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Where Exosome Research Stands: Has the Boom Run Its Course?
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Abstract

This article asks where the “exosome boom,” reported to have
begun after 2010, now stands. The boom has persisted while
changing shape. One notable shift is ISEV's consolidation of
terminology through the MISEV series: calling everything
“exosome” without reflection is now discouraged, and
extracellular vesicles (EVs) are adopted as the basic term.
Building on this housekeeping, the article revisits the boom
through numbers — publication output and journal indicators —
and through likely “exits” into practice, namely diagnostics,
therapeutics, and research tools. Taken together, these
perspectives outline the boom’s trajectory and pinpoint the
field's current position.

1. (FL®HIC

[MEEREDEDE. BTEZOEELHY,
RZEPESRT—EIZEICLIEZENHD D3, EAKIC
BDHDEDE. PHATIIREATINCEND [BREVNR] DE
BAERLTID, 2O “BEVNT” DT, MIROERICEHEHT
I3F D, HDT—VHRUMAZAV, BERHARL ERRS
nan. BELITNITRIISH. BOISRDABTANERL DT
<o ElFNZ. ZRNISEAZRETIIHL. TLA. ZOHHN
—EDRREDZIZEIEEE R D, EEIISEIFTERH. 20D
DOJIN NEWS (No.176) TI OV YV —LHRICDINTHET D
WEHmEBlI-Y, FIT. IOV —LETARIVIEZSZ TR
FHU. ARNLYROBUZDLUITHLL., TOVY—LHR
DT—=LHBWDETHELNEDLISHEN EfMHL K D, SEL
HIDT=NWZEICBUAEDEZZBZET. ZD“ExEah
B EITIBESAONEEEAD, ARTIE. TOVY—LA
MREDT—LDZDHESKEII-OH. BEDIBNBEERERL
THT=0vs

2. TV —LHAFERD EV HAEAN

NIL®HIZ] TlE. HAT [TOVY—L] EWSEEEED
1= RIIHIRIOBERFE. [EV (extracellular vesicle) | &&REET
BERENEDH. WAEZENHD (BB A EVIIIOY Y —
LDRETIFHEL, TV —LESTCHRNNEORITTHD
CESEBELTIVE), REBXOHRTIZIITIC TEV] BIL
[EVs] EWVORIBA—MWWICHEDTLV L. BEOHRICHN
THEHRDESIIEDTLV e, ZNTEHAT [TV —L4]
EEL=DIE. DOJIN NEWS EWNDEMEDEIEEZERBLTD
EfEolz. BRIRANLHY . L<HMONTIV=DIEwRIEY [T
UV—L] ODBETHY . ZOEEDIFIOMTEICEHLUPTINE
BUT=hDE, Eldhix. WEROTHBOXEERRT &, P
PERARBEODELSICERL D, BEERNANREEZS
(ISEV) (&, 2011 FDERIILAF. EVIAFROBREEBEDH —
HEXTELCE-EBEETHD, MISEV ) —ZXDHEIRICH
1= MISEV2023 (3. 2014 &F (5B 1hR) &£ 20184F (B2hy) %=
BE . EVIARDESFH ECRHEER. EINERERBHRE
BIBLI-A4 RSA4 2 (EEFE) £29, EW - FIENEHR
HIHENEDOD, BENAI o AXEE LTEL BN
T, BEIF. ZDOHARSA 2V DEELEH DT, EVELD
BEOFENVAPERICDNT., KWUEBETERMEOSEERAER

BINBEOICH DOz, UEEBF X, ATETIIRZ % TEV]
IC#i—9 D, RH#LIL. MISEV2023 A RY EHFRAIE. EENA
REEZEECDRNICH D, AT TIE. [EV] hHETEHEE ZDE
WHE, HSOTEBLTHEERL,

3.5 ZEBRIDEVODERLFUA

ZEISBR/NDEERE, 74 RILTENRTE, JI—T20D
HEPERD-OURY EIFondDi3. ZfFFHEREDHE
ERDDINSTE, SRRV EDTRBENEDLDZEED
%, FREHLELT. BEFEOIEY—R&EBNIE. *+—3I20
DEHZIT DN D, Tld. EVOFUAEREE. WEDEHE
T3 MISEV2023 [CEHTETEIEL TAL D,

