fEdm Xk I CEHECTHDH (J Virol, 74
4634-4644, 2000; Proc Natl Acad Sci
USA, 100: 14610-14617, 2003; J Virol,
88: 10039-10055, 2014), CApdm #
HA/NA @ Z 7 F#FitEiL PRS #k HA/NA
D77 MEFE L FRETH - (R2),

LinLedib, 2HEF LI LIZLIE head
PRI ORI X T gk A BT 5

HBEL WO TN, £ T, MDCK #ifa
|2 HA/NA B A 2 38 S8, el X
RN RTEE 7=, 50 fHo HA &5
VW NA Bt feRe 2 8122 L, e RTE%E
3o (Mg DA, MRE+ER, 7¢
TIVFEDI) IZHIE L T-. HA/NA E B 11X
A — IR + T EE— 7 © B LA~
LEgEENn s (J Virol, 88: 10039-10055,
2014), CApdm #®» HA/NA 1TV h b
PR8#k HA/NA J V) gk As By 2 & 2348
L7z (X5, BEMFEH),
5 51X, HA & NA (ZEFHIC LY
T EH NFERE~ Ok DA AR E S
ZEERWELTWAS (J Virol, 88:
4828-4838, 2014), X-179A #» HA/NA
I% CApdm ¥RICHE L, £® HA & NA i
FNENR D (ALK D classical swine
¥ & 2 —F o7 @ avian-like swine ££) 7>
bHE¥kTSH, £ZC, HA & NAEA %3
FEB X R AR Pk & fiEHT L7, PRS8
FRHA | PR8 B NA LB S5 L HA
DT A VEEEITRE L, L,
CApdm # HA | CApdm # NA % L3¢5
EHTH, HA OFEERXTIZTE A SREL
it & 2 AN, CApdm ¥k HA iZ PRS
BENA Z#HFEHE E~- L 2 A, CApdm ¥
HA O7 ©h VR EROCRE LT, =
@ PR8 % NA D% % CApdm # NA
2545 BE9TC, 27 NA (PR8S &%
NA @ CT-TM-ST &%k ¢ CApdm # NA
@ head MBI % ¢, D) /B LLFEH I
71 2: 7. CApdm # HA @O 7 £ 0 )L &
WAREDSRO b, £, A T1IC
ot » CApdm ¥k NA 7 & 7 /LIS % 612
L EAHBALE (K5, H£HEHR),
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®5. CApdm#HAINAD 7 /LM 2K
MERR 12hpt mmazhet

W resnos [0 esmesxmes [ anx
llﬂl! (%) N=50

i

HA NA
CA+PRS-CA

MBARE (%) NeS0

-3¥58883523
| s |}
| .
===
I |

-3¥¥888383d

HANA HANA
PRS CA
uRn

PR8+PRS CA+CA CA+PRS

D. %

BITU 7 F > ® X-179A #:1X CApdm 1§
& PR8 #k® classical reassortant 5 e

SITIBIR LT-BRTH DM, £ OHEFEME, &
EEEHY% HA W%(iit%* T TR,
H26 # X, CApdm £ HA/NA OEH
BB IRORBERZ N LT,

(1) CApdm £ HA/NA OSE 7 7 Motk

CApdm #: HA/NA Of5E 7 7 FEftE
X PR8 # HA/NA OFh L RIBRETHY
B ho- (®2),

(2) CApdm ¥ HA/NA O % BKAL

i pH TIIELELT-ZRBAE (HA =&
&L NA NEER) @B (K1),
L2>L., CApdm ¥ HA ® =&{K|Z pH |
B CHEBERICHEELOT W LA
HEENTW5S (J Virol, 86: 1405-1410,
2012; J Virol, 88: 4828-4838, 2014) = &

5. B pH5~T7.5 TE DL EM A HEt
LTWa,

(3) CApdm ¥k HA/NA OFHE

CApdm ¥ HA OFH &% PRS %k HA
L4 5 B9 T, MEIZ[E U epitope &
BALZD epitope FFEIUETHHAT,
CApdm # HA O3 &3 PR8 #k HA @
1/4-5 LR TR, Zhh HA BRINED
FRD1-2EEEZ B (K3), CApdm
R HA ORFEBUENE B 'E 5y s 73 3
W72 D Ay, BT cycloheximide % VY
THAT LT\ 5, 7=, CApdm & HA &



BFOa NAERBEELRA-E A,
PR8 # HA BEFDO = FAEAEEICL
< FERBAMRE R OEBRIZ BRI LT 2 K
VIRBWZ ENHIBA LT, ThESRET D
72, BE CApdm #£ HA Bfz+D = K
BiE{LE{T>T\5, CApdm £k HA #Eix
F o 5-UTR-+ 7 F LB FIGE % PRS k&
ICEBHTHZ L2 L0 HEHEMEE HAILE
ZWELE RG BERHEENTWD
Virol, 85: 6086-6090, 2011), = DigkEIL,
5-UTR-Y 7 F /VECH| MBI O BEHIZ LV
VT a RUREERSNTZZHRETH 0D
LALZRVY,

NA [Z oW Tk, N1 #R NA 25 Lag
ERISHEZ T TH N1 NA v PHiE %2 H
WT NA BEEEZFH-L 24, CApdm
¥k NA OFHEIL PR8 ¥ NA @ 1/2 TH
o7 (K3), ZOXEHEEIZ, NA 2 X
Fkdrz izl vkETE (K3),

