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Cystic fibrosis (CF), a monogenic
disease resulting from mutations
in the CF transmembrane
conductance regulator (CFTR)
gene, affects multiple organs,
including the respiratory,
gastrointestinal, and reproductive
systems. Irreversible pathology in
these tissues is often already
present at birth, suggesting that
a true curative therapy would
require intervention during fetal
development. Here, we
demonstrate CFTR gene
correction in multiple tissues
affected by CF after a single in
utero administration of
nanoparticles containing gene
editing cargo. We found that
gene correction was durable into
adulthood in mice, which
resulted in functional CFTR
activity in both the respiratory
and gastrointestinal systems. Our
work establishes the possibility
that CF could be treated, or
possibly cured, by a single in
utero gene editing treatment.
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Hm�tsdpn�fdmd�dchshmf�gTr� sgd onsdmshTk� sn�lnchew�chrdTrd �bTtrhmf�fdmdr� hm�ltkshokd�
cdudknohmf�shrrtdr�adenpd�ahpsg)�onrrhakw�Tkknvhmf�enp�mnplTk�npfTm�cdudknoldms)�chrdTrd�
hlopnudldms)�Tmc�bnmbdhuTakw)�btpd,�Hm�bwrshb�yapnrhr� .C()�T�chrdTrd�sgTs�Tphrdr�epnl�
ltsTshnmr� hm� sgd�.C� spTmrldlapTmd�bnmctbsTmbd� pdftkTsnp�  �CRF(�fdmd)� sgdpd�Tpd�
rhfmr�ne�ltkshnpfTm�chrdTrd�Tfidbshmf�sgd�etmbshnm�ne�sgd�pdrohpTsnpw)�fTrspnhmsdrshmTk)�
Tmc�pdopnctbshud�rwrsdlr�TkpdTcw�opdrdms�Ts�ahpsg,�tr)�spdTshmf�.C�oTshdmsr�dTpkw�hr�
bptbhTk� enp�opdudmshmf�np�cdkTwhmf� hppdudprhakd�npfTm�cTlTfd,�Fdpd)�vd�cdlnmrspTsd�
opnne �ne �bnmbdos�ne�ltkshnpfTm�ltsTshnm�bnppdbshnm�hm�.C�trhmf�odoshcd�mtbkdhb�Tbhcr�
dmbTortkTsdc�hm�onkwldphb�mTmnoTpshbkdr�Tmc�cdkhudpdc�rwrsdlhbTkkw�hm�tsdpn,�Hm�tsdpn�
dchshmf�vTr�TrrnbhTsdc�vhsg�rtrsThmdc�onrsmTsTk�.CRI�Tbshuhsw)�Ts�T�kdudk�rhlhkTp�sn�sgTs�
ne�vhkc �swod�lhbd)�hm�ansg�pdrohpTsnpw�Tmc�fTrspnhmsdrshmTk�shrrtdr)�vhsgnts�cdsdbshnm�
ne�nfi �sTpfds�ltsTshnmr�hm�oTpshTkkw�gnlnknfntr�knbh,�hr�vnpi�rtffdrsr�sgTs�rwrsdlhb�
hm�tsdpn�fdmd�dchshmf�pdopdrdmsr�T�uhTakd�rspTsdfw�enp�spdTshmf�lnmnfdmhb�chrdTrdr�adenpd�
ahpsg�sgTs�hloTbs�ltkshokd shrrtd�swodr,
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Hm�bxrshb�fiaqnrhr�%BE(+�sgd�nmrds�ne�ltkshnqf]m o]sgnknfx�adfhmr�ctqhmf�eds]k�cdudkno,
ldms-�BE�v]r fiqrs�cdrbqhadc�hm�hme]msr�]r�]�bnmchshnm�sg]s�qdrtksdc�hm�e]hktqd�sn�sgqhud�
eqnl kdsg]k l]k]arnqoshnm b]trdc ax ]m ]amnql]k o]mbqd]r %0(- Vd mnv jmnv sg]s
tov]qc�ne�74 ne�bghkcqdm�chrok]x�dwnbqhmd�o]mbqd]shb�hmrtffibhdmbx�adenqd�sgd�]fd�ne�
nmd� %�1���z�3�(-� Hm�]cchshnm� sn�o]mbqd]shb�cxretmbshnm+�bghkcqdm�vhsg�BE�dwghahs� rhfmr�ne�
ltkshnqf]m�chrd]rd�]s�sgd�shld�ne�ahqsg�hmbktchmf�qdctbdc�ahqsg�vdhfgs�%�4�(+�ldbnmhtl�
hkdtr�]mc�rtardptdms�lhbqnbnknm�%04�sn�1/ (�%�5�(+�sq]bgdnl]k]bh]�%5�sn�30 (�%�6�+��7�(+�
ahkh]qx�bhqqgnrhr�%00 (�%�8�(+�]mc�84 �ne�l]kdr�g]ud�bnmfdmhs]k�ahk]sdq]k�]ardmbd�ne�sgd�
u]r�cdedqdmr+�vghbg� kd]cr sn� hrrtdr�vhsg� edqshkhsx-�dqd� hr� ]krn� rhfmhfib]ms� qdrohq]snqx�
o]sgnknfx�sg]s�tkshl]sdkx�cqhudr�lnqahchsx�]mc�lnqs]khsx�hm�o]shdmsr�vhsg�BE+�ats�sgdrd�
otklnm]qx�l]mhedrs]shnmr�]qd�pthsd�khlhsdc�hm�sgd�mdnm]s]k�odqhnc-�Fhudm�sgd�dwsdms�ne�
chrd]rd�oqdrdms�]s�ahqsg+�]mc�sgd�khlhsdc�ktmf�o]sgnknfx�hm�sgd�odqhm]s]k�odqhnc+�sgdqd�
hr�]�fqnvhmf�bnmrdmrtr�sg]s�sqd]shmf�BE�o]shdmsr�d]qkx�hr�bqtbh]k�hm�oqdudmshmf�nq�cdk]xhmf�
hqqdudqrhakd�nqf]m�c]l]fd�%�0/�(-
Vgdm BE v]r fiqrs cdrbqhadc+ nudq 7/ ne o]shdmsr chdc vhsghm sgd fiqrs xd]q ne ahqsg-

Vhsg�sgd�cdudknoldms�ne�sqd]sldmsr�]mc�sgd�drs]akhrgldms�ne�bdmsdqr�vhsg�]ffqdrrhud+�
bnloqdgdmrhud�b]qd+�sgd�ldch]m�rtquhu]k�ne�o]shdmsr�vhsg�BE�bnmshmtdr�sn�hmbqd]rd-�Enq�
l]mx�o]shdmsr+�sgd�btqqdms�sqd]sldms�o]q]chfl�hmbktcdr�BESP�lnctk]snqr+�vghbg�etmb,
shnm�ax�qdrbthmf�dmcnfdmntr�BESP�oqnsdhm�]bshuhsx�]mc�g]ud�rghesdc�sgd�enbtr�ne�BE�
sqd]sldms�]v]x�eqnl�rtoonqshud�b]qd-�;ksgntfg�]�aqd]jsgqntfg�hm�sqd]sldms+�lnctk]snqr�
]qd�s]jdm�c]hkx+�qdpthqd�khedknmf�sqd]sldms+�]qd�dwodmrhud+�]mc�]qd�mns�]u]hk]akd�enq�]kk�BESJ��
lts]shnmr-�Vghkd�sgd�btqqdmskx�]u]hk]akd�sqd]sldms�fqd]skx�hloqnudr�sgd�pt]khsx�ne�khed�]mc�
khed�dwodbs]mbx�enq�l]mx�o]shdmsr�vhsg�BE+�mnmd�ne�sgdrd�sgdq]ohdr�bnqqdbs�sgd�tmcdqkxhmf�
fdmdshb�cdedbs+�sg]s�he�]bghdudc�hm�sgd�bnqqdbs�nqf]mr�]mc�bdkk�sxodr+�bntkc�qdrtks�hm�btqd-
�Rxrsdlhb�Xh-d-+�hmsq]udmntr�%HU([�cdkhudqx�ne�fdmd�dchshmf�sgdq]odtshbr�gnkcr�fqd]s�oqnl,

hrd�hm�sgd�sqd]sldms�ne�chrd]rdr�sg]s�]ffdbs�ltkshokd�nqf]mr+�rtbg�]r�BE-�Pdbdms�rstchdr�g]ud�
cdlnmrsq]sdc sgd onsdmsh]k sn bnqqdbs BE chrd]rd b]trhmf lts]shnmr uh] sgd HU cdkhudqx
ne�m]mno]qshbkdr�%MOr(�bnms]hmhmf�fdmd�dchshmf�sdbgmnknfhdr�hm�]ctks�]mhl]kr�%�00���z�02�(-�
drd� rstchdr� hmbktcd� ntq� qdbdms�vnqj�vgdqd�vd�fiqrs� cdlnmrsq]sdc� sgd� onsdmsh]k� enq�
ltkshnqf]m�dchshmf�hm�BE�]esdq�rxrsdlhb�cdkhudqx�ne�onkxldqhb�MOr�kn]cdc�vhsg�odoshcd�
mtbkdhb�]bhcr�%OM;r(�]mc�rhmfkd rsq]mcdc�cnmnq CM;–]�mnmmtbkd]rd�ldch]sdc�fdmd�
dchshmf�]ooqn]bg�sg]s�g]r�addm�rgnvm�sn�g]ud�dwsqdldkx�knv�sn�tmcdsdbs]akd�nff s]qfds�
dffdbsr� ctd� sn� sgd� k]bj� ne� hmgdqdms� mtbkd]rd� ]bshuhsx� %�03�(–hm� onrsm]s]k� ]mhl]kr� %�00�(-�
Sqd]sldms� oqhnq� sn� ahqsg+� ctqhmf+� nq� adenqd� sgd� nmrds ne� o]sgnknfx� g]r� xds� sn ad�
cdlnmrsq]sdc-D
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�Fhudm�sgd�dwsdms�ne�chrd]rd�oqdrdms�]s�ahqsg+�vd�gxonsgdrhydc�
sg]s�BESJ��lts]shnm�bnqqdbshnm�hm�tsdqn�bntkc�oqdudms�hqqdudqrhakd�
nqf]m�c]l]fd+�hmbqd]rd�etmbshnm]k�BESP�]bshuhsx+�nq�odqg]or�btqd�
]m�hmchuhct]k�ne�BE-�Oqduhntrkx+�vd�g]ud�trdc�]�rhlhk]q ]ooqn]bg�
enq�fdmd�bnqqdbshnm� hm�β sg]k]rrdlh]� hm�lhbd+�vgdqd�]� rhmfkd� hm�
tsdqn�HU�hmidbshnm�ne�OM;.CM;�MO�sqd]sldms�kdc�sn�ogdmnsxohb�
]mc�fdmnlhb�bg]mfdr�sg]s�odqrhrsdc�hmsn�]ctks�khed�%�04�(-�Gdqd+�vd�
cdlnmrsq]sd� sg]s�MOr� kn]cdc�vhsg�OM;�]mc�cnmnq�CM;�b]m�
rtbbdrretkkx�dchs�sgd�cdudknohmf�eds]k�ktmf�hm�]�FEO�qdonqsdq�lntrd�
lncdk�]mc�sg]s�OM;.CM;�MO�sqd]sldms�b]m�bnqqdbs�sgd�E4/7cdk�
lts]shnm�hm�tsdqn+�qdrtkshmf�hm�rtrs]hmdc�onrsm]s]k�BESP�etmbshnm�
hm� shrrtd� sxodr� ]ffdbsdc� ax� BE� ]esdq� ]� rhmfkd� hm� tsdqn� MO�
sqd]sldms-�

Mdrtisr

Nanoparticle Uptake and Tropism in the Fetal Lung.� Vd�
oqduhntrkx� drs]akhrgdc� sgd� b]o]bhsx� sn� cdkhudq� onkxldqhb� MOr�
enqltk]sdc�eqnl�onkx%k]bshb �bn �fkxbnkhb�]bhc(�%OKF;(�sn mtldqntr�
eds]k�shrrtdr+�hmbktchmf�sgd�ktmf�]mc�f]rsqnhmsdrshm]k�sq]bs+�trhmf�
svn�chffdqdms�hm�tsdqn�cdkhudqx�]ooqn]bgdr9�HU�]clhmhrsq]shnm�uh]�
sgd�uhsdkkhmd�udhm�nq�hmsq] �]lmhnshb�%H;(�]clhmhrsq]shnm�uh]�chqdbs�
hmidbshnm� hmsn� sgd� ]lmhnshb�flthc� %04(-�Adb]trd� sgd� qdrohq]snqx�
sq]bs�hr�sgd�l]hm�rntqbd�ne�o]sgnknfx�hm�o]shdmsr�]ffdbsdc�ax�BE+�
vd�fiqrs�rntfgs�sn�cdsdqlhmd�vgdsgdq�dhsgdq�ne�sgdrd�]ooqn]bgdr�kdc�
sn�lnqd�qnatrs�hmsq]bdkktk]q�MO�tos]jd�hm�sgd�ktmf�]mc�sn�dwoknqd�
sgd�bdkktk]q�sqnohrl�ne�ansg�cdkhudqx�sdbgmhptdr-
�Vd�]clhmhrsdqdc�MOr�bnms]hmhmf� sgd�fqddm�fltnqdrbdms�cxd+�

