ER EHB SFM8ELRA1H
REEEES: 253fa827031h0002

BARERAEEREEE TI7F2 - FHEXY T FRBAREE
HE RS =

Nz

I EARE#R

WFERHRRRES - (BARGE) BilUA VAR FT A a7 ML 7 7 80 A VA EGE
T 7 F o ORFFER T
(Z=  3E) Development of Flavivirus vaccines based on the novel VLP design concept

WFEBRs EhaAk : Sf6 44 H 1 H~SM8 43 H 31 H (FE)

WIS ES K4 (AAREE) $hA B
(¥ #E) Tadaki Suzuki

WFFEBRRARE S PrEkEs - 5% - 5k -
(HAGE) ENTRERE G BT S0RRE - E S YSENT e AT R B - &
(= FB) Director, Department of Infectious Disease Pathology, National Institute of Infectious

Diseases, Japan Institute for Health Security

1T WFZEBAR OBEE
WFEBRZE DR R I L O DB RS
S 22—k

WL 1 U

[Fnc])
(1) &R VLP OF WA L33 L OB L & FEEGR A 2P ERE

AWFZERRFECIE, EERT v 7B - 7o 7 a v ZIEBEREO—R & 72 B PURIKTE R R E (ADE) %7
ETHHEOE h—TE2SE LR EZT YA L, ADE VR Z R L7277 7 A )L ADENV) U 7 F > D
BT 2 HEME T 2 720D, BB Y A L ZERKL T (VLP) XU 0B A2HRETDH T 7 F L DS ERAT-, T Ok
J&. DENVI AU 2 AU 3N 4 RIS VLP A HEE B M CTHRBLT 52 A M T 7 FOERICE I LTz, &
ST, HFLERSE RIS W TALY 7T T A )V AHK VLP ORBUCE G T 2 ER 23R L, Al L21E
TR T2 WER B SRR A B Lo & 2 A K TR0 EO VLP BEENMSE N Z L 2L LT,
FrfEREAG R 13, SZE L7z DENV2 Hi3k VLP & X7 Bl 2| Expi293F flld oD — PR BRIC I O REAE L, 5
B EHBENPOER L, ~v 22 AW IR I L B8RO VLP & v X7 EHRORGE Ik Lz, L
7o VLP & R 7 EHUFIZOW T, BALB/c v 7 2 & W o iR A e L7z, 7 a3 MZoW T, B