(4) CApdm # HA/NA OfE#%

CApdm # HA/NA D% 2T~ &
Z A, HA/NA 2§ d PRS #k HA/NA
T DEESRNE N ENHBAE L (X
5), HA &5 < NAOEEL) OFERE
EEICIIEE T 7 FETo HA £61E
EThDETEBINTWVWS (Proc Natl
Acad Sci USA, 100: 14610-14617, 2003),
CApdm #% HA/NA 1ZAEE 7 7 MEFMEIC
BT amoln (¥2), Z0oEERE
2HEC (M3), BEZ 7 M ECTo&ESE
ZhER T L HEH X7z, = 0 HA/NA %
BEORKIPERMICER ENROES
WZomol=t Bbnd, > T, BT
7E L7~ Proximity Ligation Assay T HA-
NA THZRIET H2ERIT, EERHEEN
HEVIGEIFRETIIRBEBITHS LA
i, fThieroi,

HA+NA OHFEIHIT HA/NA O7T7
JVIEEG S 2 P EIC(EET S (I Virol, 88:
4828-4838, 2014), CApdm #d HA &
NA 13 £72 51 (db2k classical swine ¥k &
2— 37 avian-like swine ££) 7> 5 B3k
THMR, 20 HA+NA OEEENRET]
TH B, AL AR HA [RE
BWFTREMENRE 2 bz, T ERIET D
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BRI, HA+NA OEKHFERZIT-7-
L Z A, CApdm # HA+CApdm # NA
OHEEH1E. PR8 #k HA+PRS8 ¥ NA O
Atk 0 RS RAE N L ASHIBE L
72 CApdm #k NA % PRS8 #k NA |Z&#t
T 5. HDHWVIE NA 2% 2 5 (CApdm
R NA @ CT-TM-ST &4 PRS kDb
DIZEH) 45 & HA/NA [#E O FE#aER)
RMBEML7-, > T, CApdm ¥k HA+
CApdm £ NA OEEIZBWT, VI F
ELTOmMEBEMNEERFE LoD, TOHE
HICHFVEE LRVWERZEFETH -
LILX Y BERESEREFUETEHLEED
N5, HA ® TM-CT f88 0 B #a & 5 &
A,

(5) =it

Rab family B HE Z##81E & L THA/NA
DEHEREEBIT LI 2 A, HA &
NA |55 WAR IR Ol 5/ ME T T Eh VI~
kIS Z ENHBELE (RIEE).

6) 5H%ORE

CApdm #% HA BEF O RIRES] (5
-UTR- 7 /LB 8L & TM-CT-UTR
-3fEiEL) % PRS BRICEML L T, HEFEME L
HA IR EA M EE72 RGHEDNRESINT
W5 (J Virol, 85: 6086-6090, 2011), %
DO|ETIL, HAEAHDF 2 7{bL LovRET
STV, REFFE T, CApdm
NA IZHLBESERH Y, TOREES HA
+NA JEEEZIRIZI NA OF X F{kic kY
WETE, 1> 7T, HANA ® TM-CT
B EIEERICER L-EEZH VD
IR0 LV EEESCTRINED RV
~NEUETEDLHBEND,

EoEER T OmEKE UTR-ORF (#9
100 3E) IHEESICEETH D, BB
FARMERRTIE LIE LIE HA/NA 23> TR
B, TN O OEIGERERS D L&
25, E- T, EEDO L S IiElER L
DF A FLIZEE L T, HANA OWER
F O RIGE S 2 R BT 513 50N
EELWEBEbh3,



E. W

(MCApdm ¥ HA/NA OEH 7 7 - #Ln
PERZ BRI FH 1RR O B IR As,
HA/NA 84 F5l2 HA BB EME -
EDVEI LT, @ONA OFEHRIL, F AT
{t (PR8 ¥ NA @ CT-TM-ST fEfg -
CApdm # NA @ head 8% & DX A7
T, ST fEk 386 (2L PR R NA &
R > 7, @ RO NA X A Z (ki
J 0. HA/NA OF © VIl Esh ik
L7,

G. WFEFER

1. FmC¥EHR

Ohkura T, Momose F, Ichikawa R,
Takeuchi K, Morikawa Y. Influenza A
virus hemagglutinin and neuraminidase
mutually  accelerate  their  apical
targeting through clustering of lipid
rafts. J Virol 88: 10039-10055, 2014.

2. FEHRK

1) KES. B, T 1T,
HINBFA TN WA LA
HA & NA Otk i3gE > 7 ho
7T ARY T RN UTCHAERES
ns

62 EHAY A L AFERES
e, 11/10/2014.

FIRECD., ECrE, RO B, &
BF FRPEE A TP oA
AER N TBEHABLOM2D Y A
JL AR TR 31T B M REfRAT

% 62 E AT A L ASEEWRES,
iR, 11/11/2014.

3) BEESCE FIBTECRETF R
FHWEA 7Aoo T A LR
RNA R AT—FDORY A bhr=
v 7

62 [F HA T A LA EHES
Mk, 11/11/2014.

BEHESCRE, HBT2A BERAEAS
FREREW-A TN P AL
AZARNARY AT—EDORY R b
= 7B

2)

4)
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# 37 [A A Ay T A F R BRI,
11/27/2014.

