|

) <

The University of Osaka
Institutional Knowledge Archive

Title |BREICSIZERT0TF Y OHMETMEE 2B
DRI

Author(s) [A&, 1Z&

Citation |KFRKZ, 2023, EHIHX

Version Type|VoR

URL https://doi.org/10.18910/92109

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



2022 FE (w4 £E) Bt

RPECHITIEREDIF>D
B A & B ARt DR F
KITAFASRESTRN  AINESER

RIS ) THAEDE
BTRERE HSES



5—Ed

SEED

]

BkE

SEXM

NA DDV F AR E U TORRBMF

EHRNICHFET SRFEREZFIALE
721)\> hIU—-RBRDIOF O EBERITOMRFE

27

57

58

59

60



RARIEORZ N ARA P AIRE, BEEIRDIED THTEALEDE R (IBLYE & DR
WDEERTHD 2. SO COVID-19 ZEHTH. BUIEIRIZCALECHITIER R
ODTHD., SEEHE - BERRPIEOBRNE TSRV E(FBHETH D, DT, B
EEBECHBURET R &L ANEICGRBESNEREERE CTH DLV LD, TDMA,
DOF 2 N(FRRRRE(CH T DEREBEAFED—DOTHD. DIFUICKD TRIEFRIFEN
IR ESHSHUHEB LU TH L T ETHBODBALEELEHE. N DOZHDANRE
BT BT ET. BMEARBIE AR E R REN RN IS SN B . BF (T (I FYR GRS

(WHO) [CKBRABARIGETEN TIREN., DOF IEBOHEEICL D, 1980 FICKA
EOHFBREEE N SNDREI B (CEBNIZMRZRLUTND,

—BTINETIC BELDEERDIF OHHERRE SN TEZICEMNST . K2R
IRCETULWRWRRENHEZ <FEL VD, REBIRRBEED—DOTHD1>IILT
SHEZORD—DTHD. T2 IIIH(E A2 TINITIAIIAERRAET IR
BERRPECHD . FET D ERMRDRBHIREDITFIRZFEIRIZIT TR, B BERRE
DEBFEREHFSN. QOL KNBUIEKT TS, BELAHIEC T2 CEEMAL E
EHD. REDBE, LTI —AERHSND 3, BE. WHO O#istT —F L LI,
BE. HRAOD 5-10%DANBERL. 25 AHS 50 HOECHEMNRESNTNS %,
FIz. MROFEMEA > TIVI Y EHRMNIAS S BRBIFEA > ITILITIL. 1046
S 40 EORATRELTH D, ALHREEERLUTVRNWT ENSHBRATIT (€
STEYY) ERBTENBIRESND. TDEDSIC. BEIES KUFE A > TILI Y (.
AR DEBREZFTRL, BEESHEFLHETIHAMEICEZ IHEEEATHS .

A2 TIIHIAILAICE 3 BREBRETHRINVYIILF = (HA) & 4 EFRERE
THD/AMSZ=F - (NA) "EBIREEHEE LU TFRELTE D HA & NA DHUREHD
BUONS, EEOBRCHESNTND. ABA>TILIOHTE HA [ZHL HS HI18 D
18 7848, NA (N1 /M5 N11 FTO 11 FBEOHBENERINTH D, REDEHIE>
TV IA)ILAEUTIE HINT DJLR, H3N2 DAL, BEIAILANFITLT
W3 %7, DAILRIE. Sl ERHMIRECH DAEEBEDS 7)LEHEC HA 2N U T
AL, MRCIRET D. TDE. BOIAFNEZEITILAL. BEMBARICHSNTIILRAS
JLEERL. FROAIVAHFMEEIND. $LT. NADBRRREOS 7) LB % D7
FBTEICEKD T FRIUAIVAIIHRBRE L DI SN, FTRHIL A\ DRBERAEIHE & 12
B85, A2 TILIHIAILR(G, EERENELL . 1 BEDIAILZADERICEALT
M5, 24 BRI 100 HEICETEET 3 EEDHN TS,

e, ERNTEEHEA > IILIOHICHUT, B2UEERUEAT VY RDOF N
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BUSNTH D, BERTHRETRL. BESNZRBEERDOIAT Uy NDOF > %K TiEE
IR ETHAFBRERZEL. BREFBHHLTNS 2. Uh U, BITODOF > DERD T
H3 HA [HEECHREZEZR L. 8FL U DNEEEZ(LETETVD, TDH. D
DF R EBRDIHRDIAILANTITI D E. DIFCLDFEINIENTIAILR
RBREBH TSRS, DOFUHNRINEET D EVSHENDSD Y, £z, =%
EIRFRAITILISH (L, BETERITHRETFANIT I ENRETH D, €D, D
DFRkER—HR (REO—HR) ORREZTFHIT DT TR, BA—EREKTERREN
Bixdk (NFOO—HR) OBRAEEFHTED. KERISEZRT DOF > DORMFEN T
RSB ERD> TS,

—5 T, BD1DOFERERBE THSD NA (F. HA EHEU T, I ABERADEN
BEN 5-10 ELRNTEEH D ATV Y NDOF D ORE DRI F D IF &2 DIF>
UTziBE. NA T3 < HA (S DA BAIICEESND T ERsnNTnS V18, 2
Dz, NA [CERUEDOFRFE. HA S U TIHERICIISENTODIDONIRIRT
53 %, UNU. NA FHRRZENRE(CW\TENS, iF, RERNEERTDIF>
FREUTHIBIN TS, ZDf. NADDIFHRE U TOERNSE K DZHMICETE
Mg B ElE ATOO-HRARBENHEERIBI T, KOMROSVDIIFHRELE
BTV L THD TEEBRBFETH D EEZXBND 0%,

TB(CIAE. BN SRREEZEIIREDVIFONREREDTOF> & UTHFEINT
WB. BITOREDDIF > (E. RS IUR T SHARZIRS T BEHEDIF > THD.
MO TRECHBIFEN 196G ZFEMETHD. LN UEL ERBEDLSBRTD
RIEHERE (IDTZ LU\, D&, FRIAOFIAILADA > TILI T IAILADEK
DIC LB TR - 1BIET DT ILAICH U T, &< X ThRIREDERELDHIEA ER
B TH D, BREZDEDEINR ZMREHEDMF TSR, —/5T. ENSTIF> %
BT DREDVIFIE. FHEDOFOLERD, 1) S|EDTMRE, ERUE - FTRUBIC
REMMSRN IgA ZHE I BT & T, HIEE TOYRRBRBSENTEER £, 2) RN,
REZZE L TCUE>TH. MPTEREHRFEN 196G #HE8 LB bER <R e, 2 B
X DN EIEE TH D, LU, BEDIF > (F. REOHATRICEREANST . OHMEZS
RS LTE, LRMIREERT 22 ENRETHD . BiEY > ) GBHADTERSER
PEDHTZ ULVEHIC, HIEREEMNRN(CFETET RN & <BEDIF > BRI
EF v UTHEE> | QREBIGEDHEICL. REMEEHET 371/ MIRET
HBEDD. WADBITRENBIESNTE D, MEREEZE(CHEARERT7S /(> b
PEELRWC & <BIRRE7S 1/ MYEE> 8, RIELZ K DMENILEH SN
TUWD, EDEs. [TE - RIDHDDMRGAREILEDEIRR] &L\ DilReD CEAE/RERED
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iR TN, BEDIFUARCAITZEERDRETHDEERXD.

U EDB=DSAMFTTE. NADDITIOFUHIRE L TOBERM NS 528, E51E
DOF> - BEODDF 2 (CHITDAELETMS JURERHEEZ HA SHEE U DDIRE
LTz, =5IC. ERtZRIERC. ZEMOSVREDOFUREFECEITI T, eIt
TRCEDWERBDOF D EBRIMOBEICHKINUTzz. BEmX E LU THRHDIRE
THhd.



V.
ol

$—8 NA®DIIFHREEUTOREAME

NA (1)L RDEE ET/RE 4 EAREEHRLTED. BUKMESEME. stalk s, B
REMEMI%EE T D head B THERIND 2%, STUS—EEHEETS NA (F. D
A ILR RN 7 IV E N LT S = IR g BIREIN G 0. O )L ARGz
ST BCHBDEEE THD 0 SCREDATICLD. SE ERMiEH ELE
TBLFUER NA WIT 3T ET. EREHBECHSVTIILADEAZIIFB%E
BB EEBRSHNTRDO TS 12132, Fiz, BRBICHEVT, BSREEEMIET=)
FSECHITZ 13T IABEBRTSNTVB T EASNTNS 334, 2Dz, NAD
7S —CEERBEYT IR E. M KCRRRENI Th D EREHR(CH
BY BT ENTENE, TAILADETEDHRS T BREMINDRATDEDER < Lt
(C. RERSEEEE UBIEREEN B S 8,

PIOIA TV NDOF (G, ETFIC/SELTH D, MBI IgG (FEFEETEZEDD.
DA )L ADRRYFEEMI T D ERBIR TOREFERE(CZ UL, [gA MELAEEE
TR 0, 2z, BITODOF > (E. BERZOEDEBHT ZDTERL . BEL
DIEIENERBEN TS D, LRODED ., FE, BNSTDIFURERTIREDIFONE
BLANILDORBICEZITTRLS, SEDMMRE, LB - TRUE(C IgA ZFFE8IDET
FEPETE T DY RRABHNTTEE E 2B T ENSRIMRELDIF > E L THHFINTLS
A2 A TDIIHDOFUCHBNTE. BHEIAILAERNEREDOF > (B,
KE FDA (CKDAERENTULD (Flumist, MedImmune Vaccines, Inc., USA) . =5I(C
ERTE. —MIHMEEA IRAMEMRARSY . TEEERFERREDIF > DM
REEDTH D, SBETEFIRRBLTCNKEEZIBNDS, TD—AT. BEDTIF>ICH
173, NADDOF AR E UTOBRMEREFEE A ETHBEITURL,

T TAEIT(E, #BX NAEAE (fNA) ZRL\. rHA SHEE L DD, SFHEEDOF>
BELUREDIF 2 (CHITDHTUREEBRESEHEEZTM T D2 ET. NADDIFHUR
ELUTOERMRTHEUT.



(R L 5E]
HE - O1IILR

Horseradish-peroxidase-conjugated goat anti-mouse IgG (& Merck Millipore
(Burlington, MA , USA) K D& A L7z, Horseradish-peroxidase-conjugated goat anti-
mouse IgA (& SouthernBiotech (Birmingham, AL, USA) KXDEA Uz, Aluminium
hydroxide gel (alum) (& InvivoGen (San Diego, CA, USA) &KDEEA LTz, Cyclic-di-
GMP (Z Invivogen KDEEA LTz, K-type CpG ODN (& GeneDesign (Ibaraki, Osaka,
Japan) KDEEA UL, Fetuin from bovine serum (& Sigma-Aldrich (St. Louis, MO,
USA) KDEBA LTz, Lectin from Arachis hypogaea (peanut) peroxidase conjugate
(PNA-HRP) (& Sigma-Aldrich KD #A U7z, HIN1 influenza A viruses (strain:
A/Puerto Rico/8/34 ) & & TF HIN1 influenza A viruses ( strain: A/New
Caledonia/20/99) Z&=—fxEARIEANRAKMEYDHRIATLS (Suita, Osaka, Japan) KD35
L CIALV/Z, ZFE/z HIN1 influenza A viruses (strain: A/California/07/2009) (IEIZRE
ERRFIAT  RABFBEIREXLD DS UTIEV

6 1AiirD C57 BL/6j ¥ DX () (&, BRI ZATIL>—#katt (Hamamatsu, Shizuoka,
Japan) KDEEAULE., YOX(ETET 12 BREIC EDsLT. SEIDBr oL TEBE L.
L TOENERR I AIRAF M AEYRIATTAT OB SRS TITU). KIRAFEERARIE(C %
U1

Mg

Expi293F #life. - XBEirHE FRZHIIBE T2 MDCK gz ALz, Expi293 #liE
(& Expi293 Expression Medium (Thermo Fisher Scientific, Waltham, MA, USA) %=
FAUWLT. 8% CO,. 37 °C TikEEE (120 rpm) U7z, MDCK #fifa(d. MDCKBZERX
T4 DL (0.4% BSA. 1% RZZUZ/IA LT bRA S 2ERAN D-MEM/Ham's F-
12 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) ) U\ T. 5% CO,.
37 °CTHEELU.

NA &V HA RN 5 —DIER

HA IR TSR = Ri&. A/California/07/2009 (Cal) # (GenBank accession number:
ACV82259.1) . A/New Caledonia/20/99 (NC) #k (GenBank accession number:
LC120393.1) . ZFJ/z(& A/Puerto Rico/08/34 (PR8) #k (GenBank accession number:

-6 -



P03452.2) H%KD HA Z 11— KR35 cDNA DECHIZIHFLAERFEIRD Iz (CHEIE L. N
Kifd> KU C KRii(C, Nhe I & Hind I OHIPREEZRERMACH &40 U /2BchlZ ATERk(IC K
DYER L. Nhel & HindIITHIMR L7z £ WEELABHERRFEIRAANR TS — T8 pcDNA3.1

(-) TS RZRICHEAL. CHIHANC His FTZFNILIZ. F/z HA D 3 EAREZEZE BN
EUTHA @ CRIRAIC T4 )\OFTUA T 7 —ZHKD 3 ERZRL R X1 > TS foldon

( GYIPEAPRDGQAYVRKDGEWVLLSTFL) Zi##E A U, NA EIR TS X I R (E
A/California/07/2009 #k (GenBank accession number: MN596847.1) . A/New
Caledonia/20/99 #& (GenBank accession number : AJ518092.1) . KJ/z(d A/Puerto
Rico/08/34 #k (GenBank accession number: LC120393.1) HED NA Z#1— R3S
cDNA DYz IEF B FEIRD Iz (CREME U N KiidS LU C Kim(C.Nhe I & HindII
DHIPREFZRZHECH Z AN U TzEe T 2 A TERKRIC R DER L. T Nhel & HINdII T
tIr L7z, pcDNA3.1 (-) TSR RISHEA L. N KiHfl(C His Z0Z4MUIz. Fiz
NA D 4 EAFEHRZENELUT. NA @O N Kigfl(C Staphylothermus marinus 3D
tetrabrachion (GSIINETADDIVYRLTVIIDDRYESLKNLITLRADRLEMIINDNVSTILASG)
ZHEAU.

IHELFMRRADEEFEA
HWEABHRADERBERIR TS X ROELTFEAIE. Expi293 Expression System
(Thermo Fisher Scientific) ZRAL\z, BNOEAZZE 1— R 9 2HABMIERIAR TS
A= R (30 ug) & ExpiFectamine 293 (80 ulL) Z=E& L. =& 20 D TaHELE#&. 25.5
mL TIHFE L TUL\D Expi293F flifE(C. EE&BRZRIML. 37 °C. 8% CO, DEMFTT.
18 BfiifRZIEE (120 rpm) UJz. 7dD#&. ExpiFectamine 293 transfection enhancer
1 LU 2ZzENEN 1.5mL, 150 mLARIILTZ. rHA(Z5 H. rNA (10 BR&I(C, £
NoEERBEZRRELUI.

