRQWUROOLQJ eQWeULc YLUXV LQfecWLRQ aW WKe LQWeVWLQaO eSLWKeOLXP ​(Lee &              
BaOdULdJe, 2017) ​. 

6LQJOH-FHOO 5NA-6HT DWODV IRU KXPDQ LOHXP ELRSVLHV 

TR cKaUacWeUL]e WKe UeVSRQVe Rf LQWeVWLQaO RUJaQRLdV WR eQWeULc YLUXV LQfecWLRQ aW WKe VLQJOe-ceOO              
OeYeO, Ze e[SORLWed VLQJOe-ceOO RNA VeTXeQcLQJ (VcRNA-SeT) b\ XVLQJ a 10[ GeQRPLcV            
SOaWfRUP ​(ZKeQJ ​eW aO​, 2017) ​. OYeU WKe SaVW \eaUV, VcRNA-SeT ePeUJed aV a PaMRU aSSURacK WR                
UeYeaO ceOO W\SeV, OLQeaJeV, aQd WKeLU WUaQVcULSWLRQaO SURJUaPV LQ WLVVXeV. YeW, aSSO\LQJ            
VcRNA-SeT WR RUJaQRLdV LV VWLOO cKaOOeQJLQJ dXe WR WKe aYaLOabOe dLVVRcLaWLRQ SURWRcROV            
RSWLPL]ed SUedRPLQaQWO\ fRU WLVVXeV, aV ZeOO aV dXe WR XQdeUVWXdLed dLffeUeQceV beWZeeQ WLVVXeV             
aQd RUJaQRLdV. IQ OLJKW Rf WKeVe cKaOOeQJeV, SULRU WR aQaO\VLV Rf LOeXP-deULYed RUJaQRLdV, Ze              
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SeUfRUPed a cRPSUeKeQVLYe VcRNA-SeT aQaO\VLV Rf KXPaQ LOeXP bLRSVLeV ZLWK WKe aLP WR             
cUeaWe a ceOO W\Se-aQQRWaWed UefeUeQce VLQJOe-ceOO aWOaV Rf KXPaQ LOeXP. FRU WKLV, KXPaQ LOeXP              
bLRSVLeV ZeUe VXbMecWed WR VcRNA-SeT fROORZed b\ daWa LQWeJUaWLRQ aQd cOXVWeULQJ WKaW            
UeYeaOed WKe SUeVeQce Rf PXOWLSOe ceOO VXbSRSXOaWLRQV (FLJ.2A). We KaYe LdeQWLfLed WKe ceOO             
W\SeV UeSUeVeQWed LQ WKe VXbSRSXOaWLRQV b\ fLQdLQJ VXbSRSXOaWLRQ-VSecLfLc PaUNeUV aQd          
PaWcKLQJ WKeP WR WKe NQRZQ PaUNeU JeQeV Rf WKe KIEC W\SeV. TKe PaMRULW\ (>87.5%) Rf WKe                
ceOOV LVROaWed fURP WKe bLRSVLeV cRUUeVSRQded WR KIECV ZKLOe a VPaOO fUacWLRQ (12.4%)             
cRUUeVSRQded WR VWURPa aQd LPPXQe ceOOV (FLJ.2A). OXU daWa aUe LQ aJUeePeQW ZLWK WKe              
UeceQWO\ SXbOLVKed VcRNA-SeT daWa Rf LOeXP bLRSVLeV ​(WaQJ ​eW aO​, 2020) ​. HRZeYeU, RXU aWOaV              
UeSUeVeQWV PRUe deWaLOed LQfRUPaWLRQ abRXW ceOO W\SeV cRQWaLQLQJ 14 ceOO W\SeV YV VeYeQ ceOO              
W\SeV LQ ​(WaQJ ​eW aO​, 2020) ZKLcK LV eVSecLaOO\ LPSRUWaQW fRU YaOLdaWLQJ ceOO W\SeV UeSUeVeQWed               
LQ RUJaQRLdV. AddLWLRQaOO\, RXU daWa cRQWaLQ a OaUJeU QXPbeU Rf ceOOV (8800 ceOOV YV 6167 ceOOV)                
(FLJ.S2A-F) WKXV SURYLdLQJ a VWURQJeU VWaWLVWLcaO SRZeU fRU fLQdLQJ ceOO-W\Se-VSecLfLc PaUNeUV           
(FLJ.2B aQd FLJ.S3A). FRU aOO ceOO W\SeV UeSUeVeQWed LQ RXU VcRNA-SeT daWaVeW Rf KXPaQ LOeXP               
bLRSVLeV, Ze VeOecWed WKe PRVW dLffeUeQWLaOO\ e[SUeVVed JeQeV aV PaUNeUV (FLJ.2B). TKe            
SVeXdR-WLPe aQaO\VLV ​(SWUeeW ​eW aO​, 2018) cRQfLUPed WKe e[SecWed bLfXUcaWLRQ Rf dLffeUeQWLaWLRQ            
Rf VWeP ceOOV aORQJ WZR dLVWLQcW WUaMecWRULeV WRZaUd eLWKeU eQWeURc\WeV (abVRUSWLYe fXQcWLRQ) RU             
JRbOeW ceOOV (VecUeWRU\ fXQcWLRQ) (FLJ.2C). EacK Rf WKeVe WZR OLQeaJeV aUe cKaUacWeUL]ed b\             
VSecLfLc JUadLeQWV aQd ZaYeV Rf JeQe e[SUeVVLRQ aORQJ WKe dLffeUeQWLaWLRQ WUaMecWRULeV (FLJ.2D).            
TRJeWKeU WKeVe daWa SURYLde deWaLOed VLQJOe-ceOO aWOaV Rf LQWeVWLQaO eSLWKeOLaO ceOO W\SeV aQd WKeLU              
WUaQVcULSWLRQaO SURJUaPV LQ WKe KXPaQ LOeXP. 

HXPDQ LOHXP-GHULYHG RUJDQRLGV UHSURGXFH WLVVXH FHOO W\SHV DQG OLQHDJHV 

HXPaQ LOeXP RUJaQRLdV ZeUe VXbMecWed WR VcRNA-SeT fROORZed b\ deWeUPLQLQJ WKe LdeQWLWLeV            
Rf WKe deWecWed ceOO W\SeV b\ XVLQJ ceOO-W\Se-VSecLfLc PaUNeU JeQeV fURP WKe LOeXP bLRSVLeV              
(FLJ. 3A). MRVW Rf WKe aQWLcLSaWed aQd RbVeUYed ceOO W\SeV LQ bLRSVLeV ZeUe aOVR fRXQd LQ                
RUJaQRLdV ZLWK WKe e[ceSWLRQ Rf PaQeWK aQd WXfW ceOOV (FLJ.3A). TKLV LV cRQVLVWeQW ZLWK SUeYLRXV               
UeSRUWV deVcULbLQJ WKe abVeQce Rf WKeVe WZR LQWeVWLQaO W\SeV LQ RUJaQRLdV ​(FXMLL ​eW aO​, 2018) aQd                
ZLWK WKe facW WKaW VRPe ceOO W\SeV UeTXLUe VSecLfLc dLffeUeQWLaWLRQ SURWRcROV WR be SUeVeQW LQ               
RUJaQRLdV ​(WX ​eW aO​, 2018; RRXcK ​eW aO​, 2016; DLQJ ​eW aO​, 2020) ​. CRUUeOaWLRQ Rf cOaVV-aYeUaJe                
WUaQVcULSWLRQaO SURfLOeV beWZeeQ RUJaQRLdV aQd bLRSVLeV UeYeaOed aQ RYeUaOO KLJK cRUUeOaWLRQ           
ZLWKLQ eYeU\ ceOO W\Se ZLWK WKe PeaUVRQ U ​≥​0.75 fRU VWeP ceOOV aQd WUaQVLW-aPSOLf\LQJ ceOOV; U ​≥​0.6               
fRU eQWeURc\WeV, LPPaWXUe eQWeURc\WeV aQd eQWeURc\WeV SURJeQLWRUV; aQd U ​≥0.5 for ​JRbOeW aQd            
VecUeWRU\ WUaQVLW-aPSOLf\LQJ ceOOV (FLJ.S4). TKe KLJK cRUUeOaWLRQ fRU VWeP ceOOV,          
WUaQVLW-aPSOLf\LQJ ceOOV, aQd eQWeURc\WeV LQ RUJaQRLdV WR WKeLU ​LQ YLYR cRXQWeUSaUWV (FLJ.S4C-D),            
deVSLWe WKe e[SecWed dLffeUeQceV LQ WKe e[SRVXUe Rf ​LQ YLYR eQWeURc\WeV WR WKe JXW OXPLQaO               
PLcUReQYLURQPeQW, fXUWKeU KLJKOLJKWV WKe abLOLW\ Rf RUJaQRLdV WR faLWKfXOO\ UecaSLWXOaWe WLVVXe           
WUaQVcULSWLRQaO SURJUaPV. 
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MXOWLSOH[ ​in siWX 5NA K\EULGL]DWLRQ YLVXDOL]HV PXOWL-FHOOXODU RUJDQL]DWLRQ DQG LQIHFWLRQ          
RI RUJDQRLGV 

ScRNA-SeT LV a SRZeUfXO aQd URbXVW WRRO WR LQYeVWLJaWe ceOO-ceOO KeWeURJeQeLW\, RXWOLQe ceOO             
W\SeV, aQd deWeUPLQe WKeLU PaUNeU JeQeV. HRZeYeU, LW OacNV WKe caSacLW\ fRU VSaWLaO PaSSLQJ Rf               
WKe dLVcRYeUed LQfRUPaWLRQ. TR RYeUcRPe WKLV OLPLWaWLRQ, Ze ePSOR\ed WKe HLPOe[ RNAVcRSe            
PeWKRd fRU PXOWLSOe[ed RNA LQ-VLWX K\bULdL]aWLRQ ​(HaVKLNaZa ​eW aO​, 2020) ​. TKLV PeWKRd            
aOORZV fRU KLJKO\-VeQVLWLYe VLQJOe-PROecXOe deWecWLRQ Rf 12 dLffeUeQW WUaQVcULSWV, ZLWK fRXU           
WUaQVcULSWV deWecWed VLPXOWaQeRXVO\ LQ eacK URXQd Rf K\bULdL]aWLRQ (FLJ.S5A). TR deWeUPLQe WKe            
beVW ceOO W\Se-VSecLfLc PaUNeU JeQeV e[SUeVVed LQ RUJaQRLdV, Ze KaYe UeSeaWed WKe dLffeUeQWLaO             
aQaO\VLV aQd LdeQWLfLed PaUNeU JeQeV fRU eacK LQdLYLdXaO LQWeVWLQaO ceOO W\Se; Vee WRS PaUNeUV LQ               
FLJ.3B aQd e[WeQded OLVW LQ FLJ.S3B. FURP WKLV OLVW, Ze VeOecWed 11 JeQeV fRU WKe PXOWLSOe[ed                
RNA LQ-VLWX K\bULdL]aWLRQ ZKLcK ZeUe eLWKeU XQLTXeO\ e[SUeVVed LQ a VSecLfLc ceOO W\Se RU Kad               
OeVV bacNJURXQd e[SUeVVLRQ aPRQJ ceOOV Rf RWKeU W\SeV (FLJ.S5B). TKe SURbeV dLUecWed aJaLQVW             
SMOC2, MKI67, CHGB, FCGBP, OLFM4, FABP6 aQd LYZ VKRZed dLVcUeWe VWaLQLQJ           
RYeUOaSSLQJ ZLWKLQ ceOO bRUdeUV VXJJeVWLQJ ceOO W\Se VSecLfLcLW\. OQ WKe RWKeU KaQd, SURbeV             
dLUecWed aJaLQVW SLC2A2, BEST4, LGR5 aQd SPIB VKRZed eLWKeU QR VLJQaO RU a bacNJURXQd              
XQVSecLfLc VLJQaO (FLJ.S5B). RNA LPaJLQJ Rf 11 ceOO W\Se PaUNeU JeQeV, SUeYLRXVO\ QRW aSSOLed              
aW VXcK a KLJK OeYeO Rf PXOWLSOe[LW\ LQ RUJaQRLdV ​(TVaL ​eW aO​, 2017; NaYLV ​eW aO​, 2019; SeLQR ​eW                   
aO​, 2018; SPLOOLe ​eW aO​, 2019) ​, aOORZed XV WR YaOLdaWe WKe e[SUeVVLRQ Rf WKeVe JeQeV aQd SURYLded                 
a VSaWLaO LQVLJKW LQWR WKe ceOO RUJaQL]aWLRQ LQ SaUWLcXOaU ZLWK UeVSecW WR SUROLfeUaWLQJ aUeaV              
ZLWKLQ aQ RUJaQRLd (FLJ.3C). 