H. R PERE O HRE - 3R
1R RIS
7L
2. B B
L
3.7 DOAth,
L



BAEZBNFMAZLE FTR FRBLEICT T 2 EFNERLFERTLAER)
EREEBHRARE (EBHEB)

BERERET A NV AKROBRFE
HUREE NBESE JIRERKE - B%

MEEE

AVINTZHFTANADORRERYIET E HASCNA X VI EIZT 2 BREBRNE
20, FUEMNERT S, BITHA UV 7 F o 0RETIE, BERINTRKED VA VA%
BEED0, U7 F U EHEOMRTICHRERERNE U-5E120%, BEEENMEN TN T
LEOKRIZT 7 FUBERN DRI END, FI T, UANVARY AT —EBEHELTH
J AEREOT T —HERHIE CENL, BEOLTEHEARRE LD 7 F o BIERRO B
WA TE B, B TIE, UENC A VAR Y A 5 —FOEBENMICEDT Lo RNA
T A NVADIRNHER A EMERL LT AV TN oIS N RICBITAEESGRES A5
BRI C & D Rt Lz,

BRFHEBZERZHANCT, VANVRT ) LAERIFIEEEI VA NVARY AT —FED
PB1 Y7 a2=y b ABINCHEEMZD 2 & T, BEREANROFENICEEST ST I/
FeE#s (PB1-Tyr82Cys E#) #RHE L7, /2. BRTICRVIANVARI AT —EDFH
BECEET ST I VBER (PB1-Valddlle BH#) NP|EINT-, F2T. RIFOTZ
FUBERRTH D SR PRS MRICARED T 2V BRE#AE M 2 7255 5. BAK S 1ZIER
BEDOTANRY ) DEENEERS X OV A )V AHEFERE 2 {7 FF L T\ 5 PB1-Val43lle £E ¥
ANVAEERT T ENTET,

A, BFZEEH Y7 F o OBEEICH ISR TRETH 5,
WITOEEMA L IV LT TF VA NABBFICEENBEASNDR

DG BEICIKEED T A VAT TH Rix, 7ANVARY AT —FDHEEMEDE
BIThh, VI FUIGEBEISNT-TA VA SIERLTWS, A 7P oAb
HRITR BRI CTHEIEINS, Ll BRiZ ADT ) MBI, U A /LA RNA KM
X o TIIEBIFNIEIEIZHIL L, HA = NA RNA KU AF—¥ (PBl) i2kviEZ?
LR BEORRESMMICEENEA SN D BRI A Z LRI T, 1 FEE
LEERHD, TDLI A NRIT, L W1 ODEETERENEANIND, I T,
MRS L OEEENRERTHLY 7 F & FTREARLZETSELZENTENIL, -
RN BIERIN SN D, U7 T Uk ELE DA NRY ) LDOELBHIREMN &R L
BRICHEHENAREN THDZ RO D TIREETY 7 F R OEIE - BIENIT X 5,
b, AT, 7 A VRS ) ZERIERZ W
FITC U FURERICYANVRT ) T TREENMETAIUERFRY 2T —
LDZEBRBAVIZ W BB EEICE ) AHEEL, FEEARSETIEEY
NIRRT A VAR ZBRETEE. B 7 FUBRDORBEERA S,
BRI T AR ERZEEET
B, AFEDFTRIZLY, FKRKEOHE ;
NEEFECTELT I/ FUBEPEERIRTE B. BRSAA
HEHTRY . EHIEEEANTESR
TWAHMRSEY 7 F o B LR EERE

AU FTANATIE, HEEMED RNA
RY AS—FOHEBIZHIIL TS, &6
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o, Z#DOR) AT—FEFIHLT, w1
A ) DZERENADIZ L WT 7 F
OERLHESNTWA, R AT A0 A
DR AT —EEF—7 DO Lys3h9 7k
FA Arg £7-03 His 10f@#4 25 = Lok

D, BEREN S FLL LW ET S, 27
S EEFESEI. U A LA RNA SR B
WT RNARE ST IAENS TAY O]
WZAZE LT, Arg 7213 His ~E 4
HI LT, TR ERAIGEE RNA Lot E
TERIC A AT L, 7 AR
OFIRPED [ E L S S5,

HERT AR AT —FEF—7 D ND
Lys 7835013, 1 2L A XD RNA VA /LAT
RESNTEBY A 7o WA )L
TIEUANARY AF—F PBl 7 2=
v b 481 FH D Lys FILICHHN T 5,
EZTC, FRICER YA NV AEERL . A
VINZ WA )L AN T G B
a5 vRET L,

FHIRZ T A AT, BEICHESL STV D
WG EREIC Lo TERI LT, A T
WP A NADE T A IR ) bk
FLAAATZ T A WAL ) DR 2 — L& |
AN AR AT —F¥ PB1, PB2, PA®
YT =y bBLORU AL A R
JETHDLNPHEBENRY Z—% b NEH¥
293T MR —FEIZEATHZ & THEY A
WA EVERLL BEEHRINE AT A LA

DYENE 29T - 7=, PB1 O S5 BARDVESRL T,

TANARYGT ) DR X — KR E
ALT, IRy #— L 30 293T
MRIZEAT A & ¢, BRAEW 2 U A
VA T AT,

Fio BTV A TN T
A H5N1 &8 L OV H3N2 FRIizBW T, R
VA —BOBERETR EIELT I
Ze & (PB1-Vald3lle &) 2HESh
o BATOU 7 F U BHER T H 5 a5k
PR HRIZ & I A FIRED MR FT 21T o 72,

(REE~DEE)

AHFFCIL, B E OWF TR 3 8 EbR
EEFRWED, MEE~OEEIXZHE L
AN
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C. WERER

A ARG ) WNAEBLE M A TE S S
v R — 4% — 38R % B v
PB1-K481R £ L OV PB1-K481H 2 BAAR
U AT —COIEWEERHA~T R, BFAER
PB1 19 10 i3 EIEESMET LTy,
F7-. K481 # Do 7 3/ BRICE S
W RARTIE. RNA & RS Mk
LT CThoT,