EAE/FRRB LUV SDS-PAGE
NS>RXT T2 324, 5-10 BREIEE UJz Expi293 F flifdZzi= 04T 8,000 x g. 4 °C
T 10 pE&®EOLU. TD#& EEZEBIUNL. Ni-Sepharose HisTrap FF column (GE
Healthcare, Diegem, Belgium) ZERD{tlF/= Akta explorer chromatography system
(GE Healthcare) ZRHWTHERUZ, 9. BYRL TE/zEEFEZ. His Trap FF column
([CHRU. His 90 ZEABEZHSAICRESEZ. TDE. 1=5FYV—)L (&EE : 0.5
M) ZEAIZ20mMM U EEF NUDANBERTBELE U RICOBHUTCEEERBEERZ.
Amicon Ultra centrifugal filters (cut-off, 10 kDa, Merck Millipore) ZMU\T 500 pL &
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TEML. JILIEBNS A THD Superose 6 Increase 10/300 GL column (GE
Healthcare) (T U7z. A high-molecular-weight standard kit (Bio-Rad, Hercules, CA,
USA) ZRAWT. BNOERBEDIZ EHEESNDE D DHZ Amicon Ultra centrifugal
filters TEBME LTz, =5I(C. BMEEREZ 5% XILAHT hI4_/—)L (Sigma-Aldrich) %=
S 2 x sample buffer (Nacalai Tesque, Kyoto, Japan) &3E&UL. 95 °C T 5 iz
SLI87% Uz, 4%-15% Mini-PROTEAN TGX Precast Protein Gel (Bio-Rad) (TR U.
BEUKENUTZ,

FESIRODOF O IC L D FEEENEFAEOMmERE P F(mT
C57 BL/6] N ADERKTIC 0. 21 HET Cal ¥RERESE/R rNA. Cal #RHE 4 E4F
rNA. ZE/z(d Cal ¥kE3E 3 E/K rHA Z alum (250 ug/mouse) &H(Z 1.0 pg/mouse T
X5 U, #5aRHE PBS (<) THRE L, Y11= 14— (Terumo Corporation, Tokyo,
Japan) ZAU\T 50 ul/mouse TS Uiz, &EEENS 7 BE(CEREKL D MIE%EDUN
L. Cal ¥REEZR rHA 723 rNA $FERFUAMES KU Cal FRIFENTUAMEZ ELISA (CK DT
fifi U7z, Cal #REI3R rHA 7= (& rNA (F&2E 1 ug/mL) Z 0.1 M Sodium Carbonate buffer
(pH9.6) ZRAWTHIRL. 96 well half area microplates (Corning Inc., Corning, NY,
USA) (CRINL.4 °C T 1 BpE%E L. BB LTz BB LU= L — & 0.05% PBS/Tween20
(PBS-T) T 3[EEFULIEE. 1% Block Ace (DS Pharma Biomedical, Osaka, Japan)
ZARMU. 1 RHERTHRE L. FREEERROHREUIE. YOXDIREH S Uz
F{HY>TJ)L&E. 0.4% Block Ace THIRL. TL— NITRML. 2 =R THELZ, 2
BRI, L — hESEF L. 0.1% Block Ace T 5000 fZ#FR U /z horseradish-peroxidase
=58 goat anti-mouse IgG (Merck Millipore) Z#MNL. 1 BREIER CRHE UTc. TDEE.
0.8 mM tetramethyl benzidine (Nacalai Tesque) ZHWTHEEL. 2 N H,S04(CKD
FHEKRIGEELE#. microplate reader (Power Wave HT, BioTek, Winooski, VT, USA)
% FUNT ODaso-s570 ZRITE U IMEZFROH AT Z 54 L 7z

BEOOFUICELDFENERAOSERFER. MiakRR, mIEROTAMEEm

C57 BL/6I NI AME(C. 0. 21 HET Cal #kH2E rNA (5.0 ug/mouse) HUL K (& Cal
BRER3E rHA (5.0 pg/mouse) % c-di-GMP (2.0 ug/mouse) &EH(TIKRE U, &5EH
(ZPBS (-) THRARL. EXRY MZBAWTHE 3.0 uL 9D, 5t 6.0 uL/mouse TxS
Uz, RI&EZENS 7 BRICIREXIDMEZEINL. =SCEFRFR. Miakarzo
UXU. Cal #%RE13E rNA F/z(d rHA REMFUAMMIZ ELISA (CKDEFHE L7z, Cal BREER rNA
F/zlE rHA ((&2BE 1 ug/mL) %& 0.1 M Sodium Carbonate buffer (pH 9.6) ZRW\T

-8 -



AU, 96 well half area microplates (CAHIL. 4°CT 1 EeERE L. BEHBIELTZ. [E4E
L7z L— 7% 0.05% PBS-T T 3 EI5E#UIZ#E. 1% Block Ace ZRNIL. 1 BRHIZ=R
TEHBE Uz, EREEERKCHRRLULE. XOXNSEIRLZMmEED > )Lz, 0.4% Block
Ace THIRL. TL— NTHML. 2 BREZ=ETHELZ. 2 BE®. JL—bhaksu.
0.1% Block Ace T 5000 EZ#&FRU Tz horseradish-peroxidase 13 goat anti-mouse
IgA. B U < (% Horseradish-peroxidase 1558 goat anti-mouse IgG ZRMIL. 1 BFfEZ=
BCHBEULIZ. TD#E. 0.8 mM tetramethyl benzidine ZRWTHEEL. 2 N H,S0, (C
FDFEEBRIGZELEE. microplate reader Z U\ T OD4so-570 CHRIE L. Z3iiiiliz T4
=R

SEEFEFRDEUR

C57 BL/6I NI RDE(Z.0.21 HETrNA(5.0 pg/mouse) £ U < (ErHA(5.0 ng/mouse)
% c-di-GMP (2 ng/mouse) EH(CIKRE U, #5HPHI PBS (<) THEL. EXRY AT
>SEFBAWTHE 3.0 ul 9D, 51 6.0 ul/mouse TS Uz, RiEGEZEHNS 7 HEZ(ICEEK
tIERC R DMMIC KDY DR EZRZEFREE . DR YOXEEP =zl . TsEEZ IR
U7z, ESEIICER UTERENSEFLICDITT. ERY h>ZALT, 200 uL D PBS
ZIEAL. BILELOREUERZLBURUZ, CDEFZE 20L&, BURUTZET 400 L
& 600 x g, 4°CT5HHE=ELL. TOLBEZEEGERE U,

b sEifm M EIYR

C57 BL/6I NI RDE(Z.0.21 HETrNA(5.0 pg/mouse) £ U < (ErHA(5.0 ng/mouse)
% c-di-GMP (2 ng/mouse) EH(CIKRE U, #®5HPHIPBS (-) THEL. EXRY AT
SEAWTHE 2.5 uL 9D, 5t 5.0 ub/mouse TS UTz. rNA BXU rHA % c-di-GMP
EHICEBIES UL, RERENS 7 BRICBERUIETCKDIRMIC KD NVIRZTE
Bz, TDE. EREZUIBFRUREZELSE. 22G BE&:Et (Terumo Corporation)
ZRECHERUL. h—FI)IL=zEmEL. HER. [EZ 5-0 5% (Alfresa Pharma
Corporation, Osaka, Japan) (CKkD#EERUEZ. 1 mL=U>= (Terumo Corporation)
ZFW, fTRIC PBS & 0.7 mLFEA L. 2 UZZAWTCRASEZ PBS ZEUR Uz, #t
[7C. PBS Z@E#kDFAZET 0.5 mLIES L, BT D LICKDflEk#FRZEH 1 mLE
IRUTZ. FffaseidR(E 600 x g. 4°C TS5 fE=EDLL. EBEZEURL. ELISA (CXDAHZ
FERY 1gG ZAIE LTz,

12 INWITIA IR B



FRERE  PEISENS 31 B, Cal D-1JLR (6.0x10°TCID50/mL) . PR8 )L
R (1.2x10° TCID50/mL) . &E7/z(E NC D-JLR (1.9x10” TCID50/mL) %=. TNZT
NFE22.5 ul IDORERS L. Bz, &5(C. B 3 BROSETERZEEUR UL,
MDCK fifaZ AT, SEGERTDDILRERHE U,

TRERE : FEf%En S 31 B%. Cal 9-7)LX (1.0x10° TCID50/mL). E7/ZIENC ™
“JLR (3.2x10°TCID50/mL) Z. K& 15 L FDOREB/S L. B, KREHL &
FRZHM LIz, FEABNHRNS. P 0 BNSOBRERDEN 25% Lo lzmz
T2 RARA > NEEREUR,

ELLA (Enzyme-linked Lectin Assay) ZRAWz> 7 U4 —E &

YEERAE T D Fetuin &, 0.1 M carbonate buffer (pH 9.6) THEE 50 ug/mL (T
L. 96 well half area microplates (C7RIIL. 4 °C T 1 EFEL. BEHE{EULZ. RIC,
0.05% PBS-T T 6 @%i% L/=#%. rNA % DPBS (+ 0.9 mM Ca**, 0.5 mM Mg**, 1%
BSA) TERFEAIRL. L — MR LTz, 16-18 85, 37 °C TEHE L. BV 0.05% PBS-
T THFEUIE#E. PBS T 1 mg/mL (CHFRUTZ horseradish-peroxidase =i Peanut
agglutinin (PNA) Z7L— NMIHRINNL. BRET 1 EMEBELZ, KEEERRISTRUE
#. 0.8 mM tetramethyl benzidin ZEWTHEEU. 2 N H,S0,4 ([CK DRERIGZFLIEE.

microplate reader ZF3U\T ODy4so TIREERTEL. NA DS T77ULS—CiEEREME L,

L KERREOSETFERPDD 1 )L A E 5Tl

ITRBICTAILAZREL,. 3 BEOSREEFRZ. 0.4% BSA, 1% XRZZU> /XA KL
ThA2BR. 2 ug/mL 7EFIUE NV TS > = RIIUTZ D-MEM/Ham's F-12 X5
« DLERNT 10%° 59 DEBEFIRL. PBS THS LTz MDCK #f3(SRAL. 37 °C.
5% CO,. BBZKJETT 3 HREEELZ, BEUZHRBREERICT 4%
paraformaldehyde ZZ&MIU. 10 DREEHE I D ETEFELUZEIC. PERISYIRE
RZHRINL 30 PER CHE UREB U, REBERZKTHALUIZEIC 0.1 N NaOH Zim
L. ODg30%& microplate reader (CKDBIE LTz,

REtaRIr

FRETERAT(C(X Prism (GraphPad Software, San Diego, CA, USA) =HBW\z, 5 J(FE
EEZERE (SD) TRLU. BEREERTEL Tukey's test ZALVZ, £FRE”EROD
Kaplan-Meier Bi#R%Z log-rank test TIREU CEREZFFMUZ. HEtFENEBEREE. P
< 0.05 DIZFEZEECHD LU

-10 -



(#55R]
HE®& rNA BLT 4 24 rNA OS> 7 V45 —EiEMETHEES K U 57

AR T, DAILRBELED NA ZEIMIT DD, 4 ERTEBRRAA>CTHD
tetrabrachion ZfHHI LTz 4 2K rNA Z/ER U/ (Figure 1), F£9. 4 AR RA1>
ZANNU TORWEER INA EDOFMRZLER T DZET,. 4 2R NANRDTF 41
[REUTENDZHTLUZ. £2T FEIEA>JILI>PI)LRX (HIN1) O—DTHh
3 A/California/07/2009 (Cal #k) HREEAD KU 4 =4 rNA Z. Expi293F fAR(C K
DFEIFEHE. Histrap S A FIVEBHSLAZRAVWTHERUZ. €D, JIVEBHS A
B KU SDS-PAGE ZFHUT. BRNOERBEDORBREREZHELIZ. TORBR. 7)LIERE
ASALICHBNT. 4 248 rNA (E 200 kDa DALE(IC. BEEK rNA (& 50kDa DAIE(ICE—2
HERZ=R N/ (Figure 2a)., F/z. SDS-PAGE i TIL. HEAD LU 4 24K rNA [CHW
TENEN. 40 kDa. 50 kDa ME—)\> R& U THER SN (Figure 2b), F/z. rHAT
(& 70 kDa ME—/\> ROHESR SN (Figure 2b) . U EDFER(E. MEOSVBHEHES
MHERTETHD. 4 ERRAAZ(CKDBER 4 £ rNA DR ESNTVWS &R L
TUL\B, RIC. ELLA [CEKD rINA D77 UAS —EiEE Rz, ELLA (&, ¥EERAETH
% Fetuin OFIGICHFET D TILEEN. NA DS F7USF—CEEICKDUMEN3 &%
MAUEHERTHD. TORER. 4 24K rNA TR T7US-—EEEZRUIEEDD, H
SR rNA TES UGS —-EiEEZE RSN D7z (Figure 2¢).