AERIVLP 2 R BR BT NAHUR & LTc~ U 2 Wit 2 i L, b7 ¥ =3 MEWDE
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<LVBECFEALENTWAT P a Ny R Th 5 AS03 L[A—/L 7T 5 AddaS03 %8RI L7, F7-, ADEIEMEEZA
TRV FULE L TOMBEREL, VP X oI EEGRE T2V 7 F L OENMEMDES VT 4 DU 7 F
& T A 700 B AR VLP HUR b L < IS ZERY VLP HUR 2 B AR N TRET 5 X 9127 YA > L7Z mRNA
U7 F o fE L, VLP-mRNA U 7 F o D5 R A FLEGEE U 72, £ ORGSR, B4R VLP-mRNA & 28 VLP-
mRNA D FEHIZ I T, BFAEAY VLP-mRNA (2T 28 VLP-mRNA 0> DENV2 (25532 hfnfuiifii & E % o787
BT DG G HURDMEDNTARY ME 235380 AV A3, SR VLP-mRNA & 2eZ8 Y VLP & o X7 B HUR O M Tl
DENV2 {2k}~ 2 Hfnfiiffi & E % 237 BITKT DR G PURICBAE 2 ZITRD bighoTe, £lo, ZThbof
FERR D IMLYE % FAV TR T O MIER 0 DENV (2%t % ADE {EME A3 L7= & = A, BZM VLP & v R 27 BHiR S
FEEAR TS O ZE M VLP-mRNA S i il BF /R VLP-mRNA S8 & bl L €, S HUR &3 R 2 miER < H
% DENV1, DENV3, DENV4 (Z%f9" % ADE {EMENA BT o7z, £ 2T, KU Z F > OB EREZ -l 5 72
12, S RRMEICBONC IR A L —T 2 a v ZRIKOBN ) v 7 7 k&7 LysM Cre'* [fnar’1o¥/flox <
U Az VN, BOERVEGY & 7~ DENV2 (T 2 GBI ERAER 2 560 L 7o, £ DR R, B8R VLP &7 o ” 7 EHUAR
T LT~ U ACEBENE DENV2 ARk &7 & 2 ABBERIEL A T CTE T, R TOEEI T Lz, —H,
BF 478 VLP-mRNA 33 1L OVKZE 7 VLP-mRNA % 405 U 7= LysM Cre' Ifnar' /1% < 7 2|2, [A] U4Af:C DENV2 DJgyehh
HEAER (100%BIEDRM) 21707 2AH, BTOHRE~Y T ANRIE LT, BIRERNZ Lo, TR TR X
—Zxzua el E =R 7T NSz IEN-«/ B/ v RKO = 7 ZIZ[AIFED B7A VLP-mRNA, 228 VLP-
mRNA %655 U, DENV2 OEGLERER 2 FEfE L7 Z A, WThoU 7 FraEEifkbAxdd, vr/Frof
INMED I C & 72572, IFN-«/ B/ yRKO v A TlL, BBRY 7 F AR K D0 08+l E S e o
EEZLN, UIF UMD DITIE LysM Cre [fnar /< 22 ANERTHLHZ L EE 2 bR, K
I, YRR HEERER DA 5% LysM Cre” [fnar' ™/ < 0 ZMERO MG A EI L, SRR T 7 F L 0B hO 7T LA 7 AL
— QTR SN D IR ORI 21T o 72, T ORER., % RBY AR & FERIZ, B4 VLP-mRNA £
PR & e ZE M VLP-mRNA e IR D 7 LA 7 2L —J&GR IE O P RIFURINIC A B R 22T il o le, —
J5. ADE JEPEIC DWW T, thZEM VLP-mRNA S0JE(ER D 7' L A 7 Zb— YL i iE, B4 VLP-mRNA S0 {#A o
T oA 7 A YR & e L CL AT OMER DENV (2% L THEICE > 72, LI EDREBRIC L W DENV2 7Y
OB S 28T VLP-mRNA U 7 F > DI R SN2 2 oD, FRIFEM %2 P 257 VLP-mRNA U 77 F > D~
7 A % T 50 R BB S L OVRYLBA IR & S0 L 7=, & OfER. DU ZE S VLP-mRNA SafEE AR Cl, &
TOMLIER DENV (e L C DU A VLP-mRNA Sy il (4 & [RIFR EE D hFnH UM OFFE AR Hivd—7F T, ADE
TEMEIZ DD CIRTUARG 7 AE 5 VLP-mRNA Sa 2 B {A & i L CHEICE o 72, FiV ¢, Paflick 285! VLP-mRNA ¥ 77 5
> DEFFERY DENV JEY %64 5 YL PHHIBE 2§95 72012, PUflick 287 VLP-mRNA % LysM Cre’ [fnar''o/flox < 7
A~HE#%IZ, DENVL, DENV2 & U < & DENV3 I LD M EBERABR AT o7, T OREHR, DUl 2 VLP-mRNA #6527
KIZ, WTFHOMIER DT A /L 2126 LTH 100% DEYPHHREZ R~ L, WMV 7 F o THE~ OfiER o7
T A AR LTV ERE SRR S D & TR S e, BB E CICHE TE 7 DENVA O U A L
ARRDREYE LysM Cre” Ifnar'/flox < 57 22ROV TEBEMBG A L 2 S 7202 &b ARBRRIZI W CIUffick
Z57 VLP-mRNA $0.% 0> DENV4 JEYLBHIHIBE IRl C & 22 v o 72, Lv L, T D, DENVA O~ 7 A~DFIfL % s 7=
FE S, LysM Cre’ [fnar' ™/ < o7 2|28\ TEBERIE YL & Z 7~ DENVA ~ U ZBIMbik 2155 Z L3 C& 1=, 5%,
Z @ DENV4 ~ 7 2Btk & IV T, DU ZE 7Y VLP-mRNA @ DENV4 J&RYLBhEIRE 2 2144~ 2 L EED & 5.
PLEDOFERN S | AR TS L2 ER VP OFT A a7 MI . nRNA U7 F 7Ty N7+ — L%
W=D 77 F A2 K0 ADE {&ME 2 0] U 72 ANGUATE SRR & LR 25 fER@ S 41, ADE U X 7 AR S B 78T
MT L TOANAT I F U ORBICREL FEETDHZ E0NMFEND, — T, ABFZEHMOF TIZ VLP Z >3
VBEERHIRE T DU 7 F U TR A INMEOMERZENR T 5 2 L DR o7z, RIFSE T, LR M
% 2 A2 =@ PERBLRIC & 0 BB VLP Z o7 BHUR 2808 U722, ~ 7 A% v 7o ADE #&% 2 il L 72
PRIPUAHEERIIHGE CEX b 0D, v U RAET IR DB RIIMRE CTE 2D o7, TRPUENFHE