TR LdeQWLf\ ZKLcK ceOO W\SeV ZeUe LQfecWed b\ HAVWV1, Ze deVLJQed aQ HAVWV1 RNA-VSecLfLc              
SURbe aQd SeUfRUPed WKe PXOWLSOe[ed RNA LQ VLWX K\bULdL]aWLRQ RQ LQfecWed RUJaQRLdV.            
(FLJ.3D-I aQd FLJ.S5B). ​IQ VLWX K\bULdL]aWLRQ Rf PRcN LQfecWed RUJaQRLdV XVLQJ WKe HAVWV1             
RNA-VSecLfLc SURbe UeYeaOed QR OabeOOLQJ WKXV YaOLdaWLQJ WKe VSecLfLcLW\ Rf WKe HAVWV1 SURbe.             
IQ HAVWV1-LQfecWed RUJaQRLdV, YLUaO RNA ZaV VWURQJO\ cR-ORcaOL]ed ZLWK WKe e[SUeVVLRQ Rf            
MKI67 (FLJ.3D), a PaUNeU Rf SUROLfeUaWLRQ ZKLcK LQ RXU RUJaQRLd V\VWeP LV e[SUeVVed             
SUedRPLQaQWO\ LQ c\cOLQJ WUaQVLW-aPSOLf\LQJ ceOOV (FLJ.3B). AddLWLRQaOO\, PaWXUe eQWeURc\WeV         
(PaUNeU FABP6) ZeUe aOVR fRXQd WR be LQfecWed b\ HAVWV1 (FLJ.3E). VLUaO RNA ZaV aOVR               
deWecWed, aOWKRXJK WR OeVVeU e[WeQW, LQ VWeP-OLNe ceOOV (PaUNeU OLFM4) (FLJ.3F),           
eQWeUReQdRcULQe ceOOV (PaUNeU CHGB) (FLJ.3G), aV ZeOO aV JRbOeW ceOOV (PaUNeU FCGBP)            
(FLJ.3H). TKeVe UeVXOWV LQdLcaWe WKe SRWeQWLaO Rf HAVWV1 WR LQfecW PRVW KIECV aQd aUe LQ               
aJUeePeQW ZLWK a UeceQW UeSRUW VKRZLQJ WKaW HAVWV1 caQ LQfecW PRVW KXPaQ LQWeVWLQaO             
eSLWKeOLaO ceOO W\SeV ​(KROaZROe ​eW aO​, 2019) ​. 

HAVW91 HYRNHV FHOO-W\SH-VSHFLILF WUDQVFULSWLRQDO UHVSRQVH 

TR addUeVV ZKeWKeU WKe ceOO W\SeV SUeVeQW LQ WKe LQWeVWLQaO RUJaQRLdV dLffeUeQWO\ UeVSRQd WR YLUaO               
LQfecWLRQ, Ze SeUfRUPed VcRNA-SeT Rf HAVWV1-LQfecWed RUJaQRLdV. SLQJOe-ceOO WUaQVcULSWLRQaO         
aQaO\VLV cRQfLUPed WKaW aOO LQWeVWLQaO eSLWKeOLaO ceOO W\SeV cRXOd be LQfecWed b\ HAVWV1             
(FLJ.4A-B). DLffeUeQWLaO JeQe e[SUeVVLRQ aQaO\VLV Rf PRcN-LQfecWed RUJaQRLdV aQd RUJaQRLdV aW           
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4 aQd 16 KRXUV SRVW-LQfecWLRQ ZLWK HAVWV1 UeYeaOed XSUeJXOaWLRQ Rf PXOWLSOe SaWKZa\V XSRQ             
LQfecWLRQ, LQcOXdLQJ WKe SaWKZa\V OLQNed WR LQfecWLRQ, SUR-LQfOaPPaWRU\ UeVSRQVe aQd LQWeUfeURQ           
PedLaWed UeVSRQVe (FLJ.S6). IQWeUeVWLQJO\, dLffeUeQWLaO JeQe e[SUeVVLRQ aQaO\VLV LQWeJUaWLQJ WKe          
dLffeUeQW ceOO W\SeV UeYeaOed a ceOO-W\Se-VSecLfLc WUaQVcULSWLRQaO UeVSRQVe XSRQ YLUXV LQfecWLRQ           
(FLJ.4C-E). TKLV UeVSRQVe LQcOXdeV caQRQLcaO PaUNeU JeQeV fRU WKe deWecWed ceOO W\SeV ​e.g.             
XSUeJXOaWLRQ Rf APOA1 LQ eQWeURc\WeV, dRZQUeJXOaWLRQ Rf OLFM4 LQ VWeP ceOOV aQd TA ceOOV,              
aQd XSUeJXOaWLRQ Rf CHGA LQ eQWeUReQdRcULQe ceOOV (FLJ.4E). MRVW LPSRUWaQWO\, RXU aQaO\VLV            
UeYeaOed WKaW dLffeUeQW ISGV aUe XSUeJXOaWed LQ dLffeUeQW ceOO W\SeV XSRQ YLUaO LQfecWLRQ             
(FLJ.4C-D aQd FLJ.S6). TKeVe fLQdLQJV VXJJeVW WKaW eacK ceOO W\Se SUeVeQW LQ RXU LQWeVWLQaO              
RUJaQRLdV KaV a XQLTXe WUaQVcULSWLRQaO SURJUaP WR cRPbaW YLUaO LQfecWLRQ. 

TR beWWeU eYaOXaWe WKe LQYROYePeQW Rf LQdLYLdXaO ceOO W\SeV LQWR WKe LQWeUfeURQ-PedLaWed            
UeVSRQVe WR HAVWV1 LQfecWLRQ (FLJ.1), Ze SeUfRUPed deWaLOed dLffeUeQWLaO aQaO\VLV XVLQJ ISGV            
RQO\ (FLJ.4F). FRU WKe eQWeURc\WeV OLQeaJe, 68 RXW Rf 80 ISGV ZeUe fRXQd WR VLJQLfLcaQWO\               
cKaQJe eLWKeU aW 4KSL RU 16KSL cRPSaUed WR PRcN ZLWK aOPRVW aOO VLJQLfLcaQW ISGV XSUeJXOaWed               
aW 16KSL. OWKeU ceOO W\SeV LQcOXdLQJ VWeP aQd TA ceOOV dePRQVWUaWed WKeLU ceOO-W\Se-VSecLfLc             
cKaQJeV aW bRWK eaUO\ (4KSL) aQd OaWe (16KSL) WLPe SRLQWV (FLJ.4F).  

SXUSULVLQJO\, WKe XQVXSeUYLVed PaSSLQJ Rf aOO ceOOV baVed RQ WKeLU ISG SURfLOeV UeYeaOed aQ              
RUJaQL]aWLRQ Rf ceOOV accRUdLQJ WR WKe ceOOXOaU OLQeaJe (FLJ.4G aQd FLJ.S7B-C). FXUWKeU            
cOXVWeULQJ Rf ceOOV baVed RQ WKeLU ISG SURfLOeV UeYeaOed fRXU cOXVWeUV (FLJ.4H aQd FLJ.S7E-F)              
ZLWK cOXVWeU 1 beLQJ PRVWO\ cRPSRVed Rf VWeP aQd TA ceOOV aQd cOXVWeU 4 beLQJ PRVWO\                
cRPSRVed Rf eQWeURc\WeV (FLJ.4I aQd FLJ.S7H-I). DLffeUeQWLaO aQaO\VLV UeYeaOed dLVWLQcW SaWWeUQV           
Rf ISGV e[SUeVVed XSRQ HAVWV1 LQfecWLRQ ZKLcK aUe VSecLfLc WR WKe ceOO W\SeV UeSUeVeQWed LQ               
WKe RXWOLQed cOXVWeUV (FLJ.4J aQd FLJ.S7K-L). IPSRUWaQWO\, VLPLOaU aQaO\VeV Rf PRcN-LQfecWed           
RUJaQRLdV aOVR UeYeaOed a OLQeaJe-VSecLfLc cOXVWeULQJ Rf ceOOV accRUdLQJ WR WKeLU ISG e[SUeVVLRQ             
SURfLOeV (FLJ.S7A,D,G aQd J). EYeQ LQ PRcN-LQfecWed RUJaQRLdV eacK cOXVWeU e[SUeVVeV dLffeUeQW            
baVaO OeYeOV Rf dLVWLQcW ISGV (FLJ.S7J). AOWRJeWKeU, WKeVe fLQdLQJV VWURQJO\ VXSSRUW WKaW eacK             
LQWeVWLQaO ceOO OLQeaJe LV cKaUacWeUL]ed b\ a dLVWLQcW baVaO VLJQaWXUe Rf ISG e[SUeVVLRQ aQd WKaW               
XSRQ YLUaO LQfecWLRQ, eacK LQWeVWLQaO ceOO OLQeaJe UeVSRQdV dLffeUeQWO\ b\ PRXQWLQJ a dLVWLQcW             
LPPXQe UeVSRQVe cKaUacWeUL]ed b\ ceOO-W\Se-VSecLfLc SaWWeUQV Rf ISG e[SUeVVLRQ. 

DLVcXVVLRQ 
IQ WKLV ZRUN Ze e[SORLWed KXPaQ LQWeVWLQaO RUJaQRLdV, VcRNA-SeT, aQd PXOWLSOe[ RNA ​LQ VLWX              
K\bULdL]aWLRQ WR cKaUacWeUL]e WKe UeVSRQVe WR LQfecWLRQ b\ WKe eQWeULc YLUXV HAVWV1 LQ a SULPaU\               
PRdeO V\VWeP WKaW UecaSLWXOaWeV WKe ceOOXOaU cRPSOe[LW\ Rf WKe KXPaQ JXW. UVLQJ PXOWLSOe[             
RNA ​LQ VLWX K\bULdL]aWLRQ VSaWLaOO\ cRUUeOaWLQJ YLUaO LQfecWLRQ WR ceOO W\SeV Rf aQ RUJaQRLd, Ze               
fRXQd WKaW HAVWV1 LQfecWV aOO deWecWed ceOO W\SeV bXW dLVSOa\V a SUefeUeQce fRU SUROLfeUaWLQJ              
ceOOV. ScRNA-SeT cRQfLUPed WKaW HAVWV1 cRXOd LQfecW aOO LQWeVWLQaO ceOO W\SeV. IPSRUWaQWO\, LW             
UeYeaOed WKaW eacK LQdLYLdXaO LQWeVWLQaO ceOO OLQeaJe PRXQWed a dLVWLQcW WUaQVcULSWLRQaO UeVSRQVe            
XSRQ YLUaO LQfecWLRQ. We fRXQd ceOO-W\Se-VSecLfLc WUaQVcULSWLRQaO SaWWeUQV Rf ISGV e[SUeVVLRQ           
ZLWK dLffeUeQW OLQeaJeV cKaUacWeUL]ed b\ WKe e[SUeVVLRQ Rf XQLTXe ISGV. IPSRUWaQWO\, RXU            
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aQaO\VLV aOVR UeYeaOed WKaW WKe baVaO OeYeO Rf ISG e[SUeVVLRQ LQ QRQ-LQfecWed RUJaQRLdV ZaV aOVR               
ceOO-W\Se-VSecLfLc. TKeVe fLQdLQJV VWURQJO\ VXJJeVW WKaW ZLWKLQ WKe LQWeVWLQaO eSLWKeOLXP, eacK           
LQdLYLdXaO ceOO W\Se XWLOL]eV a dLffeUeQW VWUaWeJ\ WR cRPbaW YLUaO LQfecWLRQ aQd KaV a dLffeUeQW               
fXQcWLRQ LQ WKe cOeaUaQce Rf WKe SaWKRJeQ. 