RS, TOFED, FFERENRIMAEEZITHEIS D2, BEMA rNA F/z(3 4 24K
rNA Z/KEEE7)L==D A (alum) EHIEETIRS L. MBERDD )L AFENTNMES
KU rNA FENTUAMEZEHE Lz, TR, 4 2R NA JOFECBNT, FFIOF
BB KUEEAR INA DOFBEELEE LT, 4 24K rNA FENTUMES LU Cal J1)L
ZEFEATREOERR LRENZRH SN (Figure2, dande). 512, CNSDREEE
Rz T DIcsd. DUOF &L, MEO—HARIAILATHD Cal D1ILR%Z., I
£ 15 WL IDORBIDTIERESEL. TIUEREE. METEITDILOIRZEDRE

(F& 15 uL 9D2) TOAIRAZRHRSEDZET, EELL. MRQEDEHIENTS
SNTREBZRE L TE D REHROCEGFRTODIF MNENTHERIGE £ 10D . TORER.
EDOFBFTIE. RENRBMCHD U, EFEN 40%FTET Uiz (Figure 2, fand
g). Ffo. HEARNA DOF B, IFDOF B EREEAENEI U, £F7EN 40%
FTETIDIDICHUT. 4 2K rNA DOFEFCTIE. BRERDIIFEAERDHSNT .
LTHOYIRICHBNTEENRSOHSNIZ (Figure 2, fand g). U EDFERKD. 4 24K rNA
(FEEAR NA LEERUT, DOFHRRELVTENTLS Z EA RSN,
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monomeric-rNA His GG NA (71-469)

tetrameric-rNA His tetrabrachion | GG NA (71-469)

trimeric-rHA HA (1-520) PGS foldon SGR His

Figure 1. Construction of recombinant proteins.
Schematic primary structures of monomeric-rNA, tetrameric-rNA, and trimeric HA with foldon. Each protein was fused to

His tag in N- and C-terminal regions, respectively.
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Figure 2. Potential of recombinant tetrameric NA as a vaccine antigen. (a) Monomeric recombinant NA (rNA) and
tetrameric rNA from Cal7 were generated in Expi293F cells and analyzed via size-exclusion chromatography. (b) Purified
rNAs and rHA were analyzed through SDS-PAGE followed by staining with Coomassie Brilliant Blue. M, marker; lane 1,
monomeric rNA from Cal7; lane 2, tetrameric rNA from Cal7; lane 3, rHA from Cal7. (c) The sialidase activity of serially
diluted rNAs was evaluated through enzyme-linked lectin assay (n = 3). (d—g) Mice (n = 5) were immunized
subcutaneously with monomeric rNA from Cal7 (1 ng/mouse) plus alum or tetrameric rNA from Cal7 (1 pg/mouse) plus
alum. At 7 days after final immunization, plasma levels of (d) tetrameric rNA-specific IgG and (e) Cal7 virus-specific IgG
were evaluated by using ELISA. We used 160- (o), 800- (m), and 4000- (A) fold diluted plasma. At 10 days after final
immunization, mice were challenged with Cal7 (homologous virus) and the percentage changes in (f) body weight and (g)
survival were monitored. Data are given as means + SD. (d and e) Significant differences (***, P < 0.001; ****, P < 0.0001;
Tukey’s test) were analyzed only for the 160-fold—diluted samples. (g) *, P < 0.05 according to comparison of Kaplan—
Meier curves by using the log-rank test.
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NA DD FHIREUTOERAMEFEE GEHREDIFD)

R(C, FRBDTOFICHETD INA DDIFUHIRE LU TOERANZ rHA SEERUTE.
Flz. INLUBEDIRETTIE rNA (F 4 2K rNA Z. rHA (Z 3 24K rHA ZHULTULD, £/,
— M (CEABNRZ DIF > I IR EEABEZHBRCHST NI Lz2#EH T, @D
DF ARDLLE (FEABE THIX TIR5 Uz, £9'. rNA F/2(E rHA %Z 1 ng/mouse T
alum EHICE TS URBROD. M (CHITD Cal #REEE rNA FHFENFUAMIES KU rHA
FENOTUMEZSHME Lz, BDRDIBRT(EHDN. rNA FENFUMIECH UL TIE. rNA D
OFDBFC. IRDOFRFEHER U THUAMBDOBR/R LEN R SNIZ—A T, rHA DO
FEET(E. rNA FENFTUAMED LR (FZRBHSNEM>E (Figure 3a). F/z. rHA R
FFUAMEIL. rHA DOFBHCHENT, FFTOF B LR U THUMADBER/R EFZ N
etz (Figure 3b), RICDOF> 4. MEO—HRARMKTHD Cal D1ILRA%Z. F&
15uL 9D BREBLD TRERESEZ, TORER. JEDTOF BT BENITEHENR
PFBDICH LT, rtHABXU INA DOF AT, BRERINDEEAERDSNT . 2L
#7F0Ufe (Figure 3, candd). RIC. ANFTOO—HRARBER(CH T BRERIGHEZ M I
Dlzeb. HUREZ 10 pg [ABMMUIZDX T, rNA £2(E rHA Z alum ERICYDRICE T
‘5 U, Z0%. NFOO—HRIHKTHSD HIN1 B A/NewCaledonia/20/99 (NC)
HERSE 15 il 9D, TREICRESEZ. TORR. EDUF R E. ARENREMNIC
AU, EFEN 10%(CEFTETF U (Figure 3, eand ). E/=. INA DUOF BT,
rHA DOF 2R &R U THRERAD OBRIMDEINZEH SNz (Figure 3e), =5(C rHA
DOFRFTIE B80%FRTEFRMET I D EMERENIE—AT. INADOFETIE
PILDOEFMNER SN (Figure 3f),

R(CERBLDOF > (CHITD ERIBREE(CX I DBAERIRZ M Uiz, ERuBREER(E.
TREIGELRVVEEDREZ (FE2.5uL 3 D) TUAMIILRZRBREIEDIH. ERDOE
B> JIVI O REREERRIC, ERUBMR TORRZHE LS THED. KDREDHE
UVRRZIRI L TULD, L TRERE LB, BE(CARERD (FROHSIURN Tz, B
3 BRICEERFRZLOUNL., DAMIILREZREITDIET, JIFMREHELIZ. €
DFER. MEO—HRIPBERTHDICERENST . INABKU rHA TOFRFDLIIC
BUWTE PBSIESRF LR U TOAMILREDIR EERHS NN > Tz (Figure 39) .

BEDFEREKD, FEHFRDOF > TE. rNABKU rHA DOF D BEHCHWT, REO—
HRARXTRERE(CH U TERABEDDIUVF OMRERT —AHT. NFTOO—HRIRER
(X UTIE rNA DOFBEDAM,. rHA DOFRFEER U TRERINENBENS &M
RENIC, —ATEREDIF > TR ERERREICH U TEFEAERHERIRE RSN
EMBSMERD T,
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Figure 3. Comparison of rNA and rHA from Cal7 as vaccine antigens via subcutaneous immunization. Mice were
immunized subcutaneously with Cal7-rNA plus alum or Cal7-rHA (a-d, 1 ug/mouse; e-g, 10 ung/mouse) plus alum. Plasma
levels of (a) Cal7-rNA- and (b) Cal7-rHA-specific IgG were evaluated by ELISA of 160- (e), 800- (m), and 4000- (A ) fold
diluted samples. At 10 days after the final immunization, mice were challenged with (c and d) Cal7 (homologous virus) or
(e and f) NC20 (heterologous virus) to achieve lower respiratory tract infection. The percentage changes in (c and e) body
weight and (d and f) survival were monitored after challenge with viruses. (g) At 10 days after the final immunization, mice
were challenged with Cal7 (homologous virus) to cause upper respiratory tract infection. At 3 days after challenge, virus
titers in nasal wash samples were evaluated. (a-d, g) n = 5 per group; (e and f) n = 10 per group. (a-g) Data are given as
means + SD. (a and b) Significant differences (****, P < 0.0001; Tukey'’s test) were analyzed only for the 160-fold—diluted
samples. (d) *, P < 0.05 vs. PBS-treated control mice, according to comparison of Kaplan—Meier curves by using the log-
rank test. (e) *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 between Cal7-rNA-immunized mice and Cal7-rHA-immunized
mice as indicated by using Tukey’s test. (f) ***, P < 0.001; ****, P < 0.0001 according to comparison of Kaplan—-Meier
curves by using the log-rank test.
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rNA D9 FHIRE UTOEAEEE (BEDIF>)

RIS, BEBDOFICHITD INADDIFURZTMEUIz. 722/ MME BT
(HMEATESRNEDD, BMEERCHSWVWTREREDIF D72 1)\ MEUVTHASENS
STING D&EMHEU > RTHD c-di-GMP ZALVz. 2B, TURDOREHRS(CHNWT, %
<OIAFT. 20 ub EVWSTRIBETEREIDIENHLSNTLD., LU, COEREE.
E MMCHBITDISZEMLU TOD EFEWVEHLVZH, ARETHCEWNWTE. FE3.0uL &0
SVETKRSEIDIET. KDEBEDORKRIGEVWET., BEDOF>OBAMZHE L.

FIRBREBDIFUICLDEBINILE LV LRE - FREICSVWTRELENFESN
TWBHh\ 7zl I 728, Cal BREE rNA F/z (& Cal #RHE rHA Z c-di-GMP & H(CHRE
K5 UZBRO., miE. SmEHR. SIUmMREFRPOTKMEMMmLUIZ. ZDRER. &
BRI TIE, FEDOFBEELEE U T, INA DOFBHCTHUT rNA 152 IgA BN
rHA DO F 2 BEHCHLTIE. rHA RN IgA DBER EFANRH SN (Figure 4, a and
d). Ffo. MBS IURBFEERP T, IFTIFRBFELER U T, INA DOFREHIHL
T rNA 588 1gG 1. rHA DOF B Tld rHA 1528 1gG OBER EFMNRDHSN

(Figure 4,b, c, e, and f). E5(CAFTOO—H AR TEHD PR8 PREE rNA H KU rHA
(CXHITBIRERGEZHALIZEZ S, rtHA DOF > TIIREO—HRGBHRELER U TS
PR, MR, B KURBREEER-PHFUAMEARIRE (S 9 Z EhReniz (Figure 4,
d-fle =T, rNA DOF > T(IREO—H Rk & LEE U TERERFRSD LU MEEHHUAR
MOBERIXRD RO SNIZEDD. rHA TOF > BEE L& LT PR8 ([CX T DRRERISGE
NEWC ENREENTZ (Figure4,aand b)) CNSDERLD . BREDIFICLDT.
SPEACEHURFEN IgA B8N, =5 (CMHPE KUMIEH T (IHURRFFEN IgG M55
BENDZENRENIZ, E5(C. rHA DOF>2 THEESNDIHTUARELEE U T, rNA 2D
OF > UZBRICHEE SN DR IR ER SENESVN S EAREENTZ,
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Figure 4. Antibody responses after intranasal immunization with rNA or rHA. Mice were immunized intranasally with
Cal7-rNA (5 pg/mouse) plus c-di-GMP or Cal7-rHA (5 pg/mouse) plus c-di-GMP. (a-c) The levels of Cal7-rNA-specific and
PR8-rNA-specific (a) IgA in nasal wash, (b) IgG in plasma, and (c) IgG in BALF from Cal7-rNA-immunized mice were
evaluated by using ELISA at 7 days after final immunization. (d-f) The levels of Cal7-rHA-specific and PR8-rHA-specific
(d) IgA in nasal wash, (e) IgG in plasma, and (f) IgG in BALF from Cal7-rHA-immunized mice were evaluated by using
ELISA at 7 days after the final immunization. We used (a and d) 1- (e), 2- (m), and 4- (A) fold dilutions of nasal wash
samples, (b and e) 160- (o), 800- (m), and 4000- (A) fold dilutions of plasma samples, and (c and f) 5- (e), 25- (m), and
125- (A) fold dilutions of BALF samples. (a-f) *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 as indicated by

using Tukey'’s test.

RIS, FBESNIZ INA B KU rHA FFEN IgA. 1gG DR ERIRZFHUR I D28, #F
SD0F 2 URRDRIL, IREO—HRABKTH D Cal iz LuERR s, 3 Bk S
FFERPDIAIAEZREUIZ, TDRER. IEDIFRFELEE LT, rNA SEXTU rHA
DOFUEHTHENT, DAMIILABOBERXRIMHERH SN (Figure 5a), 7z, rNA DU
FEEE rtHA DOF DR CHEWTH BRREWIERERSNGN T2 =5([CTIF &,
Cal TRT(FRNFTOO—HRIIMKTHD PR MRZBR =R ET B rHA DUF BT
(FTAILRENE D UIRWD(CH LT INA DOF BT IEDIF 2 EFHS LU rHA
DOFURFELER U TOAIILABOERIGMINZRHSN (Figure 5b). LI EDFERK
D, BEIDOF>TIE INADOFUEES KU rHA DOFECHSNWT, /REO—HRRR
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FTRERECHUTERABEDDIF UMRZRT —H T, ANFTOO—HR/RERICH U
TlE. rNA DOFBEDAM rHA DOF D RBF SR U TRERINENE LS. REO—HX
IMRICH T DT IF MR EBELNILOENIZDOF 2R ERUIZ, €I T, MMOKKE
RD rNA ZD0F > HUREUTRHWTE., EEREBMRODOF U MRNRD SN DN ET
fliL7z. AMRETTI(E. NCHREZE rNA BEKU rHA ZTJOF AR E U TRV TERHE Lz,

F I NCHRER rNA BKRU rHA ZD0F > Uiz, /REO—HRIZHKTHD NC iz Lx
BRRESE., SREAERICEERFRPDODAILAEZNE UL, TORER. 3EDOF > 8F
EHEUT, INABKU rHA DOF D BHCB VW THREEED DA ILAEDRBI N RO SNIZ

(Figure 5¢) s E5(CN\FOO—HR/MKRTHD Cal thZz LREBERRESEZETA. INAD
DFUBCBVNTDH FDTDIOFURBELRUTIAMILAEDRRERRINRDSNTE

(Figure 5d) .

RIS, Cal BREER rINA BELU rHA ZREDOF &, 41> JILI Y IAI)ILRAZETRE
BPSE REZES KFUEFRICK D RREMHNRZ Ml U fz. REO—H X2 Cal #5%
TREBREEESS. FDOFUEE. BEHNCHENRD L TVE, BEMNS 8 H
BT2MILsETU/ (Figure5,eandf). £z rHA DOF BT, IJEDOF D BEELEERL
T. HETORERLV OB LOEFXRDO EAMNESHSNE (Figure 5, e and ). —7A.
NA DOFBCENTIE. FFTOFUBELERUT. RERDOINHES LUEERETF
KDEAMNZEHSNZ (Figure 5, eand ). LU EDIERKID. rNAZRWEREREDOF>
(F. EREREDOHRS5T . IREO—H AR TRBRREZ B UED 2 EhReNiz,
FEAEDRANBEICA > TIVI P CREURERN DD HA DH/E25T NA (ST
DIAERBLTVNB T ENAFERASHERDDDHS P, 22T, BERBREFDOA
(CXFTDT—RARNTIF> ELUT NA ZFIATE/RVMRET Ui, TBEREN D AN ZIRM
LT YNIRXDEKUE(C Cal #hz@Rest. NS 30 BRBBURLENYDRIC INA BELU
rHA %, 77221\ hERWS(ICREDUF > Uiz, TDFER. Cal BRBER(IC LD T, K%
PRIV ELR LT, HA RENTAELED LENRHSNIZEDD. rNA FENTUKMED
ERFFEAERDSNIEMDIZ (Figure 6, a-d). —/AT. SREFHEHERD KUMMEEFDL
FNICBNTE, INA BT —XABRURENDIRICHWT, PBS =X RBFELEER LT, rNA
BENTUAMBOEER EFN RSOSSN/ (Figure 6,aand b). Ffz. rHAZT —XX MUTJE
NOXTE rHA FENFUMBEOBRR LENRO SN oz, €2 TT—RX MME. PR8
e FRERE S EEREEERPODANILAEZAE LUz, TORER. NA T—-X YD
RCHWVWT. 3> bO—ILBEB KU rHA T—X RBEELEE LT, DMILAZDERRES
nERsHSNIZ (Figure 6e). U LDIERKID . BEBENDDIVIRICHWTE, 722/W>
FZRAWITEEMNAZT XA KIDIET, BAIC NAFERNTHREEZ RSB AT