SNTVDITE 0D BT RGBSR R 3G D R WIRRBIZHOWN T, £ OEEFOMARLETH D,
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SBIT. TV 2y NEEOREGIZINA, mRNA 77 v 7 4 — A THERRNE S D T Mtz )8 % o5
IZOWTHFHMli A D D NERH D, Fio, AL THOW I —IBMEFRBLRIC L 8k L7z VLP # X7 BHUR O
L~ TR, 20 Z & AEGLPIHEE OIR FICBIFRME L TV S ATREMEN B 2 HivTz, A%, @O VLP
& Ny EHUR S R OREGEIRE & 72 503, BIfE, SN ZE (TOTO #1) & o LFEBFFEIC L0 | AR VLP & o
R PR O TER BRSO RN & D CHO-T AR OIRMEZ 21T, VLP & v X7 B HUFZE E S B CHO-T
M OREAZHED TN D,

(2) & bE/ 7o —F AR E Wz B N — RS AR R B R & S VLP HU RN % 0O B f

AHFGETIX, U7 FUAEMPURO B MZBIT DHURMER X OB R4 @S EIC P2 2 &2 HE LT,
PU DENV & RE /7 0 —F LHUR SRV OB FESFEREM ., 22 b NT = & b — 7 RREART R OS2 i L
72 E£79°. DENV E & /X7 E D Domain I~II1IZKHGT 28 = b —7 %38k 5 BEfH O FFduik 12 Bl
WTCHEELA Y & — 258 L | Expi293F Mifld 2z W - R Bl JORRZ1T - 2 & T, = v’ b—7 %29 5 M
HEPUAR SRV ZfifeSr LTz, RIS, BB B N =TI RE S Wik L x— b U — 2 RIS T 5729, it
AT HBIE R S O KA i AL MR 2> & E & /X 7 R L) B MR & i R LSRR - BB B R O AT o 7, &ML
ERDENV B LN A A VA (ZIKV) DB X 237 BN T, CREHT Avi-tag 235 & & Hic, #de
EACERZEANT HZ L CEBREMRARE L, BEEB L OWEOM EA2ER LT, ZORF, Expi293F i
30 mL A7 — LD EHRAICEB T, FHURHTY 0.3~4.3 mg DINEEZLENHED Z LTI LEZ, Zhbo
PURZSOER#T 22 & T, 7ua—0 A b A MU —IZ K DHURERRA B AL O &R E R R 2N LT-, AR
F A B Bl L ONEER R EAMAEDE D 2 & T, 7 o VBT USRI Mg A2~ HEF 369 7 m— 2D
E % UV BBOSMEE FE 7 v —F AHURZFHBICEG LT, 15 DN EHURRE DUV TR SRR 2 R L 25 F
fili L7z, Iy AR BAHUA 76 7 m— | 2~3 RIS R 2R EZ R THUR 113 7 m— | 72 5 NS4
TERLES KO ZIKV IS SO B IRIAS 40T 170 7 m— o s iz, & 6I2, BERPUAZ O A ks kR
REMEGE L | INBAETURD = & b — TR RIS BRI 21T S TofE R, 94 7 m— L OFlo v s —7
R ZFEST 2 Z LITEI LTz, BLEDORRIZL Y, EBEO b MERIZB W THRE S LD TURISE & K L
720 BERB X Ol v b —7 2 ET 2@ ERT /7 a—F A HR SRV BB LTz, RPUER SR LB L O
AT B IE, U 7 F AR UR O HURMEREATF & O FE RIS E 3 5 mE R RE AR T 260 TH Y |
ShOEHENT 7 F UG OHEEIC R E S HBIRT 5 Z Enif S D,