IQYeVWLJaWLQJ KRVW-SaWKRJeQ LQWeUacWLRQV aQd YLUaO SaWKRJeQeVLV LQ WLVVXe LV cKaOOeQJLQJ. IW           
UeTXLUeV LdeQWLf\LQJ ceOO W\SeV cRPSRVLQJ WKe WLVVXe aQd cRUUeOaWLQJ YLUXV LQfecWLRQ WR eacK ceOO              
W\Se ZLWKLQ LWV VSaWLaO cRQWe[W. HeUe, Ze KaYe deYeORSed a WecKQRORJLcaO SLSeOLQe cRPbLQLQJ             
VcRNA-SeT aQd PXOWLSOe[ RNA ​LQ VLWX ​K\bULdL]aWLRQ WR RYeUcRPe WKeVe OLPLWaWLRQV.           
AVVRcLaWLQJ WUaQVcULSWLRQaO cKaQJeV WR VSecLfLc ceOO W\SeV LQ VcRNA-SeT daWa UeTXLUeV YaOLdaWed            
ceOO-W\Se-VSecLfLc PaUNeU JeQeV. DeVSLWe WKe aYaLOabLOLW\ Rf VLQJOe-ceOO aWOaVeV fRU RWKeU SaUWV Rf             
WKe LQWeVWLQe SXbOLVKed UeceQWO\ ​(SPLOOLe ​eW aO​, 2019) ​, QR UefeUeQce aWOaV ZaV aYaLOabOe fRU WKe               
VPaOO LQWeVWLQe ZKeQ Ze VWaUWed WKLV ZRUN. ReceQWO\, WaQJ ​eW aO SXbOLVKed a VcRNA-SeT              
daWaVeW Rf KXPaQ LOeXP ZLWK a WRWaO Rf 6167 eSLWKeOLaO ceOOV aQd 7 ceOO W\SeV aQQRWaWed ​(WaQJ                 
eW aO​, 2020) ​. OXU VcRNA-SeT daWaVeW fURP KXPaQ LOeXP bLRSVLeV LV LQ OLQe ZLWK WKe daWa                
SXbOLVKed b\ ​(WaQJ ​eW aO​, 2020) KRZeYeU cRQWaLQV PRUe ceOOV (Rf 8800 YV 6167) aQd WZLce                
PRUe ceOO W\SeV aQQRWaWed (14 YV 7). HaYLQJ a cRPSUeKeQVLYe cRYeUaJe Rf ceOO W\SeV aQd               
dLffeUeQWLaWLRQ OLQeaJeV LQ a UefeUeQce aWOaV LV eVSecLaOO\ LPSRUWaQW ZKeQ ZRUNLQJ ZLWK            
RUJaQRLdV dXe WR SRVVLbOe WUaQVcULSWLRQaO cKaQJeV beWZeeQ RUJaQRLd aQd WLVVXe ceOOV aV ZeOO aV              
WKe SUeVeQce Rf QRW fXOO\-dLffeUeQWLaWed ceOOV WKaW RWKeUZLVe Pa\ Oead WR faOVe aQQRWaWLRQV. HeUe,              
Ze KaYe YaOLdaWed WKaW WKe WUaQVcULSWLRQaO SURfLOeV LQ ceOOV Rf WKe PaMRU eSLWKeOLaO ceOO W\SeV LQ                
WKe RUJaQRLdV cRUUeOaWe KLJKO\ WR WKe SURfLOeV Rf WKeLU ​LQ YLYR ​ cRXQWeUSaUWV. 

ASSO\LQJ VcRNA-SeT WR VWXd\ LQfecWLRQ LQ PXOWL-ceOOXOaU PRdeOV RU WLVVXe LV VWLOO cKaOOeQJLQJ aV              
LW LV a VRSKLVWLcaWed WecKQRORJ\ UeTXLULQJ RSWLPL]aWLRQ Rf ceOO dLVVRcLaWLRQ, fL[aWLRQ aQd            
SaWKRJeQ LQacWLYaWLRQ. TKLV OeadV WR WKe cXUUeQW VLWXaWLRQ ZKeQ VcRNA-SeT LV aSSOLed PaLQO\ WR              
VWXd\ YLUaO LQfecWLRQ LQ ceOO OLQeV ​(W\OeU ​eW aO​, 2019; O¶NeaO ​eW aO​, 2019; CULVWRbaO VeUa ​eW aO​,                  
2019) RU SULPaU\ WLVVXe ZKeUe RQe ceOO W\Se LV SUeVeQW RU RQO\ PaWXUe ceOOV aUe SUeVeQW OLNe                 
PBMCV ​(ZaQLQL ​eW aO​, 2018) RU OXQJ eSLWKeOLaO ceOOV ​(CaR ​eW aO​, 2020) ​. OSWLPL]LQJ RXU SLSeOLQe,                
Ze KaYe eYaOXaWed ZKeWKeU fL[aWLRQ RU VRUWLQJ VKRXOd be SeUfRUPed aQd cRQcOXded WKaW XVLQJ              
OLYe ceOOV ZLWKRXW fL[aWLRQ SURYLded WKe beVW TXaOLW\ VcRNA-SeT daWa fRU LQfecWed RUJaQRLdV aQd              
WKaW XVLQJ VRUWLQJ LQWURdXceV QR VLJQLfLcaQW dLffeUeQceV (FLJ.S8). OYeUaOO, Ze cROOecWed a WR-daWe             
OaUJeVW VcRNA-SeT daWaVeW fURP KXPaQ LQWeVWLQaO RUJaQRLdV ZLWK 16,682 ceOOV ZKeUeaV           
SUeYLRXV VWXdLeV UeSRUWed RQ a6000 ceOOV ​(FXMLL ​eW aO​, 2018) aQd a2000 ceOOV ​(CKeQ ​eW aO​, 2019) ​.                 
TKLV LV SaUWLcXOaUO\ LPSRUWaQW fRU aQQRWaWLQJ cRPSaUaWLYeO\ UaUe ceOO W\SeV VXcK aV c\cOLQJ RU              
VWUeVVed TA ceOO ceOOV aQd JRbOeW ceOOV aV ZeOO aV fRU LQYeVWLJaWLQJ SRVVLbOe KeWeURJeQeLW\ XSRQ               
LQfecWLRQ.  

AOWKRXJK VcRNA-SeT SURYLdeV a cRPSUeKeQVLYe YLeZ Rf WUaQVcULSWLRQaO SURJUaPV aQd VeUYeV           
aV aQ e[ceOOeQW WRRO fRU RXWOLQLQJ ceOO W\SeV, VXbW\SeV aQd dLffeUeQWLaWLRQ OLQeaJeV, Ze fRXQd              
RNA ​LQ VLWX K\bULdL]aWLRQ WR be cUXcLaOO\ LPSRUWaQW aV aQ RUWKRJRQaO Za\ WR SURYLde VSaWLaO               
LQfRUPaWLRQ abRXW WKe e[SUeVVLRQ Rf PaUNeU JeQeV. UVLQJ ​LQ VLWX K\bULdL]aWLRQ fRU WKe YLUaO              
RNA UeSUeVeQWV a QaWLYe aSSURacK WR LQWeJUaWe LQfRUPaWLRQ abRXW ceOO W\SeV aQd LQfecWLRQ. FLUVW,              
LW caQ be PRUe VeQVLWLYe aQd VSecLfLc fRU YLUXV ORcaOL]aWLRQ cRPSaUed WR LPPXQRfOXRUeVceQce             
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aQd LPSRUWaQWO\ LW UeSUeVeQWV a faVW aOWeUQaWLYe LQ caVe WKeUe LV QR VSecLfLc aQWLbRd\ aYaLOabOe.               
SecRQd, WKLV aSSURacK aOORZed XV WR b\SaVV WKe PaLQ OLPLWaWLRQ Rf cRUUeOaWLQJ VcRNA-SeT ZLWK              
fOXRUeVceQce PLcURVcRS\ ZKLcK LV RfWeQ OLPLWed b\ WKe aYaLOabLOLW\ Rf aQWLbRdLeV fRU WKe             
dLffeUeQW ceOO W\Se PaUNeUV. MRVW LPSRUWaQWO\, XVLQJ VcRNA-SeT aQd RNA ​LQ VLWX K\bULdL]aWLRQ             
WRJeWKeU fRU ceOO-W\Se-aQaO\VLV OeadV WR fXUWKeU adYaQWaJeV cRPSaUed WR cRPSOePeQWLQJ          
VcRNA-SeT ZLWK deWecWLQJ ceOO W\SeV XVLQJ aQWLbRdLeV. A OLPLWed cRUUeOaWLRQ beWZeeQ           
abXQdaQceV Rf RNA PROecXOeV aQd cRJQaWe SURWeLQV caQ Oead WR dLVcUeSaQcLeV Rf WKe ceOO W\SeV               
defLQLWLRQV aQd/RU cRUUeVSRQdLQJ ceOO-W\Se-PaUNeUV beWZeeQ WKe WUaQVcULSW aQd SURWeLQV OeYeOV.          
LRcaOL]LQJ YLUaO RNA WRJeWKeU ZLWK ceOO-W\Se-VSecLfLc PaUNeU JeQeV UeTXLUeV PXOWLSOe[LQJ.          
HeUe, Ze VKRZ WKe fLUVW aSSOLcaWLRQ Rf KLJKO\ PXOWLSOe[ (>10 cKaQQeOV) RNA ​LQ VLWX              
K\bULdL]aWLRQ WR LQfecWed RUJaQRLdV ZKeUeaV SUeYLRXV VWXdLeV UeSRUWed deWecWLRQ Rf RQe RU WZR             
ceOO W\SeV ​(TVaL ​eW aO​, 2017; NaYLV ​eW aO​, 2019; SeLQR ​eW aO​, 2018; SPLOOLe ​eW aO​, 2019) ​.  

UQdeUVWaQdLQJ eQWeULc YLUXV SaWKRJeQeVLV aQd KRZ WKe LQWeVWLQaO eSLWKeOLXP cRPbaWV YLUaO           
LQfecWLRQ KaV becRPe a JURZLQJ fLeOd Rf LQWeUeVW dXe WR WKe VRcLRecRQRPLc LPSacW Rf YLUaO               
JaVWUReQWeULWLV ​(BiQ\aL ​eW aO​, 2018) ​. IQWeUfeURQV aQd WKe aVVRcLaWed LQWeUfeURQ-VWLPXOaWed JeQeV           
aUe ZeOO NQRZQ WR cRQWULbXWe WR WKe fLUVW-OLQe defeQce aJaLQVW YLUXVeV. APRQJ WKe dLffeUeQW              
W\SeV Rf IFNV, W\Se III IFN ( ​L.e​. IFN𝛌) ​(KRWeQNR ​eW aO​, 2003; SKeSSaUd ​eW aO​, 2003) KaV beeQ                  
VKRZQ WR be WKe Ne\ aQWLYLUaO c\WRNLQe cRQWUROOLQJ eQWeULc YLUXVeV ​(PeUYROaUaNL ​eW aO​, 2017,              
2018; PRWW ​eW aO​, 2011; NLce ​eW aO​, 2015) ​. OXU VcRNA-SeT aQaO\VLV cRQfLUP WKaW PRVW HAVWV1                
LQfecWed ceOOV VKRZ KLJK e[SUeVVLRQ Rf IFN𝛌 aQd ISGV. OQ WKe cRQWUaU\, ​W\Se I IFN (IFNB1)                
ZaV QRW deWecWed LQ RXU VcRNA-SeT daWa, cRQfLUPLQJ WKe W\Se III IFN SUefeUeQce Rf IECV LQ                
UeVSRQVe WR YLUaO  LQfecWLRQ ​(MaKOaN}LY ​eW aO​, 2015) ​.  

SWeP ceOOV KaYe beeQ NQRZQ WR be KLJKO\ UeVLVWaQW WR YLUaO LQfecWLRQ cRPSaUed WR dLffeUeQWLaWed               
ceOOV. IW KaV beeQ VKRZQ WKaW aOWKRXJK WKeVe ceOOV aUe UefUacWRU\ WR IFNV, WKe\ e[SUeVV a baVaO                 
OeYeO Rf ISGV ZKLcK aUe UeVSRQVLbOe fRU WKeLU LQWULQVLc UeVLVWaQce WR YLUaO LQfecWLRQ ​(WX ​eW aO​,                
2018) ​. IQWeUeVWLQJO\, dLffeUeQW WLVVXe VWeP ceOOV VKRZ a dLVWLQcW VXbVeW Rf ISG e[SUeVVLRQ             
SaWWeUQV. DLffeUeQWLaWLRQ Rf KXPaQ ePbU\RQLc VWeP ceOOV WR eQdR-, PeVR- aQd ecWRdeUP aOVR             
VKRZ WKaW WKe WKUee dLffeUeQW OLQeaJeV KaYe a dLffeUeQW baVaO OeYeO Rf ISGV ​(WX ​eW aO​, 2018) ​.                 
HeUe, b\ XVLQJ LQWeVWLQaO RUJaQRLdV, Ze cRXOd VKRZ WKaW LQ a QaWXUaOO\-dLffeUeQWLaWLQJ V\VWeP aOO              
LQWeVWLQaO OLQeaJeV aQd WKeLU SURJeQLWRU ceOOV dLVSOa\ dLVWLQcW baVaO e[SUeVVLRQ OeYeOV Rf ISGV.             
TKLV Pa\ cRQWULbXWe WR YLUaO WURSLVP b\ cUeaWLQJ aQ aQWLYLUaO VWaWe UeVWULcWLQJ YLUXV LQ a               
ceOO-W\Se-VSecLfLc PaQQeU.  