- 18 -



OO0—HAR EERRZHH UGS Z EhRIRENTZ,

-19 -



Cal7 challenge

—
QO
~

PRS8 challenge

—
O
~

57 £x 57
I e = « T
£ . £ T Iy v
S 4 S 4- [eele ak
o A
o =
6 ] A [$) .T.
= T A = -
-3 T = 31
> A o
o o
—a -
2 T T T 2 T T T
PBS Cal7 Cal7 PBS Cal7 Cal7
-rNA -rHA -rNA -rHA

—
(2]
~

NC20 challenge

—_~
o
-

Cal7 challenge

57 R ——— 5
~ ° - L
. - q‘
E - £ * R
341 [% 3 4
o . a 00
[3) A 3
= =
° 3+ - i © 34 i L
> - o ﬁ
<) u o °
- -
2 T T T 2

T T T
PBS NC20 NC20 PBS NC20 NC20
-rNA -rHA -rNA -rHA

(f)

—_
D
~

S 110
° 100 m-
z _ o—]
> g A e
E -~ PBS > | B &~ PBS
5 -

K] - Cal7-rNA ® ¢ -l Cal7-rNA
= 2 504 *
£ —k Cal7-rHA e " = ca7-rHA
s 5 3
‘E o
[0}
I
gj 70 T T ] 0 T T T

0 5 10 15 0 5 10 15

Day

Figure 5. Protective effects against influenza virus after intranasal immunization with rNA or rHA. Mice were
immunized intranasally with (a, b, e, and f) Cal7-rNA plus c-di-GMP or Cal7-rHA (5 pg/mouse) plus c-di-GMP or (c and d)
NC20-rNA plus c-di-GMP or NC20-rHA (5 pg/mouse) plus c-di-GMP. At 10 days after final immunization, mice were
challenged with (a) homologous Cal7, (b) heterologous PR8, (c) homologous NC20, or (d) heterologous Cal7 to achieve
upper respiratory tract infection. (a-d) At 3 days after challenge, virus titers in nasal wash samples were evaluated. (e and
f) At 10 days after the final immunization, mice were challenged with Cal7 (homologous virus) to achieve lower respiratory
tract infection. The percentage changes in (e) body weight and (f) survival were monitored after challenge with virus. (a-
d) n = 5 per group; (e and f) n = 10 per group. (a-e) Data are given as means + SD (n = 5 per group). (a—d) *, P < 0.05;
** P<0.01; **, P<0.001; ****, P<0.0001 according to Tukey’s test. (e) ***, P < 0.001; ****, P < 0.0001 between Cal7-
rNA-immunized mice and Cal7-rHA-immunized mice as indicated by using Tukey’s test. (f) *, P < 0.05; ***, P < 0.001; ****,

P < 0.0001 according to comparison of Kaplan—Meier curves by using the log-rank test.
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Figure 6. Intranasal immunization of pre-infected mice by using NA without adjuvant. (a-e) Naive mice were infected
intranasally with Cal7. On days 30 and 51 after exposure, mice were intranasally immunized with Cal7-rNA or Cal7-rHA
(5 ng/mouse) without adjuvant. The levels of (a) Cal7-rNA-specific IgA in nasal wash, (b) Cal7-rNA-specific IgG in plasma,
(c) Cal7-rHA-specific IgA in nasal wash, and (d) Cal7-rHA-specific IgG in plasma were evaluated by using ELISA at 7
days after final immunization. (a and c) We used 1- (e), 2- (m), and 4- (A ) fold dilutions of nasal wash samples and (b and
d) 160- (e), 800- (m), and 4000- (A ) fold dilutions of plasma samples. (e) At 10 days after final immunization, mice were
challenged with heterologous virus (PR8) to achieve upper respiratory tract infection; virus titers in nasal wash samples
were evaluated at 3 days after challenge. (a-e) #P <0.01, ##P <0.001, ##P <0.0001 vs. uninfected control group as
indicated by Tukey’s test. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 according to Tukey’s test.
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CNFETORBRELD. rNA (F rHA ELEBRUTCRERGENBVC EHAVRENTZ, FHTHR
SJTFUICHBNT. NA (INTOO-HRBKRICH U TEREO—H AR ERFL AN
ILDBNIERERIGEZRUIZCENS, BEDOF O EFHFETIFICIDFEEN
DIADENRIRDAREENEZ SNz, T T BEDIUF OB IWFHRBETIF > (CK
DFEEINDNMADRHLE h—T&FHA LTz, FI. FUADRH#MIMIZFHE I DIz,
BEONEESE(C. 7 JBO 1 BFFICEREAN 26 FBEOZENRK rNA Z. THELAE
MARERVTERUEZ ¥, AR NA ZVIADESLUR TICRS L. EURL TE/Zm
3% I9G HLUEERARP IgA D, BFEEAR rNA (ST DRIGHZ ELISA (CKDFHEL
2o 188, BFAERINA CEEBRU T, D3ZEERAERNA CHTDIRIGEMETIDEND L
(F. TOEAIICHT T DIANBALCEE SN TND I EZRLUTVND, Ffo. AMRET TEET
48 NA (S I DHUAMEIZ 100%E L THED. FUKMEN 50%UT (TR T ULIZZEEA rNA
DEFRCHANFESNZEER L. TORR. AT UFZOmEH IgG TR,
Q250A. V264T. N273D. V338M. V338A. 8KV S339A DZEERINA (CHWT. BF
AR rNA BB U T 50% U T (CETHRMAEDBA D ERH SN TZ (Figure 7a) . Fiz. RE2
DOF > EOMEED IgG S LVMEEF IgA (CHVTHEBROMEBD FRSH SN (Fugure 7,
bandc), —/AT. BEDUFEOEMEGFRT IgA T(E, M IgG KLUV IgA TEIR
N7z Q250A. V264T. N273D. V338M. V338A. S339A (CHNXT. N309S. N341D.
P377A. S388A. I396T. HKU N397K MZEEK rNA (CHBWLWTHUMADIRBA D ERHSN
Jzo TNSORERMNS. SRR rNA FFEK IgA A MIEHO NA FFEH IgG t° IgA
KDELZLDIE M=TZZHLTVDZEMNRENT.
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(a) IgG in plasma (subcutaneous immunization)
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(b) IgG in plasma (intranasal immunization)
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(C) IgA in plasma (intranasal immunization)
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(d) IgA in nasal wash (intranasal immunization)
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Figure 7. Identification of epitopes recognized by anti-NA antibodies. Levels of mutant rNA-specific (a) IgG in plasma
from mice immunized subcutaneously with Cal7-rNA plus alum and of mutant rNA-specific (b) IgG in plasma, (c) IgA in
plasma, and (d) IgA in nasal wash from mice immunized intranasally with Cal7-rNA plus c-di-GMP were evaluated by

using ELISA. The ELISA signals for mutant rNAs relative to that for wild-type rNA are shown as percentages.
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(BF]

—HEH(C, MENZEMEESNDZET, BHIRZEAROEEZREL. B iliEEH LS

FURAS BNFAISEDIENEIR T T A EISINTNS %, AMREHTH LT, BHEA rNA
B UT, 4 24K rNA DOF 2 EFCIIIMANEED EFNRHSNTH D, 4 EHEREA
A2 (CKD rNA DZEREHY. B flileDEH b ZIER L. RBILEZIERUITR/RIIEE
ZBNB. ESCTHUMECHEB LT, IREO—HRRIAILRITH T B RERBHHIEN R
BNEZENS. FAEEFETES 4B MNAN, EHEARNAKDEDIFHERE
UTEN TS ZEMRENTIZ, Fe. NA OEEZRIEMEEMLIC T I DHUANRREBAEICH L)
TEETHDEVDREERINTNG B¥YS8, Z2mR, BB NA (ZS7U45 -5
HFEALBLTHST, BENCEREE S UTOIAEEEN G D. NA DBESRE ML
fI(CT T DIANEESNICSVRR(CH DT EHREIND, TDIEH. EHEKR rNA DO
FRETIE. 4 2R INA (FETE>BWEDD. TA)LAFENTHED EE SN TULZICE
D57, BRPBHHNENERBDSNBN DD TR RN EEI TS,
E/z FRBEDOFUICHNT. NA (INFOO—HRIREEZHHIBIGETH D Z EHHkRES
STNTNB—AT. TNET HA ELEUEDOF VBRI SN TORN D 2 2. KR
ST INA & rHA ZDOF S HRE U TRUVEIBEDMRELER L. INA DOF BT
BNTDHFH AFTOO—HRRBREBHUED 2 xR Uz, AAREHTAUVEARICH L)
T. NA Tl Cal7 & PR8. NC20 OEFIMBREIEILZNEN 85%. 83% Tholc. E/z.
rHA Tl& Cal7 & PR8. NC20 (FZNZEN 80% B LU 78% D TH D ZDfzsh, AR
SHCBVWTRUELDR INA DOF 2 (CLDEVRERMAEG. FLOKRBRRICHITS
FSIDREFENTELTNB T ENEZ SN,

E=5IC, BEDIFEOLTUBRRE(CHENT, /REO—HRNHRETIE rNA. rHA D
OF D EHIAREDIAIILABDRI N RO SNIZ—H T, NFOO—HRIRRETH U
TlE. INA DOFUBTDHIAILABDEEIDBIN RO SNz, AFERE. rNA ZiF
BO0F2 IR ETHESNE IGA D, rHA RN IgA KD EXERIGHEERT &%
BRLU TS, BB rNA SRR IgG BKLUIGA (F. rHA [CHEARTATOO—HARHKRIC
WIDIRERIGHEN TN &% ELISA [CKDHEZRL TS, —ATINFETIC, BEEDD
FUCKDBEINS HA BFRH IgA (3. HA 3R 196G KD EXERIGEERT ZEN
WESNTNS ¥, U U PR EBRRT (CHWTIL rHA DOFSECHBWT, O+
ILRBOREL FRHENTH ST, AFTOO—HRRIAILARRREZHHIEIEERED IgA
PWEESNTURD D EEEZIBND, 5(C. INAEZREDTIF 2T BT ET, /REO—
HARTRERECHNT rtHA KD EEBNEDIFUNREREIT ST EEMASH ERD
2o INSOFERE. FRFEFERPB KUMAPD IgG NI ILADHRICEES UIcBD &
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EZBND. BB, REHNSI/RESNTUVRED. INADREDIF>(E. IgA [CLDER
ERRERHL DD, AH—. JAIILANTREICBITUIRELTE. IgG (LD 2 g

DRRBHHENEIEETH D ZERRL TS,
K@ﬁEBMTJNA%ﬁ%???)bt@iﬁ%éﬂéﬁﬂﬁ%ﬁ¢MAﬁJWPMG
BLU IgA LR U T, MURDOKDILEREDZZH L TCWDIEZBASMNEUE. AR
HCBNWT BEDIFUICKD. IREO—HRARRBREEBELANILTAFTOO—H ATRRK
REBHHUIFERE. ERECSTFESNT IgA PINFOO0—HRBERICBWTHREFES
NTCTVDMEEICHEE L. BERZBVLWCEZZ BNz, WK DHDIAFTICK D, NA [CHENT
RERSHE RS TADRBEFANAESNTNS 0, FIXIEE/ oO0—FILikER
UWERAZEIC LD, HINT BB3E NA 0 273, 309. 338, HKU 339 EEHDT7 = VEEES
Foetk 9 DIUR(E. FRATREEIR(CH U CERERIGEZ R URRRAH T2 EZR L TN
%2052, Ffz. 377. 388 BFBED T Z /BT HINT (CHIF BTV TRESNTSE O,
S[al, SEEERT NA RN IgA DHH 309, 377 BLU 388 EEDT7 =/ BEEER
BLUTWEC &G BEBDOFUICBITBIEVREBHICES LTSI ENEZ SN,
— A THEICE. 341, 396 KU 397 FEED = JBIERE(CDWVWTIISEEFRP IgA D
HTHRANROSNIZ. UNU. NS0T S B RET DMARORERSEIC DV TIR
B(FEINTHET . SBEISRIRANVETH D, FLERENZEIC. AU IgA IS
WTHIMEP IgA LB U TSR [gA (R DL ERREMUZ 3858 U 2. —A%AY(C.
DE IgA (FBEE_EARPUERIREDEESRTHFEID—A T, MEEF IgA (FECHE
HTHEELTWVD >, TEHBMKIgA SR UT. A IGA IT7ET 1T o —HEuLe
8. DAILRAICH T BPILEFENBN EHEISNTNG 0343, 5(TAE. A>T
T HIOA)IARHENRZEMR IGA (F. HEAR IgA T IgG EEHEE U T, U ZERHELE S
BRY T ENBESNTNG *°, ZDfesh. SEISIELERT IgA (CHUWNTILERERI
([CX T DIEENRDOSNIAERE. ZEMMET D ET, HEARTEBWLES I o IZiven’
EETEBRLDITHROENSEEEZ BN,

AR TE A—FEA (HIN1) THREDERDR (NFTOO—HRBHK) (CHTD
DOFREFUBL TE/e. —AT. H3N2 A2 H/N9 DX SRERQRZHE (AFOHT
HAT) DRFR(CHT D INA DTIFNRICE U TIEEHETETUVR, BEC. E5
BIJOFUICEKD INA ZREBUSEES. NTOUTHATIRREERICH U TIE. BEERBAHE
RBERSBNT ENBESNTNSD 2, —AT. BEDIFUICHBNT. INA ZHREREEL
THWZBOAFTOB T 94 TR LRERE. SSCETFRBRRECH T DIHHIREER
SN ERD TLRW S, SEDBANIIFINS.