(3) CZEAY VLP HUJi A 18 AL W) I RTA % D B ff
TITETANADHNRETRLT D" —7 (B) XU NIEHEEY AL B Wpr Z VX7 BIZOW0
THWHRBRZRMEST L, DENV-1~4, A R FA LA A (W), HAREK T A VA (JEV) (ZOWT, E#
VRIBB LW pr X X EOAEREICKE LTz, B X 87 L, MIRAMEIR O KA A 2 T~111 % B
BEL, 774 =T A BLOYA X v~ 777 04— (SEC) ICk> THEI L, EX X7 IX, £/~
— A I —NRELTEY, SEC TIX2 2O —7 108t LT, INEIX 4~24 mg/L THoT=, KERT A LA
i FRECIXE X R BIX T EEEELZ &0 ZBIMEE # L7 BT FgURORER) & 72 5, R RHEHI 2
DANT 4 RIERIC L DEME T O BIME LI B ¥ oy B %G L, HEK293 AR OB, KR L7, SEC TIdE
D EANCHESEMEO Y — 2 2R L, INEIT 34~57 mg/L L RE MLz, BRE X "7 HEITK L TRHT
#4 TR NE L, EWAE PSR (TEM) 2 WS 2 i L7c & 2 A, BW—7e B2 R T 5
ZEMNTE T, pr ¥ /37 B a2 HEK293 Ml CHBL, R LI A £/ ~v—, AV I~—, BEENEEL
HEARZSEET 2 Z E NN TH - 72, 72, IR 0.35 mg/L LIEFICD R WERNPLEL h o7, T T,
PRI, A%y 74—V REMMLIZ@AE Y o R0 BaEF L, B/ ~—8FRBIOIWE (3.9~16.5
mg/L) ZRESYEET LT LTI LT, HFonioEis o 37 BIL VLP HURGE ~ 7 AMIEIZHIT 5 E Z o

JEE T pr Z T EREG UM ORI L, ELISAPURE LTAHTH D Z L DR TE T,
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In this research and development project, we aimed to develop a Dengue Virus (DENV) vaccine with a reduced risk of
antibody-dependent enhancement (ADE)—a phenomenon contributing to severe dengue hemorrhagic fever and dengue shock
syndrome. We designed antigens by modifying epitopes of antibodies that trigger ADE and attempted to develop a vaccine
using modified virus-like particle (VLP) proteins. As a result, we successfully constructed plasmids for expressing modified
VLPs of DENV serotypes 1, 2, 3, and 4 in mammalian culture cells. Furthermore, by identifying host factors involved in the
expression of Orthoflavivirus-derived VLPs and establishing cell lines overexpressing these factors, we achieved a maximum
increase in VLP production of approximately 40-fold.