TKe XVe Rf LQWeVWLQaO RUJaQRLdV WR VWXd\ KRVW-eQWeULc SaWKRJeQ LQWeUacWLRQ LV RQO\ aW LWV SUePLVe               
(DXWWa & COeYeUV, 2017) ​. BXON WUaQVcULSWLRQaO aQaO\VLV Rf YLUaO LQfecWLRQ LQ LQWeVWLQaO RUJaQRLdV,             
ZKLcK aUe fXOO\ LPPXQR-UeVSRQVLYe cRPSaUed WR PaQ\ LQWeVWLQaO-deULYed ceOO OLQeV, VKRZV WKaW            
WKe\ LQdXce a W\SLcaO IFN-PedLaWed aQWLYLUaO UeVSRQVe ​(KROaZROe ​eW aO​, 2019; LaPeUV ​eW aO​,              
2020) ​. ScRNA-SeT Rf bRWK SULPaU\ aQd LPPRUWaOL]ed YLUXV-LQfecWed ceOO OLQeV UeYeaOed a            
SRSXOaWLRQ KeWeURJeQeLW\ Rf bRWK YLUaO UeSOLcaWLRQ aQd WKe WUaQVcULSWLRQaO UeVSRQVe Rf ceOOV WR             
YLUaO LQfecWLRQ ​(CRPbe ​eW aO​, 2015; RXVVeOO ​eW aO​; W\OeU ​eW aO​, 2019) ​. HeUe, Ze UeSRUW WKe fLUVW                  
VcRNA-SeT VWXd\ Rf YLUaO LQfecWLRQ Rf RUJaQRLdV. OXU daWa QRW RQO\ VKRZ aQ IFN-PedLaWed              
aQWLYLUaO UeVSRQVe bXW aOVR KLJKOLJKW KRZ LQdLYLdXaO LQWeVWLQaO OLQeaJeV cRQWULbXWe WR PRXQWLQJ            
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WKe RYeUaOO UeVSRQVe b\ acWLYaWLQJ XQLTXe WUaQVcULSWLRQaO SURJUaPV cKaUacWeUL]ed b\          
ceOO-W\Se-VSecLfLc VXbVeWV Rf ISGV (FLJ.4 aQd S7). IQWeUeVWLQJO\, Ze aOVR RbVeUYed a            
KeWeURJeQeLW\ Rf WKe WUaQVcULSWLRQaO UeVSRQVe XSRQ LQfecWLRQ ZLWKLQ ceOOV Rf WKe VaPe OLQeaJe.             
HRZeYeU aQd PRVW LPSRUWaQWO\, cOXVWeULQJ ceOOV baVed RQ WKeLU ISGV SURfLOeV UeYeaOV WKaW WKe              
dLffeUeQceV Rf WKe ISG e[SUeVVLRQ beWZeeQ LQWeVWLQaO ceOO OLQeaJeV LV KLJKeU WKaQ WKe             
KeWeURJeQeLW\ beWZeeQ ceOOV Rf WKe VaPe OLQeaJe (FLJ.S7). TKLV ceOO-W\Se-VSecLfLcLW\ Rf           
e[SUeVVLRQ Rf ISGV RbVeUYed fRU WKe eQWeURc\We OLQeaJe, VWeP ceOOV, WUaQVLW-aPSOLf\LQJ ceOOV, aQd             
JRbOeW ceOOV cRQfLUPV WKe SRWeQWLaO Rf XVLQJ bLReQJLQeeUed WLVVXe-OLNe V\VWePV WR dLVVecW WKe ceOO              
W\Se-VSecLfLc LPPXQe UeVSRQVe XSRQ KRVW-SaWKRJeQ LQWeUacWLRQV. FURP a bLRORJLcaO SRLQW Rf           
YLeZ, RXU fLQdLQJV VWURQJO\ VXJJeVW WKaW LQdLYLdXaO ceOO W\SeV ZLWKLQ WKe LQWeVWLQaO eSLWKeOLXP             
e[eUW dLffeUeQW fXQcWLRQV dXULQJ SaWKRJeQeVLV aQd cRQWULbXWe dLffeUeQWO\ WR PRXQWLQJ WKe           
LPPXQe UeVSRQVe aQd WR WKe RYeUaOO cOeaUaQce Rf WKe SaWKRJeQ. 

We aQWLcLSaWe RXU SLSeOLQe fRU LQWeJUaWLYe VLQJOe-ceOO RNA VeTXeQcLQJ aQd RNA LPaJLQJ Rf             
RUJaQRLdV WR be ZLdeO\ aSSOLcabOe WR RWKeU RUJaQRLd PRdeOV aQd WR aQ\ RNA YLUXV ZLWK               
SRO\(A) WaLOV WKXV UeSUeVeQWLQJ a QRYeO aSSURacK WR VWXd\ YLUaO SaWKRJeQeVLV aQd abOe WR SURYLde               
QRYeO LQVLJKWV LQWR LPPXQe UeVSRQVe aQd ceOO-W\Se-VSecLfLc WUaQVcULSWLRQaO UeSURJUaPPLQJ         
XSRQ LQfecWLRQ.   
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MaWeULaOV aQd MeWKRdV 
CHOOV DQG YLUXVHV 
T84 KXPaQ cRORQ caUcLQRPa ceOOV (ATCC CCL-248) ZeUe PaLQWaLQed LQ a 50:50 PL[WXUe Rf              
DXObeccR¶V PRdLfLed EaJOe¶V PedLXP (DMEM) aQd F12 (GLbCR) VXSSOePeQWed ZLWK 10%           
feWaO bRYLQe VeUXP aQd 1% SeQLcLOOLQ/VWUeSWRP\cLQ (GLbcR). CacR-2 KXPaQ cRORUecWaO          
adeQRcaUcLQRPa (ATCC HTB-37) ZeUe PaLQWaLQed LQ DXObeccR¶V PRdLfLed EaJOe¶V PedLXP          
(DMEM) (GLbCR) VXSSOePeQWed ZLWK 10% feWaO bRYLQe VeUXP aQd 1% SeQLcLOOLQ/VWUeSWRP\cLQ           
(GLbcR). HXPaQ AVWURYLUXV 1 (HAVWV1) ZaV a NLQd JLfW fURP SWac\ ScKXOW]-CKeUU\, SW. JXde              
CKLOdUeQ'V ReVeaUcK HRVSLWaO, TN, USA. HAVWV1 ZaV aPSOLfLed LQ CacR-2 ceOOV aQd            
YLUXV-cRQWaLQLQJ VXSeUQaWaQWV ZeUe XVed fRU LQfecWLRQ e[SeULPeQWV. 
 
HXPDQ RUJDQRLG FXOWXUHV 
HXPaQ WLVVXe ZaV UeceLYed fURP cRORQ aQd VPaOO LQWeVWLQe UeVecWLRQ fURP WKe UQLYeUVLW\             
HRVSLWaO HeLdeObeUJ. TKLV VWXd\ ZaV caUULed RXW LQ accRUdaQce ZLWK WKe UecRPPeQdaWLRQV Rf             
WKe UQLYeUVLW\ KRVSLWaO HeLdeObeUJ ZLWK ZULWWeQ LQfRUPed cRQVeQW fURP aOO VXbMecWV LQ            
accRUdaQce ZLWK WKe DecOaUaWLRQ Rf HeOVLQNL. AOO VaPSOeV ZeUe UeceLYed aQd PaLQWaLQed LQ aQ              
aQRQ\PL]ed PaQQeU. TKe SURWRcRO ZaV aSSURYed b\ WKe ³EWKLcV cRPPLVVLRQ Rf WKe UQLYeUVLW\             
HRVSLWaO HeLdeObeUJ´ XQdeU WKe SURWRcRO S-443/2017. SWeP ceOOV cRQWaLQLQJ cU\SWV ZeUe           
LVROaWed fROORZLQJ 2 PM EDTA dLVVRcLaWLRQ Rf WLVVXe VaPSOeV fRU 1 K aW 4�C. CU\SWV ZeUe VSXQ                 
aQd ZaVKed LQ Lce cROd PBS. FUacWLRQV eQULcKed LQ cU\SWV ZeUe fLOWeUed ZLWK 70 ȝM fLOWeUV aQd                 
WKe fUacWLRQV ZeUe RbVeUYed XQdeU a OLJKW PLcURVcRSe. FUacWLRQV cRQWaLQLQJ WKe KLJKeVW QXPbeU             
Rf cU\SWV ZeUe SRROed aQd VSXQ aJaLQ. TKe VXSeUQaWaQW ZaV UePRYed, aQd cU\SWV ZeUe              
Ue-VXVSeQded LQ MaWULJeO. CU\SWV ZeUe SaVVaJed aQd PaLQWaLQed LQ baVaO aQd dLffeUeQWLaWLRQ            
cXOWXUe PedLa (Vee TabOe 1). 
 

CRPSRXQd FLQaO cRQceQWUaWLRQ 
BDVDO PHGLD  
Ad DMEM/F12  
+GOXWaMAX 
+HEPES 
+P/S 
 

 

WQW3A 50% b\ YROXPe 
B27 1:50 
N2 1:100 
N-aceW\O-c\VWeLQe 1PM  
R-VSRQdLQ 10% b\ YROXPe 
NRJJLQ 100QJ/PL 
EGF 50QJ/PL 
GaVWULQ 10PM 
NLcRWLQaPLde 10PM 
A83-01 500QM 
Sb202190 10XM 
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DLIIHUHQWLDWLRQ MHGLD  
Ad DMEM/F12  
+GOXWaMAX 
+HEPES 
+P/S 
 

 

B27 1:50 
N2 1:100 
N-aceW\O-c\VWeLQe 1PM  
R-VSRQdLQ 5% b\ YROXPe 
NRJJLQ 50QJ/PL 
EGF 50QJ/PL 
GaVWULQ 10PM 
A83-01 500QM 
Sb202190 10XM 
7DEOH 1. OUJDQRLGV FXOWXULQJ PHGLD. 
 
AQWLERGLHV DQG LQKLELWRUV 
ZO-1 (SaQWa CUX] BLRWecKQRORJ\) ZaV XVed aW 1/100 fRU LPPXQRVWaLQLQJ; PKaOORLdLQ-AF647           
(MROecXOaU PURbeV) ZaV XVed aW 1/200 fRU LPPXQRVWaLQLQJ; LaPLQLQ (AbcaP) ZaV XVed aW             
1/100 fRU LPPXQRVWaLQLQJ, PRXVe PRQRcORQaO aJaLQVW E-cadKeULQ (BD TUaQVdXcWLRQV), aQd          
UabbLW SRO\cORQaO aQWL-MXcLQ-2 (SaQWa CUX] BLRWecKQRORJ\) ZeUe XVed aW 1:500 fRU           
LPPXQRfOXRUeVceQce aQd HAVWY1 caSVLd aQWLbRd\ (AbcaP) ZaV XVed aW 1/300 fRU           
LPPXQRVWaLQLQJ. SecRQdaU\ aQWLbRdLeV ZeUe cRQMXJaWed ZLWK AF488 (MROecXOaU PURbeV),         
AF568 (MROecXOaU PURbeV), aQd AF647 (MROecXOaU PURbeV) dLUecWed aJaLQVW WKe aQLPaO VRXUce.  
 