SEOFEELTL. BITODIFUICBNT, HA [FEBEBRADTE. WML T NA
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(LT RIMAEERIERTEINMNEETHDEEZITND. THETHE. HITOXTU W
DOFNICHENTIE. HA SEFRESNTLD—AT. NA SBEFRESNTHE ST,
BIOFUEEA—N—([CEDTIIFUICEENTLS NA DEFELRD TOBIIR(IC
»D. TDIEH. £\ BITOIATU W RDOFOREERRFHDNADEEEZ. 1E
FE(CIEIE. HBBVIRET I CENEBTHDEERITND, o, HEAL B LR
([CEKD. NA DIESEYEMEE. DUOFHRICIFRBICEELTVND I ENEBZISND 2.
RNEEETNIZAT U Y RDOOF ALK FIIFICEEND NA OIS - EENEEL
TUWRWHVEFICAB T DMEEHDEEZ SN, 512 BITDORXTUY KJOF>
(Z. HA & NA DSEEDEVNEHD. 2EX NADRESENTLWVEELTE, HA (ST 3
FUADMBAIICEESNTUER D, TDIEH. DUFHD NA SEEZEINSEDIEEE
BETHD. TE. ALHCOAIIREERT DT ENTREE RO ETENS, DAILRAEL
D NA BEIENE B IAIAZERT I ENTENE HAZF TR NAICHUTE
PR ZZ <FEOEERAD. KDRERIGEZRT DIFUNHERTEIREEERS
N3, £z, FEHFBTORMNDFE U E(CKD . EARDOREHAE(CHEENIER ORE<E
DO TVBTENEASHNCIRD TETND, BB rHA DREEEERZE L. L =
B3 ET, BHIRRATRICT7 AU ITRD, FUREEN LT T EVDMENIEE
WESNTNS 08, TNSOYEHNZ(IIER (CAIBEMIRIEIC LD TE 328, NA OFEH
[CHEBIET D ET. KDLEGRKRICH U TRERSGEZEHDEEEEEZISND. 518
(F. CNSDFEGZERLU. NA (CBERZH T, KDINANT., ’RENRTTF> DH
REHELU TOW CENBFEND,
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BTEH EAACEFEEISIBFEREZFIALE
721N\ I V—BR/OOF O BERINDRTE

2019 F(CEHEHR T oz SARS-CoV-2 D/FZwIICLD, BECHEZRBVEET
DOF N SN, HRPICERLTVD, IREFAREINTLVD mMRNA YT ) D1)L
ARD A —, A EBEABEDOF (SRR (CIPHvATY T MilgSEZFE L. FEB(CBR
ROOFBRHERLUTND 025 & —557T, ITD mRNA DOF > (F LSBT IgA &
FELUICKNTEND, BREZDEDEZL(CHETE RN ENRESTNTNS &%,
ZDIEH. MPDHRST Z < DREROHIFERBREREMI CHD LXE TCENMAELZFE
AJEEIMRE T U F > OHEFEMFL TN TLND,

UM URRERDOF > (d, 2000 £h5 2001 (LR A ATITONERE L > TILT Y
DAI)ILRZRWERREDOF > DRERAERICHNT, wMuicr2a/)> MHRRREEN
DEEEAE S L\ D EEERBIRICHERSNHRIEEN TS 8, FEIRETH. EHED
TDF2EFERD., ZEHDOEANSERAEKTEON TWDIREDIF M7/ MME

JNUTHREE LR D #IRIEMICFE S DA™, ¥o0OT 7 —=, BHilgE Lo TZihi
[FERRHIREANDIFERIZEENZ UV ZHHRN (CREZFE TSN ENETEND.
ZDfee. BEMZEEZD L. KDMENCHRZBNOIGRCEITDXEF+ 77 DR
CEMREEDOFURALZRIERAC L THO TEETHDEEZISND.

ERUE@ED., BEDOF > ORADEERE U T, £/ VU T7HREE &2 DHURNNER
B (CHAEAERAN OXZESNISW T ENBEITEND. Fo. IER/\UT7Z=BLIZE LTS
MEIRRHR (CREN (CIRDIAFNDIHEN DD, —H T BIEC(IERZONREFEN IgA
MBS NTE D FREADHER SRR (G LTS, FIZRE, ([FEFETDRRAGBZEC

A>T (LR IRBh BBz, (>

LTS HHAILZD HA (IO Bk mhnss | (@sp ?\w@
RSFTERICHEHRELTNS Y, iz, IEFEOH N a .
TICED., ERED IgA (REAOBROFH RS Y |

P RSORPA b= RCKDREHREHIEY | @ @ o e e e e
> ) BN CIE, HUES RN BN E E R i B
HICHEE I DT ENPSNEROTNS P71 & ’f - |

7= 19G (F. HUAD Fc BRAT B mpe b (TR h 2] AN
B3 Fo SEAOHEERRENLT. Balk L i

MIROWDAH EHRDEE b efeET D&

Figure 8. Graphical abstract
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PEISNTWNS 7273, ZDizeh, RS IUMP(CEECHEET AN RHETIELE (F
vUPERS) (CBNDODOFMEZMESEDI LT fikBEMIEXREF v U7 &
R0, DOFNRERRE ) GEEh ORI RN CREL . MIEREENRR <
BroJgg ThdEEZ SNz (Figure 8) .

ZTTAEIT(E, EERDOTO> T MCEDE, AR E DOF S HREEF v U7 &
UCHIRAEENE SIS 2 &I, REFEX DX AL DV TEHMICHRET LTz,
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(R L 5E]

J1ILA

H1N1 influenza A virus (strain: A/California/07/2009)(3E I RBERAERTTATE DD 5L
T J& L) Tz o SARS-CoV-2 ( MA10) (& SARS-CoV-2 NIID (strain: 2019-
nCoV_Japan_TY_WK-5212020)% backbone & U. iBZEDIZHEKICHLY CPER 5ZBULT
ERILTZ 7%,

6-7 B BALB/c ¥ DX () HKUC57 BL/6j ¥R (ff) (F. HARIRTILS—*Fk
RNEHEIDBALL. YOXEEET 12 BES EORT. BIIOYrO)LTHELEZ. £
T OEDRER (FAPRAF M EYRIATTFT OB RERIEER TITU\. ABRKFRERMRIZ(CEL
1z

BEFRAND 5 —DFR

SARS-CoV-2 H3R®D NTD. RBD. Spike #IRT S X = R(&. atk (GenBank accession
number: MN908947.3) HIRDERL%Z 1— R3S cDNA DECHZIHFLFEHIIE (CHRE1L
U pcDNA3.1 (-)(CHEA L. CKim@l(C His 0 %=HNULTz. 728, Spike @ cDNA (C(.
D614G. K986P. V987P. R682G. R683S. R685S M7= /EEZRE% PCR [CKNDEBAL
Tz F/z. Spike @ 3 EMXMELHZ R ZBER E LT, Spike @ C XKimfil(C foldon ZiEA LTz,
HA (IEE—EiDEERMF & 53 (CHE Uz, Respiratory syncytial virus (RS virus) @ G Z&
BHERIRTSXZ R, A2 (GenBank accession number: AAB59857.1)HRDEN
B%Z 11— K93 cDNA DOz HE MR C&BE{E L pcDNA3.1 (-)(CHA L. C Kimfl
(C His 0 %IUTz. BREREIRED pneumococcal surface protein A (PspA)FIR~S
SAZ R(E. WU (GenBank accession number: AF071814)H3RODEHAEZ 1— R9
D cDNA D%z pcDNA3.1 (CHEA L. N FKAI(C His F0 23N UTz. KDFFHlRERD
& —IEHRIETFEECEE LTz,
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Spike Spike (1-1208) GS | foldon [ GS His
NTD NTD (1-303) GS His
RBD IL-2ss RBD (319-514) GS His
HA HA (1-520) PGS | foldon SGR His
G Igiss His | GS G (67-298)
PspA His GS PspA (32-414)
Spike-HA Spike (1-1208) GS HA (1-520) GS His
NTD-HA NTD (1-303) GS HA (1-520) GS His
RBD-HA IL-2ss RBD (319-514) GS HA (1-520) GS His
G-HA IL-2ss G (161-197) GS HA (1-520) GS His
EGFP-HA IL-2ss EGFP (1-214) GS HA (1-520) GS His
PspA-HA IL-2ss PspA (32-414) GS HA (1-520) GS His
RBD-PspA IL-2ss RBD (319-514) GS PspA (32-414) GS His
RBD-Fc (IgG) IL-2ss RBD (319-514) GS His GS IgG1-Fc (103-324)
RBD-Fc (IgA) IL-2ss RBD (319-514) GS His GS IgA-Fc (138-481)

Figure 9. Construction of recombinant proteins.

IHZLIEHRADELEFEA
IHFABARADBEGFEA(L. E—HORBRM ETTECECT,

EAERREB LU SDS-PAGE
BEABABRS LU SDS-PAGE (&, E—HIOKREBMI ETHACEU, B7E. AEIDEER
B3 EzFEAR 4 HREELUCRO LBZBNUBRUTE.
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RRERER
REN5 BT (CHULT. BALB/c ¥ IX(C 3.0 x 10° TCID50 D > IILIT>HA
JLZ (Cal#k) . UL (E4 x 10° CFU DFPABRE (WU2) ZH8 2.5l 95t 5uL T
B, BEMS 30, 51 HBICDOF AR (10 pg/mouse) ZEIRE L < (& c-di-GMP
(5 ng/mouse) EH(TREZS Uz, 1H581E PBS THREL. A& 3.5 uL 925t 7
uL/mouse TREXS LTz, F/o. BALB/c YOI RDEREEZ TI(C. 0. 21 HET Spike &
FI8 93 mRNA (1 pg/mouse) Z%5 L. 30. 51 HEICDOF>HUE (10 pg/mouse)
ZEME U< (& c-di-GMP (5 ug/mouse) EHICREZS Uz, 44. 58 HEHOMIES K
U 65 HEDSERERZEI L. URELEHMhZITD 2.
RS : BT (CHULT, BALB/c ¥IRIC 3.0 x 10° TCID50 O+ > IILI T+
JLA (Cal#k) ZH& 2.5 uL 9Dt 5uL TREERLU. BEM5 30, 51 HEDOYDOXER
R T (ICDOFAE (10 pg/mouse) ZEHMEL < (Falum (100 pg/mouse) EH (T
Tie5 Uz, #5aRHd PBS TR L. 50 ul/mouse TR M&5 Uz,

miE, SEEFEFRPOFAM
MR (. SE—EIDRERMM ETTECECTZ,

> 31— R4 )V A& BV =PRSS

FIRIC. IBBEAST 1D 2%FBS, 1% RZ>U2 /X RLT RS 27001 DMEM high
glucose) THHR LTz VeroE6/TMPRSS2 g (1.2 x 10% cells) % 96-well half white
plates (Greiner BIO-ONE, Kremsmunster, Austria) (CIEfEL. 37 °C. 5% CO,. f2fl&X
SUET T 24 BREE Uz, BH. 56 °C. 30 2 TIHEMEAIE LIz 8R%#EZE 4 {89 D
ESPEATRL . RMEIC SARS-CoV-2 3K Spike EREZRIRI DS 1— RIATIAILRE
1: 1 TREMURR. 37C. 1 KREBELZ, TDR. CORASBRZ PBS THRAELZ
VeroE6/TMPRSS2 #li2(C 50 uL/well THINL. 37 °C. 5% CO, T 48 Rt E L1z, 15
& UIHRB(C =R T ONE-Glo™-EX Reagent (Promega, Madison, WI, USA)% 50 uL
mu. ¥xroO0JL— kY-S —ZRANWTEXERE U,

SARS-CoV-2 &t

FRERE  BRRENS 14 B, SARS-CoV-2 (5.0 x10*PFU) &, FE2.5uL 3D
RBRSL., BRSEl, 50, B3 BROSRNTZBURL, RESFAXURE. T
S—07vAICLDDAIILAEZFH-E LT,
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TRERE : BRBENS 14 H#%. SARS-CoV-2 (2.0 x10° PFU) &, HFE210uL 3D
RERS L., Bt AERD EEFRZITHA U, R ABNESRNS. B0 BM5S
DEERDEMN 25% ERRdTzmZELIY RRA> MERE U,

B ¢ IR

BRGENS 14 B, FAEKE (WU2) (5.0 x10°PFU) %, K& 15 uL 9 DRE185
L. Bt RERD EEFRZFMUTE, FEABNSRANS., B 0 BN SDRER
WEIN 25% ERRDTERETI RIRA > MEFRE U,

NALT. Nasal Passage. PEligfifaDBRIEICED Y1 Mh1 > mELEF T

A2 TIVI Y IA)L R % R EEZ BALB/c YO XIC. 30. 51 HET Spike-HA
B LU Spike Z c-di-GMP EH(TREDUF > LTz, 65 HE T NALT. Nasal Passage
ZEUR Uz, MREEERXAT 1 U4 (10% FBS, 1% RZZUD/IA LT RIS, 50
mM 2-X)LAT I J —)UENN RPMI1640) 1T 5 mL = U > = (Terumo Corporation)
DIS>v—8=AL. IDELEE. 70 um LA ML—F— (Corning Inc.) (5@
L. ZRzEEUNUZ. 9 0DEUEMABE 50 mLiEEE (Corning Inc.) (CEIYXL. 600
x g. 4 °C. 5=, EEZIRSIU ACK lysis buffer (0.01 M Tris-HCL. 150 mM
NH4ClBfK) & 2 mLiRiiL, B, =R TS5 NFEUBMEZ. TDE. Mg
BRAAT DA% 2mLIIR. BIRIGZIES. 600 x g. 4°C. 5DE=ELUE. EEZ
%51 BEAXT 1 DATEEL. BE 70 um @WILA ML —3F— (@B U TRz R E.
fARRE S RIE LTz, 1 well 72D 1-3 x 10° cells £723LS5(C 96 well U-bottomed
culture plate (1:1000 dilution; Thermo Fisher Scientific) (C#&#EL. Spike Z#EE 50
ng/mL ERDRDBEAAT  DATRBEBURMNDLIE, 37 °C. 21 KEFE#&ELZ, TD
#%. 500 BHIR 2D L SFAR U protein transport inhibitor cocktails (Thermo Fisher
Scientific)ZRMMUL. 37 °C. 5 BFEFEHEL/Z. 600 x g. 4°C. 5 &L UIEE. BEZE
FEZ L. FACS buffer (2% FBS, 1 mM EDTA (DOJINDO, Kumamoto, Japan). 0.05%
sodium azide (WAKO, Saitama, Japan)ixhll PBS) TH## U7z anti-mouse CD16/CD32
antibody (1:100 dilution; clone: 93; BioLegend, San Diego, CA, USA), Fixable
Viability Dye eFluor 780 (Thermo Fisher Scientific), Alexa647 anti-mouse CD45
antibody (1:200 dilution; clone: 30-F11; BioLegend), PE anti-mouse CD3¢ antibody
(1:200 dilution; clone: 145-2C11; BioLegend), FITC anti-mouse CD4 antibody
(1:200 dilution; clone: GK1.5; BioLegend), BV605 anti-mouse CD8a antibody
(1:200 dilution; clone: 53-6.7; BioLegend), BV510 anti-mouse CD44 antibody
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(1:200 dilution; clone: IM7; BioLegend)Z AN, XM T. 4 °C T 30 DRIFFEL
REUZ, €D, FACS buffer (CXD3EH (FACS /Ny TJ7 —%& 150 pl/well THIMU.
ERXyFo4>20%. 600 x g. 4 °C. 5 &L ULBEZEREE) = 2 E4TL). ZD#% BD
Cytofix/CytopermTM Fixation/ Permeablization solution Kit (BD Biosciences, Sparks,
MO, USA) ZFHU\T. BV421 anti-IFN-y antibody (1:200 dilution; clone: XMG1.2;
BioLegend), PE/Cy7 anti-IL-13 antibody (1:200 dilution; clone: eBio13A; Thermo
Fisher Scientific)ZFII L. EAZMAFT. 4 °C T 30 DREIEHE URE LTz, FACS buffer (C
KBF (FACS /Ny J 7 —%& 150 pl/well THRIMUL. EXRYZ 1 >2J%. 600 x g. 4 °C.
50ELUEEZERERE) Z 2 D170, 200 ul/well TEBHL JO—P A b XA—45—THEfTL
Jz. FRAF(CIIZD. CD4ATEIS% CD45T CD44"9" CD4*. CD8'Eis % CD45* CD44Mo"
CD8" & Uiz,

FukER

MmEY > IL%. 3,000 x g. 4 °C. 15 73z U, _£iEMS Akta explorer chromatography
system ZHU\T. total IgG ZiFE L=, total IgG MDIFE(C (L Protein G column (GE
Healthcare) ZFL\. 20 mM phosphate buffer (pH 7.0) T20 mMLETXXXF7ZvY L
EmEZERL. MEROYAZE DS ACIKRESE. 100 mM glycine HCI buffer (pH 2.7)
TEH Uz, F2aHR(E 1 M Tris-HCl buffer (pH 9.0) ZRWTAER ERIFICHFI LI,
ZMD%. Amicon Ultra centrifugal filters (cut-off, 30 kDa) ZMHU\T PBS (CE#RUTZ.