WO AR AERELC L v PB1K48)IC T
I EEE A A RO X T A v A DVERL
Tkl fE R PB1-K481H R o A LA
AR CE -0, Bl E - ER T A LA
D7) LEHN AR LT Z A PBLY T
o=y O 82FEHDOT I /L Try 75 Cys
Nl g N RPST TN AR/ AE VAL W/ N A QAY il

WA o — o v — & T AT I K
URVAVINN AL ¥ W NIE Sia i oDyt N
EORL Y 4 L A L i LT
PB1-Y82C-K481H AR v A )L Ak L O
PB1-Y82C B v A L A%, FNFh 2.5
FERB LSS HIFEEREARNFH N &
MEA S0 E 7Zp 7= (Table 10 KK - K
HARMFEE B L OHERERE L & oL
WFEERER)

—F. BEIZ/ Y PBL ARY A T—ED
43FBOT 2 JFE Val /b Tle (S E#T
HET EEERSFIEEMETAZ &
DE SN, REREZBITY 7 F o BE
¥MTH2 PR8 U AL AITEA L, W&
R EREE A C 293T il HFE Y A
WA GAERE | FEERIITY A VA DHEIE
Tol= R, B4R PRS FkEREREDN
iz t> PB1-V431 ZE 7 A )L 2 % [EIT
T&7,

D. E£&

BEMHEOmEEZBENE LTERLE
PB1 ZE®E v A A (PB1-K481H) 1. 7
3 BREHIZ L (KT L7z RNA & akiEME
PR T DA, LR (PB1-YS2C
B NEAINhEZLEEZOND, ZDZ
b, PB1-K481H B —78 B A FEFEM
WCRETEELRIFTAZ X TERNn
72, —F T PB1-Y82C B#uld, ZHEE



ANSHROE T3 &L, BEEALRE
DEE LM EXE7 (Table 1), EEHIF
THIE 17~ PB1-Y82C & 17 1 L AT,
FisMER=eRF (DI KiF) #%< &t
T EDWTRB I T, TE, BERSEERRS
DI ¥iF4% U 7 F RIS TABEN &
NTEY, KFETHHRICAE L PB1
ERLERATE HAREERH D,

F72. BEELEPHFTE 5 PB1-V43I
EHiE HIN1KTHD PREFRICEAL T
b, FAERLRERED YA LA IEEES
TEWTE T, BE, UANVARYT ) L5
B2 B W T REEMNME BT 2085 21T
STV A,

E. &

BEEOREE LT, YA VAT J AT
EENPADIZSWEEELEFR) AT —F
NEBEEBREFET LAY T ART
S BERERHE T LI TE ol
L L., fLowrzE s v—7nb@mE S
EEEMNRIAENS PB1-V431 BT,
HIN1 U7 F U~ bIGHATE 5 etk
R,

—F T, UAIWAYT ) LD BB AR
ZEIET BT R BREN (PB1 AR U
AT —€ :Try82) &% K L7, PB1-Y82C
TR A VAL, BFAERK & Bk UEFESED
ZLJELS, B DIRFE2%L< G
s BEEYA L AERE LTERT

BT 7 FU~DISHPHRTE 5, 5111,

BREEBLIOMEEEERY) AT —F0D
HEEER L. U2 F o h%EaERRIC
RETXHIHEUA NV AKEBERICRITC
l/\<O

G. BFEHER

1. FRSCEE

L

2. FERFK

1) NEREAE, BERIEE, EEBE, I H
gEA, BRENA VTN UF T AL
ADYT ) NEBEAREZHIETH RNA K
U AT —EOREREEE

% 62 EHAY AL AZEZNES. K
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2) NERRGAE, (BIERE. /EUIZFEAN, H
RENA VIV T AL NVAT ) LD
EEEAREZFHETS RNAKRY AT —F%
OIS REREIL

% 29 EFRENEY A VAES. LQ
2014.6.29

H. AR EREDHRE - BRI
1.RFF A
AP
2. ERFEE
2L
3.%F D
L



Table 1. 7/ LNBEREAShE
Plasmid (BG)®| PB1Er4%E! | Y82C-K481H Y82C

AT 8 — R (nt) W® 24678 14939 16503 15514
IBREREH 223 311 657 785

IERFE AR (ERIEEE/10° nt) @ 2.98 6.87 13.1 16.7
BRERRE B RRBER/ 10 | :

A (IN) 30 15 22 33
X% (DL) 28 37 45 38

REBAEZEL—FDE|G (%) ® 000235 0.00348 0.00405 0.00457
REFAZBEY—FOBE-BG(%) | 000113 | 00017 | 000222

N T T T T e ey e T T T e
LDDNAZFRBEL , R~ v —IC KUIEREHIE BT LI,

(B) 1J—FRIZI&. HE8HEDI0NEE S DEIAI—FEN TS,

(C) =42 ZREM D 1-8h ODNABIRIZIH E L77 HPCREEFR (DNARYAS— ) DER B AR E
A;gb’)“if?%‘(am ELTELBIG=OIZ. PBIODNAEI—RG B TS5RZREaO—)LELTH
V=,

(D) IR R E B =E MR/ —F /) —F R (30318 %)
BE)REFEAZEL)—FDEIE=IN+DL/J—FH
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BEAZ BRI AR R R FRBRIMEIZN T 5 B ER MR IEFR)
EREEBRARE RBHEE)