5NA LVRODWLRQ, FDNA, DQG TPC5 
RNA ZaV KaUYeVWed fURP ceOOV XVLQJ NXceORSSLQ RNA e[WUacWLRQ NLW (MacKeU\-NaJeO) aV SeU             
PaQXfacWXUeU'V LQVWUXcWLRQV. cDNA ZaV Pade XVLQJ LSCRIPT UeYeUVe WUaQVcULSWaVe (BLRRad)          
fURP 250 QJ Rf WRWaO RNA aV SeU PaQXfacWXUeU'V LQVWUXcWLRQV. T-RT-PCR ZaV SeUfRUPed XVLQJ              
LTaT SYBR JUeeQ (BLRRad) aV SeU PaQXfacWXUeU¶V LQVWUXcWLRQV, HPRT1 ZaV XVed aV            
QRUPaOL]LQJ JeQeV. PULPeU XVed: 
 

GeQe NaPe SSecLeV FRU VeT ReY VeT 

IFNO2/3 HXPaQ JccacaWaJcccaJWWcaaJ WJJJaJaJJaWaWJJWJcaJ 

IFNb1  HXPaQ JccJcaWWJaccaWcWaW JWcWcaWWccaJccaJWJ 

HPRT1 HXPaQ ccWJJcJWcJWJaWWaJWJaW aJacJWWcaJWccWJWccaWaa 

HAVWV1 AVWURYLUXV ccaJWcWcacaJaaJaJcaac cWWJcWaJccaWcWcacWWcWW 

 
IQGLUHFW LPPXQRIOXRUHVFHQFH DVVD\ 
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CeOOV Veeded RQ LBIDI JOaVV bRWWRP 8-ZeOO cKaPbeU VOLdeV. AW LQdLcaWed WLPeV SRVW-LQfecWLRQ,             
ceOOV ZeUe fL[ed LQ 4% SaUafRUPaOdeK\de (PFA) fRU 20 PLQV aW URRP WePSeUaWXUe (RT). CeOOV               
ZeUe ZaVKed aQd SeUPeabLOL]ed LQ 0.5% TULWRQ-X fRU 15 PLQV aW RT. PULPaU\ aQWLbRdLeV ZeUe               
dLOXWed LQ SKRVSKaWe-bXffeUed VaOLQe (PBS) aQd LQcXbaWed fRU 1K aW RT. CeOOV ZeUe ZaVKed LQ               
1X PBS WKUee WLPeV aQd LQcXbaWed ZLWK VecRQdaU\ aQWLbRdLeV aQd DAPI fRU 45 PLQV aW RT.                
CeOOV ZeUe ZaVKed LQ 1X PBS WKUee WLPeV aQd PaLQWaLQed LQ PBS. CeOOV ZeUe LPaJed b\                
eSLfOXRUeVceQce RQ a NLNRQ EcOLSVe TL-S (NLNRQ).  
 
OUJaQRLdV ZeUe fL[ed LQ 2% SaUafRUPaOdeK\de (PFA) fRU 20 PLQV aW URRP WePSeUaWXUe (RT).              
CeOOV ZeUe ZaVKed aQd SeUPeabLOL]ed LQ 0.5% TULWRQ-X fRU 15 PLQV aW RT. PULPaU\ aQWLbRdLeV               
ZeUe dLOXWed LQ SKRVSKaWe-bXffeUed VaOLQe (PBS) aQd LQcXbaWed fRU 1K aW RT. AQWLbRd\ ZaV              
UePRYed aQd VaPSOeV ZeUe ZaVKed LQ 1X PBS WKUee WLPeV aQd LQcXbaWed ZLWK VecRQdaU\              
aQWLbRdLeV fRU 45 PLQV aW RT. AQWLbRd\ ZaV UePRYed aQd VaPSOeV ZeUe ZaVKed LQ 1X PBS                
WKUee WLPeV aQd NeSW LQ ZaWeU fRU LPaJLQJ. OUJaQRLdV ZeUe LPaJed RQ aQ LQYeUWed VSLQQLQJ dLVc                
cRQfRcaO PLcURVcRSe (NLNRQ, PeUNLQEOPeU) ZLWK 60[ (1.2 QXPeULcaO aSeUWXUe, POaQASR, NLNRQ)           
ZaWeU LPPeUVLRQ RbMecWLYe aQd aQ EMCCD caPeUa (HaPaPaWVX C9100-23B). 
 
ELI6A 
SXSeUQaWaQWV ZeUe cROOecWed aW 16 KRXUV SRVW-LQfecWLRQ. SXSeUQaWaQWV ZeUe NeSW XQdLOXWed.           
IFNȜ2/3 ZaV eYaOXaWed XVLQJ WKe IFNȜ2/3 DIY ELISA (PBL IQWeUfeURQ VRXUce) aV SeU             
PaQXfacWXUeU¶V LQVWUXcWLRQV. 
 
OUJDQRLG LQIHFWLRQ 
OUJaQRLdV ​ZeUe PRYed WR dLffeUeQWLaWLRQ PedLa (TabOe 1) WKUee da\V SULRU WR LQfecWLRQ. ​AW WKe               
WLPe Rf LQfecWLRQ, PedLXP ZaV UePRYed aQd RUJaQRLdV ZeUe UeVXVSeQded LQ cROd PBS WR              
UePRYe aQ\ e[ceVV Rf MaWULJeO. TR aOORZ fRU LQfecWLRQ fURP bRWK WKe aSLcaO aQd baVROaWeUaO               
VLdeV, RUJaQRLdV ZeUe dLVUXSWed ZLWK a 27G QeedOe 10 WLPeV. MRcN LQfecWLRQ ceOOV ZeUe              
LQcXbaWed ZLWK PedLa aQd LQfecWed VaPSOeV ZeUe LQcXbaWed ZLWK VXSeUQaWaQW cRQWaLQLQJ YLUXV.            
IQfecWLRQV ZeUe aOORZed WR SURceed fRU RQe KRXU. CeOOV ZeUe WKeQ VSXQ dRZQ aQd YLUXV ZaV                
UePRYed. CeOOV ZeUe ZaVKed RQe WLPe ZLWK DMEM/F12 aQd WKeQ UeVXVSeQded LQ            
dLffeUeQWLaWLRQ PedLa fRU WKe cRXUVe Rf WKe e[SeULPeQW.  
 
7LVVXH DQG RUJDQRLG GLVVRFLDWLRQ  IRU VF5NA-VHT 
ObWaLQed fUeVK KXPaQ LOeaO bLRSVLeV ZeUe NeSW LQ PBS aW 4RC XQWLO SURceVVLQJ XVLQJ WKe               
SUeYLRXVO\ deVcULbed PeWKRd ​(SPLOOLe ​eW aO​, 2019) ​. TKe bLRSV\ PaWeULaO ZaV cXW LQWR VPaOO              
SLeceV XVLQJ VcLVVRUV. TKe dLVVRcLaWed WLVVXe ZaV WKeQ LQcXbaWed LQ dLVVRcLaWLRQ VROXWLRQ (HBSS             
Ca/MJ-FUee, 10 PM EDTA, 100 U/PO SeQLcLOOLQ, 100PJ/PL VWUeS-WRP\cLQ, 10 PM HEPES,            
aQd 2% FCS) ZLWK 200PL Rf 0.5M EDTA added aW WKe WLPe Rf dLVVRcLaWLRQ. TLVVXe ZaV                
LQcXbaWed LQ dLVVRcLaWLRQ VROXWLRQ fRU 15PLQV aW 37RC ZLWK URWaWLQJ. CeOOV ZeUe WKeQ LQcXbaWed              
RQ Lce fRU 10 PLQV aQd WKeQ VKaNeQ 15-20 WLPeV. AW WKLV WLPe PLcURVcRSLc e[aPLQaWLRQ UeYeaOed                
WKaW cU\SWV Kad beeQ UeOeaVed aQd WKeUefRUe WKe OaUJe SLeceV Rf WLVVXe ZeUe UePRYed. TKe cU\SWV                
ZeUe WKeQ VSXQ dRZQ aW 500[J fRU 5 PLQV. TKe VXSeUQaWaQW ZaV UePRYed aQd cU\SWV ZeUe                
ZaVKed RQe WLPe LQ cROd PBS. CU\SWV ZeUe WKeQ dLJeVWed WR VLQJOe ceOOV b\ LQcXbaWLRQ ZLWK                
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TUSLE fRU 5-10 PLQV aW 37RC RU XQWLO PLcURVcRSLc e[aPLQaWLRQ VKRZed VLQJOe ceOOV ZeUe              
SUeVeQW. CeOOV ZeUe WKeQ VSXQ aW 500[J fRU 5 PLQV aQd ZaVKed RQe WLPe ZLWK PBS. AQ\ Ued                  
bORRd ceOOV cRQWaPLQaWLRQ ZaV UePRYed b\ a 3 PLQ LQcXbaWLRQ RQ Lce ZLWK ACK O\VLV bXffeU                
(TKeUPR). CeOOV ZeUe WKeQ VSXQ aW 500[J fRU 5 PLQV aQd ZaVKed RQe WLPe ZLWK PBS.                
SXSeUQaWaQW ZaV UePRYed aQd WKe ceOO SeOOeW ZaV UeVXVSeQded LQ PBS VXSSOePeQWed ZLWK             
0.04% BSA aQd SaVVed WKURXJK a 40-ȝP ceOO VWUaLQeU aQd XVed dLUecWO\ fRU VLQJOe ceOO               
RNASeT. 
 
FRU RUJaQRLd VaPSOeV, cXOWXUed RUJaQRLdV KaUYeVWed afWeU 0 (PRcN), 4 aQd 16 KRXUV             
SRVW-LQfecWLRQ ZeUe ZaVKed LQ cROd PBS WR UePRYe e[ceVV MaWULJeO aQd LQcXbaWed LQ TU\SLE              
E[SUeVV fRU 25 PLQ aW 37�C. WKeQ PLcURVcRSLc e[aPLQaWLRQ UeYeaOed WKaW ceOOV Kad UeacKed a              
VLQJOe ceOO VWaWe, WKe\ ZeUe UeVXVSeQded LQ DMEM/F12 aQd VSXQ aW 500[J fRU 5PLQV.              
SXSeUQaWaQW ZaV UePRYed aQd WKe ceOO SeOOeW ZaV UeVXVSeQded LQ PBS VXSSOePeQWed ZLWK             
0.04% BSA aQd SaVVed WKURXJK a 40-ȝP ceOO VWUaLQeU. ReVXOWLQJ ceOO VXVSeQVLRQV ZeUe eLWKeU              
VWaLQed ZLWK ​DAPI​ (BD BLRVcLeQceV, 1:1000) fRU dead ceOO OabeOLQJ aQd FACS VRUWed           
(AULaFXVLRQ, BD BLRVcLeQceV) RU XVed dLUecWO\ fRU VLQJOe-ceOO RNAVeT.  
 
6LQJOH-FHOO 5NA-VHT OLEUDU\ SUHSDUDWLRQ 
SLQJOe-ceOO VXVSeQVLRQV ZeUe ORaded RQWR WKe 10[ CKURPLXP cRQWUROOeU XVLQJ WKe 10[            
GeQRPLcV SLQJOe CeOO 3¶ LLbUaU\ KLW Y2 (10[ GeQRPLcV) accRUdLQJ WR WKe PaQXfacWXUeU¶V             
LQVWUXcWLRQV. IQ VXPPaU\ ceOO aQd bead, ePXOVLRQV ZeUe JeQeUaWed, fROORZed b\ UeYeUVe            
WUaQVcULSWLRQ, cDNA aPSOLfLcaWLRQ, fUaJPeQWaWLRQ, aQd OLJaWLRQ ZLWK adaSWRUV fROORZed b\          
VaPSOe LQde[ PCR. ReVXOWLQJ OLbUaULeV ZeUe TXaOLW\ cKecNed b\ QXbLW aQd BLRaQaO\]eU, SRROed             
aQd VeTXeQced XVLQJ Ne[WSeT500 (IOOXPLQa; KLJK-RXWSXW PRde, SaLUed-eQd 26 [ 75 bS).            
TecKQLcaO YaOLdaWLRQ (FLJXUe S8) ZaV aOVR SeUfRUPed WR VKRZ WKaW VRUWLQJ aQd fL[LQJ Rf WKe               
RUJaQRLdV caQ be dRQe ZLWKRXW affecWLQJ WKe JeQeUaO WUaQVcULSWRPLc SURfLOe. 
 