ChN+�sn�eds]k�lhbd�dhsgdq�HU�nm�dlaqxnmhb�c]x�04-4�%D04-4(�nq�
H;�nm�D05-4–sgd�d]qkhdrs�fdrs]shnm]k�]fd�hm�vghbg�vd�g]ud�rddm�
]bbtltk]shnm�ne�MOr�hm�sgd�eds]k�ktmf�%�Ehf-�0 ��(�%�04�(-�Vd�bnl,
o]qdc� sgd� eds]k� ktmf� sqnohrl� ne� OKF;� ]mc� ]� enqltk]shnm�

bnms]hmhmf�]�akdmc�ne�OKF;�]mc�onkx%ads]�]lhmn�drsdq(�%OA;D(�
rtqe]bd�lnchfidc�vhsg�sgd�bdkk odmdsq]shmf�odoshcd�LOF+�vghbg�
g]r�oqduhntrkx�addm�rgnvm�sn�qdrtks�hm�ghfgdq�tos]jd�]mc�BESP�
dchshmf�hm�]hqv]x�dohsgdkh]k�bdkkr�%�03�+��05�(-�Vgdm�bg]q]bsdqhydc�ax�
cxm]lhb�khfgs�rb]ssdqhmf�%CKR(�]mc�rb]mmhmf�dkdbsqnm�lhbqnrbnox�
%RDL(+�ansg�MO�enqltk]shnmr�vdqd�rogdqhb]k�]mc�]ooqnwhl]sdkx�
14/�ml�hm�ch]ldsdq:�sgdx�chffdqdc�hm�yds]�onsdmsh]k+�vhsg�OKF;�
MOr� b]qqxhmf� ]� mdf]shud� bg]qfd+� bnlo]qdc� sn� sgd� onrhshudkx�
bg]qfdc�OKF;.OA;D.LOF�o]qshbkdr�%RH� nndices+�Ehf-�R0�]mc�
S]akd�R0�(-��������
�Vgdm�cdkhudqdc� hm�tsdqn+�ansg� enqltk]shnmr� qdrtksdc� hm�MO�

]bbtltk]shnm�hm�sgd�eds]k�ktmf�2�g�]esdq�dhsgdq�HU�nq�H;�cdkhudqx+�
vhsg�HU�cdkhudqx�qdrtkshmf�hm�]�rhfmhfib]mskx�ghfgdq�odqbdms]fd�ne�
bdkkr�bnms]hmhmf�MOr�vgdm�du]kt]sdc�uh]�flnv�bxsnldsqx�%�Ehf-�0A��(�
nq�bnmenb]k�lhbqnrbnox�%�Ehf-�0B��(-�Trhmf�flnv�bxsnldsqx�vd�]krn�
]rrdrrdc�sgd�sqnohrl�ne�sgd�MOr�enq�rodbhfib�onotk]shnmr�ne�bdkkr�hm�
sgd�ktmf�hmbktchmf�dmcnsgdkh]k�%BC20)(+�dohsgdkh]k�%DoB;L)(+�
]mc�hlltmd�%BC34)(�bdkkr-�Vd�entmc�sg]s�hm�tsdqn�HU�cdkhudqx�
ne�MOr�qdrtksdc�hm�o]qshbkd�]bbtltk]shnm�hm�]kk�sgqdd�bdkk�sxodr+�
hmbktchmf�dohsgdkh]k�bdkkr�%�Ehf-�0A��(-�Nsgdq�sg]m�HU�MO�cdkhudqx�sn�
dohsgdkh]k�bdkkr+�vgdqd�OKF;�MOr�qdrtks�hm�rhfmhfib]mskx�ghfgdq�MO�
cdkhudqx�sg]m�sgd�OKF;.OA;D.LOF�enqltk]shnm+�vd�entmc�mn�
rhfmhfib]ms�chffdqdmbd�adsvddm�sgd�sqnohrl�ne�sgd�svn�o]qshbkd�sxodr�
]esdq�HU�nq�H;�cdkhudqx�%�Ehf-�0A��(-�Sn�hmudrshf]sd�vgdsgdq�vd�lhfgs�
nardqud�ghfgdq�kdudkr�ne�MO�]bbtltk]shnm�hm�sgd�eds]k�ktmf�]s�]�
k]sdq�shldonhms+�vd�du]kt]sdc�sgd�ahnchrsqhatshnm�ne�ChC kn]cdc�
OKF;�MOr�]s�2�]mc�13�g�hm�vgnkd�edstrdr�]mc�eds]k�nqf]mr�%ktmf+�
fts+�khudq+�gd]qs+�aq]hm+�jhcmdxr(�trhmf�]m�hm�uhun�hl]fhmf�rxrsdl-�
;r� oqduhntrkx� nardqudc+� ansg� HU� ]mc� H;� MO� ]clhmhrsq]shnm�
qdrtksdc�hm�MO�]bbtltk]shnm�hm�sgd�ktmf�]s�2�g+�gnvdudq+�ax�13�g+�
sgd� rhfm]k� hm� sgd� ktmf+� ]r�vdkk� ]r� sgd�vgnkd� edstr�]mc�]kk�nsgdq�
hmchuhct]k�nqf]mr+�g]c�cdbqd]rdc�%RH� nndices+�Ehf-�R1�(-
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Fig. 1. In utero delivery of NPs to the lung. (A) schematic of E15.5 IV and E16.5 IA NP delivery routes via micropipette injection into the vitelline vein or directly
into the amniotic fluid and analysis. (B) lung cellular tropism of DiO loaded PLGA and DiO loaded PLGA/PBAE/MPG NPs (% DiO positive cells) 3 h after either
E16.5 IA or E15.5 IV delivery, n = 5 for each treatment group, data are mean ± SEM, statistical analysis by two �way ANOVA, *P < 0.03. (C) confocal images of the
distribution of DiO loaded NPs (green) 3 h after either E16.5 IA (Top) or E15.5 IV (Bottom) delivery with images of uninjected age matched controls to the left.
Nuclei within the tissues were stained with Hoescht (blue), (Scale bar, 10 μm.)D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
U

N
IV

ER
SI

TY
 O

F 
M

IC
H

IG
A

N
 H

A
R

LA
N

 H
A

TC
H

ER
 G

R
A

D
 L

IB
 o

n 
Ju

ne
 1

2,
 2

02
5 

fr
om

 IP
 a

dd
re

ss
 1

41
.2

11
.4

.2
24

.



PNAS 2025 Vol. 122 No. 24 e2418731122 https://doi.org/10.1073/pnas.2418731122 3 of 10

�Hm�ntq�flnv�bxsnldsqx�dwodqhldmsr+�H;�]clhmhrsq]shnm�qdrtksdc�
hm�knvdq�MO�]bbtltk]shnm�sg]m�vd�dwodbsdc:�sn�dw]lhmd�sgd�rs],
ahkhsx�ne�MOr�hm�sghr�rdsshmf+�vd�hmbta]sdc�ansg�MO�enqltk]shnmr�
hm�ltqhmd�]lmhnshb�flthc�bnkkdbsdc�eqnl�D05-4�edstrdr�]mc�ld]r,
tqdc�sgd�bg]mfd�hm�rhyd�]mc�onkxchrodqrhsx�hmcdw�%OCH(�trhmf�rtb,
bdrrhud�CKR�ld]rtqdldmsr�nudq�]m�gntq-�Ansg�enqltk]shnmr�vdqd�
tmrs]akd�hm�ltqhmd�]lmhnshb�flthc�vgdm�bnlo]qdc�sn�hmbta]shnm�
hm� OAR� nq� eds]k� anuhmd� rdqtl+� ]r� duhcdmbdc� ax� hmbqd]rhmf� ]mc�
u]bhkk]shmf� rhyd� ]mc� OCH� ctqhmf� sghr� shld� eq]ld� %RH� nndices+�
Ehf-�R2�(-��

Gene Editing of Fetal Lungs.�Vd�mdws�rntfgs�sn�cdsdqlhmd�vgdsgdq�
MO� ]bbtltk]shnm�vhsghm� sgd� ktmf� ]esdq� HU� nq� H;�MO�cdkhudqx�
bnqqdk]sdc�vhsg�sgd�]ahkhsx�sn�dchs�eds]k�ktmf�bdkkr�%Ehf- 1 (-�Sn�]rrdrr�
fdmd�dchshmf�dffibhdmbx+�vd�trdc�]�sq]mrfdmhb�qdonqsdq�lntrd�sg]s�
bnms]hmr�]m�dmg]mbdc�fqddm�fltnqdrbdms�oqnsdhm�%dFEO(�fdmd�sg]s�
g]r�addm�chrqtosdc�ax�]m�hmsqnm�bnms]hmhmf�]�rokhbd �rhsd�lts]shnm�
sg]s� qdrtksr� hm� ]adqq]ms� rokhbhmf+� qdsdmshnm�ne� ]� rdfldms�ne� sgd�
hmsqnm+� ]mc� ]aqnf]shnm� ne� dFEO�fltnqdrbdmbd� %06(-�Bnqqdbshnm�

ne� sgd� rokhbd �rhsd�lts]shnm� qdrtksr� hm� bnqqdbs� hmsqnmhb� rokhbhmf+�
]kknvhmf�enq�dFEO�fltnqdrbdmbd�sg]s�b]m�ad�trdc�]r�]�qd]cnts�enq�
fdmd�dchshmf�%Ehf- 1A(-�Sn�]bghdud�fdmd�dchshmf�vd�trdc�MOr�kn]cdc�
vhsg�sqhokdw �enqlhmf�OM;r�]mc�rhmfkd �rsq]mcdc�cnmnq�CM;r-
�Sn�]rrdrr�hm�tsdqn�fdmd�dchshmf�hm�sghr�qdonqsdq�lntrd�vd�trdc�

]�OM;�cdrhfmdc�sn�s]qfds�]�gnlnotqhmd�rsqdsbg�torsqd]l�ne�sgd�
rokhbd rhsd�lts]shnm�%�04�+��07�(-�hr�OM;�bnms]hmdc�]�s]hk�bk]lo�
%sb(� cdrhfmdc� sn� dwsdmc� sgd�V]srnmzBqhbj� ahmchmf� cnl]hm� sn�
hmbqd]rd�ahmchmf�]ffimhsx�%�08�+��1/�(�]mc�]�lhmh onkxdsgxkdmd�fkxbnk�
rhcd�bg]hm�]s�sgd�γ a]bjanmd�onrhshnm+�vghbg�g]r�addm�rgnvm�sn�
hmbqd]rd�rnktahkhsx�]mc�ahmchmf�]ffimhsx�enq�sgd�CM;�s]qfds�%�10�(-�
hr�γsbOM;�v]r�dmb]ortk]sdc�hm�OKF;�MOr�vhsg�]�5/ ao�cnmnq�
CM;�sg]s�bnms]hmr�sgd�bnqqdbs�a]rd�rdptdmbd�hm�]�190�lnk]q�q]shn-�
d�MOr�vdqd�rogdqhb]k�vhsg�rhydr�]mc�yds]�onsdmsh]kr�bnmrhrsdms�
vhsg�oqduhntr�enqltk]shnmr�%RH� nndices+�Ehf-�R0�]mc�S]akd�R0�(-�
OM;.CM;�MOr�vdqd�cdkhudqdc�HU�nm�D04-4�nq�H;�nm�D05-4-�Entq�
c]xr�]esdq�sqd]sldms+�eds]k� ktmfr�vdqd�g]qudrsdc�]mc�chrrnbh]sdc�
hmsn�rhmfkd�bdkkr-�dFEO�fltnqdrbdmbd�v]r�]rr]xdc�ax�flnv�bxsnldsqx+�
vghbg�qdud]kdc�]�rhfmhfib]ms�hmbqd]rd�hm�dFEO�dwoqdrrhnm�]esdq�ansg�
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Fig. 2. Gene editing of fetal lungs in an eGFP reporter mouse model after in utero nanoparticle delivery. (A) schematic of in utero NP delivery and analysis. (B)
schematic of the eGFP reporter mousemodel that contains amutation in an intron that interrupts the eGFP coding sequence (gray boxes). Themutation creates
an aberrant splice site that leads to retention of an intronic fragment in the spliced messenger RNA, preventing proper translation of eGFP (Right). Correction
of the splice �site mutation with PNA (blue) and donor DNA (red) designed to target the mutation, results in correct splicing and restores eGFP expression (Left).
(C and D) Flow cytometry histograms (C) and normalized mean fluorescence intensity (nMFI) of the total lung cell population 4 d after either IV (red) or IA (blue)
NP treatment compared to untreated lungs (gray), n = 4 for each treatment group, data are mean ± SEM. (E) The frequency of gene editing was measured in
genomic DNA (gDNA) derived from fetal lungs 4 d after in utero NP treatment by droplet digital PCR (ddPCR), n = 4 for each treatment group, the horizontal lines
within the boxes indicate the median, the box indicates the first and third quartiles, and the whiskers represent the range.D
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H;�]mc�HU�hm�tsdqn�MO�sqd]sldms�%�Ehf-�1�B��]mc�C��(-�d�eqdptdmbx�
ne�fdmd�bnqqdbshnm�v]r�ld]rtqdc�ax�cqnokds�chfhs]k�OBP�%ccOBP(-�
;r�oqdchbsdc�ax�sgd�bdkktk]q�sqnohrl�ld]rtqdc�vhsg�fltnqdrbdms�
MOr+�HU�MO�sqd]sldms�qdrtksdc�hm�]�rhfmhfib]mskx�ghfgdq�kdudk�ne�
fdmd� dchshmf� %-5 (� hm� sgd� ktmf� sg]m� sg]s� ]bghdudc� ax� H;�MO�
sqd]sldms�%-/-5 (�%�Ehf-�1D��(-��

Functional CFTR Activity after In Utero Gene Editing in aMouse
Model of CF.�Mdws+�vd�hmudrshf]sdc�vgdsgdq�OM;.CM;�MOr�bntkc�
ad� trdc� sn� bnqqdbs� sgd� lnrs� bnllnm� chrd]rd �b]trhmf� BESP�
lts]shnm+� E4/7cdk+� ]esdq� hm� tsdqn� cdkhudqx� hm� ]� lntrd� lncdk�
gnlnyxfntr�enq�sgd�sgqdd�a]rd�o]hq�cdkdshnm�%Ehf- 2 (-�OM;�]mc�
cnmnq�CM;�cdrhfmdc�sn�bnqqdbs�sgd�E4/7cdk�lts]shnm�hm�lhbd�
%03(�vdqd� kn]cdc� hmsn�OKF;�MOr-�;f]hm+� sgd�MOr�chrok]xdc�]�
rogdqhb]k�lnqognknfx+�vhsg�rhyd�]mc�yds]�onsdmsh]k�bnmrhrsdms�vhsg�
oqduhntr�enqltk]shnmr�%RHx nndices+�Ehf- R0�]mc�S]akd R0(�%03(-�;�
rhmfkd�cnrd�ne�OM;.CM;�MOr�vdqd�]clhmhrsdqdc�sn�E4/7cdk�BE�
lntrd�edstrdr�HU�nm�D04-4�]mc�H;�nm�D05-4-�;�m]r]k�onsdmsh]k�
chffdqdmbd�%MOC(�]rr]x�v]r�odqenqldc�3�]mc�7�ln�]esdq�eds]k�MO�
sqd]sldms�sn�ld]rtqd�sgd�]bshuhsx�ne�BESP�hm�sgd�m]r]k�dohsgdkhtl�
ne�sqd]sdc�%ansg�H;�]mc�HU(�]mc�tmsqd]sdc�lhbd-�d�MOC�hr�]�
mnmhmu]rhud�]rr]x�trdc�sn�cdsdbs�bgknqhcd�sq]mronqs�hm uhun-�Hm�sghr�
]rr]x+� sgd� k]bj�ne� ]bshu]shnm�ne� bxbkhb�;LO �rshltk]sdc�bgknqhcd�
d—tw�vhsg�enqrjnkhm�%ERI(�hr�sgd�g]kkl]qj�ne�BE�]ffdbsdc�dohsgdkh]�
]mc�sgd�qdrsnq]shnm�ne�sghr�qdronmrd�rdqudr�]r�]�rtqqnf]sd�ne�BESP�
]bshuhsx-�;�khlhs]shnm�ne�sghr�sdbgmhptd�hr�sg]s�hs�hr�mns�onrrhakd�sn�
bnmsqnk�sgd�dwsdqm]k�dmuhqnmldms�]ffdbshmf�sgd�shrrtd+�hmbktchmf�
sgd�dmcnfdmntr�mdtq]k�]mc�gnqlnm]k�hmotsr-�;�l]inq�]cu]ms]fd�
ne� sgd�]rr]x+�gnvdudq+� hr� sg]s� ]mhl]kr�cn�mns�mddc� sn�ad�jhkkdc�
sn� ]rrdrr� sgd� shrrtd+� ]kknvhmf� enq� qdod]s� ld]rtqdldmsr� ne� hnm�
sq]mronqs�oqnodqshdr�nudq�shld+�]r�vd�g]ud�rgnvm�gdqd�%Ehf- 2A�]mc�
RHx nndices+�Ehfr- R3�]mc�R4(-�;s�ansg�3�]mc�7�ln�]esdq�hm�tsdqn�
OM;.CM;�MO�sqd]sldms�vd�entmc�sg]s�sgd�hlo]hqdc�qdronmrd�
sn�bxbkhb�;LO�rshltk]shnm�v]r�bnqqdbsdc�]esdq�ansg�H;�]mc�HU�
MO�sqd]sldms�]mc�lnqd�qnatrskx�bnqqdbsdc+�sn�]�u]ktd�rhlhk]q�sn�
sg]s�ne�vhkc �sxod�lhbd+�]esdq�HU�MO�sqd]sldms�%Ehf- 2A–7�ln�
]mc�RHx nndices+�Ehf- R3–3�ln(-�Pdoqdrdms]shud�MOC�sq]bdr�]qd�
chrok]xdc�hm�RHx nndices+�Ehf- R4-�Vd�]cchshnm]kkx�ld]rtqdc�sgd�
qdbs]k�onsdmsh]k�chffdqdmbd�%POC(�enq�sgd�lhbd�vgn�qdbdhudc�HU�
MO�sqd]sldms�]mc�entmc�]�rhfmhfib]ms�hloqnudldms�hm�sgd�POC+�
sn�]�kdudk�rhlhk]q�sn�sg]s�ne�vhkc �sxod�lhbd�%Ehf- 2B(-
�Hm�]cchshnm�sn�sgd�hm�uhun�ogdmnsxohb�bnqqdbshnm+�vd�]rrdrrdc�

BESP�etmbshnm�dw�uhun�hm�dohsgdkh]k�f]rsqnhmsdrshm]k�shrrtd�7�ln�
]esdq� rxrsdlhb� eds]k� OM;.CM;�MO� sqd]sldms� trhmf� ]m�Trrhmf�
bg]ladq�]rr]x�sg]s�ld]rtqdr�BESP�ldch]sdc�hnm�sq]mronqs�]r�]�
bg]mfd� hm� rgnqs bhqbths� btqqdms� %ΔHpT��(� hm qdronmrd� sn� ]�BESP �
rshltk]shmf� bnbjs]hk� ne� ERI� ]mc� 2 hrnatsxk 0 ldsgxkw]msghmd�
%HALW(�%�Ehf-�2C��(-�Vd�entmc�]�rhfmhfib]ms�hmbqd]rd�hm�sgd�ΔHpT��hm�
sgd� bnknm� ]mc� qdbstl� hm� HU� sqd]sdc� lhbd� vgdm� bnlo]qdc� sn�
tmsqd]sdc�BE�lhbd�%�Ehf-�2�G��]mc�H��(-�Vd�nardqudc�]�lnqd�lncdrs�
hmbqd]rd�hm�sgd�ΔHpThm�sgd�lnqd�oqnwhl]k�FH�shrrtd�hmbktchmf�sgd�
ctncdmtl+�iditmtl+�]mc�hkdtl�%�Ehf-�2�D�zF��(-
�Vd�etqsgdq�cdlnmrsq]sdc�ogdmnsxohb�hloqnudldms�hm�ntq�hm�

tsdqn�sqd]sdc�lhbd�ax�ld]rtqhmf�bdkk�bntmsr�hm�sgd�aqnmbgn]kudnk]q�
k]u]fd�%A;K(�flthc�ne�lhbd+�vghbg�sxohb]kkx�bnms]hmr�hlltmd�bdkkr�
rtbg�]r�]kudnk]q�l]bqnog]fdr�]mc�mdtsqnoghkr-�Vgdm�bnlo]qdc�
sn�tmsqd]sdc�BE�lhbd+�vd�nardqudc�rhfmhfib]mskx�knvdq�bdkk�bntmsr�
hm�ntq�hm�tsdqn�sqd]sdc�lhbd�7�ln�]esdq�ahqsg-�dqd�v]r�mn�rhfmhe,
hb]ms�chffdqdmbd�adsvddm�sgd�bdkk�bntmsr�hm�ntq�sqd]sdc�lhbd�vgdm�
bnlo]qdc�sn�vhkc sxod�lhbd+�vghbg�rtffdrsr�cdbqd]rdc�hmfl]ll],
shnm� hm� sgd� ]hqv]x� rdbnmc]qx� sn� qdrsnq]shnm�ne�BESP� etmbshnm�
%�Ehf-�3I��(-�S]jdm�snfdsgdq+�vd�cdlnmrsq]sd�knmf sdql�etmbshnm]k�
chrd]rd�hloqnudldms�hm�ansg�qdrohq]snqx ]mc�f]rsqnhmsdrshm]k�shr,
rtdr�]esdq�]�rhmfkd�hm�tsdqn�OM;.CM;�MO�sqd]sldms-��������

�Ctd�sn�khlhs]shnmr�hm�sgd�onsdmsh]k�chffdqdmbd�]rr]xr+�sgd�dwodq,
hldmsr� b]mmns� ad� qdkh]akx� odqenqldc� tmshk� sgd�lhbd� ]qd� 1/� f-�
Enqsthsntrkx+� sghr� ]kknvdc�tr� sn� dw]lhmd� sgd� knmfduhsx� ne� fdmd�
dchshmf�]bghdudc�]esdq�]�rhmfkd�hm�tsdqn�MO�sqd]sldms�cnrd-�Vd�
nardqudc�hloqnudc�BESP�etmbshnm�]s�3�ln�sg]s�v]r rtrs]hmdc�sn�
]s�kd]rs�7�ln�ne�]fd+�vghbg�bnmsq]rsr vhsg�sgd�MOC�qdronmrd�rddm�
hm�]ctks�lhbd�sqd]sdc�rxrsdlhb]kkx�vhsg�OM;.CM;�MOr+�vgdqd�
sgd�bg]mfd�hm�MOC�hr�]ssdmt]sdc�]esdq�3�vj�]mc�qdod]s�cnrhmf�hr�
qdpthqdc�sn�rtrs]hm�etmbshnm]k�BESP�]bshuhsx�%�00�(-
�Vd�odqenqldc�ntq�OM; MO�sqd]sldmsr�ctqhmf�sgd�sq]mrhshnm�

adsvddm sgd�ordtcnfk]mctk]q�]mc�b]m]khbtk]q�og]rdr�ne�ktmf�cdudk,
noldms+�hm�vghbg�sgd�ktmf�hr�q]ohckx�chuhchmf�sn�fdmdq]sd�sgd�ktmf�
shrrtd�mdbdrr]qx� sn� rtrs]hm�onrsm]s]k� khed� %�11�(-�hr� dmuhqnmldms�
l]x�ad�o]qshbtk]qkx�oqhldc�enq�CM;�qdo]hq+�]mc�vd�gxonsgdrhydc�
sg]s�sgd�cdudknohmf�eds]k�ktmf�l]x�ad�]�lnqd�gnrohs]akd�dmuhqnm,
ldms�enq�OM; ldch]sdc�fdmd�dchshmf�sg]m�sgd�]ctks�ktmf-�Trhmf�
PM;rdp+�vd�du]kt]sdc�sgd�dwoqdrrhnm�ne�fdmdr�hmunkudc�hm�o]sgv]xr�
qdk]sdc�sn�fdmd�dchshmf9�sgd�gnlnknfx�chqdbsdc�qdo]hq�%GCP(+�MDP+�
LLP+� ]mc�E;�CM;�qdo]hq�o]sgv]xr� %�12�������z�16�(-�Vd� entmc� sg]s�
fdmdr�hm�sgdrd�o]sgv]xr�]qd�dkdu]sdc�hm�D05-4�eds]k�bnlo]qdc�sn�
]ctks�ktmf�shrrtd�%RH� nndices+�Ehf-�R5�(-�Vgdm�vd�]m]kxydc�]�k]qfdq�
khrs�ne�fdmdr�]rrnbh]sdc�vhsg�CM;�qdo]hq+�051�ne� sgd�115�fdmdr�
hmunkudc�vhsg�CM;�qdo]hq�rgnv�rhfmhfib]ms�chffdqdmbdr�hm�dwoqdrrhnm�
hm�sgd�eds]k�]mc�]ctks�ktmfr+�vhsg�sgd�l]inqhsx�ne�CM;�qdo]hq�fdmdr�
g]uhmf�ghfgdq�dwoqdrrhnm�hm�sgd�eds]k�ktmf�%RH� nndices+�Ehf-�R6�(-��

Genotypic Correction after PNA �Mediated In Utero Gene Editing.�
Vd�mdws�rntfgs�sn�pt]mshex�sgd�kdudk�ne�fdmd�dchshmf�sg]s�kdc�sn�
sgd�nardqudc�ogdmnsxohb�BESP�bnqqdbshnm-�d�sqd]sdc�eds]k�lhbd�
vdqd�anqm�]m�]udq]fd�ne�3�c�]esdq�sqd]sldms�]mc�]�ccOBP�]rr]x�
cdrhfmdc�sn�chrbdqm�adsvddm�sgd�dchsdc�BESJ�]kkdkd+�bnms]hmhmf�
]� BSS� hmrdqshnm+� ]mc� sgd�lts]ms� E4/7cdk� ]kkdkd� v]r� trdc� sn�
ld]rtqd�sgd�odqbdms�ne�fdmd�dchshmf�hm�mtldqntr�eds]k�shrrtdr�]s�
sghr� shld� %Ehf- 3 (-�Vd�nardqudc�fdmd�bnqqdbshnm� hm�mtldqntr�
shrrtdr�qdkdu]ms�sn�BE�]esdq�rxrsdlhb�MO�sqd]sldms�hmbktchmf�sgd�
ktmf�%to�sn�0-4 (+�o]mbqd]r�%to�sn�7-4 (+�fts�%to�sn�4-4 (+�rjhm�
%to�sn�5 (+�]mc�khudq�%to�sn�/-3 (-�Vghkd�kdrr�qdkdu]ms�sn�BE+�vd�
]krn�entmc�dchshmf�hm�sgd�jhcmdx�%to�sn�0-1 (�]mc�aq]hm�%to�sn�
01 (-�;�kdrrdq�dwsdms�ne�dchshmf�v]r�]krn�entmc�hm�l]mx�shrrtdr�
]esdq�H;�MO�sqd]sldms�hmbktchmf�sgd�ktmf�%to�sn�/-6 (+�fts�%to�
sn�/-1 (+�o]mbqd]r�%to�sn�/-4 (+�aq]hm�%to�sn�2-5 (+�khudq�%to sn�
/-3 (+�rjhm�%to�sn�8-3 (+�gd]qs�%to�sn�0-0 (+�]mc�rokddm�%to�sn�
/-5 (�%Ehf- 3 (-�d�kdudk�ne�fdmd�bnqqdbshnm�]esdq�eds]k�HU�MO�
sqd]sldms�ld]rtqdc�vhsg� ccOBP�v]r� ]krn� bnmfiqldc� ax� cddo�
rdptdmbhmf�%Ehf- 3A(-�Cddo�rdptdmbhmf�v]r�]krn�odqenqldc nm�
fdmnlhb�CM;� %fCM;(� hrnk]sdc� eqnl� ]�lntrd 7�ln� ]esdq� HU�
hm�tsdqn�MO�sqd]sldms+�vghbg�qdud]kdc�]�rtrs]hmdc�kdudk�ne�fdmd�
bnqqdbshnm�hm�shrrtdr�qdkdu]ms�sn�BE�%Ehf- 3B(+�]r�vdkk�]r�shrrtdr�
kdrr� qdkdu]ms� sn�BE�%RHx nndices+�Ehf- R7(+� hmsn�]ctksgnnc-�Vd�
nardqudc�mn�duhcdmbd�ne�fnm]c�dchshmf�7�ln�]esdq�HU�nq�H;� hm�
tsdqn�MO�sqd]sldms�%RHx nndices+�Ehf- R8(-�K]rs+�vd�trdc�cddo�
rdptdmbhmf� sn� ]rrdrr� enq� onsdmsh]k� nff �s]qfds� dffdbsr� hm� sgd� ktmf�
ansg�3�c�]mc�7�ln�]esdq�OM;.CM;�MO�sqd]sldms�ax�du]kt]shmf�
0/�fdmnlhb� rhsdr�vhsg�o]qsh]k�gnlnknfx� sn� sgd�ahmchmf� rhsd�ne�
sgd�OM;�]mc�nmd�rhsd�vhsg�o]qsh]k�gnlnknfx�sn�sgd�cnmnq�CM;�
%00(-�d� qdrtksr� qdud]kdc� ]m� tmcdsdbs]akd�lts]shnm� eqdptdmbx�
]s� sgdrd� nff �s]qfds� rhsdr� hm� ansg� d]qkx� onrsm]s]k� ]mc� ]ctks�lhbd�
%RHx nndices+�S]akd R1(-