RRAEBASRER

FTA—TIRIOABIOA 2 TIVIHIA)L R % FRUERREEZ BALB/c NI ADINE
MSBEREUERBRETA (naive-1gG, flu-IgG) Z. 300 L OIRET 2 mg F1—IXIX
(CRERFIRS L. 24 BSR4 (C RBD-HA ZRREDUF > LTz,

SEERRRIB A SRR

FTA—TIRIRABLIGAZTILVITIAILRZ LRBERESETZ BALB/c XDRANS
400 L ORPRFFERZLEIRL. BRINEEF 1 —TZALNT 20 fERELZ. TD#%. RBD-
HA ZEiESEEEREH(CT A —TYIR(CEBIRS UL,

NALT, Nasal Passage (C$HTDEHAHIRDIIRER DA KONEECEE
A>T IA) A% FRERRER Sz BALB/c ¥ XRI(C, BEh\S 30 HBIC EGFP-

HA ZR21%5 L. 6 BFEH LU 24 BFEI4ED NALT. Nasal Passage ZEIN U7z, LS
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BERAAT DL (10% FBS, 1% RZZUS/ARLT RRAS> 50mM 2-X)LAT ~
T4 —)URIMRPMI1640) FT5mMLSU>SDT S22 -8z TDEUEE.
70 um WILA ML —F—(S@B L. BilifiezEIXUz. 9 DEUHEE 50 mL =T E (CE
INU. 600 x g. 4°C. 5ofhzRiME. EBFZIRSIU ACK lysis buffer & 2 mLiRII L. &
&, =R T 5 NFREUBMSEIz, TDE. HRRARAT ¢ DA% 2 mL IR, BIRIE
Z1bsh, 600 x g. 4°C. 5RO UE. EBEZIRSI%E. IBEAATDATHREL, B
E 70 um @WILA L —F—([CB U TR ZfRrE . Mgz IELTZ, 1 DT)LdeD 1-
3 x 10° cells £33 K S(C 96 well U-bottomed culture plate (CI&fEL. 600 x g. 4
°C. 5= U, EE&FEE L. FACS buffer THREZ Lz anti-mouse CD16/CD32
antibody, Fixable Viability Dye eFluor 780, Alexa647 anti-mouse CD45 antibody,
PerCP/Cy5.5 anti-mouse CD11c antibody (1:200 dilution; clone: N418; BioLegend),
Bv421 anti-mouse I-A/I-E antibody (1:200 dilution; clone: M5/114.15.2;
BioLegend), PE anti-mouse CD86 antibody (1:200 dilution; clone: GL-1; BioLegend)
Zaig, EARMAT. 4°C T30 DREPBELRE L. TDE. FACS buffer (CKD5E#

(FACS /\w J 7 —% 150 pL/well THRIMUL. EXRYF o 2%, 600 x g. 4°C. 573z
U EEZFEE) % 2 [E170)\, €01 BD Cytofix/CytopermTM Fixation/ Permeablization
solution Kit ZFL\T. Alexa488 anti-GFP antibody (1:200 dilution; clone: FM264G;
BioLegend)ZANI L. AT, 4 °C T 30 DEFEHE UREB Uz, FACS buffer (CKD
7oz 2 [BIIT0), 200 pl/well TEEHL JO—Y A b A= —THEFT LTz, BRTICHTZD.
HEHAREIE S %= CD45" MHCIIT CD11c & LTz,

Depletion ii#&Z ALz CD4" T filaDiRE

A2 TJIVI YO R % ERERREEREEZ BALB/c W IXRIC., B&EENMS 30, 32 HEIC
200 ug @ anti-CD4 antibody (clone: GK1.5; Bio X Cell, West Lebanon, NH, USA).
HULEF7AYSFT> bO—I)LELT anti-keyhole limpet hemocyanin antibody
(clone: LTF-2; Bio X Cell) % 300 uL OR=E TSRS L CD4A™T MifaDbrE&ET D 2.
ZD#. CDA'T MREDBRE LT —J T HilRDEIEZ I I D/zsb(C. FEEL& 34, 58,
86. 114 HEHOm#IFZEII LIz, MmETEH > FILIE. 50 uL/well T 96 well U-bottomed
culture plate (CRIIL. ACK lysis buffer & 200 pL ilx. ERYF o4 I UREERT
5728FE LTz, 600 x g. 4 °C. 5 iR 0E. EB&EREEL. BU ACK lysis buffer &
200 uL 1IR.. ERYF o O UEHEERT 5 DERE LTz, 600 X g. 4 °C. 5 D= OE.
LEE&BEZE L. FACS buffer THZR U7z anti-mouse CD16/CD32 antibody and stained
with Fixable Viability Dye eFluor 780, Alexa488 anti-mouse CD90.2 antibody (1:200
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dilution; clone:30-H12; BioLegend), PE anti-mouse TCR B chain antibody (1:200
dilution; clone: H57-597; BioLegend), BV605 anti-mouse CD8a antibody, and PE
anti-mouse CD4 antibody (1:200 dilution; clone: RM4-5; BioLegend) ZRnN#&.
HEMHFT. 4°C T30 DEMBELRELZ, €D, FACS buffer (CXDFEF7E 2 [@ATL.
AccuCheck Counting Beads (Thermo Fisher Scientific)Zilx 7= FACS buffer % 200
ul THifeZEEE L JO—P 1 b X—5—TET LI, #IT(CHIzD. CD4TED%Z CD45"
CD90.2* TCR-B" & LTz, CD4A™T #RaDEIEZHESR LTz, Bkt 116, 137 HEIC RBD-
HA (10 ung/mouse) ZH & 3.5 uL 3 D5t 7 uL/mouse TREXS5 L7z, 130. 144 HB
DOMEEHS LU 151 HEDOSEFFRZEIR L. FURELTHEZITD 2.

Bt HRENAHROFEE

BALB/c YO XDMEEMIDAREES LB ZEU L., mFimEtIbRUIZ&IC. 25 G
#t(Terumo Corporation)& 5 mL U > 2ZANT, MBFARAT 1 D LAZFRICDES
mL 9 DRERE (SR LiAA. EREHEZEUNU Tz, EURUIZERE(EFaEDT 5> v —2=H
WTIDELREE. 70 um BILA ML —F— (B LU TEEWZRRE. 50 mLIRLE(CEIYX
U7z, 1500 rpm, 4 °C. 5=mi0M&. EBZFEZEL. ACK lysis buffer Z 5 mLAIL.
SBIIUIZ. BRIC S DFEUBMS Bz, TD&. MIRARAT DA% 5 mLINX., /&
MGz 1L, 1500 rpm. 4°C, 53ELUIZ, EEZEELIZE. MIRARAT DA
THEUHIEZE 6 well plate (C 1 x 107 cells/well £723 K SHBE L. GM-CSF ZH#&iR
[ 20 ng/mL THHIUL. 37°C. 3 HEIBEEUZ. TDE. AT DL EITL. E5(C
3HRBELUZ. BEMIEHNS 6 B, BB EBES KU PBS THEURIN LU TEZHiEZ
T—ILU. BEBRCALZ,

In Vitro C35(3 % BMDC Z& R UL\ /ZHURER DA Jy 54l

FE Uz BMDC ZIBEAAT 4 JAT 5 x 10° cells/mL &/xBKS(C 96 well U-
bottomed culture plate (C#BfEL. EGFP-HA (#&EFE : 1 ug/mL) ZF+—J DX DM
EHSFER U IgG (naive-IgG)  (#&ERE : 20 pg/mL) « 1> TIVIHRERIIAD
MENSHERURBR I9G (flu-IgG) (#REE : 20 ng/mL) . KU CpG ODN (1 or 10
ng/mL) ZNX. 37 °C. 5% CO, THEEUZ., 6 BFEE L <I(E 24 BfE#(C 600 x g. 4
°C. 5 M=l ULEBZREZEUZE. FACS buffer THZ LU/ anti-mouse CD16/CD32
antibody, Fixable Viability Dye eFluor 780, PerCP/Cy5.5 anti-mouse CD11c antibody,
APC anti-mouse CD80 antibody (1:200 dilution; clone: 16-10A1; BiolLegend),
BV421 anti-mouse I-A/I-E antibody, PE/Cy7 anti-mouse CD11b antibody (1:200
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dilution; clone: M1/70; BioLegend) Z#MIL. EAEMAFT. 4 °C T 30 DERHE URE
UTz. ©D#. FACS buffer (CLDHEE%E 2 BIfTL). €D BD Cytofix/CytopermTM
Fixation/ Permeablization solution Kit ZFU\T. Alexa488 anti-GFP antibody Z7xhl
L. BXEMHFT. 4 °C T 30 HEFFE LRE LT, FACS buffer (CXDHHE 2 [@ATL.
200 pL/well TEHEHL IO—Y A bA—S—TEITUZ. BTCHIZD. EHRHRRED Z
CD45* MHCII* CD11c* CD11b™% +UJz,

iRtz

RETARTIC(E Prism ZAVVz. IS JFFELEERE (SD) TRL. BREREZ

Tukey’s test ALz, E£FZX(ETEEBD Kaplan-Meier Bi#&% log-rank test THREL T
BERMOUZ. METFENEREE P < 0.05DBEEERTHDEUE.
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(SRERFER)
RBD-HA ®D9UF > HiRE UTOFE A

AR TEEY, FIERIOFTIAIILADDTIFAZNE U THHAESND Spike ZEED
LT A5G RAA> (RBD) ZD0UF AR E LU TRV, 2. (FEETDANT>
DIVIH(CEBULEBRN DD E&xiEHF. FrUI7EEEELTHA ZHL. RBD &
HA Z@t& =7z RBD-HA ZiEa X EHE S U TR Uz, IREARIREITHLYTLVS RBD
(& SARS-CoV-2 MatkEERDEHIZALY. HA (X HIN1 D Cal HRERDESSIZFHLTL)
D, F9 Expi293F MfE(C L DFIR L= RBD-HA % His trap S5 A, ZILEBBHS L% B
WTHRR U, D%, RBD-HA KLU RBD OFERERHMILZE S, FILEBHS A
(CHULVT RBD-HA (£ 85 kDa.RBD (& 26 kDa D& (C E—Uh ERZR =Nz (Figure 10a) .
7= SDS-PAGE f###rCld. RBD-HA TI(& 90 kDa fHiE(C. RBD Tld 30 kDa fhiE(C/{>
RO EN/Z (Figure 10b), MU EDRERMNS. MEDOSVBHNERBEMERTETTLD
C ENRENTZ,

a b

KDa M1 2

300 250 |
150 |

100
75

M. Marker
50 1. RBD
2. RBD-HA

2
00 RBD-HA — — RBD

mAU

100 37 =

25 =
15
10 15 20 25
Elution volume (mL)

Figure 10. Construction and characterization of recombinant RBD-HA.

(a) Recombinant RBD and RBD-HA generated in Expi293F cells was purified by size-exclusion chromatography after
metal ion chromatography. (b) Purified recombinant RBD and RBD-HA were analyzed through SDS-PAGE followed by
staining with Coomassie Brilliant Blue. M, marker; lane 1, RBD; lane 2, RBD-HA.

R(C EHRROTARZEF v U 7HARE UTHIAL, MRS XUEBRECHWTIIF AR
RENIAEEZFER RN HE Uiz, 9\ BECRRENDDAEZRML T, 1>7
WIS YA Rz FRGE(CERREETEY IR (flu-mice) ZERL. BEENS 30 H. 51
H#(C RBD-HA ZRR&DUF > UTZFEDMEEFH KUSMEESERD RBD FFEMHTURE
475l U7z (Figure 11a). 7RBAMRET TIFLEBIERE LT, RBD (C c-di-GMP Z7Zmn L
TREDUF> UIzBE (RBD-c-diGMP %), BIEHFEDTUF> LDLEEE LT, RBD
(C alum ZFHIMU TR TS UIzBFZ2 AUz (scRBD-alum &%), Z0fER. 1 BIBEDD D
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F>H5 14 BEOMEBHRICH T, RBD-HA Z#DO0F > Ui flu-mice TlE. 722/
RV TWLRWCHEMMN D ST RBD-c-di-GMP (5 KT scRBD-alum Bf&LEE LT
RBD $52# IgG DBER LR/ N ZRH SNz (Figure 11b) . —5 T 1 =T X(C RBD-
HA Z#EE2D20F > L TE RBD 1581 IgG D LR (FEFRH SN/ (Figure 11b). F
fz. 2EBDJOF 5 7 BEOMEEFR(CHWTE. flu-mice (CRBD-HAZDOF> UL
1=8¥ Tl RBD-c-di-GMP JUF > L LEE LT, RBD $¥EM IgG DBERIR LFANZRH SN
7= (Figure 11c). ZF/z. ©D8E(E RBD-alum ¥ REIEE T oz (Figure 11c). =5
(C. 2 BEDOIIF>NS 14 BEOEREFRTT(E. RBD-HA JUOFECHNT.
RBD-c-di-GMP DU F > 8 &£ LEE L C.RBD 458 IgA BRI L FAENFRH S5SNI (Figure
11d) .—75C.scRBD-alum JUF > 8 C(XIgA D _ER(FFRHSNIEN D 1= (Figure 11d).
UEDFERED, 12TV HICEEBRBRDD DIV IAIC RBD-HA ZREDTIF> I3
C &T.RBD 521 IgG. IgA DWWTNUICHBWTER A (CFFEOEE TH D Z ENRSNI,
LEERETE A>TV DA)ILARRENS 30 BEICBREDOF > L TULER, B
PEHSERIABRB U DR (CBVTERERC. RBD-HA ZDJUF > 952 & T RBD 2
YU EZFEr R FHIEI LTz, £ XOXICA > IV IA)ILRZE ERERRR S
Bz, BANICMmEZLUNL. MmITEPD HA FEATUMEZRIE Uz, TOREER. KR
YORAELER U T, BRI TIEREEE 112 BHS 140 BIEE E T HA FFEMFTAMMD
ERENRHSN. TDHE. HIFEINTWDZEZHR U (Figure 11e), €I T, BERM
5175, 196 HE® flu-mice (C RBD-HA £ U < (& RBD-c-di-GMP & 0F > L. M
", BRUESRLART RBD FENTUMEZRIE UL, TORER. MmiEH IgG BXUE
SRR IgA DLV NICHULTH. RBD-c-di-GMP Bf & LB L C. RBD-HA DO F > 8%
THUABDBRR EREMNROHSNZ (Figure 11, fand g). &F/z. RBD-HA JOF BT
(&, RBD-c-di-GMP &EEBRUT. DUF 2 EDMEEFR (CH LT HA FFEN IgG DBEER L
HEBHSNZ (Figure 11e) . U EDFEREKD . BEENSERAABIRBUIENYDRICHENT
. RBD-HA DOFUCKDT7Z 1)\ MMUGSEFERAFEL ANIVICHURNEEZFERFET
HBDZEESICERBD-HANHA LT DT —RX KN IOF > RN/ EHRENTZ.
AR T, EARATAZRRXEF U7 EVTHRAYTZEWSO T MIEDN
TIRAZEITDO TUV\D, —ATRZO T hEUT. DUOFHARICHAARD Fe BMiIERE
TR TREREZR FEEDIEEENNSNTND, BEDRFICHULT. Fc BifiizmsL
1z Fc MEHRE. Fc REHZ T U THRRRRHR(CRIRM (CERDIAFN., FURIFENTUER
EEN ERIDTENBESNTND >/, ZTT.RBD-HA LB I DT EEBNE L.
RBD (C IgG S KU IgA H3KD Fc Bifiizmt&a Uz RBD-Fc ZER L. 7721/ hZAL
9'(C flu-mice (CEREDOUF> UTe (Figure 11h), ZD#EER. RBD-IgG S KT RBD-IgA
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DOFEFCIE RBD $5EH IgG D LEFMEL
TI& RBD %5&#) IgG MIEE/R EFNRHSNI