U7 F VI L DREIRBEHER OB
MURLE BHEE ENURPETEIT SR - R

MEEE

FUELEBRICE DR EISE TR BB A 7 o HAICASEREST 5 Bfila L
RN EELRREER-T, JOREHEEICEN-RAEABERL LSV 7 F Uk L REE
EFRIET -0, REEOHRE TIE, O HAIZHET A REREE BHREOREE:
BEL., ZOFETHREIND BHIEOWEZY N—7iF%1T-7-, H3 EA D X31 ¥
ANAEREFRD HA L ZDEEKDO HA 2B 58 EETEHR Lo — 7 2/ERIL,
2OoD T —TIIRERETD BML . X31 HA OARITHEEST DR B Ml 04 BE
ERATZEZA, ZBHBEEZEME CHET I Z SR L, S, HEEL -RER
A B MANREBETAHEZ A7 AFER L, REKESME B o= b — 7t 2 fE
L Z A, HA O stem BIRAFTHR T2 Z L 248 E Lz, AR TR LB,
H5 BRI EFAA N o FAOF AL ARETH D . REMEHE B Mg iE0sFE
BEICENT-HRY 7 F Uk ERBEEDBEICERATH S,

A BB B A i i
FATHE O R TR A EMEAFR 7 X381 A Y TN P U A LA Z RS
NE PR L, U FUC L BRERE 0 ST UADDIMRE TR L, ik
EORESEMEUTEIC L > CEEpg  BEToT, SORBREROTIC 2THA
BEL 72 %, ARFECIL. EREASHICERN @O HA Fu—7 %ML, X31/Uruguay
F B OB ERE L A ng T FFCHEAT 5 A B L X31
RERSEERTREEDRNCEET  PHCURET OGN B it T n—
BT FUME GEAEEREL, By T PARY (FACS) ICTRHELT,
ICARRZ BN F B A T

YUy FUOBKROBRREL BT, (3) FACS 438 L 7= B #RIA O REBRE P53
FACS Iz TRt L7-fEE B Miax. 3T3
B. BFEFE WHESF AR O FFE T C IL-2/IL-4/IL-5 % &

EHiZ6 HMERE L, FUEEAMIE~D5
fbZ{R L7z, H&EEAEILL, X31 HA
72 5 ONZ Uruguay HA IZHEE9 5 1gG #t
RIRE %2 ELISAJEIZ X D T L7=,

(3) MiEEH - REERTOI/Iu—=7
SEELT-HMRENS cDNA &L, PCR
2 X V&R T VH/VL #H8iE L7, &
BEFEREEENRS X —|THBIAHR T
aO—= 7 5fTo77,

(4) BEMEE AV HIEY %7 O3B
7y a—=7 Li=fifk VH/VL BHR~ T &

(1) HA # > /37 OE AR TOER
REEEMEMBORERILD BT 07),
EWfT — 40 BERH3EA T A )V AKE
FAWTHIEL7=, H3N2 Bl X31 k&,
ZOHE FY 7 METH B Uruguay FRO
Uared s HA #Zo80 B{ER LT,
“hb HA # o 7 %, ThZh
allophycocyanin & phycoerythrin THEi
L. HA 7o —7 %R L7~

(2) 7u—H A FA MUIZKDZEREENE
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— 7% HEK293 fiokkIZ 8= L, 5 H
MEEaE U=, B S Hueo
HA fE&1E4 ELISA - L 0 HEER LT-,

(ffr B i~ D fic jf)
A C O FERR I E SR GYE e T LT
\Zd T [E LY RE R IR AT R R S e 4
BRSOV L7, B ERRIL, @)
W FEER L B SIRRICIE, BERORRY
BThBIToT,

C. MroEiER

(1) FACS = L 5 %2545 60 B Mg o f H
RIEREAE B A T 5720 Fex ik
2 FE¥H D H3N2 7 A /L A B AR 2 HA %
Xy AL LT, X311 1968 4y
Sz H3N2 @il A VA TH Y |
A/Uruguay/716/2004 1%, 2004 255
ShizE Ul OFRERKETH DL, T
H2flEO HA Yu—7 %2R
L R L, FACS fiftr 21T > 7=,
RYLBEHNC B D B Miflaik, —EERE B
FRZ A b L CL 2 OdRRE CAENICE
MERESID, BT, BYBHEC L7
SEIE B MMM A L %
Fx X RWNTE LT3, ifiFeE B lansg
EFEEMERITT 5720, X31 2R &4
U AnbiifiaERE L, 2fFEED
HA 7'm—7 % &0 EBOTETRE L
& A, X31 HA A O EE B Mmoo f
2. AR HA L REIRHCE S FTREZ: B
A 30%E TN D RWE L (K
1A), Z® FACS TiH &5 B Hfas
AYIIREREETIBEEZRRT 5089
NEFEERT D=, 2@ B #Miaz FACS
WCHBEL, Yo DA R EM& T
REAMRICEFEE L, £ LT, BE
EERICEA SN HUERD X31 L EREE
WX BREAM AR A X331 L&
BROWFTICEET MR, REES
MR EEETHZ L EME L, ULk
FERNS, ZO2EEO HA T —7%H
V= FACS Y212 L » TREREME B #8
oz L, DEERRETH D Z LA B
Lot
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I OFE TR RRER A EE S B M
JOPFHE T F—7 % 50T 5 BHY
T, 2O B RN S 7 a—F ViR %
ERL L 7o, F97, 22 SRR B ez
96 V)V L— NI oV 1 ET D%
i L. pridit s a8 sE i A PCRIZED
HE Ut BB 4 —loa—=2
L7-, O3 MY 2 —% v Nk b
FGUAT 2y va s THIEICLY, KE
fEetE B NS 252 R0 &
EH LTz ZOFEIZLY | A TER
& B g o 9OfEOT /) 7 o —F L
FAEEM-TA 2 Lo L (2A),