PUH-SURFHVVLQJ DQG TXDOLW\ FRQWURO RI VF5NAVHT GDWD 
RaZ VeTXeQcLQJ daWa ZaV SURceVVed XVLQJ WKe CeOORaQJeU ​VRfWZaUe (YeUVLRQ 3.1.0). ReadV ZeUe             
aOLJQed WR a cXVWRP UefeUeQce JeQRPe cUeaWed ZLWK WKe UefeUeQce KXPaQ JeQRPe (GRCK38)             
aQd KXPaQ aVWURYLUXV (NC_001943.1). TKe UeVXOWLQJ XQLTXe PROecXOaU LdeQWLfLeU (UMI) cRXQW           
PaWULceV ZeUe LPSRUWed LQWR R (YeUVLRQ 3.6.2) aQd SURceVVed ZLWK WKe R SacNaJe SeXUaW              
(YeUVLRQ 3.1.3) ​(SWXaUW ​eW aO​, 2019) LRZ-TXaOLW\ ceOOV ZeUe UePRYed, baVed RQ WKe fROORZLQJ              
cULWeULa. FLUVW, Ze UeTXLUed a KLJK SeUceQWaJe Rf PLWRcKRQdULaO JeQe UeadV. FRU WKe RUJaQRLd              
daWa, aOO WKe ceOOV ZLWK PLWRcKRQdULaO UeadV > 10% ZeUe e[cOXded. FRU WKe WLVVXe daWa, aOO WKe                 
ceOOV ZLWK PLWRcKRQdULaO UeadV > 20% ZeUe UePRYed. SecRQd, Ze OLPLWed WKe acceSWabOe             
QXPbeUV Rf deWecWed JeQeV. FRU bRWK W\SeV Rf VaPSOeV, ceOOV ZLWK <600 RU >5000 deWecWed               
JeQeV ZeUe dLVcaUded. TKe UePaLQLQJ daWa ZeUe fXUWKeU SURceVVed XVLQJ SeXUaW. TR accRXQW fRU              
dLffeUeQceV LQ VeTXeQcLQJ deSWK acURVV ceOOV, UMI cRXQWV ZeUe QRUPaOL]ed aQd VcaOed XVLQJ             
UeJXOaUL]ed QeJaWLYe bLQRPLaO UeJUeVVLRQ aV SaUW Rf WKe SacNaJe ​VcWUaQVfRUP ​(HafePeLVWeU &           
SaWLMa, 2019) ​. AfWeUZaUd, LOeXP bLRSVLeV aQd RUJaQRLdV VaPSOeV ZeUe LQWeJUaWed LQdeSeQdeQWO\           
WR PLQLPL]e WKe baWcK aQd e[SeULPeQWaO YaULabLOLW\ effecW. IQWeJUaWLRQ ZaV SeUfRUPed XVLQJ WKe             
caQRQLcaO cRUUeOaWLRQ aQaO\VLV ​(BXWOeU ​eW aO​, 2018) aQd PXWXaO QeaUeVW QeLJKbRU aQaO\VLV ​(SWXaUW             
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eW aO​, 2019; HaJKYeUdL ​eW aO​, 2018) ​. TKe UeVXOWLQJ cRUUecWed cRXQWV ZeUe XVed fRU YLVXaOL]aWLRQ               
aQd cOXVWeULQJ dRZQVWUeaP aQaO\VLV aQd QRQ-LQWeJUaWed cRXQWV fRU aQ\ TXaQWLWaWLYe cRPSaULVRQ. 
 
COXVWHULQJ DQG LGHQWLILFDWLRQ RI FHOO W\SH PDUNHUV 
We SeUfRUPed SULQcLSaO cRPSRQeQW aQaO\VLV (PCA) XVLQJ 3000 KLJKO\ YaULabOe JeQeV (baVed RQ             
aYeUaJe e[SUeVVLRQ aQd dLVSeUVLRQ fRU eacK JeQe). TKe WRS 30 SULQcLSaO cRPSRQeQWV ZeUe XVed              
WR cRQVWUXcW a VKaUed QeaUeVW QeLJKbRU (SNN) JUaSK aQd PRdXOaULW\-baVed cOXVWeULQJ XVLQJ WKe             
LRXYaLQ aOJRULWKP ZaV SeUfRUPed. FLQaOO\, UQLfRUP PaQLfROd aSSUR[LPaWLRQ aQd SURMecWLRQ          
(UMAP) YLVXaOL]aWLRQ ZaV caOcXOaWed XVLQJ 30 QeLJKbRULQJ SRLQWV fRU WKe ORcaO aSSUR[LPaWLRQ            
Rf WKe PaQLfROd VWUXcWXUe. MaUNeU JeQeV fRU eYeU\ ceOO W\Se ZeUe LdeQWLfLed b\ cRPSaULQJ WKe               
e[SUeVVLRQ Rf eacK JeQe LQ a JLYeQ aJaLQVW WKe UeVW Rf WKe ceOOV XVLQJ WKe UeceLYeU RSeUaWLQJ                 
cKaUacWeULVWLc (ROC) WeVW. TR eYaOXaWe ZKLcK JeQeV cOaVVLf\ a ceOO W\Se, WKe PaUNeUV ZeUe              
VeOecWed aV WKRVe ZLWK WKe KLJKeVW cOaVVLfLcaWLRQ SRZeU defLQed b\ WKe AUC (aUea XQdeU WKe               
ROC cXUYe). TKeVe PaUNeUV aORQJ ZLWK caQRQLcaO PaUNeUV fRU LQWeVWLQaO ceOOV ZeUe XVed WR              
aQQRWaWe eacK Rf WKe cOXVWeUV Rf WKe LOeXP VaPSOeV. FRU WKe RUJaQRLdV, TKe SeXUaW OabeO WUaQVfeU                
URXWLQe ​(BXWOeU ​eW aO​, 2018) ZaV XVed WR PaS WKe ceOO W\SeV fURP WKe LOeXP WR WKe RUJaQRLd'V                 
ceOOV. BefRUeKaQd, LPPXQe aQd VWURPaO ceOOV ZeUe fLOWeUed aQd RQO\ eSLWKeOLaO ceOOV ZeUe XVed              
fRU WKe LOeXP UefeUeQce. AQQRWaWLRQ Rf WKe RUJaQRLdV ceOO W\SeV ZaV WKeQ PaQXaOO\ cXUaWed              
XVLQJ WKe XQVXSeUYLVed cOXVWeUV aQd WKe LdeQWLfLed PaUNeU JeQeV. TKe cRPSaULVRQ beWZeeQ WKe             
VKaUed ceOO W\SeV fURP WKe LOeXP aQd WKe RUJaQRLdV ZaV SeUfRUPed b\ caOcXOaWLQJ WKe PeaUVRQ               
cRUUeOaWLRQ beWZeeQ WKe aYeUaJLQJ QRUPaOL]ed JeQe e[SUeVVLRQ Rf eacK ceOO W\Se. 
 

PVHXGRWLPH LQIHUHQFH 
TR UecRQVWUXcW SRVVLbOe ceOO OLQeaJeV fURP RXU VLQJOe-ceOO JeQe e[SUeVVLRQ daWa. TKe LOeXP             
VaPSOe ZaV VXbVeW WR LQcOXde RQO\ WKe ceOO W\SeV fURP cRQ ​(SWUeeW ​eW aO​, 2018) ​QecWed OLQaJe. TKe                
UMAP ePbeddLQJ ZaV WKeQ XVed aV LQSXW fRU SVeXdRWLPe aQaO\VLV b\ VOLQJVKRW ​(SWUeeW ​eW aO​,               
2018) ​. SWeP ceOO ZaV XVed aV a VWaUW cOXVWeU aQd EQWeURc\We aQd GRbOeW aV WKe e[SecWed eQd                 
cOXVWeU. AfWeU SVeXdRWLPe WLPe ZaV deWeUPLQed aQd ceOOV ZeUe RUdeUed WKURXJK WKe UeVXOWLQJ             
SULQcLSaO cXUYeV. TKe JeQeV WKaW VLJQLfLcaQWO\ cKaQJe WKURXJK WKe SVeXdRWLPe ZeUe deWeUPLQed            
b\ fLWWLQJ a JeQeUaOL]ed addLWLYe PRdeO (GAM) fRU eacK JeQe aQd WeVWLQJ WKe QXOO K\SRWKeVLV               
WKaW aOO VPRRWKeU cReffLcLeQWV ZLWKLQ WKe OLQeaJe aUe eTXaO, XVLQJ WKe TUadeSeT SacNaJe ​(VaQ              
deQ BeUJe ​eW aO​, 2020) ​. SLJQLfLcaQWO\ cKaQJLQJ JeQeV ZeUe SORWWed LQ a KeaWPaS XVLQJ SKeaWPaS               
(Y. 1.0.10), ZLWK eacK cROXPQ UeSUeVeQWLQJ a ceOO RUdeUed WKURXJK WKe SVeXdRWLPe Rf eLWKeU              
OLQeaJe. 
 

DLIIHUHQWLDO H[SUHVVLRQ DQDO\VLV 
TR LdeQWLf\ WKe cKaQJeV LQ e[SUeVVLRQ acURVV cRQdLWLRQV. DLffeUeQWLaO e[SUeVVLRQ WeVWV ZeUe            
SeUfRUPed XVLQJ MAST ​(FLQaN ​eW aO​, 2015) ​, ZKLcK fLWV a KXUdOe PRdeO WR WKe e[SUeVVLRQ Rf eacK                 
JeQe, XVLQJ ORJLVWLc UeJUeVVLRQ fRU WKe JeQe deWecWLRQ aQd OLQeaU UeJUeVVLRQ fRU WKe JeQe              
e[SUeVVLRQ OeYeO. TR UedXce WKe VL]e Rf WKe LQfeUeQce SURbOeP aQd aYRLd ceOO SURSRUWLRQ bLaV,               
VeSaUaWe PRdeOV ZeUe fLW fRU eacK ceOO OLQeaJe aQd cRPSaULVRQV beWZeeQ PRcN, 4 KRXUV, aQd 16                
KRXUV SRVW-LQfecWLRQ ZeUe SeUfRUPed. FaOVe dLVcRYeU\ UaWe (FDR) ZaV caOcXOaWed b\ WKe            
BeQMaPLQL-HRcKbeUJ PeWKRd ​(BeQMaPLQL & HRcKbeUJ, 1995) aQd VLJQLfLcaQW JeQeV ZeUe VeW aV            
WKRVe ZLWK FDR Rf OeVV WKaQ 0.05. SXbVeTXeQWO\, IQWeUfeURQ UeOaWed JeQeV WKaW VLJQLfLcaQWO\             
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cKaQJed acURVV WKe cRQdLWLRQV (FDR < 0.05) ZeUe XVed WR caOcXOaWe PCA, XQVXSeUYLVed             
JUaSK-baVed cOXVWeULQJ, UMAP YLVXaOL]aWLRQ aQd KeaWPaS. GeQeV ZKRVe PRNAV ZeUe fRXQd           
WR be dLffeUeQWLaOO\ e[SUeVVed ZeUe VXbMecWed WR a JeQe VeW RYeUUeSUeVeQWaWLRQ aQaO\VLV XVLQJ WKe              
EQULcKR SacNaJe LQ R ​(KXOeVKRY ​eW aO​, 2016) 
 
MXOWLSOH[ FI6H 
OUJaQRLdV ZeUe LQfecWed, KaUYeVWed afWeU 16K SL, aQd ePbedded LQ OCT. SecWLRQ Rf 10 ȝP ZaV                
cXW RQ a cU\RVWaW (LeLca) aQd VWRUed aW -80 XQWLO XVe. HLPOe[ (RNAVcRSe) ZaV SeUfRUPed               
fROORZLQJ WKe PaQXfacWXUeU'V LQVWUXcWLRQ. TKe RNAVcRSe� HLPOe[ AVVa\ XVeV a QRYeO aQd            
SURSULeWaU\ PeWKRd Rf LQ VLWX K\bULdL]aWLRQV (ISH) WR VLPXOWaQeRXVO\ YLVXaOL]e XS WR 12             
dLffeUeQW RNA WaUJeWV SeU ceOO LQ VaPSOeV PRXQWed RQ VOLdeV. BULefO\, VecWLRQV ZeUe fL[ed LQ 4%                
SaUafRUPaOdeK\de, deK\dUaWed ZLWK 50%, 70%, 100% eWKaQRO, WKeQ WUeaWed ZLWK SURWeaVe. AOO            
WKe HLPOe[ SURbeV ZeUe K\bULdL]ed aQd aPSOLfLed WRJeWKeU. PURbeV ZeUe deVLJQed fRU JeQeV             
LdeQWLfLed aV ceOO W\Se PaUNeU aQd/RU cRUURbRUaWed b\ OLWeUaWXUe. TKe SURbeV XVed ZeUe: 
 