 hrbtrrhnm

�BE�hr�]�ltkshnqf]m�chrd]rd+�vhsg�rhfmhfib]ms�l]mhedrs]shnmr�oqhnq�sn�
]mc�]s�sgd�shld�ne�ahqsg-�Fhudm�sghr�dwsdms�ne�chrd]rd+�hs�hr�onrrhakd�
sg]s�]�oqdm]s]k�]ooqn]bg�sn�chrd]rd�sqd]sldms�l]x�ad�qdpthqdc�sn�D
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sqtkx�btqd�]�o]shdms�ne�BE-�Vd�rgnv�sg]s�BE�b]m ad�sqd]sdc�adenqd�
ahqsg�ax�bnqqdbshmf�sgd�lnrs�bnllnm�chrd]rd b]trhmf�lts]shnm+�
E4/7cdk+ vghbg�qdrtksr�hm�rtrs]hmdc�dchshmf�]mc�ogdmnsxohb�chrd]rd�

hloqnudldms�hm�ltkshokd�nqf]mr�]ffdbsdc�ax�BE+�hmbktchmf�sgd�qdr,
ohq]snqx�]mc�f]rsqnhmsdrshm]k�sq]bsr-�Hlonqs]mskx+�sgdrd�dffdbsr�k]rs�
hmsn� ]ctks� khed-�hr� qdrtks� hr ]bbnlokhrgdc� ax� trhmf� ]� rhmfkd�

/

A

F G IH

C D E

B

Fig. 3. Phenotypic disease improvement in CF adult mice after in utero gene editing. (A) schematic of in utero NP treatment and analysis. (B) The NPD and (C)
RPD in untreated CF mice (NPD n = 12, RPD n = 4), wild �type mice (NPD N = 7, RPD n = 4), and CF mice 8 mo after IA (NPD n = 3), or IV (NPD n = 4, RPD n = 4)
in utero nanoparticle treatment. Each mouse is represented by an individual data point, the mean is shown with a horizontal line, surrounded by error bars
showing the SEM. (D–I) schematic of ex vivo short circuit (ΔIsc) analysis using the Ussing chamber assay (D) for the duodenum (E), jejunum (F), ileum (G), colon
(H), and rectum (I). (J) bronchoalveolar lavage (BAL) fluid cell counts 8 mo after IV in utero NP treatment (red) compared to untreated CF (black) and wild �type
(gray) mouse controls, data are mean ± SEM. Statistical analysis by one �way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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sqd]sldms�vhsg� mnmmtbkd]rd+� sqhokdw� enqlhmf+� OM;r� bncdkhudqdc�
vhsg�]�rgnqs�cnmnq�CM;�hm�onkxldqhb�OKF;�MOr�ax�dhsgdq�HU�
hmidbshnm�uh]�sgd�uhsdkkhmd�udhm+�nq�ax�hmrshkk]shnm�chqdbskx�hmsn�sgd�
]lmhnshb�flthc+�vghbg�qdrtksr�hm�eds]k�hmg]k]shnm�]mc�hmfdrshnm�ne�sgd�
MO�bnms]hmhmf�flthc-
�OM;.CM;�MOr�g]ud�oqduhntrkx�addm�trdc�sn�rgnv�ansg�ogd,

mnsxohb�]mc�fdmnsxohb�bnqqdbshnm�ne�BESJ��lts]shnmr�hm�uhsqn+�
hm�]�ogxrhnknfhb]kkx�qdkdu]ms�lncdk�ne�m]r]k�dohsgdkh]k�bdkkr�fqnvm�
]s�]hq�khpthc�hmsdqe]bd+�]mc�hm uhun�hm�]ctks�lhbd�]esdq�ansg�snohb]k�
hmsq]m]r]k�]mc�HU�cdkhudqx�%�00�+��03�(-�;�qdbdms�rstcx�drs]akhrgdc�
sgd�ed]rhahkhsx�ne�]m�HU�%h-d-+�rxrsdlhb(�]ooqn]bg�enq�BE�sqd]sldms�
vhsg�OM;�MOr�]mc�]krn�entmc�ltkshnqf]m�fdmnsxohb�]mc�ogd,
mnsxohb�bnqqdbshnm:�gnvdudq+�qdod]s�cnrhmf�v]r�qdpthqdc�sn�rtrs]hm�
ld]rtq]akd�BESP�]bshuhsx�hm�etmbshnm]k�]rr]xr�%�00�(-�d�l]inqhsx�
ne�BE�ch]fmnrdr�qdrtks�eqnl�mdvanqm�rbqddmhmf:�gnvdudq+�vhsg�
sgd�]cudms�ne�mnmhmu]rhud�oqdm]s]k�fdmdshb�sdrshmf+�rtbg�]r�sgd�
rdptdmbhmf�ne�bdkk�eqdd�eds]k�CM;+�BE�b]m�mnv�ad�ch]fmnrdc�d]qkx�
ctqhmf�fdrs]shnm-�d�BE�Entmc]shnm�O]shdms�Pdfhrsqx�;mmt]k�
C]s]�Pdonqs�hmchb]sdr�sg]s�sgd�mtladq�ne�oqdm]s]k�BE�ch]fmnrdr�
]qd� hmbqd]rhmf� d]bg� xd]q+� vhsg� ]ooqnwhl]sdkx� 0/ � ne� mdv�

ch]fmnrdr�l]cd�adenqd�ahqsg�hm�1/10-�D]qkx�ch]fmnrhr�nodmr�sgd�
vhmcnv�enq�d]qkx�hmsdqudmshnm-�Ntq�vnqj�gdqd�hmchb]sdr�sg]s�sgdqd�
]qd�onsdmsh]k�]cu]ms]fdr�ne�hm�tsdqn�sqd]sldms�ne�BE+�]r�vd�]qd�
]akd�sn�]bghdud�rtrs]hmdc�etmbshnm]k�BESP�]bshuhsx�hmsn�]ctks,
gnnc�ne�sgd�lntrd�]esdq�]�rhmfkd�cnrd�ne�OM;.CM;�MOr hm�tsdqn�
trhmf�]�eq]bshnm�ne�sgd�cnrd�mddcdc�enq�rhlhk]q�qdrtksr�hm�]ctks�
lhbd�%]ooqnwhl]sdkx�2-1�mlnk�ne�OM;�vdqd�trdc�sn�sqd]s�d]bg�
]ctks�lntrd+�]mc�/-/7�mlnk�ne�OM;�odq�eds]k�lntrd(-�d�eds]k�
dmuhqnmldms�hr�]krn�qhed�vhsg�q]ohckx�chuhchmf�rsdl�bdkk�onotk],
shnmr+�vghbg�]qd�sgd�oqdrtldc�s]qfdsr�sg]s�vntkc�qdrtks�hm�rtr,
s]hmdc�fdmd�bnqqdbshnm-�Vd�g]ud�oqduhntrkx�cdlnmrsq]sdc�sg]s�
eds]k+�bnlo]qdc�sn�onrsm]s]k+�OM;.CM;�MO�sqd]sldms�qdrtksr�
hm�]�ghfgdq�onotk]shnm�ne�dchsdc�gdl]snonhdshb�rsdl�]mc�oqnfdm,
hsnq�bdkkr�hm�]�lntrd�lncdk�ne�β sg]k]rrdlh]�%�07�+��17�(-�;r�vd�rgnv�
gdqd+�CM;�qdo]hq�o]sgv]xr�hmbktchmf�GCP+�MDP+�LLP+�]mc�
E;+�vghbg�]qd�hlokhb]sdc�hm�OM;�]mc�BPHROP.B]r8�ldch]sdc�
fdmd�dchshmf+�]qd�ghfgkx�dwoqdrrdc�hm�sgd�ltqhmd�cdudknohmf�eds]k�
ktmf�bnlo]qdc�sn�sgd�]ctks�ktmf–]�fimchmf�sg]s�bntkc�bnmsqhatsd�
sn�sgd�ghfgdq�eqdptdmbx�ne�fdmd�bnqqdbshnm�]mc�knmfduhsx�ne�ogd,
mnsxohb�qdronmrd�rddm�hm�sgd�hm�tsdqn�sqd]sdc�BE�lhbd-
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Fig. 4. Gene editing frequency in multiple organs after in utero gene editing in CF mice. (A) ddPCR quantification of gene editing in gDNA from organ biopsies
4 d post in utero IV or IA PNA NP treatment compared to untreated CF controls, (n = 9, data are mean ± SEM). (B) Deep sequencing quantification of gene editing
in gDNA from organ biopsies 4 d post IV PNA NP treatment, n = 3, data are mean ± SEM. (C) Deep sequencing quantification of gene editing in an adult mouse
8 mo after IV NP treatment, NE = nasal epithelium. Statistical analysis by the Kruskal–Wallis test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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�hr�vnqj�dw]lhmdr�]clhmhrsq]shnm�ne�MOr�sn�sgd�cdudknohmf�
ltqhmd�edstr�trhmf�svn�chffdqdms�sdbgmhptdr+�ansg�HU�]mc�H;-�Vd�
g]ud�oqduhntrkx�rgnvm�sg]s�sgd�]clhmhrsq]shnm�ne�OKF;�MOr�uh]�
ansg�hm�tsdqn�sdbgmhptdr hm�lhbd�hr�r]ed+�vhsgnts�]m�hlo]bs�nm�
rtquhu]k+�fqnvsg+�nq�bxsnjhmd�dwoqdrrhnm�%�04�(-�Gdqd+�vd�rgnv�sg]s�
HU�MO�]clhmhrsq]shnm�qdrtksr�hm�]�ghfgdq�]bbtltk]shnm�ne�MOr�hm�
sgd�eds]k�ktmf sg]m�H;+�vghbg�bnqqdk]sdr�sn�ghfgdq�kdudkr�ne�dchshmf�
hm�sgd�ktmf�hm�]�qdonqsdq�lntrd�]mc�hloqnudc�ogdmnsxohb�hloqnud,
ldms�]mc�ghfgdq�kdudkr�ne�fdmd dchshmf�hm�sgd�E4/7cdk�BE�lntrd-�
Ntq�vnqj�rtffdrsr�sg]s�sgd�OKF;�a]rdc�MOr�trdc�enq�sghr�rstcx�
l]x�ad�tmrs]akd�hm�ltqhmd�]lmhnshb�flthc+�onrrhakx�eqnl�]ffqd,
f]shnm�nq�oqnsdhm�cdonrhshnm+�vghbg�bntkc�chlhmhrg�sgdhq�]ahkhsx�
sn�dmsdq�bdkkr�]mc�cdkhudq�mtbkdhb�]bhcr-�d�adg]uhnq�ne�MOr�hm�
oqnsdhm qhbg�ahnknfhb�flthcr�hr�]m�]qd]�ne�hmsdqdrs�enq�l]mx�k]ar:�
tmcdqrs]mchmf�sghr�adg]uhnq�hr�hlonqs]ms�enq�sgd�rtbbdrretk�sq]mr,
k]shnm�ne�l]mx�MO a]rdc�sdbgmnknfhdr�eqnl�k]a�hmsn�bkhmhb]k�oq]b,
shbd-�Hs�hr�jmnvm�sg]s�tonm�bnms]bs�vhsg�ahnknfhb�flthcr+�MOr�]qd�
hlldch]sdkx� bn]sdc� vhsg� oqnsdhmr� ]mc� nsgdq� l]bqnlnkdbtkdr�
%�18�����z�21�(-�hr�q]ohc�enql]shnm�ne�]�oqnsdhm�bnqnm]�hmfltdmbdr�sgd�
rtardptdms�adg]uhnq�ne�MOr+� hmbktchmf�sgd�gxcqncxm]lhb�rhyd+�
rtqe]bd+�bg]qfd+�]mc�]ffqdf]shnm�%�22���z�24�(-�Etqsgdq+�sgd�]arnqadc�
oqnsdhmr�bnmsqnk�MO�hmsdq]bshnm�vhsg�bdkk�ldlaq]mdr�]mc�onsdm,
sh]kkx�]ksdq�sgd�ldbg]mhrl�ne�tos]jd�%�25�����z�28�(-�d�bnqnm]�dmcr�to�
cdfimhmf� sgd� ahnknfhb]k� hcdmshex� ne� sgd�MOr+� ]mc� b]m� hmfltdmbd�
o]q]ldsdqr�rtbg�]r�ahnchrsqhatshnm+�snwhbhsx+�]mc�hmsdqm]khy]shnm�
%�3/���z�31�(-�d�]ahkhsx�sn�lnctk]sd�sgd�bnlonrhshnm�ne�sgd�ahnlnk,
dbtkd�bnqnm]�hr�]m�dwbhshmf�]qd]�ne�nmfnhmf�hmudrshf]shnm�]mc�etq,
sgdq�tmcdqrs]mchmf�bntkc�hloqnud�hm�uhun�cdkhudqx�hm�mtldqntr�
]ookhb]shnmr-�Enq�dw]lokd+�qdbdms�vnqj�nm�sgd�hmbktrhnm�ne�rdkdbshud�
nqf]m�s]qfdshmf�%RNPS(�khohcr�hm�khohc�MO�%KMO(�enqltk]shnmr+�
vghbg�]ksdqr�sgd�bnlonrhshnm ne�sgd�KMO�rtqe]bd+�rtffdrsr�sg]s�
bgdlhb]k�bg]mfdr hm�KMO�bnlonrhshnm�]ffdbs�sgd�shrrtd�sqnohrl�
enq�rxrsdlhb]kkx�cdkhudqdc�KMOr+�rdbnmc]qx�sn�chffdqdmbdr�hm�oqn,
sdhm�bnqnm]�enql]shnm�%�32�(-�Etqsgdq�tmcdqrs]mchmf�]mc�noshlh,
y]shnm�ne�gnv�onkxldqhb MOr�odqenql� hm�]lmhnshb�flthc�bntkc�
oqnud�trdetk�]r�]�ld]mr�sn�cdkhudq�fdmd�dchshmf�b]qfn�sn�otklnm]qx�
dohsgdkh]k�bdkkr�%�33�(-
�Oqhnq�sn�sghr�vnqj+�sgdq]odtshb�hm�tsdqn�fdmd�dchshmf�ne�]�lnmn,