EV I, filEh SMREANME SN2 ECERANTEERE/R
DM THD, EETND2DIT. BENRIESNIEEIC
exosome EMER TV RY —LHEKRD/NE, MREERKT
ectosome & FE/SV/NBE (FE3R “microvesicle” Effic a2 &N
Zh ofcht. MISEV2023 TIERELZIBL feOIEHELL D).
ZLT70OYU5 LHBRTEIC# D THH S D apoptotic body %
ETHD, BEFIFAPTIAZBELT [TUVY—L] E#HH
LTWeiBEEHO=h. WEITEZLOXBZES#L THE
e EBFEOBBLFEIHAELWMEGEMZ VD, T IR
LT [EV] 2EXREL. BEICILTHA X -2 - 3718
HEEDBRIENEEBCTREY D, flald. 1 XUIDNTIE
small/large DL D BEEMRIEZH\DIBETH. EEE “sEV”
DOEBITEIF. BITAEEELESNVEDPH ALV DOERAD
(1 TEV (NTA #t3E : E— RIfE 120 nm) ] [EV (NTA #3E :50-150
nmICED)] DEDICEL), ETHIIE plasma membrane-
derived EV (=ectosome) DL SIZEEL. TV RV —LHBEKER
SITEDBEICERE DT exosome Z1E D, 79 F1Z:#H75 5 CD63Y/
CD81*EV ¥ TSG101*EVD &L DI, A7) DBREDELIEE
HWNRT, BREELZ 2D, DBEEATRET DRIBELEHKEMWT.
SEC-EV. density-gradient EV. immunocapture EV & [\ D 7= &
EHNTED, KELBEEZ=MERILTIIHI EIFPEEL
THEE, TOIC. MBEECRGZFRZDED platelet EV.
tumor-cell-derived EV. hypoxic EV D& DIC. HRPIRREEZEZE
ELEL L Bl EVEWDIREIC“FNDUERT "2 &
2o MEBOKWEET, MEE+EE/ LD, ARk TEV—

—. DL FEREEFZD, INEITT, mEHLVBELEE
BWEEPTLLLD, £EB3A. AEZOVY—H—IIHEDRIE
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1 EVIRFRICEY DI & JEV D JIF #53

PubMed T EV B8 & 5% X % IR 5t (1980-2024), 1&R5E ¢

exosomes OR exosome OR “extracellular vesicles” OR “extracellular vesicle” (ORE . #H S T). HHE T

Journal of Extracellular Vesicles @ JIF (Journal Citation Reports 18#ifE) %ZFR, F—FEUS : 2025 £ 9 B,

ZDEDTIIEK . ZNTH., BREGTNT D2EBNBIRMEELE
BAREMAER LTS, ZNH MISEV2023 DENTH D, BH
A, MISEV2023 13, EV &V —ERIAL\V#:Z & L T EP (extracellular
particles) ZEB(\T\D, EPIIXKEL. BTEEFEN/RF =
vesicular EP & [RZ /=75 K+ = non-vesicular EP (NVEP)
I nd, TZTEDEVIE [MAREABESBLIZENE] %
$8 L. vesicular EP DR TEBRARDNBEICHIZD. —FH.
RaRE % AV ICALIE L T8 7= cell-derived vesicles ¥, &R EE
h 5 1E D synthetic vesicles D & 5 7% A T/ B ld. vesicular EP
ICBI 2N EVICIEZHHE L, NVEP IZIF. UREQPY /D
BHES(R. Asymmetric Flow Field-Flow Fractionation 78 & (D43 Ei
THREINTE /- “exomere” DL DL IFENRRMER FHA D,
ISEV (S DEE(CKY . LIZUISERDIE D7 exomere %
EV Tl37 < NVEP [CNIE DT 7=,