GeQe QaPe RROe Rf WKe PaUNeU CaWaORJ QXPbeU CKaQQe

O 
SLC2A2 MaWXUe eQWeURc\WeV  NPRP-0000689 T1 

SMOC2 SWeP ceOOV 522921 T2 

MKI67 CeOO c\cOe 591771 T3 

CHGB EQWeUReQdRcULQe ceOOV 567681 T4 

FCGBP GRbOeW ceOOV NPRP-0000691 T5 

OLFM4 SWeP-WUaQVLW aPSOLf\LQJ  
ceOOV 

311041 T6 

BEST4 BeVW-M ceOOV 481501 T7 

FABP6 EQWeURc\We OLQeaJe 478701 T8 

LGR5 SWeP ceOOV 311021 T9 

SPIB M ceOOV 551431 T10 

LYZ PaQeWK ceOOV 421441 T11 

HAVWVJS1 AVWURYLUXV NPR-0001571 T12 
 
TKe deWecWLRQ ZaV SeUfRUPed LWeUaWLYeO\ LQ JURXSV Rf 4 WaUJeWV. AfWeU ZaVKLQJ, ceOO QXcOeL ZeUe               
cRXQWeUVWaLQed ZLWK DAPI, aQd VaPSOeV ZeUe PRXQWed XVLQJ PURLRQJ GROd AQWLfade           
MRXQWaQW. IPaJLQJ ZaV SeUfRUPed ZLWK WKe caPeUa NLNRQ DS-QL2 (NLNRQ IQVWUXPeQWV) ZLWK            
WKe POaQ FOXRU 40[ RbMecWLYe (NLNRQ IQVWUXPeQWV) PRXQWed RQ WKe NLNRQ TL-E LQYeUWed             
PLcURVcRSe (NLNRQ IQVWUXPeQWV) LQ bULJKW-fLeOd aQd fOXRUeVceQce (DAPI, GFP, C\3, C\5, aQd            
C\7 cKaQQeOV). TKe PLcURVcRSe ZaV cRQWUROOed XVLQJ WKe NLNRQ NIS EOePeQWV VRfWZaUe. AfWeU             
eacK URXQd, fOXRURSKRUeV ZeUe cOeaYed aQd VaPSOeV PRYed RQ WR WKe Qe[W URXQd Rf WKe               
fOXRURSKRUe deWecWLRQ SURcedXUeV. AOO LPaJeV fURP aOO URXQdV Rf VWaLQLQJ ZeUe WKeQ UeJLVWeUed             
WR eacK RWKeU WR JeQeUaWe 15 SOe[ LPaJeV XVLQJ HLPOe[ LPaJe UeJLVWUaWLRQ VRfWZaUe (ACD BLR).               

16 

.CC-BY 4.0 International licensemade available 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 

The copyright holder for this preprintthis version posted August 19, 2020. ; https://doi.org/10.1101/2020.08.19.255893doi: bioRxiv preprint 

https://paperpile.com/c/BTOBCv/Xv0eG
https://paperpile.com/c/BTOBCv/Xv0eG
https://paperpile.com/c/BTOBCv/Xv0eG
https://doi.org/10.1101/2020.08.19.255893
http://creativecommons.org/licenses/by/4.0/


 

FXUWKeU bULJKWQeVV aQd cRQWUaVW adMXVWPeQWV ZeUe SeUfRUPed XVLQJ FLML ​(ScKLQdeOLQ ​eW aO​, 2012)​. 

 
DaWa aQd CRde AYaLOabLOLW\ 

TKe daWaVeWV JeQeUaWed dXULQJ WKLV VWXd\ aUe cXUUeQWO\ LQ WKe SURceVV WR be VXbPLWWed WR               
AUUa\E[SUeVV. 
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FLJXUeV 

 

 
FLJXUH 1. IQWHUIHURQV SURWHFW KXPDQ LQWHVWLQDO RUJDQRLGV IURP HAVW91 LQIHFWLRQ. ​A ​.           
CU\R-VecWLRQV Rf KXPaQ RUJaQRLdV ZeUe aQaO\]ed fRU WKe SUeVeQce Rf eQWeURc\WeV (E-cad),            
GRbOeW ceOOV (MXc-2) aQd WLJKW MXQcWLRQV (ZO-1) b\ LQdLUecW LPPXQRfOXRUeVceQce. NXcOeL aUe            
VWaLQed ZLWK DAPI. ​B​. HXPaQ LQWeVWLQaO RUJaQRLdV ZeUe LQcXbaWed ZLWK PedLa (PRcN) RU             
LQfecWed ZLWK HAVWV1. 16KSL RUJaQRLdV ZeUe fUR]eQ, cU\R-VecWLRQed, aQd HAVWV1 LQfecWed           
ceOOV ZeUe YLVXaOL]ed b\ LQdLUecW LPPXQRfOXRUeVceQce (HAVWV1 (Ued), QXcOeL (DAPI, bOXe). ​C ​.            
HXPaQ LQWeVWLQaO RUJaQRLdV ZeUe LQcXbaWed ZLWK PedLa (PRcN) RU LQfecWed ZLWK HAVWV1. 16KSL             
RUJaQRLdV ZeUe fL[ed aQd WKe SUeVeQce Rf HAVWV1 LQfecWed ceOOV (JUeeQ) ZeUe YLVXaOL]ed b\              
LQdLUecW LPPXQRfOXRUeVceQce. ASLcaO aQd baVROaWeUaO PePbUaQeV ZeUe LPPXQRVWaLQed fRU acWLQ          
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(PaJeQWa) aQd LaPLQLQ (Ued) UeVSecWLYeO\. NXcOeL aUe VWaLQed ZLWK DAPI (bOXe). ​D ​. HXPaQ             
LQWeVWLQaO RUJaQRLdV ZeUe LQfecWed ZLWK HAVWV1. AW LQdLcaWed WLPe SRVW-LQfecWLRQ WKe LQcUeaVe            
LQ YLUaO cRS\ QXPbeU ZaV deWeUPLQed b\ T-RT-PCR. ​E​. SaPe aV D bXW WKe LQdXcWLRQ Rf W\Se I                  
(IFNȕ1) aQd III (IFNȜ) IFN ZeUe eYaOXaWed. ​F​. HXPaQ LQWeVWLQaO RUJaQRLdV ZeUe LQcXbaWed             
ZLWK PedLa (PRcN) RU LQfecWed ZLWK HAVWV1. 24KSL WKe SUeVeQce Rf IFNȜ LQ WKe PedLa ZaV                
WeVWed b\ ELISA. DRWWed OLQe LQdLcaWeV deWecWLRQ OLPLW Rf WKe aVVa\. ​G​. HXPaQ LQWeVWLQaO              
RUJaQRLdV ZeUe SUe-WUeaWed fRU 24K ZLWK 2000IU/PL Rf IFNȕ1 RU 300QJ/PL Rf IFNȜ1-3.             
IQWeUfeURQV ZeUe PaLQWaLQed dXULQJ WKe cRXUVe Rf LQfecWLRQ aQd WKe aPRXQW Rf HAVWV1 cRS\              
QXPbeUV ZaV aVVa\ed 24KSL b\ T-RT-PCR. A-G TKUee bLRORJLcaO UeSOLcaWeV ZeUe SeUfRUPed fRU             
eacK e[SeULPeQW. ReSUeVeQWaWLYe LPPXQRfOXRUeVceQce LPaJeV aUe VKRZQ. EUURU baUV LQdLcaWe          
WKe VWaQdaUd deYLaWLRQ. SWaWLVWLcV aUe fURP XQSaLUed W-WeVW.  
 

 
FLJXUH 2. 6LQJOH-FHOO SURILOLQJ RI KXPDQ LOHXP ELRSVLHV. A ​. UQLfRUP PaQLfROd aSSUR[LPaWLRQ            
aQd SURMecWLRQ (UMAP) ePbeddLQJ Rf VLQJOe-ceOO RNA-SeT daWa fURP KXPaQ LOeXP bLRSVLeV            
cRORUed b\ WKe ceOO W\Se (Q=8,800 ceOOV). ​B​. DRW SORW Rf WKe WRS WKUee PaUNeU JeQeV fRU eacK ceOO                   
W\Se. TKe dRW VL]e UeSUeVeQWV WKe SeUceQWaJe Rf ceOOV e[SUeVVLQJ WKe JeQe; WKe cRORU UeSUeVeQWV               
WKe aYeUaJe e[SUeVVLRQ acURVV WKe ceOO W\Se. FLJ.S3A VKRZV aQ e[WeQded OLVW Rf WKe PaUNeU               
JeQeV. AOO ceOO-W\Se-defLQLQJ PaUNeU JeQeV aUe SURYLded LQ TabOe S2. ​C ​. PUedLcWed SVeXdR-WLPe             
WUaMecWRULeV fRU WKe JRbOeW aQd eQWeURc\We OLQeaJeV SURMecWed RQWR WKe UMAP ePbeddLQJ. ​D ​.             
 HeaWPaS VKRZLQJ cKaQJeV LQ JeQe e[SUeVVLRQ OeYeOV aORQJ SVeXdRWLPe fRU WKe eQWeURc\WeV aQd             
JRbOeW OLQeaJeV. DeQdURJUaPV RQ WKe OefW Rf WKe KeaWPaS LQdLcaWe WKe UeVXOWV Rf KLeUaUcKLcaO              
cOXVWeULQJ Rf WKe JeQeV. CRORUed baUV abRYe WKe KeaWPaS LQdLcaWe WKe W\SeV Rf ceOOV RUdeUed               
aORQJ WKe SVeXdRWLPe, cRORUed accRUdLQJ WR A.  
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FLJXUH 3. 6LQJOH-FHOO SURILOLQJ DQG PXOWLSOH[ ​in siWX 5NA K\EULGL]DWLRQ RI KXPDQ            
LOHXP-GHULYHG RUJDQRLGV. A ​. UMAP Rf VcRNA-SeT daWa fURP KXPaQ LOeXP-deULYed          
RUJaQRLdV (Q=16,682 ceOOV); dRWV cRUUeVSRQdLQJ WR ceOOV aUe cRORUed b\ WKe ceOO W\Se. ​B​. DRW SORW                
Rf WKe WRS-WKUee PaUNeU JeQeV fRU eacK ceOO W\Se. TKe dRW VL]e UeSUeVeQWV WKe SeUceQWaJe Rf ceOOV                 
e[SUeVVLQJ WKe JeQe; WKe cRORU UeSUeVeQWV aYeUaJe e[SUeVVLRQ acURVV WKe ceOO W\Se. FLJ.S3B             
VKRZV aQ e[WeQded OLVW Rf WKe PaUNeU JeQeV. AOO ceOO-W\Se-defLQLQJ PaUNeU JeQeV aUe SURYLded              
LQ TabOe S3. ​C ​. ReSUeVeQWaWLYe LPaJeV VKRZLQJ PXOWLSOe[ ​LQ VLWX RNA K\bULdL]aWLRQ Rf PaUNeU              
JeQeV LQ aQ RUJaQRLd. DAPI LQ bOXe. ​D-I ​. VLVXaOL]aWLRQV fRU ceOO-W\Se PaUNeUV fRU WKe PaMRU               
LQWeVWLQaO ceOO W\SeV, VKRZLQJ VLQJOe-ceOO e[SUeVVLRQ LQWeQVLWLeV Rf WKe ceOO-W\Se PaUNeUV RQ WKe             
UMAP (OefW) aQd PXOWLSOe[ ​LQ VLWX RNA K\bULdL]aWLRQ; Ued cRUUeVSRQdV WR YLUaO RNA aQd a               
JUeeQ cRUUeVSRQdV WR ceOO W\Se PaUNeUV(ULJKW). 
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FLJXUH 4. CHOO-W\SH-VSHFLILF I6G LQGXFWLRQ XSRQ HAVW91 LQIHFWLRQ RI KXPDQ LOHXP           
RUJDQRLGV. A ​. UMAP ePbeddLQJ Rf KXPaQ LOeXP-deULYed RUJaQRLdV KLJKOLJKWLQJ         
HAVWV-LQfecWed ceOOV (ceOOV ZKeUe aVWURYLUXV WUaQVcULSWV ZeUe deWecWed LQ VcRNAVeT). ​B​.           
PeUceQWaJe Rf ceOOV LQfecWed ZLWK aVWURYLUXV deWecWed LQ eacK ceOO OLQeaJe aQd W\Se. ​C-D.              
VROcaQR SORWV Rf JeQeV WKaW aUe dLffeUeQWLaOO\ e[SUeVVed LQ PRcN UeOaWLYe WR 16KSL, VKRZLQJ WKe               
VWaWLVWLcaO VLJQLfLcaQce (-ORJ10 adMXVWed S-YaOXe) YV ORJ2 fROd cKaQJe (PRcN/16KSL) fRU WKe VWeP             
ceOOV (C) aQd eQWeURc\We OLQeaJe (D). ​E​. DRW SORW Rf WRS OLQeaJe-VSecLfLc e[SUeVVLRQ cKaQJeV              
XSRQ HAVWV1 LQfecWLRQ fRU PRcN, 4KSL aQd 16KSL RUJaQRLdV.. ​F​. SaPe aV LQ ​E bXW fRU ISG. TKe                  
dRW VL]e UeSUeVeQWV WKe SeUceQWaJe Rf ceOOV e[SUeVVLQJ WKe JeQe; WKe cRORU UeSUeVeQWV WKe aYeUaJe               
e[SUeVVLRQ acURVV WKe OLQeaJe. TULaQJOe aQd VWaUV UeSUeVeQW VLJQLfLcaQWO\ cKaQJLQJ JeQeV (FDR            
< 0.05) LQ MRcN YV 4KS.L aQd MRcN YV 16S.L UeVSecWLYeO\ ​G​. UMAP ePbeddLQJ Rf VcRNA-SeT                
daWa fURP KXPaQ LOeXP-deULYed RUJaQRLdV baVed RQ WKe VLJQLfLcaQWO\ cKaQJLQJ ISGV fRU ceOOV aW              
16KSL. ​H​. UQVXSeUYLVed cOXVWeULQJ Rf WKe UMAP daWa fURP G. ​I ​. DLVWULbXWLRQ Rf ceOO OLQeaJeV               
aQd W\SeV LQ WKe cOXVWeUV fURP H. ​J ​. HeaWPaS Rf dLffeUeQWLaOO\ e[SUeVVed ISGV acURVV WKe               
cOXVWeUV fURP H. 
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SXSSOePeQWaU\ FLJXUeV 
 