fdmhb�chrd]rd�vhsgnts�sgd�trd�ne�]�uhq]k�udbsnq�g]r�addm�cdlnm,
rsq]sdc� hm�nmkx�nmd�oqhnq� rstcx-� Hm�tsdqn�fdmd�dchshmf�v]r�fiqrs�
rgnvm�ax�ntq�fqnto�trhmf�OM;.CM; MOr�sn�bnqqdbs�]�chrd]rd�
b]trhmf�β fknahm�lts]shnm�hm�gdl]snonhdshb�rsdl�bdkkr�hm�]�lntrd�
lncdk� ne� β sg]k]rrdlh]+� vghbg� qdrtksdc� hm rtrs]hmdc� onrsm]s]k�
dkdu]shnm�ne�sgd�aknnc�gdlnfknahm�bnmbdmsq]shnm�]mc�hloqnudc�
rtquhu]k�vhsg�mn�cdsdbsdc�nff s]qfds�lts]shnmr�hm�o]qsh]kkx�gnlnk,
nfntr� knbh-� Gdqd+� vd� ]krn� rgnv� rhlhk]q� knmf sdql� ogdmnsxohb�
hloqnudldms vhsg�tmcdsdbs]akd�nff s]qfds�lts]shnmr�hm�o]qsh]kkx�
gnlnknfntr�knbh-�Vd�]qd�khlhsdc�hm�sdqlr�ne�ntq�nff s]qfds�]m]kxrhr�
sn�sgd�hmudrshf]shnm�ne�rhsdr�vhsg�o]qsh]k�gnlnknfx�sn�sgd�ahmchmf�
rhsdr�ne�ntq�OM;�]mc�cnmnq�CM;+�]r�sghr�fdmd�dchshmf�sdbgmhptd�
hr�mnmmtbkd]rd�ldch]sdc+�l]jhmf�trd�ne�dmcnfdmntr+�ghfg�ficdkhsx�
qdo]hq�o]sgv]xr-�Vd�g]ud�rgnvm�hm�ltkshokd�dw�uhun�]mc�hm�uhun�
rxrsdlr�sg]s�sghr�rxrsdl�qdrtksr�hm�dwsqdldkx�knv�sn�tmcdsdbs]akd�
kdudkr�ne�nff s]qfds�lts]fdmdrhr�]s�rhsdr�ne�o]qsh]k�gnlnknfx+�]�oqno,
dqsx�ne�mnmmtbkd]rd a]rdc�fdmd�dchshmf�sg]s�hr�o]qshbtk]qkx�]ssq]b,
shud�vgdm�bnmrhcdqhmf�lnchexhmf�sgd�cdudknohmf�eds]k�fdmnld-
�Mtbkd]rd a]rdc�fdmd�bnqqdbshnm�sdbgmnknfhdr�rtbg�]r�BPHROP �

B]r�rxrsdlr�vhsg�GCP�sdlok]sdr+�a]rd�dchsnqr+�]mc�oqhld�dchsnqr�
]cchshnm]kkx�rgnv�fqd]s�oqnlhrd�hm�sgd�sqd]sldms�ne�BE-�Svn�mns],
akd�qdbdms�rstchdr�g]ud�cdlnmrsq]sdc�rxrsdlhb�bnqqdbshnm�ne�btq,
qdmskx�tmsqd]s]akd�mnmrdmrd�lts]shnmr�uh]�cdkhudqx�ne�noshlhydc�
ktmf� RNPS� KMOr� bnms]hmhmf� b]qfn� enq� dhsgdq� BPHROP B]r8�
ldch]sdc� GCP� %�02�(+� nq� a]rd� dchshmf� %�01�(-� Hm� sgd� rstcx� sg]s�

dloknxdc�]cdmhmd�a]rd� dchshmf� %;AD(+� bnqqdbshnm�ne� sgd� s]qfds�
mtbkdnshcd�ne�sgd�P442W�lts]shnm�v]r�]bghdudc�hm�4/ �ne�ktmf�
a]r]k�bdkkr�0/�c�]esdq�]�rhmfkd�;AD KMO�sqd]sldms-�;r�sgd�lntrd�
lncdk�trdc�cndr�mns�dwghahs�o]sgnknfhb�ed]stqdr�ne�BE+�nqf]mnhcr�
vdqd�bqd]sdc�eqnl�hmsdrshm]k�rsdl�bdkkr�eqnl�sgd�lncdk-�;esdq�sqd]s,
ldms�ne�sgd�nqf]mnhcr�vhsg�KMOr+�71 �ne�sgd�nqf]mnhcr+�vhsg�
fdmd�bnqqdbshnm�]s�]�rhlhk]q�kdudk�sn�sgd�a]r]k�bdkkr�hm�sgd�lntrd�
lncdk+�dwghahsdc�rvdkkhmf+�hmchb]shud�ne�qdrsnqdc�BESP�etmbshnm�
%�01�(-�;ksgntfg�sgd�kdudkr�ne�dchshmf�nardqudc�hm�ntq�vnqj�]qd�knvdq+�
vd�rgnv�gdqd�sg]s�knvdq�kdudkr�ne�fdmd�bnqqdbshnm�]qd�rshkk�b]o]akd�
ne� oqnctbhmf� knmf k]rshmf� ogdmnsxohb� chrd]rd� hloqnudldms-�
Hmsdqdrshmfkx+� vd� nardqud� rnld� cdfqdd� ne� dchshmf� hm� ]kk� shrrtdr�
]rr]xdc+�hmbktchmf�sgd�aq]hm–sgd�nmkx�dwbdoshnm�hr�sgd�fnm]cr+�
vgdqd�mn�dchshmf�v]r�nardqudc-�Vd�]cchshnm]kkx�rdd�u]qh]akd�kdudkr�
ne�dchshmf�hm�BE�lntrd�shrrtd�]mc+�fnhmf�enqv]qc+�hs�vntkc�ad�ne�
hmsdqdrs�sn�cdfimd�sgd�rodbhfib�bdkk�sxodr�dchsdc�vhsg�d]bg�cdkhudqx�
qntsd�]mc�he�sgdqd�hr�]mx�]m]snlhb�qdk]shnmrgho�nq�u]qh]mbd�sgqntfg,
nts�shrrtdr�ne�hmsdqdrs�%h-d-+�oqnwhl]k�ur-�chrs]k�]hqv]xr+�bdmsq]k�ur-�
odqhogdq]k�khudq(-�Etstqd�qdrd]qbg�hmsn�sgd�noshlhy]shnm�ne�onkx,
ldqhb� MO� enqltk]shnmr� ]mc� OM;� bgdlhrsqx+� hmbktchmf� trhmf�
OM;r�sn�bnqqdbs�sgd�q]qdq�lts]shnmr�ne�sgd�0/ �ne�o]shdmsr�vgn�
]qd�mns�b]mchc]sdr�enq�lnctk]snq�sgdq]ohdr+�]qd�]krn�]qd]r�ne�nmfn,
hmf�hmsdqdrs�]mc�l]x�oqnud�eqthsetk�hm�hmbqd]rhmf�hm�uhun�dchshmf�
kdudkr�]mc�oqnuhchmf�]bbdrr�sn�fdmdshb�sgdq]odtshbr�%�34�+��35�(-
�hr�vnqj�oqnuhcdr�]�entmc]shnm�enq�rxrsdlhb�hm�uhun�fdmd�dchs,

hmf�]s�]�shld�ctqhmf�cdudknoldms�sg]s�qdrtksr�hm�rtrs]hmdc�ogdmn,
sxohb�chrd]rd�hloqnudldms�]esdq�]�rhmfkd�MO�sqd]sldms�]mc�bntkc�
oqnuhcd� ]� ld]mr� ne� oqdudmshmf� odql]mdms� nqf]m� c]l]fd-� Ne�
hmsdqdrs+�qdbdms�bkhmhb]k�b]rd�qdonqsr�g]ud�qdl]qj]akx�rgnvm�sg]s�
hm�tsdqn�dwonrtqd�sn�lnctk]snq�sgdq]ox�l]x�oqdudms�nqf]m�cxr,
etmbshnm�]s�sgd�shld�ne�ahqsg-�Enq�dw]lokd+�sgdqd�hr�qdonqs�ne�hm�
tsdqn�dwonrtqd�sn�lnctk]snq�sgdq]ox�hm�svn�hme]msr�gnlnyxfntr�
enq�E4/7cdk�lts]shnmr� %nmd�l]kd+�nmd� edl]kd(� sg]s� qdrtksdc� hm�
mnql]k�u]r�cdedqdmr�hm�sgd�l]kd�]mc�mnql]k�o]mbqd]shb�etmbshnm�
hm�ansg�hme]msr�%�36�(-�;cchshnm]k�qdonqsr�g]ud�cnbtldmsdc�mnql]k�
o]mbqd]r�etmbshnm+�]�e]krd�mdvanqm�rbqddm+�]mc�rtbbdrretk�sqd]s,
ldms�ne�ldbnmhtl�hkdtr�%�37�+��38�(-�drd�oqnlhrhmf�fimchmfr�rdqud�
]r�lnshu]shnm�hmsn�etstqd�vnqj�nm�hm�tsdqn�fdmd�dchshmf�]r�]�sqd]s,
ldms�enq�BE+�]r�oqdm]s]k�fdmd�bnqqdbshnm�l]x�oqnuhcd�sgd�onsdmsh]k�
enq�]�nmd shld�btqd-��
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OM;�‘mc�0�mlnkd�lf®0�ne�cnmnq�CM;-�Enq�OKF;�MOr+�sgd�dmb‘ortk‘ms�v‘r�‘ccdc�
cqnovhrd�sn�‘�onkxldq�rnktshnm�bnms‘hmhmf�7/�lf�4/94/�drsdq �sdqlhm‘sdc�OKF;�
’/-84�sn�0-1�f�cK®0+�K;BSDK�‘arnqa‘akd�onkxldqr:�Ahqlhmfg‘l+�;K(�chrrnkudc�hm�
chbgknqnldsg‘md�’CBL(�’7//�μK(+�sgdm�tksq‘rnmhb‘sdc�’2�×�0/�r(�sn�enqltk‘sd�sgd�
zqrs�dltkrhnm-�Sn�enql�sgd�rdbnmc�dltkrhnm+�sgd�zqrs�dltkrhnm�v‘r�‘ccdc�rknvkx�
cqnovhrd�sn�0-5�lK�ne�4#�‘ptdntr�onkxuhmxk�‘kbngnk�’OU;(�‘mc�sgdm�tksq‘rnmhb‘sdc�
’2�×�0/ r(-�Sghr�lhwstqd�v‘r�zm‘kkx�ontqdc�hmsn�1/�lK�ne�/-2#�‘ptdntr�OU;�‘mc�
rshqqdc�enq�2�g�‘s�qnnl�sdlodq‘stqd-�MOr�vdqd�sgdm�sgnqntfgkx�v‘rgdc�vhsg�1/�
lK�v‘sdq� ’2×(� ‘mc� etqsgdq� bnkkdbsdc�d‘bg� shld�ax� bdmsqhetf‘shnm� ’14+533×�f�
enq�0/�lhm�‘s�3�±B(-�MOr�vdqd�qdrtrodmcdc�hm�v‘sdq+�eqnydm�‘s�®7/�±B+�‘mc�sgdm�
kxnoghkhydc-�MOr�vdqd�rsnqdc�‘s�®1/�±B�‘esdq�kxnoghkhy‘shnm�’07(-

OA;D�v‘r�rxmsgdrhydc�ax�‘�Lhbg‘dk�‘cchshnm�qd‘bshnm�ne�0+3 �ats‘mdchnk�ch‘,
bqxk‘sd�’;ke‘�;dr‘q�Nqf‘mhbr+�V‘qc�Ghkk+�L;(�‘mc�3+3/ �sqhldsgxkdmdchohodqhchmd�
’Rhfl‘+�Lhkv‘tjdd+�VH(�‘r�oqduhntrkx�qdonqsdc�’40(-�CROD �ODF’1///( �l‘kdhlhcd�
v‘r�otqbg‘rdc�eqnl�;u‘msh�Onk‘q�Khohcr�’;k‘a‘rsdq+�;K(-�LOF�odoshcdr�vdqd�otq,
bg‘rdc�eqnl�Jdbj�’X‘kd�Tmhudqrhsx(-�Sgd�bdkk�odmdsq‘shmf�odoshcd+�LOF+�v‘r�bnu‘,
kdmskx� khmjdc�sn�CROD �ODF �l‘kdhlhcd�‘r�oqduhntrkx�qdonqsdc�’05(-�OKF;.OA;D�
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o‘qshbkdr� bnms‘hmdc�04#�OA;D� ’vs#(+� ‘mc�vdqd�oqdo‘qdc� ‘r� ‘anud� dwbdos� enq�
sgd� enkknvhmf� svn�lnchzb‘shnmr-�Rnkudms� eqnl� sgdrd�o‘qshbkdr�v‘r�du‘onq‘sdc�
nudqmhfgs� hm�/-2#�OU;�hmrsd‘c�ne� enq�2�g�‘r�‘anud-�Sn�l‘jd�rtqe‘bd �lnchzdc�
o‘qshbkdr+�CROD �ODF �LOF�v‘r�‘ccdc�sn�sgd�4-/#�OU;�rnktshnm�ctqhmf�enql‘shnm�
ne�sgd�rdbnmc�dltkrhnm�‘s�‘�4�mlnk�lf®0�khf‘mc �sn �onkxldq�q‘shn-