FHSNIRN—I5T. RBD-HA DOUF > &%

(Figure 11i), U EDERLD, K>

TT MMCEDVWEREBDOF (&, HERD Fc MEHBE S LB LT, FAEEEVDERRT

IR (CEBN TV T ENRE =N,
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Figure 11. Adjuvant-free intranasal vaccination with RBD-HA induces both systemic IgG and mucosal IgA.

(a) Experimental scheme: BALB/c mice were intranasally infected with flu virus (flu-mice), followed by intranasal
immunization with RBD-HA without adjuvant, RBD plus c-di-GMP, and subcutaneous immunization with RBD plus alum
at 30 and 51 days after flu infection. (b-d) The RBD-specific levels were evaluated using ELISA (b) plasma IgG levels after
primary immunization, (c) plasma IgG levels after boost, (d) nasal wash IgA levels after boost immunization. (e) Time
course of HA-specific plasma IgG from flu infection to intranasal immunization were evaluated using ELISA. Blood was
collected at 0, 14, 28, 56, 84, 112, 140, 168, 189, and 203 days after flu infection. We used 25,000-fold dilutions of plasma
samples. (f and g) The RBD-specific levels were evaluated using ELISA (f) plasma IgG levels after boost and (g) nasal
wash IgA levels after boost immunization. (h) Experimental scheme: flu-mice were immunized intranasally with RBD-HA,
RBD-Fc (IgG), or RBD-Fc (IgA) without adjuvant at 30 days after flu infection. (i) The RBD-specific plasma IgG levels
were evaluated using ELISA. Data are represented as means + SD. n = 5. Each experiment was performed more than
twice. *P < 0.05; ***P < 0.001; ****P < 0.0001 as indicated by Tukey’s multiple comparisons test. ns, not statistically
significant. (e) ****P < 0.0001 between RBD-HA immunized flu-mice and RBD plus c-di-GMP-immunized flu-mice as

indicated by Tukey’s multiple comparisons test.

RBD-HA 99 F > (C & 5 REepi i s

R(C, SREFEERT RBD RFEM IgA HHPFIEMEZHE L TL\D N &, SARS-CoV-2 DR
EHETHD Spike EHEZERIICK DS 1— RYATIAIILRZAWTHELZ. £
DFER. IREO—FH R/ T Dotk U T, PBS #58%. scRBD-alum B C(EHFEH
Z(FEEAERSTIEMDTZ—T. RBD-HA. RBD-c-di-GMP TJOF > B¥DIIE TR \PFE
Mz <ULz (Figure 12a), EATFTOO—HRIRETH DK, Omicron HRICHK LTI,
ok ELEER T D EIRES (E T DEDD. RBD-HA S KU RBD-c-di-GMP T F B CHULVT
RAEEARHSNIZ (Figure 12, b and ¢). €2 T, E—HITDA > IILI HREGEE
[EI#R(C. SARS-CoV-2 ZX I AD ERBEFRZ(F FRUECRREL. DUOF 2 RZHE LTz,
FSRUBRREDIER. RBD-HA DOF > EFHCHUT. PBS #%58%. scRBD-alum JOUF > &F
EHRUT, EFPODAILAEOERB/NFANZRHSNIZ (Figure 12d). Ffz. RBD-
HA J2OF>8%& RBD-c-di-GMP DU F > (CHEVWTHERBREWISRRESNMN Dz, FE
TRERRDFER. PBS %5855 KU RBD-c-di-GMP DU F B CH WL TREN(CHREN
AT BDICHT LT RBD-HA S KU scRBD-alum DUF B TIIAERDHNELRHS
Nz o7z (Figure 12e). &5(C. IFDIOF D F A —TRIAB KU flu-mice (CRE
REEEBE. TNENEFEN 60%E 40%(CEFTIERTFUZ. —5T. RBD-HA, RBD-
c-di-GMP. scRBD-alum DOF 2B ClILndFHEZ =N/ (Figure 12f) . A EDiE
RED. 722/ bZAVWTULVRWCERBNSY. RBD-HA DUF 2 (FERESKUT
SUBRAZ DM /3 (CH VTN (CRREEBH IR Z R I T ENBESHNERD T,
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Figure 12. Intranasal RBD-HA vaccination protects mice from SARS-CoV-2 challenge in the upper and lower
respiratory tracts.

Flu-mice were intranasally immunized with RBD-HA, RBD plus c-di-GMP, and were subcutaneously immunized with RBD
plus alum at 30 and 51 days after flu infection. (a-c) Measurement of neutralization against vesicular stomatitis virus-
based pseudotyped viruses displaying (a) Alpha, (b) Delta, or (c) Omicron Spike of SARS-CoV-2 in nasal wash. (d) Mice
were challenged with SARS-CoV-2 to achieve upper respiratory tract infection. Three days after challenge, virus titers
were evaluated in nasal turbinate tissues by plaque assay. (e and f) Mice were challenged with SARS-CoV-2 to achieve
lower respiratory tract infection. Following virus challenge, the percentage changes in (e) body weight and (f) survival was
monitored. (a-d) n = 5; (e and f) n = 4-5. (a-f) Data are represented as means = SD. (d) The dotted line represents the
limit of detection. Each experiment was performed more than twice. (d) **P < 0.01; ****P < 0.0001 as indicated by Tukey’s

multiple comparisons test. ns, not statistically significant.

FUFISRNG T MRS E T

CZFT. flu-mice (C RBD-HA ZRETUF > 923 & T RBD HFENAEEZES
([CEFENRECTHDCEEASHNE LTS, T T AT NMIEDWEREDOF>
M THRDFH 25 I HUFRFENR T L& ZFEnge Ml Uz, A& T(d RBD Tl&
I2<. CD4"H LY CD8'T HIREN R T 2 TE h—TRZE(C3FD SARS-CoV-2 HK
Spike ZBHE(C HA ZFt& U7z Spike-HA ZHU\z, £, Spike-HA [CHWTEHRIFE
HIRUARE S Z 558 0] g Gl 9 24 (C. flu-mice (C Spike-HA ZRED0F > UTz1&. 2
EE&ENS 7 BEOMmMER, HXU 14 HEDSIEFRTD Spike BHBRFEITUR
7z 8E Uz, €DFER. Spike-HA DOF B CH VT, Spike-c-di-GMP B3 & EEER L T,
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M3z IgG H KUEFEFTFRP IgA DBERR EFNRH SN (Figure 13,aandb). &
ZT. Spike ZEEEBEFENR T HlAEEZHE T S/26(C. RERENS 14 B, ¥IX
DRERE. B KRURREZEDEEIRFEEMI CdpD nasal-associated lymphidtissue (NALT) .
nasal passage ZEIX LTz, €MD&, ZHEMNSEIHMlZ Spike EABEHIFEIT D
ETHERIBL. JO—Y+ hXKMJ—ZF\T Spike EHBFRENR CD4"H LU CDS'T
MR D IFN-y B KT IL-13 ZRIE LTz, TSR, Spike-c-di-GMP DO F JBEHCH LT,
fhoDBEE R LT, BT D IFN-yS KT IL-13 514 CD4Y. CD8'T #HifgEl&nHaRR:
ERENRHSNE (Figure 13c). —/A T Spike-HA DOF A TIE. & T Hif2(CHITD
IFN- yBS XV IL-13 EE(FFEAEBRENM o7z (Figure 13c), F/z. NALT. nasal
passage T(3. MDEEELEE LT, Spike-c-di-GMP DO F > BECH U T. IFN- y B KU IL-
13 B3 CD4A'T MRBDEISDERRLEANRDHSNIZ—AT. IFN-yBSLU IL-13 Bk
CDS'T fHfBDEIS(C(FE A EEB VDRSO SNIAN D /2 (Figure 13, d and e) . &z Spike-
HA DOF B TlE. & T HIBEICHIFTD IFN- y B LY IL-13 EL(FFEAEBRRSNLGH
o fz (Figure 13, d and e). L EDERMNS. FUAFEE & (IR (C Spike-HA (& Spike
EASREN T HROFBERENZ LWL ENRESNZ,
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Figure 13. Intranasal immunization with Spike-HA can induce Spike-specific antibodies but is inefficient in

inducing T cell responses.

(a-e) BALB/c flu-mice were immunized intranasally with Spike-HA or Spike plus c-di-GMP at 30 and 51 days after flu
infection. (a, b) The levels of Spike-specific IgG in plasma and IgA in nasal washes were evaluated using ELISA (a) plasma
IgG levels after boost immunization and (b) nasal wash IgA levels after boost immunization. (c-e) Spike-specific CD4* and
CD8" T cell responses in (c) spleen, (d) NALT, and (e) nasal passage 14 days after boost immunization were evaluated
by flow cytometry. (a-e) Data are represented as mean + SD. n = 5. Each experiment was performed more than twice. *P
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 as indicated by Tukey’ multiple comparisons test. ns, not statistically

significant.
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REEFE(CHT D EHPTEDR S5

RIC. RBD-HA DUOFU(CHITDREFEAN_I LZ2fF LIz, £ ET MNED
(C. Fv UTHHRFE T ICEWNTIOIF I HURM IR (CHRE P EMAMA (CER DA F
NTVWBdhzsHl LTz, FURDEDIAHZFHIET DIz, HENEHE THD EGFP & HA
Zt& Uz EGFP-HA ZAER L. flu-mice (CRREBIRS Uz, TD#&. JO—YA X KU —
ZFAULVT NALT B KU nasal passage FfEPAMIRRZ##T L7z (Figure 14, aand b),

B, BHKHEROEH b, FEEHEY—H— U TSNS EIRIEDF (CD86) ZIBIRICST
ffiLiz. TDFER. EGFP-HA #&5h'5 6 D nasal passage (CHWT. 11—~
DR(C EGFP-HA Z1%5 Ufz8¥ T, PBS #4585 L EE U C. EGFP [Zi4tEAMIReDEIEDHE
2R EFNTEHSNE (Figure 15, aand b), =5(C. EGFP-HA Z1%5 UJz flu-mice T
(F. INSDBFELEE LT L DEL) EGFP I EHAMIRBDO RIS D EF/ MR SNz (Figure
15, aand b). E/z. EGFP-HA &5 h\5 24 B D NALT (CHUT. thDBF&LEE U T,

EGFP-HA =35 U7z flu-mice T CD86 I MEHAIBDEIEDER/RX LENRDH SN

(Figure 15, c and d). U EDFERMNS. 1> TV UREERY DI X(C EGFP-HA Z#i%5
IBDTET, MR OEHATERE (CH T DHURDEDIAHFHDBE L. =5 (CEHAHIRRAYE
HtEnsd Z EhREnz.

A TIVIHIAIIRICBERUZY IR T(E. HA FEIRFUAY T #ilaiFER E.
BRARBEICENMRETTVDZEMNMSNTULND, €ZTEY. RBD-HA JUOF(CHIT
2 HA BFENTADEE S ZHEI L/, 9. RBD-HA Z& HA &H(C flu-mice [CRRED D
F>U. RBD-HA &3 UZHADOHBEEERAN,. HA ([CKDRERE NS =Ml L
2o RBAREERTI(E. Control B¥ELT=D hUSIRJ?JLTI =2 (OVA)%Z RBD-HA (CHIX
TREBDIF> Ulc. TOFER. RBD-HA BEMAF S HEE L C. OVA ZSiNE¥ ¢ dmiE+ RBD
1521 IgG (CEEN RO SN D Tz—A T, HARINEHCH L\ TMmEEd RBD 4521 IgG
DBERIZBA I RS SN (Figure 15e), €2 T, KDEENIC IgG DS ZFHE T D7z
HIC. FA—TBELUVA > TILIHREIDIDIMENS 1gG 2R Uz (naive-IgG.
flu-IgG). F£3 HA 1FREH IgG N EHAHARICH T DIREDE DIAHB KNEH L Z/EE L
B82h\= in vitro [CHWTEHIE LIz, GM-CSF ZRVTHEE U0 X EHEMsREAHA

(BMDC) (C. EGFP-HA % naive-IgG. flu-IgG. KU T7>1/\> b TH B CpG L&

HSTFTIMU . RINHS 6 RS KU 24 BER(ICTO—Y 4 bX MU —(CKDffifazfET L
7z (Figure 14c), ZTOHER. WIHS 6 K&, flu-IgG HRNMEBF(CIH LT, EGFP-HA B
IRINBES KU naive-IgG HFNMBEFE LB U T, EGFP BHtEHAMIROEIEOBEREIR LR
RSB BN (Figure 15f) ., S (THRMINS 24 BERIED flu-1gG HARMNEECH LN T, EGFP-
HA BERINBES KU naive-IgG HRMEFELEE LT, &M LN —H—TdH D CD8O0 it
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AR DEIEDBERR LANZRHSNZ (Figure 159). &z, TOREFI7Z 1/ K
T3 CpG B RINEE - FAIEE TPh o7z (Figure 159). RIS, KDFHMIC IgG DS
HIASHETBEHC. 2 mg DEFBR IgG (niave-IgG, flu-IgG) &F1 —JI Y IADAE
FEICA Uz, £9'| MABABROMES HA FFEHN IgG ZRIE LIz & 2B, naive-IgG
BANDXITE, fvidiihte<i&tEcsnighoic (Figure 15h), —AT. flu-IgGBAY
DXTlE ATIVIDYRBENDX EFEREDMETR HA FEN IgG MERENC

(Figure 15h), €2 T. BANS 24 BKfEEDY DI AIC RBD-HA ZRETIF > L. 2
PR RBD HFEM IgA ZFHEILZ. TORER. flu-IgG BFHCH W TOHEREFRFRH
RBD #¥£# IgA DEEER LF N RH SN (Figure 151). KL EDIEREKLD. RBD-HA =&
REDOF> ULRICHEE NS RBD FHEMFUAEL(C(E. HARFEMN IgG H'FS5L TV
D ENRENT.