FLJXUH 61. IQWHUIHURQV SURWHFW KXPDQ LQWHVWLQDO RUJDQRLGV IURP HAVW91 LQIHFWLRQ. A ​.           
CacR-2 ceOOV ZeUe LQfecWed ZLWK HAVWV1. AW LQdLcaWed WLPeV, WKe YLUXV ZaV YLVXaOL]ed b\              
LQdLUecW LPPXQRfOXRUeVceQce fRU HAVWV1 (Ued). NXcOeL ZeUe VWaLQed ZLWK DAPI (bOXe). ​B​.            
QXaQWLfLcaWLRQ Rf WKe QXPbeU Rf HAVWV1 LQfecWed ceOOV fURP A. ​C. SaPe aV A, e[ceSW               
UeSOLcaWLRQ Rf HAVWV1 ZaV aVVeVVed b\ WKe JeQRPe cRS\ QXPbeU RYeU WLPe XVLQJ T-RT-PCR.              
D ​. SaPe aV A, e[ceSW WKaW WKe LQWULQVLc LQQaWe LPPXQe LQdXcWLRQ Rf W\Se I (IFNb1) aQd III                 
(IFNO) IFN ZeUe eYaOXaWed. ​E​. CacR-2 ceOOV ZeUe SUe-WUeaWed fRU 24K ZLWK 2000IU/PL Rf IFNb1               
RU 300QJ/PL Rf IFNO1-3. IQWeUfeURQV ZeUe PaLQWaLQed dXULQJ WKe cRXUVe Rf LQfecWLRQ aQd             
HaVWV1 LQfecWed ceOOV ZeUe YLVXaOL]ed ZLWK LQdLUecW LPPXQRfOXRUeVceQce aQd WKe QXPbeU Rf            
HASWV1 LQfecWed ceOOV ZaV TXaQWLfLed. ​F. SaPe aV E, e[ceSW UeSOLcaWLRQ Rf HAVWV1 ZaV              
aVVeVVed b\ T-RT-PCR fRU WKe JeQRPe cRS\ QXPbeU. ​G​. CacR-2 ceOOV, T84 ZLOd-W\Se aQd T84               
ceOOV OacNLQJ bRWK WKe W\Se I aQd W\Se III IFN UeceSWRUV (dKO) ZeUe LQfecWed ZLWK HAVWV1.                
24KSL HAVWV1 JeQRPe UeSOLcaWLRQ ZaV eYaOXaWed b\ T-RT-PCR fRU WKe JeQRPe cRS\ QXPbeU.             
A-G TKUee bLRORJLcaO UeSOLcaWeV ZeUe SeUfRUPed fRU eacK e[SeULPeQW. ReSUeVeQWaWLYe          
LPPXQRfOXRUeVceQce LPaJeV aUe VKRZQ. EUURU baUV LQdLcaWe WKe VWaQdaUd deYLaWLRQ. SWaWLVWLcV           
aUe fURP XQSaLUed ​W​-WeVW. 
 
FLJXUH 62. ​GHQHUDO LQIRUPDWLRQ RI VLQJOH-FHOO 5NA-VHT VDPSOHV IURP VPDOO LQWHVWLQH DaWa            
fURP. ​A-F​. WLVVXe aQd ​G-L ​. RUJaQRLdV. UQLfRUP PaQLfROd aSSUR[LPaWLRQ aQd SURMecWLRQ           
(UMAP) ePbeddLQJ Rf VLQJOe-ceOO RNA-SeT daWa fURP KXPaQ LOeXP bLRSVLeV cRORUed b\            
VaPSOe ​A. aQd ​G. ​, NXPbeU Rf UMI cRXWV ​B. aQd ​H. aQd JeQeV ​C. aQd ​I. SWaWLVWLcV Rf WKe                   
VLQJOe-ceOO RNA-VeT daWaVeWV afWeU TXaOLW\ fLOWeUV aUe aOVR VKRZQ aV VLROLQ SORW fRU eYeU\              
VaPSOe, NXPbeU Rf ceOOV ​D.​ aQd ​J.​, WRWaO UMI cRXQWV ​E.​ aQd ​K. ​ aQd deWecWed JeQeV ​F. ​ aQd ​L. 
 
FLJXUH 63. CHOO W\SH VSHFLILF IHDWXUHV RI WKH VPDOO LQWHVWLQH. VLROLQ SORW Rf WKe WRS-WeQ PaUNeU                
JeQeV fRU eacK ceOO W\Se LQ WKe VPaOO LQWeVWLQe ​A. bLRSVLeV aQd RUJaQRLdV ​B. feaWXUeV ZeUe                
LdeQWLfLed XVLQJ WKe UeceLYeU RSeUaWLQJ cKaUacWeULVWLc (ROC) WeVW. TKeQ VeOecWed aV WKRVe ZLWK             
WKe KLJKeVW cOaVVLfLcaWLRQ SRZeU defLQed b\ WKe AUC (aUea XQdeU WKe ROC cXUYe) . TKe cRORU LQ                 
WKe SORWV UeSUeVeQWV WKe ceOO W\Se. AOO JeQeV aUe UeSRUWed LQ WabOeV ​62​ aQd ​63​. 
 
FLJXUH 64. CRPSDULVRQ RI WKH VKDUHG FHOO W\SHV EHWZHHQ IOHXP ELRSVLHV DQG IOHXP GHULYHG              
RUJDQRLGV. HeaWPaS VKRZLQJ PeaUVRQ cRUUeOaWLRQV beWZeeQ WKe aYeUaJe e[SUeVVLRQ Rf eYeU\           
JeQe acURVV VKaUed ceOO W\SeV beWZeeQ ​A. IOeXP bLRSVLeV ZLWK WKePVeOf ​B. OUJaQRLdV ZLWK              
WKePVeOYeV ​C. IOeXP bLRSVLeV cRPSaUed WR RUJaQRLdV aQd ​D. IOeXP bLRSVLeV cRPSaUed WR             
RUJaQRLdV RQO\ XVLQJ WKe WRS 500 YaULabOe JeQeV. 
 
 
FLJXUH 65. AGGLWLRQDO LQIRUPDWLRQ IRU HLSOH[ H[SHULPHQWV ​. ReSUeVeQWaWLYe FISH LPaJeV Rf           
aOO 12 deWecWed JeQeV fRU cU\RVecWLRQ Rf LQWeVWLQaO RUJaQRLdV. SSOLWWed b\ K\bULdL]aWLRQ URXQd             
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aQd cRORUed b\ WKe cKaQQeO XVed. 
 
FLJXUH 66. LLQHDJH-6SHFLILF E[SUHVVLRQ CKDQJHV LQ MRFN YHUVXV 4K DQG 16K S.L. ​VROcaQR             
SORWV Rf JeQeV WKaW aUe dLffeUeQWLaOO\ e[SUeVVed LQ ceOOV LQ RQe WLPe SRLQW UeOaWLYe WR WKe RWKeU,                 
VKRZLQJ WKe VWaWLVWLcaO VLJQLfLcaQce (-ORJ10 adMXVWed S-YaOXe) YV ORJ2 fROd cKaQJe aQd JeQe             
eQULcKPeQW aQaO\VLV UeVXOWV fRU VLJQLfLcaQWO\ cKaQJLQJ JeQeV (FDR <0.05). ​A-D. ​EQWeURc\We           
OLQeaJeV. ​E-H. SWeP ceOOV ​I-L. TA ceOOV ​I-P. GRbOeW ceOOV ​Q-6. EQWeUReQdRcULQe ceOOV ​7-9.              
BeVW4+ EQWeURc\WeV. SeOecWed JeQeV aUe VKRZQ, aOO JeQeV aUe UeSRUWed LQ TabOe S4. 

 
 
FLJXUH 67. LLQHDJH-VSHFLILF LQWHUIHURQ SDWWHUQV DUH FRQVHUYHG DFURVV FRQGLWLRQV. UMAP          
ePbeddLQJ Rf VcRNA-SeT daWa fURP KXPaQ LOeXP-deULYed RUJaQRLdV baVed RQ WKe VLJQLfLcaQWO\            
cKaQJLQJ ISGV fRU ceOOV aW ​A. ​MRcN , ​B. ​4KSL aQd ​C. ​16KSL . ​D-F​. UQVXSeUYLVed cOXVWeULQJ Rf                  
WKe UMAP daWa fURP ​A-C ​. ​G-I ​. TKe dLVWULbXWLRQ Rf ceOO OLQeaJeV aQd W\SeV LQ WKe cOXVWeUV fURP                 
D-F​. ​J-L​. A KeaWPaS Rf dLffeUeQWLaOO\ e[SUeVVed ISGV acURVV WKe cOXVWeUV fURP ​ D-F​. 
 
 
FLJXUH 68. CRPSDULVRQ EHWZHHQ OLYH DQG IL[HG DQG FAC6 VRUWHG DQG QRQ-VRUWHG            
VLQJOH-FHOO 5NA-VHT VDPSOHV IURP LQWHVWLQDO RUJDQRLGV ​. ​A-E. FL[ed aQd OLYe cRPSaULVRQ.           
F-J. SRUWed aQd QRQ-VRUWed cRPSaULVRQ. BR[SORWV VKRZLQJ WKe QXPbeU Rf UMIV (bOXe) aQd             
JeQeV (Ued) deWecWed SeU ceOO XVLQJ HIEV dLVVRcLaWed ceOOV RQ ​A. LLYe, MeWKaQRO, FCS3 aQd               
RNAaVVLVW FL[ed VaPSOeV. ​F. SaPSOeV VRUWed aQd QRQ-VRUWed aW PRcN aQd 16KS.L ​B DQG G​.               
8MAP UeSUeVeQWaWLRQ cRORUed b\ VaPSOe. ​C DQG H. UMAP cRORUed b\ dLVWLQcW ceOO cOXVWeUV,              
fRXQd XVLQJ XQVXSeUYLVed cOXVWeULQJ. ​D DQG I. PeaUVRQ cRUUeOaWLRQ caOcXOaWed fRU eacK JeQe             
deWecWed LQ bRWK VaPSOeV. ​E DQG J. DLVWULbXWLRQ Rf ceOOV LQ eacK cOXVWeU accRUdLQJ WR WKe VaPSOe                 
RULJLQ. 
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