EVRIEBOSEEIZ. E741 RILO W IIL—T " h'iEZ 218
IO LMTWD, @M [TOVY—L] EWD XAy
M5 =3I D TLVEA. AT EV. ectosome. NVEP &
WDl 71y MR, HUZRBERE ML I N, Wik
TI—ThMEZTIT7 h 9T 2DERL L. BMOBIEITE
[DARUCR XD, Tz BLWWNTDEIDERE A, —E8D
A7HEBLAMEST. 5S4 MBIIBLEODTHWKRRMARZ DN
HELNEW, FAYAI VORI I—EDRREIFESRESS,
DEUIAKEY DOV TIZHL . EEDREEZ LIFDHD
WRTH D, MISEV2023 [Z&LD EVDEZMNLIE. T — L
EZBERELTNWDODTIIEL, Z2HhHE5IC. IS AEZXK
HERWNV=DDHA REERDREZD,

4. BEHLSRBD EV HRA

[UF>ES—], hDTIEICDA 100 BRFTENNIE A S
EyhETh, ZNEEBRIDT7T—TA A M T—LEDLD
o DFY. BFEIZT—LZADZHHUPTVEBEZEDD EDSE,
ZZTlE. EVIRIRDOHENLD. ZOEEZEEND TN,

ARABFBOEFEAZTRILT DS, FITHXBD DA DT
Vo 1980 FEN'DS 2024 FEFTDEVHE IV IOV Y —LBEEDH
X (#B#%E=Z=1) % PubMed CRAHREZZHT (ORFHT)
BEL., EAHBERICLE (8FEE - FHERFY o3|
Z#H) (K1), IARTELDIC. 2010 FFiENSITIEEAUN

RICHEY, 2020 F (C 32010 FLETH10ZITEL T LY D,
2020 ERICADTHDIIRBIVESLEF UISENA. HFEIZ
BKEEHIFTLTND, BH. HROIHSXEUIE2IBMNT D1E
BICHDi=H. JWBE LT HAMEETEBKIC “Cancer” OR
“Tumor” THEZE L. 2010 FEN'5 2020 FEDIEMERAZMEL /=&
23 2fBICITmIEREN DI, ZDLRASE. EVEEDHY
DB STV EMDIMHAD (2L, P AMERIIEERD
KEL, BELZRICH=D/0. BEREOREIRICKET DMRIC
FBELEIY), /2L, #XHIIHET [ENFEITHRELH
D BRTIBEICTER L. ENFITEWVDZRICHKEDS,
AOYWELHIED,

MROA /N0 hEAZDIE,. EESCITHLL. —MBICIE. 82
BHOREN Y —FIVICBEHINCHRISEEEZEDPTVE
FFlEHoND (LWhipd« 2—L/NJ1—"DWNRRE). Ih
EHETHEMITDEDELT. AN NT7O5— (JIF) ¥
SClmago Journal Rank (SJR) 7% EDMEFIEIEN HD, HBBA.
JFP®SIR I —FILEERDIEZETH DT, 4 DFmXDIE
ZDEDTIIRE . PBEPSIBORY EHD, ZORIRERSE
Z. EVIIRAEDEREDERERZR O CELN EMEFIEIE TR
9D, REFDHFERLITTIINHORY LA ZEHRKTLIZL
e, T TIIEMEICESEZLH T\, 2011 FAITID Journal
of Extracellular Vesicles (JEV). & D itk 56 T 2021 £ &I | D
Journal of Extracellular Biology (JEB). % L T 2020 & &l fll ®
Extracellular Vesicles and Circulating Nucleic Acids (EVCNA) D
BEZEEFENNUICT D, JEVICJIFA O TREESNIZDIS
2018 £ 11.000 1227z (K1), E—213 2020 D 25.841 T,
Z D EIRNICIE MISEV2018 DAREHMSIANKELEFSLER
TV, B, JIF 2020 DHFEKD [2020 &£(Z 2018 - 2019
EBHEHBXNRIT-HWEIB] 35ET2,7654T. D55
MISEV2018 ©' 1,061 ff (¥4 Zl) LD, #EFERE L T 2020
FEDIF ZHE<IBL LT, DBISKENEEES, JFIIH
BTN I5FRTEELTCHY ., ERNLGSIABEIIKRAELT
S0\, 3. MISEV2023 |3 2024 EHFEDIBEH LD T, ZDE
EHARBHICERNDDIL JIF 2025 (=2025 FED#H 3| FA /2023
2024 F3BF) THhD. MISEV2023 W' JIF 2 EDIREFELAS X
SME. EVIIRD T —LZEZEHSEEZDOEDIZKDES D,
JEV DIIREE TH D JEB IS, IR IFAMFESINTIVE L 1275,
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10 B EDEAEZWBICK R, EHI—RFTEBBEOEICELD, J. A. Welsh et al., J. Extracell. Vesicles, 2024, 13(2), e12416 (D Table 1 ZX1k,