Ektnqdrbdms�ChN�nq�ChC�MOr�vdqd�rxmsgdrhydc�trhmf�‘�rhmfkd �dltkrhnm�rnkudms�
du‘onq‘shnm sdbgmhptd�’35(-�ChN�nq�ChC�v‘r�‘ccdc�sn�sgd�onkxldq�rnktshnm�‘s�‘�
/-1#�vs9vs�cxd9onkxldq�q‘shn-�ChN�‘mc�7/�lf�ne�OKF;�’nq�OKF;.OA;D�vhsg�4�mlnk�
lf®0�CROD �ODF �LOF(�vdqd�chrrnkudc�hm�7//�μK�CBL�nudqmhfgs-�Sghr�lhwstqd�
v‘r�‘ccdc�cqnovhrd�sn�0-5�lK�4#�‘ptdntr�OU;+�sgdm�tksq‘rnmhb‘sdc�’2�×�0/�
r(�sn�enqltk‘sd�‘�rhmfkd�dltkrhnm-�Sghr�lhwstqd�v‘r�ontqdc�hmsn�1/�lK�ne�/-2#�
‘ptdntr�OU;�‘mc�rshqqdc�enq�2�g�’nq�nudqmhfgs�enq�OKF;.OA;D�MOr(�‘s�qnnl�sdl,
odq‘stqd-�MOr�vdqd�sgdm�sgnqntfgkx�v‘rgdc�vhsg�1/�lK�v‘sdq�’2×(�‘mc�etqsgdq�
bnkkdbsdc�d‘bg�shld�ax�bdmsqhetf‘shnm�’14+533×�f�enq�0/�lhm ‘s�3�±B(-�MOr�vdqd�
qdrtrodmcdc�hm�v‘sdq+�eqnydm�‘s�®7/�±B+�‘mc�sgdm�kxnoghkhydc-�MOr�vdqd�rsnqdc�
‘s�®1/�±B�‘esdq�kxnoghkhy‘shnm�’07(-

MO�lnqognknfx�v‘r�‘rrdrrdc�ax�RDL�trhmf�‘m�WK �2/�rb‘mmhmf�dkdbsqnm�lhbqn,
rbnod�’EDH:�Ghkkranqn+�Nqdfnm(�‘r�oqduhntrkx�cdrbqhadc�’41(-�Oqhnq�sn�hl‘fhmf�vhsg�
RDL+�r‘lokdr�vdqd�bn‘sdc�vhsg�14�ml �sghbj�fnkc�trhmf�‘�rotssdq�bn‘sdq-�CKR�v‘r�
odqenqldc�sn�ld‘rtqd�sgd�MOr�gxcqncxm‘lhb�ch‘ldsdq�‘mc�yds‘�onsdmsh‘k�trhmf�
‘�L‘kudqm�M‘mn �YR�’L‘kudqm�Hmrsqtldmsr+�TJ(-

Mouse Models.�;kk�‘mhl‘k�trd�v‘r� hm�‘bbnqc‘mbd�vhsg� sgd�fthcdkhmdr�ne� sgd�
;mhl‘k�B‘qd�‘mc�Trd�Bnllhssdd�ne�X‘kd�Tmhudqrhsx�‘mc�bnmenqldc�sn�sgd�qdbnl,
ldmc‘shnmr�hm�sgd�Fthcd�enq�sgd�B‘qd�‘mc�Trd�ne�K‘anq‘snqx�;mhl‘kr�’Hmrshstsd�
ne�K‘anq‘snqx�;mhl‘k�Qdrntqbdr+�M‘shnm‘k�Qdrd‘qbg�Bntmbhk+�M‘shnm‘k�;b‘cdlx�
ne�Rbhdmbdr+�0885(-�B46AK.5�lhbd�vdqd�nas‘hmdc�eqnl�Bg‘qkdr�Qhudq�K‘anq‘snqhdr�
’Vhklhmfsnm+�L;(-�Sgd�dFEO�sq‘mrfdmhb�lntrd�lncdk�v‘r�nas‘hmdc�eqnl�Qxry‘qc�
Jnkd+�Tmhudqrhsx�ne�Mnqsg�B‘qnkhm‘+�Bg‘odk�Ghkk�’06(-

Sgd�BE�lntrd�lncdk�bnms‘hmr�‘�E4/7cdk�lts‘shnm�nm�‘�etkkx�a‘bjbqnrrdc�B46.
AK5�a‘bjfqntmc�’42(-�Sgd�fdmnsxod�ne�‘kk�‘mhl‘kr�trdc�enq�sghr�rstcx�hr�hmchb‘sdc�
hm�sgd�sdws-�Sgd�BE�lhbd�vdqd�fdmnsxodc�‘r�enkknvr-�S‘hk�nq�d‘q�shrrtd�v‘r�bnkkdbsdc�
eqnl�otor�adsvddm�O0/ �O03�‘mc�chfdrsdc�nudqmhfgs�‘s�44�±B�hm�5//�μK�ne�SMD�
ateedq� ’0//�lL�Dsgxkdmdch‘lhmdsdsq‘‘bdshb�‘bhc� ’DCS;(+�3//�lL�M‘Bk+�/-5#�
RCR+�‘mc�0/�lL�Sqhr(�‘mc�1/�μK�ne�oqnsdhm‘rd�J�’0/�lf�lK®0(-�Mdws+�055�μK�ne�
5�L�M‘Bk�v‘r�‘ccdc�sn�sgd�chfdrsdc�shrrtd+�sgd�rnktshnm�v‘r�lhwdc�‘mc�sgdm�
bdmsqhetfdc�‘s�l‘whltl�roddc�‘s�qnnl�sdlodq‘stqd�enq�1/�lhm-�Sgd�rtodqm‘s‘ms�
v‘r�sq‘mredqqdc�sn�‘�mdv�stad�‘mc�7//�μK�ne�0//#�dsg‘mnk�v‘r�‘ccdc�‘mc�sgd�
r‘lokd�v‘r�lhwdc�ax�hmudqrhnm+�enkknvdc�ax�bdmsqhetf‘shnm�‘s�l‘whltl�roddc�
enq�0/�lhm�‘s�qnnl�sdlodq‘stqd-�Sgd�rtodqm‘s‘ms�v‘r�chrb‘qcdc�‘mc�sgd�CM;�
odkkds�v‘r�v‘rgdc�vhsg�6/#�dsg‘mnk-�Sgd�odkkds�v‘r�qdbdmsqhetfdc�‘s�l‘whltl�
roddc�enq�4�lhm�‘s�qnnl�sdlodq‘stqd�‘mc�sgd�rtodqm‘s‘ms�v‘r�‘f‘hm�chrb‘qcdc-�
Sgd�odkkds�v‘r�‘kknvdc�sn�cqx�etkkx�adenqd�adhmf�qdrtrodmcdc�hm�14/�μK�cG1N-

Fdmnsxohmf� OBQ� v‘r� odqenqldc� trhmf� sgd� enkknvhmf� oqhldqr9� enqv‘qc� fl�
4µ �F;FSFSSSSBSSF;SF;SFSF �2µ� ‘mc� qdudqrd� fl� 4µ �;BBSB;;BB;F;;;;;BB;F �2µ-�
OBQ�bnmchshnmr�‘qd�‘r�enkknvr9�0-4�μK�0/×�hS‘p�OBQ�ateedq+�0-1�μK�LfBk1�’4/�lL(+�
/-5�μK�d‘bg�oqhldq�’0/�μL(+�/-56�μK�Chldsgxk�rtkenwhcd+�/-2�μK�cdnwxmtbkdnshcd�
sqhognrog‘sdr�’cMSOr(�’1-4�lL�d‘bg(+�/-14�μK�hS‘p�onkxldq‘rd�’AhnQ‘c� 06/ �776/(+�
7-27�μK�v‘sdq+�‘mc�1-4�μK�fCM;�odq�qd‘bshnm-�Sgdqlnbxbkdq�bnmchshnmr�vdqd�‘r�enkknvr9�
83�±B�×�0%:�83±+�45±+�61±×�04–+�04–+�1/–�enq�svn�bxbkdr:�83±+�43±+�61±�×�04–+�04–+�1/–�
enq�svn�bxbkdr:�83±+�41±+�61±�×�04–+�04–+�1/–�enq�svn�bxbkdr:�83±+�4/±+�61±�×�04–+�04–+�
1/–�enq�svn�bxbkdr:�83±+�37±+�61±�×�04–+�04–+�1/–�enq�svn�bxbkdr:�83±+�35±+�61±�×�04–+�04–+�
1/–�enq�svn�bxbkdr:�83±+�33±+�61±�×�04–+�04–+�1/–�enq�svn�bxbkdr:�83±+�31±+�61±�×�04–+�04–+�
1/–�enq�0/�bxbkdr:�83±+�3/±+�61±�×�04–+�04–+�1/–�enq�0/�bxbkdr:�61±�×�1%:�3±�hmzmhsd�gnkc-

;esdq� OBQ� ‘� qdrsqhbshnm� dmyxld�chfdrs�v‘r� odqenqldc� nm� sgd� OBQ� oqnctbs�
sn�chrshmfthrg�adsvddm�sgd�vhkc �sxod�‘mc�E4/7cdk�‘kkdkdr-�Enq�d‘bg�qd‘bshnm+�‘�
lhwstqd� bnms‘hmhmf�1�μK�MDAteedq0+�1-7�μK�v‘sdq+�‘mc�/-1�μK�Qr‘� H� ’0/�T.μK:�
Mdv�Dmfk‘mc�AhnK‘ar+� Q/056R(�v‘r�oqdo‘qdc�‘mc�‘ccdc�sn�sgd�stad�bnms‘hm,
hmf�sgd�OBQ�oqnctbs-�Sgd�qdrsqhbshnm�chfdrs�qd‘bshnm�v‘r�hmbta‘sdc�‘s�26�±B�enq�
0�g-�Enkknvhmf�chfdrshnm+� sgd�OBQ�oqnctbs�v‘r� qtm�nm�‘s�2#�‘f‘qnrd�fdk� ’0#�
‘f‘qnrd+�FOF+�‘mc�1#�‘f‘qnrd+�Rtoq‘�Rhdud.FOF:�;ldqhb‘m�Ahn‘m‘kxshb‘k(�hm�0×�
Sqhr�‘bds‘sd.DCS;�’S;D(�ateedq-�Sgd�fdmnsxod�v‘r�rbnqdc�‘r�enkknvr9�A‘mcr�‘s�0/8�
‘mc�10�ao�hmchb‘sd�‘�vhkc �sxod�‘kkdkd+�vghkd�tmchfdrsdc�a‘mcr�‘s�02/�ao�hmchb‘sd�
sgd�lts‘ms+�E4/7cdk+�‘kkdkd-

In Utero Injections.�Shld �c‘sdc�oqdfm‘ms�lhbd�’7�sn�01�vj�nkc(�04�nq�05�c�onrs�
bnmbdoshnm�vdqd�‘mdrsgdshydc�vhsg�hmg‘kdc�hrnfitq‘md�’2#�unk.unk�enq�hmctbshnm+�

1#�unk.unk�enq�l‘hmsdm‘mbd(-�Sgd�fq‘uhc�tsdqtr�v‘r�dwonrdc�sgqntfg�‘�lhckhmd�
k‘o‘qnsnlx� hmbhrhnm-� Kxnoghkhydc� OM;.CM;� MOr� vdqd� qdrtrodmcdc� ax� unqsdw�
‘mc�v‘sdq�a‘sg�rnmhb‘shnm�hm�0×�Ctkadbbn%r�ognrog‘sd ateedqdc�r‘khmd�’cOAR(�
sn�‘�bnmbdmsq‘shnm�ne�8�lf�lK®0� ’ChN�nq�ChC�MOr(�nq�01�lf�lK®0� ’OM;.CM;�
MOr(-� Hmsq‘u‘rbtk‘q� hmidbshnmr�vdqd�odqenqldc�‘s�D04-4�‘mc� H;� hmidbshnmr�vdqd�
odqenqldc�‘s�D05-4-�;�unktld�ne�04�μK�ne�MO�rtrodmrhnm�v‘r�cq‘vm�to�hmsn�‘�
fk‘rr�lhbqnohodssd�’sho�ch‘ldsdq�-5/�μl(�‘mc�hmidbsdc�hmsq‘u‘rbtk‘qkx�uh‘�uhsdkkhmd�
udhm�ne�d‘bg� edstr�trhmf�‘�omdtl‘shb�lhbqnhmidbsnq� ’M‘qhrghfd:�I‘o‘m(-�Enq� H;�
hmidbshnmr+�1/�μK�ne�MO�rtrodmrhnm�v‘r�hmidbsdc�chqdbskx�hmsn�sgd�‘lmhnshb�b‘uhsx-

Microscopy.�Oqdfm‘ms�lhbd�vdqd�jhkkdc 2�g�‘esdq�hm�tsdqn�MO�sqd‘sldms-�Edstrdr�
vdqd�cdkhudqdc�‘mc�v‘rgdc� hm�0×� cOAR-� Edstrdr�vdqd�zwdc�nudqmhfgs� hm�3#�
o‘q‘enql‘kcdgxcd�’Dkdbsqnm�Lhbqnrbnox�Rbhdmbdr:�G‘qszdkc+�O;(�‘s�3�±B-�Sgd�shr,
rtdr�vdqd�mdws�cdgxcq‘sdc�hm�1/#�rtbqnrd�enq�13�g�‘mc�dladccdc�hm�Shrrtd �Sdj�
Noshl‘k�Btsshmf�Sdlodq‘stqd�Bnlontmc�’Snqq‘mbd+�B;(- Eqnydm�04�μl�eds‘k�ktmf�
rdbshnmr�vdqd�lntmsdc�nm�fk‘rr�rkhcdr�‘mc�rs‘hmdc�vhsg�Gndrbgs�cxd-�Bnmenb‘k�
hl‘fhmf�ne�sgd�eqnydm�rdbshnmr�v‘r�odqenqldc�nm�‘�Ydhrr�;whn�Nardqudq�Y0�lhbqn,
rbnod�’Nadqjnbgdm+�Fdql‘mx(-