INFETwUARLE b b, ffia A
DA 7NN HA ERERET HE
J 7 a—FTAFEPMEH STV, &
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ABSTRACT

Proteolytic cleavage of the hemagglutinin (HA) protein is essential for influenza A virus (IAV) to acquire infectivity. This process
is mediated by a host cell protease(s) in vivo. The type II transmembrane serine protease TMPRSS2 is expressed in the respira-
tory tract and is capable of activating a variety of respiratory viruses, including low-pathogenic (LP) IAVs possessing a single
arginine residue at the cleavage site. Here we show that TMPRSS2 plays an essential role in the proteolytic activation of LP [AVs,
including a recently emerged H7N9 subtype, in vivo. We generated TMPRSS2 knockout (KO) mice. The TMPRSS2 KO mice
showed normal reproduction, development, and growth phenotypes. In TMPRSS2 KO mice infected with LP IAVs, cleavage of
HA was severely impaired, and consequently, the majority of LP IAV progeny particles failed to gain infectivity, while the viruses
were fully activated proteolytically in TMPRSS2*/* wild-type (WT) mice. Accordingly, in contrast to WT mice, TMPRSS2 KO
mice were highly tolerant of challenge infection by LP IAVs (HIN1, H3N2, and H7N9) with =1,000 50% lethal doses (LDs,) for
WT mice. On the other hand, a high-pathogenic H5N1 subtype IAV possessing a multibasic cleavage site was successfully acti-
vated in the lungs of TMPRSS2 KO mice and killed these mice, as observed for WT mice. Our results demonstrate that recently
emerged H7N9 as well as seasonal IAVs mainly use the specific protease TMPRSS2 for HA cleavage in vivo and, thus, that
TMPRSS?2 expression is essential for IAV replication in vivo.

IMPORTANCE

Influenza A virus (IAV) is a leading pathogen that infects and kills many humans every year. We clarified that the infectivity and
pathogenicity of IAVs, including a recently emerged H7N9 subtype, are determined primarily by a host protease, TMPRSS2. Our
data showed that TMPRSS2 is the key host protease that activates IAVs in vivo through proteolytic cleavage of their HA proteins.
Hence, TMPRSS2 is a good target for the development of anti-IAV drugs. Such drugs could also be effective for many other respi-
ratory viruses, including the recently emerged Middle East respiratory syndrome (MERS) coronavirus, because they are also acti-
vated by TMPRSS2 in vitro. Consequently, the present paper could have a large impact on the battle against respiratory virus
infections and contribute greatly to human health.

g nfluenza A virus (IAV) is classified in the Orthomyxoviridae fam-
ily and is a leading agent that affects and kills humans world-
wide. [AV enters target cells via endocytosis, and virus-cell mem-
brane fusion occurs at the late endosomes, thus releasing the viral
genome to start virus replication. Membrane fusion is mediated
by the hemagglutinin (HA) protein, which is synthesized as the
inactive precursor HA and cleaved by a host cell protease(s) to
gain fusion activity. Proteolytic cleavage of HA, into the HA | and
HA, subunits is essential for HA to express membrane fusion ac-
tivity and, consequently, for IAV to acquire infectivity.

The HA of low-pathogenic (LP) IAVs, for which infection re-
mains localized at respiratory and/or alimentary epithelial cells in
birds and mammals, including humans, possesses a single argi-
nine residue at the cleavage site. The HA of LP [AVs is thought to
be cleaved and activated by a specific protease(s) present exclu-
sively in these tissues. Trypsin, miniplasmin, tryptase Clara, mast
cell tryptase, and type II transmembrane serine proteases (TTSPs)
such as TMPRSS2, human airway trypsin-like protease (HAT),

5608 jvi.asm.org
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TMPRSS4, and matriptase have been shown to cleave the HA of
LP IAVs at the single arginine residue (1, 2). Previous studies have
also demonstrated HA subtype and strain specificities of TTSPs
(3-6). On the other hand, the HA of high-pathogenic (HP) IAVs
such as HP H5N1, which causes fatal systemic infections, contains
multiple basic amino acids at the cleavage site (7-9). The HA of
HP IAVs is cleaved by ubiquitous intracellular proteases such as
furin and proprotein convertase 5/6, which are present in all cell
types (1, 2). The concept of host protease-dependent tissue tro-
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FIG 1 Proteolytic activation of HA by TMPRSS2. (A) HA proteins (H1, H3,
H5, and H7 subtypes) were expressed alone (—) or together with mTMPRSS2
(m) or A TMPRSS2 (h) in 293T cells using expression plasmids. The cells were
pulse labeled, and the HA components (HA,, HA,, and HA,) were detected
and analyzed by immunoprecipitation and SDS-PAGE. (B) HA proteins were
expressed in HeLa/mTMPRSS2, HeLa/hTMPRSS2, or parental HeLa (—) cells.
At 2 days posttransfection, the cells were treated with low-pH buffer (pH 5.3),
and cell-cell fusion was analyzed by immunofluorescence staining using anti-
TAV antibodies coupled with Alexa Fluor 488- or 549-conjugated secondary
antibodies. The nuclear DNA was stained with DAPL

pism and pathogenicity of LP and HP IAVs has been well estab-
lished (7-9). However, the protease(s) directly involved in the
cleavage activation of each HA subtype remains to be identified.