METOBR(\AELXT DLV RS CiteScore (BT 4 FD “1 Rpfcy)”
SEHFHSIAE) (L 4.1 HMFUNTLVD, CiteScore [ZBIIZA& A L
SHEDEDICHE TS E, JEVIE25.9=EAHTT (ffl: Cell
Biology 75 &) T EfI® (Q1)e —/ATIEBD 4113 [EAH
KWL LE] (BBTRQ2) <KSVVDNBDFERD, S0
ZNIE. JEVEFTIRBNWENRNWHXORITM%Z JEB A AT
T, LI FEHEBXDKEIHEFLTHY. EVIAIRD“ B
DES " HHZFEICHERNT\D, ZLT. EVCNA IZITSEDD
TJUIFAI5an, 48 Thol-, F/-. CiteScore |3 5.9 T. fi
BEDIFELTIE TBEAREW L] THSS, DFW. EVEFEE
DRITMIIELBO>THEY., by THRDIEVIZHIZ. JEBX®
EVCNAD “HDLE” ~« EIIChh D A5 x. EYEBx
LKEDRBINWHGEHICETIND, ZEHEFETDSETH LW
BEP95E ' 2 55 (EVCNA 2020, JEB 2021) LEIFISNi=Z & B4,
BIRAEDEHLEL Y. EVIIROBWARINTND I EERLT
B,

TSI EVIARDBWER D /=D, HARSA 2 THD
MISEV 1) —ZXICBETDHMFERRL TH /20 LbhiE, 2
DRBD 57— " |DENEERE, By —0¥FE=RNIS.
2EOREMDVBIEZEDD, FIIIMISEV ) —XD3|H
T DWTEEHMESMEDLI W 2T 25, BREFS (2025
F£9H9H) T. MISEV2014: 2,556 ££. MISEV2018: 8,182 .
MISEV2023: 1,649 4 & 78 W (LY § #1 £ Web of Science [Al
Databases]). 9 H%A3IKDIF 2018 lRDEBET. FIFFTHNSHD
FEYTE>TEESLHIY 1,100 FEBDR— 2|1 D, 2023 kRl
BEANSHIEELNMEDTLAND. FHBETH 1,000 418
ZICHEY L. SI5ENYIFZ 2018 FRICBAZ W RDIKEICEDOTLY
5, L. HEIISIAD « BEHEE > GIALREXIXDOHITA
BODAEN) AHEPTIV=H. 2IHSED—KR. BUNED
RKHIIKEL, T/ MISEVORERSLOHTICESLIEES
DL EVIRDILAEZRTIERD—DIZHEDE5 D, 2014 F
BRI AED ISEVIBES A V/N—HIDM 15 A THESI NN
2018 FEhld 382 EAN—K I K, BWFD 2023 EMfITI KRS T K~
ERRIC 74 2H'Bh Y. ZDRDEZERR T — XM ZRT. &R
REEEZEEIT 1,051 BIELZ, 2o 1,051 &3V EL<ES
53 NEICE=H W BERNEHA RS ICHIELWNEDERD
feo BRA. BEZEEBTRETHDE. BERITE 110D 29 &,
FLThY TOREIFH10ED 276 ZH'Z2EERD (K2),
HADZ DMZIIHARREERZ SIEZHT. OB IIERS

BOBTHOBFE " DEZRLTNDLDICEXD, BERED
EVIIEDEZ. £LOPLRESLTNERL, FEIFIHBK LI
ZDRT—IVDIKIF. BEDT—LTIFEL. EVHARIHE
ELTEBLIEZERLTIND,