Flow Cytometry.�Enq�finv�bxsnldsqx�dwodqhldmsr+�oqdfm‘ms�c‘lr�‘mc�edstrdr�
vdqd�dtsg‘mhydc�2�g ‘esdq�fitnqdrbdms�MO�nq�3�c�‘esdq�OM;.CM;�MO�cdkhudqx-�Sgd�
ktmf�v‘r�chrrdbsdc�eqnl�d‘bg�edstr�‘mc�v‘rgdc�hm�0×�cOAR-�Rhmfkd�bdkk�rtrodm,
rhnmr�ne�ktmf�shrrtd�vdqd�l‘cd�ax�gnlnfdmhyhmf�sgd�nqf‘m�sgqntfg�‘�6/�μl�
bdkk�rsq‘hmdq�’E‘kbnm(-�Rhmfkd�bdkk�rtrodmrhnmr�ne�d‘bg�nqf‘m�vdqd�zwdc�hm�3#�o‘q,
‘enql‘kcdgxcd-�Enq�sgd�ktmf�bdkktk‘q�sqnohrl�rstchdr+�rhmfkd�bdkk�rtrodmrhnmr�ne�
ktmf�bdkkr�vdqd�qdrtrodmcdc�hm�1#�eds‘k�anuhmd�rdqtl�hm�OAR�‘mc�hmbta‘sdc�vhsg�
‘�090+///�chktshnm�ne�EbQ�aknbjhmf�qd‘fdms�’Lhksdmxh�Ahnsdb�Hmb-+�;tatqm+�B;(-�Sgd�
bdkkr�vdqd�rtardptdmskx�rs‘hmdc�enq�DoB;L+�BC20+�‘mc�BC34�trhmf�sgd�enkknvhmf�
‘mshanchdr9�DoB;L �Rtodq�Aqhfgs�325�’B‘s �51 �4680 �71+�Hmuhsqnfdm:�B‘qkra‘c+�
B;(+�BC20 �;OB�’B‘s �06 �/200 �71+�Hmuhsqnfdm:�B‘qkra‘c+�B;(+�‘mc�BC34Q ��OD �
Uhn66/� ’B‘s � 02/ �0/1 �706+� Lhksdmxh� Ahnsdb� Hmb-:� ;tatqm+� B;(-� M‘mno‘qshbkd�
cdkhudqx� ‘mc�tos‘jd� ’fitnqdrbdms�MOr(� nq� dFEO�dwoqdrrhnm� ’γOM;.CM;�MOr� hm�
sgd�543 �dFEO�lntrd(�v‘r�ld‘rtqdc�trhmf�‘�AC�E;BRB‘khatq�’AC�Ahnrbhdmbdr:�
Eq‘mjkhm�K‘jdr+�MI(-�Eknv�bxsnldsqx�c‘s‘�nas‘hmdc�vdqd�‘m‘kxydc�trhmf�EknvIn�
rnesv‘qd�’EknvIn+�KKB:�;rgk‘mc+�NQ(-�Enq�sgd�ktmf�sqnohrl�rstchdr+�sgd�bdkk�onot,
k‘shnmr�vdqd�cdzmdc�‘r�enkknvr9�dmcnsgdkh‘k�fl�BC20)+�DoB;L �+�BC34 �:�dohsgdkh‘k�
BC20 �+DoB;L)+BC34 �+�‘mc�hlltmd�BC20 �+�DoB;L �+�BC34)�’34+�43(-

In Vivo Imaging.� Hm�uhun�hl‘fhmf�dwodqhldmsr�vdqd�odqenqldc�‘r�oqduhntrkx�
cdrbqhadc�’04(-�Aqhdfix+�oqdfm‘ms�lhbd�vdqd�jhkkdc�2�g�nq�13�g�onrs�ChC�OKF;�MO�
hmidbshnm�‘mc�fitnqdrbdmbd�hl‘fhmf�ne�vgnkd�edstrdr�‘mc�hmchuhct‘k�eds‘k�nqf‘mr�
v‘r�odqenqldc�vhsg�‘�B‘qdrsqd‘l�Hm �Uhun�LR�EW�OQN�’Aqtjdq:�Ahkkdqhb‘+�L;(-

Nanoparticle Stability.�;lmhnshb�fithc�v‘r�bnkkdbsdc�‘mc�onnkdc�eqnl�B46AK.5�
edstrdr�‘s�D05-4-�OKF;�‘mc�OKF;.OA;D.LOF�MOr�vdqd�qdrtrodmcdc�hm�cG1N+�eds‘k�
anuhmd�rdqtl�’chktsdc�093�hm�cG1N�sn�cdbqd‘rd�CKR�hmsdqedqdmbd(+�nq�D05-4�ltqhmd�
‘lmhnshb�fithc-�CKR�ld‘rtqdldmsr�ne�sgd�gxcqncxm‘lhb�ch‘ldsdq�‘mc�OCH�vdqd�
nas‘hmdc�hm�0/�lhm�hmsdqu‘kr�nudq�‘m�gntq�‘s�14�±B�trhmf�‘�L‘kudqm�M‘mn �YR�
’L‘kudqm�Hmrsqtldmsr+�TJ(-

Oligonucleotides.�Enq�dwodqhldmsr�hmunkuhmf�sgd�dFEO�lntrd�lncdk+�lhmh �ODF�
γOM;�lnmnldqr�vdqd�oqdo‘qdc�eqnl�Anb �’1 �’1 �ldsgnwxdsgnwx(dsgxk( �K rdqhmd�
‘r�‘�rs‘qshmf�l‘sdqh‘k�ax�‘�rdqhdr�ne�ltkshrsdo�rxmsgdshb�oqnbdctqdr�hmbktchmf�qdctb,
shnm+�lhsrtmnat�qd‘bshnm+�mtbkdna‘rd�’;+B+F�‘mc�S(�bnmitf‘shnm�‘mc�sgdm�drsdq�
bkd‘u‘fd�’44(-�;s�d‘bg�rsdo�sgd�qdrodbshud�oqnctbs�v‘r�otqhzdc�ax�bnktlm�bgqnl‘,
snfq‘ogx�’10(-�OM;�nkhfnldqr�vdqd�rxmsgdrhydc�nm�rnkhc�rtoonqs�trhmf�Anb�bgdl,
hrsqx�’44(-�Sgd�nkhfnldqr�vdqd�rxmsgdrhydc�nm�3 �ldsgxkadmygxcqxk‘lhmd�qdrhm�
‘bbnqchmf�sn�rs‘mc‘qc�oqnbdctqdr�ne�Anb�bgdlhrsqx-�;�j‘hrdq�sdrs�v‘r�odqenqldc�
‘s�d‘bg�rsdo�sn�ld‘rtqd�bnlokdsd�bntokhmf�‘mc�cntakd�bntokhmf�v‘r�odqenqldc�
he�hs�v‘r�qdpthqdc-�Sgd�nkhfnldqr�vdqd�bkd‘udc�eqnl�sgd�qdrhm�trhmf ‘m�l �bqdrnk.
sghn‘mhrnkd.SELR;.SE;�’0909195(�bnbjs‘hk+�‘mc�sgd�qdrtkshmf�lhwstqdr�vdqd�oqd,
bhohs‘sdc�vhsg�dsgxk�dsgdq+�otqhzdc�ax�qdudqrdc�og‘rd �ghfg �odqenql‘mbd�khpthc�
bgqnl‘snfq‘ogx� ’‘bdsnmhsqhkd9v‘sdq(� ‘mc� bg‘q‘bsdqhydc� vhsg� ‘�l‘sqhw �‘rrhrsdc�
k‘rdq�cdrnqoshnm.hnmhy‘shnm�shld �ne �fihfgs�l‘rr�rodbsqnldsdq�’07(-�Sgd�rdptdmbd�
ne�γOM;�trdc�hm�sghr�rstcx�hr�G �JJJ �ISSSISSSISIS �NNN �SBSBSSSBSSSB;FFFB; �
JJJ �MG1-�Tmcdqkhmdc�hmchb‘sdr�γOM;�qdrhctdr:�J+�kxrhmd:�I+�ordtcnhrnbxsnrhmd:�
N+�7 �‘lhmn �1+5+0/ �sqhnw‘nbs‘mnhb�‘bhc� khmjdqr� bnmmdbshmf� sgd�Gnnfrsddm�‘mc�
V‘srnmflBqhbj�cnl‘hmr�ne�sgd�sbOM;-�Sgd�rhmfkd �rsq‘mcdc�cnmnq�CM;�nkhfnldq�
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v‘r�oqdo‘qdc�ax�rs‘mc‘qc�CM;�rxmsgdrhr�dwbdos�enq�sgd�hmbktrhnm�ne�sgqdd�ognr,
ognqnsghn‘sd�hmsdqmtbkdnrhcd�khmj‘fdr�‘s�d‘bg�dmc�sn�oqnsdbs�‘f‘hmrs�mtbkd‘rd�
cdfq‘c‘shnm�’Lhck‘mc�Bdqshzdc�Qd‘fdms�Bnlo‘mx:�Lhck‘mc+�SW(-�Sgd�5/�ao�cnmnq�
CM;�trdc�hm�sghr�rstcx�vhsg�sgd�bnqqdbshmf�mtbkdnshcd�tmcdqkhmdc�hr�4µ;’r(;’r(;’r(
F;;S;;B;FSF;S;;SSSBSFFFSS;;FFB;;S;FB;;S;SBSBSFB;S;S;;;’r(S’r(;’r(S2µ-

Sgd�OM;�trdc�enq�BE�rstchdr�ahmcr�hm�sgd�ltqhmd�BESQ�fdmd�‘mc�hr�‘r�enkknvr9�
G �JJJ �ISSSSIII �NNN �BBBSSSSB;;FFSF;FS;F �JJJ �MG1-

Sgd� ltqhmd� BESQ� cnmnq� CM;� hr� ‘r� enkknvr� 94µS’r(B’r(S’r(�
S;S;SBSFS;BSB;SB;S;FF;;;B;BB;;;F;S;;SFSSBSBBSSF;S;FS;BB’r(B’r(
F’r(F2µ-�Sgd�ogdmxk‘k‘mhmd�bncnm�hmrdqshnm�a‘rd�o‘hq�hr�tmcdqkhmdc-�;r�‘anud+�
cnmnq�CM;�v‘r�rxmsgdrhydc�ax�Lhck‘mc�Bdqshzdc�Qd‘fdms�Bnlo‘mx�’Lhck‘mc+�
SW(�‘mc�bnms‘hmr�sgqdd�ognrognqnsghn‘sd�hmsdqmtbkdnrhcd�khmj‘fdr�‘s�ansg�sgd�
4µ ��‘mc�2µ �dmcr-

Digital PCR.� fCM;� v‘r� dwsq‘bsdc� eqnl� shrrtdr� trhmf� sgd� Vhy‘qc� RU� CM;�
Otqhzb‘shnm� Rxrsdl� ’Oqnldf‘+�L‘chrnm+�VH(� ‘bbnqchmf� sn� sgd�l‘mte‘bstqdq%r�
hmrsqtbshnmr-� Sgd bnmbdmsq‘shnm� ne� dwsq‘bsdc� fCM;� r‘lokdr� v‘r� ld‘rtqdc�
trhmf�‘�PtAhs°�crCM;�AQ�‘rr‘x�jhs�’Hmuhsqnfdm+�B‘qkra‘c+�B;(�‘bbnqchmf�sn�sgd�
l‘mte‘bstqdq%r� hmrsqtbshnmr-�To� sn�7/�mf�ne� fCM;�v‘r�trdc� enq� d‘bg� r‘lokd�
odq� qd‘bshnm-�OBQr�vdqd� rds�to�‘r� enkknvdc9�00�μK�1×�ccOBQ—�rtodqlhw� enq�
oqnadr� ’mn� cTSO(� ’Ahn �Q‘c+� Gdqbtkdr+� B;(+� /-1�μK� enqv‘qc� oqhldq� ’0//�μL(+�
/-1�μK� qdudqrd�oqhldq� ’0//�μL(+�/-/42�μK�β �sg‘k�oqnad� ’0//�μL(+�/-/42�μK�
vhkc �sxod�oqnad�’0//�μL(�’Hmsdfq‘sdc�CM;�Sdbgmnknfhdr+�Bnq‘kuhkkd+�H;(+�/-4�μK�
DbnQ0+�0/�μK�fCM;+�‘mc�cG1N-�Cqnokdsr�vdqd�fdmdq‘sdc�trhmf�sgd�;tsnl‘sdc�
Cqnokds�Fdmdq‘snq�’;tsnCF—(�’Ahn �Q‘c(-�Sgdqlnbxbkhmf�bnmchshnmr�enq�OBQ�enq�
sgd�dFEO�lntrd�vdqd�‘r�enkknvr9�84�±B�0/�lhm+�’83�±B�2/�r+�44-2�±B�0�lhm”q‘lo�
1�±B.r(�×�3/�bxbkdr+�87�±B�0/�lhm+�gnkc�‘s�3�±B-�Sgdqlxbxbkhmf�bnmchshnmr� enq�
sgd�BESQ�OBQ�vdqd�‘r�enkknvr9�84�±B�0/�lhm+�’83�±B�2/�r+�42-6�±B�0�lhm”q‘lo�
1�±B.r(�×�3/�bxbkdr+�87�±B�0/�lhm+�gnkc�‘s�3�±B-�Cqnokdsr�vdqd�‘kknvdc�sn�qdrs�
‘s�3�±B�enq�‘s�kd‘rs�2/�lhm�‘esdq�bxbkhmf�‘mc�vdqd�sgdm�qd‘c�trhmf�sgd�PW1//—�
Cqnokds� Qd‘cdq� ’Ahn �Q‘c(-� C‘s‘� vdqd� ‘m‘kxydc� trhmf� Pt‘ms‘Rnes—� rnesv‘qd-�
C‘s‘�‘qd�qdoqdrdmsdc�‘r�sgd�eq‘bshnm‘k�‘atmc‘mbd�ne�sgd�vhkc �sxod�’bnmsqnk(�nq�
dchsdc�’β �fknahm�nq�BESQ(�‘kkdkd-�Sgd�oqhldqr�trdc�enq�ccOBQ�vdqd�‘r�enkknvr9�
dFEO�hmsqnm�enqv‘qc9�4µ �;BB;SSBS;;;F;;S;;B;FSF; �2µ+�dFEO�hmsqnm�qdudqrd9�
4µ �BBSBSS;B;SB;FSS;B;;SSS �2µ+�BESQ� enqv‘qc9�4µ �SFBSBSB;;SSSSBSSFF;S �2µ+�
BESQ�qdudqrd9�4µ ��;;FBSSSF;B;;B;BSBSS; �2µ-�Sgd�oqnadr�trdc�enq�ccOBQ�vdqd�‘r�
enkknvr9�dFEO�vhkc �sxod�’E;L(9�4µ�SFFFSS;;FFB;;S;FB;;+�dFEO�lts‘ms�’GDW(9�
4µ�SBSFFFSS;;FFS;;S;FB;;S+�dchs�BESQ�’E;L(9�4µ ��B;BB;;;F;S;;SFSSBSBBS �2µ+�
E4/7cdk�BESQ�’GDW(9�4µ ��;SB;S;FF;;;B;BB;;SF;S;S �2µ-