Following the interim evaluation, we mass-produced modified DENV2-derived VLP protein antigens using a transient
expression system in Expi293F cells. We successfully purified enough from the culture supernatant to conduct
immunogenicity trials in mice. For the immunogenicity tests using BALB/c mice, we selected AddaS03 as the adjuvant. This
selection was based on preliminary tests using wild-type VLP antigens, where AddaS03 demonstrated the highest activity. Its
formulation is identical to AS03, an adjuvant already in practical use. To compare the efficacy of VLP protein vaccines against
other modalities and to set a control for ADE activity, we manufactured mRNA vaccines designed to express either wild-type
or modified VLP antigens in vivo. Compared to wild-type VLP-mRNA, the modified VLP-mRNA showed a slight trend
toward lower neutralizing antibody (nAb) titers against DENV2 and lower binding antibodies against the E protein. However,
no significant difference was observed between the modified VLP-mRNA and the modified VLP protein antigen. valuation
across all DENV serotypes revealed that sera from mice immunized with modified VLP protein or modified VLP-mRNA had
significantly lower ADE activity against heterologous serotypes (DENV1, 3, and 4) compared to the wild-type VLP-mRNA
group.

To evaluate protective efficacy, we used LysM Cre'Ifnar¥1°% mice (which lack Type I interferon receptors specifically
in myeloid cells) for a lethal DENV2 challenge. Mice immunized with modified VLP protein antigens failed to survive the
lethal DENV2 challenge; all subjects succumbed to infection. Conversely, 100% of mice immunized with either wild-
type or modified VLP-mRNA survived the lethal DENV2 challenge under identical conditions. Interestingly,
in IFN-a/B/yRKO mice (lacking both Type I and II receptors), neither vaccine prevented death, likely because
these mice could not mount a sufficient immune response. This confirmed that the LysM Cre*Ifnar°¥1ox mice
model is more appropriate for vaccine evaluation. Analysis of breakthrough infection sera from surviving
LysM Cre'Ifnar1°x mice showed no significant difference in nAb titers between wild-type and modified VLP-
mRNA groups. However, ADE activity was significantly lower in the modified VLP-mRNA group across all
serotypes.

Based on these results showing the efficacy of the monovalent DENV2 vaccine, we proceeded to test a
tetravalent modified VLP-mRNA vaccine. The tetravalent modified mRNA vaccine induced nAb titers
comparable to the tetravalent wild-type mRNA vaccine for all serotypes, while maintaining significantly
lower ADE activity. The tetravalent modified vaccine provided 100% protection against lethal challenges with
DENV1, 2, and 3. While DENV4 protection could not initially be evaluated due to the lack of a lethal strain,
we have since successfully developed a mouse-adapted DENV4 strain that causes lethal infection in this
model. Future studies will utilize this strain to confirm protection.

To support rational vaccine design, we also established a comprehensive epitope mapping platform using
human monoclonal antibodies. A reference panel of known neutralizing antibodies was generated, and a high-
sensitivity system for isolating antigen-specific B cells from endemic-region samples was developed. Using
fluorescently labeled recombinant E proteins, we isolated and characterized 359 human monoclonal

antibodies, spanning serotype-specific, cross-reactive, and broadly reactive classes. Epitope mapping
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identified numerous previously uncharacterized epitopes, providing a high-resolution view of human
antibody responses to DENV.

In parallel, structural characterization systems for VLP components were developed. Recombinant E
protein ectodomains and pr peptides from multiple flaviviruses were successfully expressed and purified.
Stabilization of E protein dimers significantly improved structural homogeneity and yield, while scaffold-
based fusion designs enhanced the yield and monomeric quality of pr peptides. These advances enable more
precise structural and antigenic analyses of VLPs.

Collectively, our results demonstrate that the design concept of modified VLPs—when delivered via an
mRNA platform—successfully induces neutralizing antibodies and provides protective immunity while
suppressing ADE activity. This is a significant contribution toward developing a safer DENV vaccine.
However, the VLP protein-based vaccine failed to demonstrate protective efficacy in this study, despite

inducing neutralizing antibodies. The mechanism behind this discrepancy requires further investigation.