In the present study, we focused primarily on TMPRSS2 be-
cause this protease is expressed in the respiratory tract, activates a
variety of respiratory viruses, and cleaves the HA of [AVs effi-
ciently, even at marginal levels of expression, in vitro (4, 10-16).
Our working hypothesis was that if TMPRSS2 is essential for AV
activation in vivo, mice lacking TMPRSS2 expression (TMPRSS2
knockout [KO] mice) are highly tolerant of challenge infection by
[AVs that use primarily TMPRSS2 for HA cleavage.

MATERIALS AND METHODS

Ethics statement. All experiments with animals were performed in strict
accordance with the animal experimentation guidelines of the National
Institute of Infectious Diseases. The protocol was approved by the Insti-
tutional Animal Care and Use Committee of the institute (permit num-
bers 113066-11, 313008-I1, and 13-09).
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FIG 2 Structure of the targeted TMPRSS2 gene. (A) TMPRSS2 KO mice
possess an allele [Tmprss2™! ®OMPIVIeg] with an ablating deletion of the
TMPRSS2 gene, which was replaced by the lacZ gene (VelociGene KOMP
definitive null allele design). (B) The genotype was analyzed by VelociGene
KOMP allele PCR genotyping strategies using primers NeoFwd and SD and a
previously reported method using primers P11 and P12 (25).

aners NeoFwd and SD

TABLE 1 Transcriptome analysis of lungs from WT and TMPRSS2 KO
mice for TTSPs

RPKM
Lungs Bronchi

Gene WT KO WT KO

TTSPs
Tmprss2 2.43 0.59¢ 3.62 0.51¢
Tmprss3 0.00 0.00 0.21 0.00
Tmprss4 0.54 0.64 0.61 0.40
Tmprss5 0.05 0.21 1.61 0.38
Tmprss6 0.01 0.00 0.02 0.05
Tmprss7 0.39 0.00 0.01 0.03
Tmprss9 0.00 0.00 0.03 0.02
Tmprsslla 0.17 0.00 0.42 0.13
Tmprssl1bnl 0.32 0.00 0.00 0.00
Tmprssllc 0.09 0.32 0.00 0.00
Tmprsslld 0.53 0.00 0.00 0.00
Tmprsslle 0.07 0.00 0.00 0.00
Tmprssl11f 0.03 0.00 0.00 0.00
Tmprssllg 0.01 0.02 0.00 0.00
Tmprss12 0.00 0.00 0.00 0.00
Tmprss13 0.03 0.00 222 1.46
Tmprssl5 0.01 0.02 0.11 0.07
Hpn 0.00 0.00 2.23 3.11
Lrp4 9.43 15.75 1.77 2.23
Stl4 0.35 4.35 12.96 13.74

Internal controls
Gapdh 31.06 86.26 441.28 794.44
Actb 264.31 491.48 308.25 296.38

“ Detected reads were mapped to exon 14 in the Tmprss2 coding sequence remaining in
the TMPRSS2 KO mouse genome.
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Plasmids. A mouse TMPRSS2 (mTMPRSS2) expression plasmid,
pTarget-mTMPRSS2, was generated by inserting the mTMPRSS2 cDNA
obtained from a C57BL/6 mouse. The human TMPRSS2 (hTMPRSS2)
expression plasmid pcDNA-TMPRSS2 was reported previously (11). IAV
HA expression plasmids pCAGGS-H1, -H3, -H5, and -H7 were generated
by inserting ¢cDNAs of the HA-coding region from mouse-adapted
(MA) A/California/04/09 (MA-CA04[HIN1]) (17), MA-A/Guizhou-X
(MA-GZX([H3N2]) (18), A/Vietnam/1194/04 (VN1194[H5N1]) (19),
and A/Anhui/1/2013 (Anhuil[H7N9]) (20), respectively.

Cells and viruses. MDCK, HeLa, and 293T cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
calf serum (FCS). HeLa cells were transfected with pTarget-mTMPRSS2
or pcDNA-TMPRSS2, and Geneticin-resistant stable clones (HeLa/
mTMPRSS2 and HeLa/hTMPRSS2, respectively) were selected in the
presence of 1.0 mg/ml of Geneticin (G418; Nacalai Tesque). MA-
CAO04[HIN1] was generated by reverse genetics as reported previously
(17). MA-GZX[H3N2], VN1194[H5N1], and Anhuil{H7N9]| were re-
ported previously (18-20).

Structural modeling of hTMPRSS2 and mTMPRSS2. No known
structures of mMTMPRSS2 or hTMPRSS2 are available. Therefore, three-
dimensional structural models of hTMPRSS2 and mTMPRSS2 were gen-
erated by a homology modeling method using several protease structures
as the templates. The I-TASSER modeling server (21) was used for mod-
eling. The X-ray structure most similar to both TMPRSS2 models was the
human transmembrane serine protease hepsin (PDB accession number
1Z8G). The models were refined by energy minimization using Swiss-
PdbViewer (22) and finally evaluated by PROCHECK (23) and Verify3D
(24).