R, BERICHEEIND HA FEN IgA OB5ZHMiLz. £9. 1> JILIT YR
25 30 BRRIC, HAREN IgA ZEU2REEFAR (flu-NW) ZEINUZ. €D#%&. RBD-
HA %z flu-NW &H(CFA—TIYDR(CHIES L. RBD FENAEENFE=NDI N ZE
A LTz, ZDFER. RBD-HA & flu-NW ZHi%5 UZB$(CH ULV T RBD HEM IgA D LR
(FERHSNEM > (Figure 15j), ZE7z. 0.5 mg D flu-IgG B A LT=X X (C RBD-HA
EREDIF2UTHE, KlFED 2 mg D flu-IgG ZHA UTHER & (FRRD. RBD 152
1 IgA D_EF(FRHSNIEMN DIz —FHT. 0.5 mg D flu-IgG A LN X (C RBD-
HA & flu-NW Z##&5 Uz & 5. RBD-HA BEEF S LB L C. RBD #52#) IgA DBEE
R EFMEBHSNE (Figure 15j). LIEDERMNS. SERD HA FFRE IgA (. HA %
HE IgG FE FICHBULTTEH BN, RBD-HA DUF 2 (CKDREICEZIEH T Da]aeE
MREENTZ,
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Figure 14. Gating strategies for analysis of DCs responses in nasal passage and NALT.

(a) Gating strategy to identify uptake of EGFP by DCs in nasal passage. (b) Gating strategy for analysis of CD86, a co-
stimulatory molecule, expression on DCs in NALT. (c) Gating strategy to identify BMDCs in bone marrow-derived DC with
GM-CSF.
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Figure 15. HA-specific pre-existing IgG and IgA contribute to the immune responses induced by intranasal
vaccination with RBD-HA.

(a-d) Naive- or flu-mice were immunized intranasally with EGFP-HA. Uptake of EGFP by DCs and co-stimulatory molecule
expression on DCs were evaluated by flow cytometry. (a and b) The percentage of DCs positive for EGFP in nasal passage.
(c and d) The percentage of DCs positive for CD86. (e) Flu-mice were intranasally immunized with RBD-HA plus OVA or
HA. The levels of RBD-specific IgG were evaluated using ELISA. (f and g) Antigen uptake and co-stimulatory molecule
expression in bone marrow-derived DCs (BMDCs) were evaluated in vitro by flow cytometry. BMDCs were treated with
EGFP-HA, EGFP-HA plus naive-IgG, flu-IgG, or CpG ODN. (f) The percentage of BMDCs positive for EGFP. (g) The
percentage of BMDCs positive for CD80. (h-j) BALB/c mice received purified naive-IgG or flu-lgG and were immunized
intranasally after 24 h with RBD-HA or RBD-HA plus flu-NW. (h) The levels of HA-specific IgG after passive transfer, and
(i and j) the levels of RBD-specific IgA after boost immunization were evaluated using ELISA. (a and b) n = 6; (fand g) n
=3;(c, d, e, h, i, and j) n = 5. (a-j) Data are represented as means + SD. Each experiment was performed more than
twice. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 as indicated by Tukey’s multiple comparisons test. ns, not

statistically significant.

REFEI(CHTD T HlBDR S5

ERUIZED., 4> TJIVIHRREETURDHE5T . HAREN THRGHEI DL
PEISN TS, €T, RBD-HA DUF U (C KO THEINDHREFE(C. CDATT Hllfe
NS ITIMNHIELIZ. £9'. 1> TILIHRENS, 30 HKU 32 HEIC anti-CD4
antibody (aCD4-1gG) ZREMFIRS L. HA FEH CDA'T flilazfrE Uiz, =D&, mH
M CD4™T #ifaz184R(C. 71— CD4'T #ifa EfE L7z~ => 2T RBD-HA ZiZ&
TJOF> Ul (Figure 16a), F9 aCD4-IgG #H5(C KD CDA™ M BFRESN TV HVZHT
IB/zHIC. aCD4A-1gG #&5M5 2 BEDIH O CDA'T fifgE, JO—HY+ hA KU —%
BWTAIE Uz, ©DFEER. PBS BT isotype IgG & 58fT(dmsh T A2, 9 75%H°
CD4™T #Hf3. %9 24%h' CD8' T HIFR THDDIC LT, aCD4-IgG %58 T(E. M T #
faZe 56H2 CD4A'T MRADEIENHY 1.4%(CETIE T LTLVZ (Figure 16b). Ll EDFER
5. aCD4-IgG S5 (CKD. ZNETICHEEEIN Tz CDA'T HRBOXE DD BREEN
e ERTRENTZ, RIS, CDA'T MR ERE L2, BAMCMmH CD4'T HifaskzstAl
U. aCD4-1gG &5 Y IR (CHBWNTF—TJ CDA'T MR CliE I 2E THRLUIZ. €D
R, aCD4-1gG &5 DR CD4™T Mz, Berhs 114 B&(ICa> ~O—)L
NOREFARE(CETERE LT (Figure 16¢) . REAREERT/RUIZ, CDA'T HREZDBREM
53— T #IROEHEE COMRE L. BECHRESNIZR SHR—BLTWS 8, F
FERENS 114 BEDMEEF HA FFEN IgG ZRIE LI E B, aCD4-1gG %5 I R &
isotype-IgG %5 Y I X (CH W THAMDBRRE (IR SN/ (Figure 16d). €
ZT. BERAHS 116 B4(C RBD-HA ZEEDF > UI#ER. isotype-1gG 85T &
BB LT aCD4-1gG 5 YDIRICH VT 1 BIBRE. BKU 2 DB REEZDMmEEH RBD
B8N IgG OBERNEA N RS SNTE (Figure 16, e and f) . =5 ICEREES® T RBD 45
£ IgA THEERIC, aCD4-1gG 5 IRICHWT. isotype-IgG 5T R LB L
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THNMEOBR/RRA D ERHSNIZ (Figure 16g) . A EDFERKL D RBD-HA DOF>(C
KO THFESNDIRBCEICIE. —8B HA FFEK CD4A'T Milgh'B5 Y 2 2 EhRensz.
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Figure 16. Pre-existing HA-specific CD4* T cells contribute to the immune responses induced by intranasal
vaccination with RBD-HA.

(a) Experimental scheme: for depletion of HA-specific pre-existing CD4* T cells, flu-mice were intraperitoneally injected
with 200 pg anti-CD4 antibody (GK1.5) or isotype antibody at 30 and 32 days, respectively after flu infection. (b)
Representative flow plots of gate on live CD45" CD90.2* TCR-B* cells are shown two days after injection with depletion
antibody. (c) CD4" T cells numbers in blood were monitored from 28 to 114 days after infection. Blood was collected at
28, 34, 58, 86, and 114 days after flu infection. (d) The plasma HA-specific IgG levels two days prior to immunization with
RBD-HA. We used 200-fold dilutions of plasma samples. (e-f) Flu-mice were immunized intranasally with RBD-HA at 116
and 137 days after flu infection. The RBD-specific levels were evaluated using ELISA (e) plasma IgG levels after prime,
(f) plasma IgG levels after boost, and (g) nasal wash IgA levels after boost immunization. (c-g) Data are represented as
means + SD. n = 5. Each experiment was performed more than twice. ***P < 0.001; **** P <0.0001 as indicated by Tukey’s

multiple comparisons test.

AT MBDWEREDVF TS Y NI A —LDRAEF
ARFRDORARNREN (F. BECHFENEREZFRBALULEI7Z 1/ R IJU—RED
DF>DTSY N ITA—LDEBETHD. €T MOBRECHWNTE, @FEOI> T
NCEDKRBREDOF > OBFEN IR TH DN TORNAMZHIE L /2. AR5 T I(SIREAEK
& U THIRERED KU respiratory syncytial virus (RS D-7JLR) &L\, FXERE (&,
HARCHIFTDEHRCERDE 5AI THhDMKDERXFRE Chd, MRIKEDFHED D
FUFBHCEREESNTE D, BIE CEWTIIF U EEMNMERESN TS, —/AT. At
REKE(CHBUNT, BEDTIF > TINETHERINIZEIMIE/R. FIZ RS J0)LAIL. ¥
(CHSBICHN TR CSER[UESZ R EW O TZEEMERZSISEIIZENHD D, ]
EAHT7 =N RS DAILRICH T DT IF U HARZED TLNDIEDD, BREDIF>
DORFEEFEAETOHNTLVRL, €I TEYI. SARS-CoV-2 M Spike EAED N i R
AA>TdD NTD & HA Zit& U7z NTD-HA, i XEKED I OF AR E U TEESNT
L3 Pneumococcal surface protein A (PspA) & HA ZEREES LTz PspA-HA., BKURS
D1 )L ADRERE T D glycoprotein (G) & HA Z@& LTz G-HA Z/ER L. TNETN
flu-mice (C722/)\> bZRAWT (CREDOF> Ule. TORER. EOHRERZRAVWTE.
FTA—TIYORXCREDOF > UIZBELLER U T, flu-mice [CTOOF> UIcBF CRIELE
R OFRIFEN IgA DBERR EFENRHSNTZ (Figure 17, a-c). R(C. PspA-HA &%
ST0F> U, XKEZ TRUB(CRRR T, REHERIRZ Ml Uz, TDFER. flu-
mice (C PspA-HA Z D0 F > UTEBRHCHWNTDH. PBS #858FELEE LT, ARERA DD
FINERHSN., =5 (CEREDEFNIHEZR SN (Figure 17, d and e) . LI EDFERM S,
HA (CENDDOF HIRZREUREDIF>IDIET. 721/ hMAWT EBF
BODUF U HFEFERNIAEEZ BB TH D ENRENT.
RICABEIOF2TSY R IA—ALCHBNT, 1> TV SRR OB RfE %=
FHETE DI ZHB LT, F9. HADKDDI(C PspA 24+ U7EREE LU TAHL. DU
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F B T3HD RBD ZRIA& S/ RBD-PspA HER LTz, FAIKE%E ESEICRRE LT
%, BERNS 30 HB KU 51 H#I(C RBD-PspA #2272 F > Uiz (Figure 17f). €D
AR, REKERE Y D X(C RBD-PspA ZEEDIF > UTZBFHCH LT, PBS 58S L
U RBD EHMBF&LLEE LT, SFERFRT RBD HEMN IgA OBRRRLEAMNZHSNTZ

(Figure 17g9). —AT. 7 —J<IXRIC RBD-PspA = DUF > U THEIUMED EF (&
ROz (Figure 17g) . M EDRERIE. > TILT > HLUSNORBE(CLDFES
NEBGFREICSVNTE. RO ET NMIEDKREDUF U (ICHARETH D ENTR
=Nniz.

T, SARS-CoV-2 DHIRICEL D, MRNA DOF ARG TERLTHD., Z<DA
Y MRNA DOF > (C KD THEEINTE Spike BEEBRFEMTUAS LU CDA'T HilZ=FEE
LTWB, EZT. mMRNA DUOF>(CKo> THEENBFEREEZAD> T MMISAR]
AENVZESTIl L7z, &9 . SARS-CoV-2 H3KM Spike EABZFIR I D MRNA ZX I ADKE
TI(C2E%ZE L. Spike EHE S KU RBD FHFEN/RBEHNFESNTVDIN IR Z/ERL
7z (MRNA-mice). TNSYIRIC RBD-HA ZREETUF> L. RBD FHEIFAS LT
CD4'T #ifeZN LT, SE(E HA ([CHTDTAEENFTESNDINZHE LTz (Figure
17h). TOD#ER. PBS %58 HHE LT, RBD-HA £ J4UF > Lz mRNA-mice (C&HL)
T. EFEEERPO HAFEN IgA OBERR EENRHSNIZ (Figure 17i). F/z. HA-
c-di-GMP DUF 2B EBRIREFERD SN DTz, U EDIERLD . RBD-HA DRED
DFUNCHBNT, BEDRBEIZIT TR mMRNA DOF (Lo TREESNEBIFREEF]
BU. DOFAFEREN IgA Z3FE0]gE ThD I Eh RSN,
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Figure 17. Intranasal subunit vaccine platform that utilizes pre-existing immunity is highly versatile.
(a-e) Flu-mice were immunized intranasally with (a) NTD-HA, (b, d, e) PspA-HA, or (c) G-HA at 30 and 51 days after flu
infection. (a-c) The levels of (a) NTD-, (b) PspA-, (c) G-specific IgA in nasal wash were evaluated using ELISA. (d, e)
fourteen days after boost immunization, flu-mice were challenged with S. pneumoniae to achieve lower respiratory tract
infection. The percentage changes in (d) body weight and (e) survival were monitored after challenge with S. pneumoniae.
(f) Experimental schema: BALB/c mice were infected intranasally with S. pneumoniae, followed by intranasal immunization
with RBD-PspA or RBD without adjuvant at 30 and 51 days after S. pneumoniae infection. (g) The RBD-specific nasal
wash IgA levels were evaluated using ELISA. (h) Experimental schema: BALB/c mice were subcutaneously immunized
with 1 ug of mMRNA vaccine encoding SARS-CoV-2 Spike twice, followed by intranasal immunization with RBD-HA or HA
plus c-di-GMP at 30 and 51 days after mRNA vaccine. (i) The HA-specific nasal wash IgA levels were evaluated using
ELISA. (a-i) Data are represented as means + SD. n = 5. Each experiment was performed more than twice. ****P < 0.0001

as indicated by Tukey’s multiple comparisons test. ns, not statistically significant.
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IgA ZFER T BFENEILSNTULVR, D28, SEKDFEMIC IgA BRIL T B/,
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REFEENSVERE (FrUVERE) ZESERITET. I\ TF2U(CHT DHUAE
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