Deep Sequencing.�fCM;�eqnl�sgd�shrrtdr�ne�OM;.CM;�MO�sqd‘sdc�BE�lhbd�v‘r�
otqhzdc�trhmf�sgd�RU�CM;�Otqhzb‘shnm�Rxrsdl�’Oqnldf‘+�L‘chrnm+�VH(�‘bbnqchmf�
sn�sgd�l‘mte‘bstqdq%r�hmrsqtbshnmr-�OBQr�vdqd�odqenqldc�vhsg�ghfg�zcdkhsx�S;P�
onkxldq‘rd�’Hmuhsqnfdm:�B‘qkra‘c+�B;(-�D‘bg�OBQ�stad�bnmrhrsdc�ne�17-1�μK�cG1N+�
4�~K�0/×�GhEh Ateedq+�2�μK�4/�lL�LfBk1+�0�μK�cMSO+�0�μK�d‘bg�ne�enqv‘qc�‘mc�
qdudqrd�oqhldq+�/-7μK�Ghfg�Ehcdkhsx�Ok‘shmtl�S‘p�Onkxldq‘rd�‘mc�0/�μK�3/�mf.lK�
fCM;-�Sgdqlnbxbkdq�bnmchshnmr�vdqd�‘r�enkknvr9�83�±B�1�lhm�’83�±B�2/�r+�44�±B�34�
r+�57�±B�0�lhm(�×24�bxbkdr+�57�±B�0�lhm+�gnkc�‘s�3�±B-�OBQ�oqnctbsr�vdqd�otqhzdc�
trhmf�sgd�PH;pthbj�OBQ�Otqhzb‘shnm�Jhs�’Ph‘fdm: Ghkcdm+�Fdql‘mx(-�OBQ�oqnctbsr�
vdqd�oqdo‘qdc�ax�dmc �qdo‘hq�‘mc�‘c‘osdq�khf‘shnm�‘bbnqchmf�sn�Hkktlhm‘�oqnsnbnkr�
’R‘m�Chdfn+�B;(+�‘mc�r‘lokdr�vdqd�rdptdmbdc�ax�sgd�Hkktlhm‘�GhRdpü14//�vhsg�
64�o‘hqdc �dmc�qd‘cr�‘s�sgd�X‘kd�Bdmsdq�enq�Fdmnld�;m‘kxrhr-�R‘lokdr�vdqd�‘m‘,
kxydc�‘r�oqduhntrkx�cdrbqhadc�trhmf�sgd�u‘qh‘ms�b‘kkdq�EqddA‘xdr�nm�a‘rdo‘hqsdbg-
bnl�’45(-�Sn�ad�bnmrhcdqdc�‘�u‘qh‘ms+�sgdqd�g‘c�sn�ad�‘s�kd‘rs�svn�nardqu‘shnmr�ne�
sg‘s�bg‘mfd�hm�sgd�‘lokhbnm+�‘mc�sgd�bg‘mfd�g‘c�sn�ad�oqdrdms�‘s�‘�eqdptdmbx�ne�
‘s�kd‘rs�/-//1�’rds�‘r�sgd�lhmhltl�‘ksdqm‘shud�eq‘bshnm(�’/-1#(-�Qd‘cr�enq�r‘lokdr�
‘s�‘mx�nmd�a‘rd�vdqd�b‘oodc�‘s�0/+///�q‘mcnlkx rdkdbsdc�qd‘cr-�Sgd�‘m‘kxrhr�
ohodkhmd�v‘r�cdudknodc�ax�a‘rdo‘hqsdbg-bnl-�Sgd�oqhldqr�trdc�enq�ltqhmd�BESQ�
vdqd�‘r�enkknvr9�enqv‘qc�oqhldq9�4µ �SBSFBSBSB;;SSSSBSSFF; �2µ:�qdudqrd�oqhldq9�
4µ �FFB;;FBSSSF;B;;B;BSB �2µ-� Oqhldqr� enq� nee �s‘qfds� deedbsr� ’enqv‘qc� khrsdc�
zqrs(9�NS �//�fl�4µ �SSFSB;;;FBSSFBB;;BS; �2µ+�4µ ��;BFFS;SB;SBBBSF;;;;F �2µ:�
NS �/0�fl�4µ ��S;BBSSBFFS;SBBB;;;SBSB �2µ+�4µ ��FBBSFSF;S;SF;S;F;B;BBS �2µ:�
NS �/1�fl�4µ ��F;FBBS;BSFFF;FFS;;;;S �2µ+�4µ ��FF;BBSF;SS;BBSSFFFS;S �2µ+�
NS �/2� fl� 4µ �� ;SFSF;F;FF;BSBSFSF;; �2µ+� 4µ �� ;BBSFS;BSFFSSS;S;FFF �2µ:�
NS �/3� fl� 4µ �� S;SB;B;SSFFBB;SBSB;F �2µ+� 4µ �� FFS;B;;FF;S;FB;FS;FB �2µ:�

NS �/4�fl�4µ ��SFFS;B;;FF;SFFB;FS; �2µ+�4µ ��BB;SS;BBSBFFF;;F;SSS �2µ:�NS �
/5� fl� 4µ �� ;;SFBBB;;S;B;;B;F;SSS �2µ+� 4µ �� F;FBB;SBSSSSF;SFSSB;F �2µ:� NS �
/6� fl� 4µ �� BBSF;BSF;SFF;SF;BF;FSS; �2µ+� 4µ �� SB;FSBBSFFSSFF;;;;FB �2µ:�
NS �/7� fl� 4µ �� BBSB;BBSS;;BF;FB;;; �2µ+� 4µ �� SB;;SFF;BSBSBBBS;F;B �2µ:�
NS �/8�fl�4µ ��SFFS;B;;FF;SFFB;FS; �2µ+�4µ ��FF;SBSSBSSFFBS;SB;B; �2µ:�NS �
0/�fl�4µ ��FSBSB;FSBBSFFS;FF;;; �2µ+�4µ ��;;S;BBBS;BSFBBBS;BSB �2µ:�NS �00�
fl�4µ ��SFF;SBSSBBSFFSF;SSSSF �2µ+�4µ ��SS;S;;;SSSBBB;F;BS;FFBS;S;; �2µ�’00(-

RNA �seq.� Sns‘k� QM;�v‘r� oqdo‘qdc� eqnl� sgd� ktmfr� ne� sgqdd� ‘ctks�lhbd� ’7�vj�
nkc(�‘mc�sgqdd�D05-4�eds‘k�lntrd�ktmfr�trhmf�sgd�Ph‘fdm�QMd‘rx�jhs� ’Ghkcdm+�
Fdql‘mx(�odq sgd�l‘mte‘bstqdq%r�hmrsqtbshnmr-�Onkx;�rdkdbshnm+�khaq‘qx�oqdo‘q‘shnm+�
‘mc�rdptdmbhmf�’64�ao�o‘hqdc �dmc�qd‘cr(�v‘r�odqenqldc�ax�sgd�X‘kd�Bdmsdq�enq�
Fdmnld�;m‘kxrhr�trhmf� sgd� Hkktlhm‘�GhRdpü14//-�;m‘kxrhr�v‘r�odqenqldc�ax�
Eq‘mbdrb�Knody �Fhq‘kcdy�’X‘kd�Bdmsdq�enq�Fdmnld�;m‘kxrhr(-

Functional Analysis—NPD and RPD, Ussing Chamber, BAL Fluid.�MOC+�QOC�
vdqd�ld‘rtqdc�‘r�oqduhntrkx�cdrbqhadc�’46(-�Aqhdfix+�lhbd�vdqd�‘mdrsgdshydc�vhsg�
jds‘lhmd.wxk‘yhmd+� ‘mc�nmd�dkdbsqncd�oqnad�ok‘bdc� hmsn� nmd�mnrsqhk� ’MOC(� nq�
qdbstl�’QOC(+�vhsg�‘�qdedqdmbd�dkdbsqncd�vhsg�2#�‘f‘q�hm�Qhmfdq%r�rnktshnm�ok‘bdc�
rtabts‘mdntrkx-�;�lhbqnodqetrhnm�otlo�v‘r�trdc�sn�finv�rnktshnm�sgqntfg�sgd�
dkdbsqncd�oqnad�‘s�/-1�lK�g®0�enq MOC�‘mc�/-4�lK�g®0�enq�QOC-�Onsdmsh‘k�cheedq,
dmbdr�vdqd�ld‘rtqdc�zqrs�vhsg�‘�bnmsqnk�Qhmfdq%r�rnktshnm+�sgdm�vhsg�Qhmfdq%r�
rnktshnm�bnms‘hmhmf�0//�μL�‘lhknqhcd+�sgdm�‘�bgknqhcd �eqdd�rnktshnm�vhsg�‘lh,
knqhcd+�‘mc�sgdm�vhsg�enqrjnkhm�‘mc�HALW-�MOCr�vdqd�ld‘rtqdc�nmbd�sgd�lhbd�
qd‘bgdc�‘�vdhfgs�ne�‘s�kd‘rs�1/�f-

Enq�dwüuhun�A;K�fithc�‘mc�Trrhmf�bg‘ladq�‘m‘kxrdr+�lhbd�vdqd�dtsg‘mhydc�
7�ln�‘esdq�hm�tsdqn�MO�sqd‘sldms�‘mc�‘mhl‘kr�vdqd�gd‘qs �odqetrdc�vhsg�gdo,
‘qhmhydc�cOAR-�Sn�bnkkdbs�A;K�fithc�r‘lokdr�ktmfr�vdqd�zkkdc�vhsg�1�lK�ne�0×�
cOAR�bnms‘hmhmf�oqnsd‘rd�hmghahsnqr�‘mc�/-4�L�DCS;�‘s�oG�7�’00(-�Sghr�fithc�
v‘r�bnkkdbsdc�enq�bdkk�bntms-�Enq�Trrhmf�‘m‘kxrdr+�r‘lokdr�ne�dohsgdkh‘�eqnl�sgd�
ctncdmtl+�iditmtl+�hkdtl+�chrs‘k�bnknm+�‘mc�qdbstl�vdqd�lntmsdc�hm�Trrhmf�
bg‘ladqr� ‘mc� ‘m‘kxrdr�vdqd�odqenqldc� ‘r� cdrbqhadc�ax�Fqtaa� ’47(-� Sgd�/�
Bk ��rnktshnm�trdc�enq�‘kk�FH�sq‘bs�shrrtdr�bnms‘hmdc�4�lL�a‘qhtl�gxcqnwhcd�sn�
aknbj�ons‘rrhtl�btqqdmsr�’00(-

Statistical Analysis.� Qdrtksr� vdqd� ‘m‘kxydc� trhmf� Fq‘ogO‘c� Oqhrl-� Tmkdrr�
nsgdqvhrd�rs‘sdc+�c‘s‘�‘qd�oqdrdmsdc�‘r�hmchuhct‘k�c‘s‘�onhmsr�™�RDL-�C‘s‘�‘qd�
bnlo‘qdc�ax�nmd �v‘x�nq�svn �v‘x�;MNU;�vhsg�Stjdx%r�onrssdrs�sn�bnqqdbs�enq�ltk,
shokd�bnlo‘qhrnmr�nq�Jqtrj‘kflV‘kkhr�vhsg�Ctmm%r�onrssdrs�sn�bnqqdbs�enq�ltkshokd�
bnlo‘qhrnmr-

Data, Materials, and Software Availability.�;kk�rstcx�c‘s‘�‘qd�hmbktcdc�hm�sgd�
‘qshbkd�‘mc.nq�RG .oodmchv-
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MHG�fq‘ms�J88.Q//�GK0407/5�’sn�;-R-O- �C-(+�MHFLR�Ldchb‘k�Rbhdmshrs�Sq‘hmhmf�
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0-� C-�G-�;mcdqrdm+�Bxrshb�zaqnrhr�ne�sgd�o‘mbqd‘r�‘mc�hsr�qdk‘shnm�sn�bdkh‘b�chrd‘rd9�;�bkhmhb‘k�‘mc�
o‘sgnknfhb�rstcx-�.l�yI�yChr�yBghjc��45+�233�’0827(-

1-� I-�L-�Rstqfdrr+�Rsqtbstq‘k�‘mc�cdudknoldms‘k�‘amnql‘khshdr�ne�sgd�dwnbqhmd�o‘mbqd‘r�hm�bxrshb�
zaqnrhr-�I�yOdchUsp�yFUrspndmsdpnj�yMtsp��2+�R44flR55�’0873(-

2-� L-�Vhkrbg‘mrjh+�O-�Q-�Ctqhd+�O‘sgnknfx�ne�o‘mbqd‘shb�‘mc�hmsdrshm‘k�chrnqcdqr�hm�bxrshb�zaqnrhr-�I�yP�y
Rnb�yJdc��80+�3/fl38�’0887(-

3-� U-�J-�Rhmfg+�R-�I-�Rbgv‘qydmadqf+�O‘mbqd‘shb�hmrtezbhdmbx�hm�bxrshb�zaqnrhr-�I�yBxrs�yEhapnr��05+�
R6/flR67�’1/06(-
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