Cell fusion assay. HeLa/mTMPRSS2, HeLa/hTMPRSS2, and parental
HeLa cells were transfected with an HA-expressing plasmid (pCAGGS-
H1, -H3, -H5, or -H7) by using X-tremeGENE HP DNA transfection
reagent (Roche). At 2 days posttransfection, the cells were washed with
phosphate-buffered saline (PBS) and treated with prewarmed low-pH
buffer (145 mM NaCl, 20 mM sodium citrate [pH 5.3]) for 2 min. The
low-pH buffer was then replaced with DMEM-5% FCS, and the cells were
incubated at 37°C for 3 h. Cell-cell fusion was analyzed by immunofluo-
rescence staining using anti-IAV rabbit serum against H7, anti-IAV goat
serum against H3, and HA-specific rabbit monoclonal antibodies (clone
327 for H1 and clone 89 for H5) coupled with Alexa Fluor 488- or 549-
conjugated secondary antibodies. The nuclear DNA was stained with
4',6'-diamidino-2-phenylindole (DAPI).

Pulse labeling and immunoprecipitation. Monolayers of 293T cells
were transfected with an HA-expressing plasmid (pCAGGS-H1, -H3,
-H5, or -H7) alone or together with a TMPRSS2-expressing plasmid
(pTarget-mTMPRSS2 or pcDNA-TMPRSS2). At 20 h posttransfection,
the cells were cultured in methionine-cysteine-deficient medium for 1 h
and then pulse labeled with [*°S]methionine-cysteine by using EasyTag
EXPRE35S35S protein labeling mix (PerkinElmer) for 1 h. The cells in
some wells were treated with 1 pg/ml acetylated trypsin (Sigma) for 1 h, as
a trypsin-activated HA control, and all cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer. Polypeptides in the cell lysates were
immunoprecipitated with anti-IAV rabbit sera against H3 and H7 (Sino
Biological Inc.) and HA-specific rabbit monoclonal antibodies (clone 327
for H1 and clone 89 for H5) and analyzed by SDS-PAGE.

Generation of TMPRSS2 KO mice. TMPRSS2 gene KO C57BL/6
embryonic stem (ES) cells (product number VG13341) were obtained
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FIG 4 Proteolytic activation of IAVs in vivo. (A and B) WT and TMPRSS2 KO
mice were intranasally inoculated with PBS (mock) (n = 1) or MA-
GZX[H3N2] (n = 3). Lung lavage fluids (A) and lung homogenates (B) were
collected at 6 dpi, and HA was analyzed by SDS-PAGE and immunoblotting.
Each lane corresponds to data from an individual mouse. (C and D) WT and
TMPRSS2 KO mice were intranasally inoculated with MA-CA04[HIN1] (n =
3) or MA-GZX[H3N2] (n = 3). Lung lavage fluids at 2, 4, and 6 dpi (C) and
lung homogenates at 2 dpi (D) were either untreated (Trypsin —) or treated
with trypsin (Trypsin +) and used for virus titration. Error bars represent
standard deviations.

from the Knockout Mouse Project (KOMP) Repository (UC Davis). The
ES cells possessed an allele [ Tmprss2t™! KOMPVIcg] wyith an ablating dele-
tion of the TMPRSS2 gene, which was replaced by the lacZ gene
(VelociGene KOMP definitive null allele design). The ES cells were in-
jected into C57BL/6 mouse blastocysts, and chimeric mice in a complete
C57BL/6 genetic background were generated. Male chimeric mice were
selected by VelociGene KOMP allele PCR genotyping strategies by us-
ing primers NeoFwd and SD and a previously reported method using
primers P11 and P12 (25) and mated with normal female C57BL/6 mice to
generate C57BL/6 mice with a heterozygous genotype of the TMPRSS2
gene (TMPRSS2/7). TMPRSS2 KO mice with a homologous genotype
(TMPRSS2 /") were obtained by crossing male and female
TMPRSS2 "'~ C57BL/6 mice.

Transcriptome analysis. The bronchi and right middle lobes of the
lung were obtained from uninfected healthy wild-type (WT) and KO
(TMPRSS2/~) mice (6-week-old females). Total RNA was prepared
from ~50 mg of the bronchi or right middle lobes treated with RNAlater
(Life Technologies), using a RecoverAll Total Nucleic Acid Isolation kit
(Ambion), followed by selection of poly(A) mRNA using a FastTrack

FIG 3 Role of TMPRSS2 in HIN1 and H3N2 IAV pathogenicity. (A and B) WT and TMPRSS2 KO mice were intranasally inoculated with different doses of
MA-CA04[HIN1] (A) or MA-GZX[H3N2] (B) (n = 4 to 7). Body weights were measured daily. Error bars represent standard deviations. (C and D) Survival
curves of IAV-infected mice. WT and TMPRSS2 KO mice were challenged with different doses of MA-CA04[HIN1] (C) or MA-GZX[H3N2] (D). For each
experimental group, 4 to 6 mice were used. (E to H) Histopathological findings in the lungs of WT and TMPRSS2 KO mice infected with MA-CA04[HIN1] (E
and G) or MA-GZX[H3N2] (Fand H). Data obtained by hematoxylin and eosin staining (magnification, X 10) (E and F) and immunohistochemistry for the IAV
nucleocapsid protein (magnification, X 10) (G and H) are shown. The inflammation scores of individual mice (# = 3) are shown at the bottom of each panel (E
and F): 0, no apparent changes; 1, minimal changes or bronchiolitis; 2, bronchiolitis and/or slight alveolitis; 3, mild alveolitis with neutrophils, monocytes/

macrophages, or lymphocytes; 4, moderate alveolitis.
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