ST, BFTEVHRROEBEEZRTE/2hN 10 EMEFIIC,
RV—TAZARNIABIEZEDTWEDZREAT D, R
INY RAFTDDIE CD. BT A RV IV —ThF"oi=DIFEF
o DTN ESPDTCD ZFT2LDW\WDRES D], RS
BTH, MXHPJIFOBESEICRATANICT N5, &
CETERICTEZLDOLME LA, BRAZELNIET“5TY
B EDLD, ENTLEEREZSE/NT -V ADIII. BE
< -BEDADLZBHENZ. HREBLT. PELPREI
ZhoTH, MifEd. HRICEABRELZLIZOLIEMIHD,
el Z2INEDBII—ATIIHN. SHOMILBEDEEICE
"wIomRtEHNIE. BEVICRADERAHFRITKIDI L
Hhd. ENSHIE BIIAOELTTEICRDD, RIIFHAFRD
HEOICEZBEITIZ0.

5.EV iR DEHS 5% ?

TI—TIFRBLTT—=LICENTIVDSBIE0 ), AN %=
ELTERZENL., VAILBODTHBEERICIBHRITOND
MHENTZ EVIAREBE L T, @XE®JF TB&Y 7 (3RtE
feht. ZI2hofihbnaDIdHEER. DX BN - AE - R
Y—=ILELTOROATRATDINE DN THD, T—LEBZ
TENZEDDOH. EVHIRERODO Ol 2R T,

EII. [MFTRD2EVHIR] O&ED—DIIEEDY 1 Xz,
BCC Research xt(D#ETH O EV ICEEET DM - JAK-ARY —
IWOHAMIBERICE DT (K3), 2026 F-2028 FDOHIEIS.
WITHNERRENSSFEREZRIEALTAT, 2023 FFFHRD
2028 F£FRIFH 13K FIL (W 2,00018H) L&, ZI#
FEISHIBREBEOIMANT L RIAHATE, DF . EVHIRD T —LA
WBENLGHFANENIERLDDHD, BUNRAIFNDIES
IZId. EVIRFRDERNERICISA LY T VEENH D, I=&x
. UFRY RNNAFTo— CRIFER) ICBTFDNAFY—H—
BELT, RV IFTUNY —PEEERRBEIDBEFEEL
T. ZLTCTHBEEDEVD 5 & - A E % ¥° Good Manufacturing
Practice (GMP; E & @ O ® & @ & & 18 E %) - Chemistry,
Manufacturing and Controls (CMC; b3 - ®& - ) & (D
CEE - REEEORMEAEBODIPTLRAEITOND, ™
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&
BE - RV -V RTIS

EV EEHIBIIAERICH Y. 2028 £(Z 13 FEXK KL (192,000 BM) &Fll, I3
713 BCC Research |C & DRAEREREEICIER.

BRI T —LZDEDDIEBZTIIBNA, EVIIRASED [
Ol ICATTRIEL TLDHZR T @MBNRICHE D, ZNTIE. £
BOEODRREFEBICHERLTHERL, FTIIZHMITLD

LD

S NM AV —hH—) T3, ERISEWFIAT TICHTD,
FRH EV % #4719 2 ExoDx Prostat (3. KEDX > F ¥+ —1 ¥
Exosome Diagnostics #+ (I8 - Bio-Techne 7 JL— ) H'B%E L
1299, BIABRERDEMYIK ZFHE T DIEREDRABE L TR
HI . 2019 F (213 FDA O Breakthrough Device I8 E £ 7T
B, ZIHHRZDDIF. “FE225E”MHESINNITEY
ZHNIBEHED LD I L, ElFVAx. EVERIDERKRESR
\FEHILE. BV ZBUNVER - /N1 F Y —H—H 323 PubMed
TH1RHE WEHRL<) ISEITD—FH. SHMZEENETD
BEARERBOERIIMEHRBICEEED, oIl BERTES
#58 (VD) ZTHELEVEMEIIFTELF CILERTE
TWEW. BIDIC. AROEAIIFTL T, Bila) S IREE & AR HIE
FEEDHNEICERENED, R, BIEDORIBTHEAESGER
THER BHICHENDE. BIRII/EE - N1 FT1 XN
Eai—3>-8E (GMP/CMC) &W\OERDEN—EKESL,
D, Phase3 &0 )7 LEELBTHERICEEL/ZEVE
Bd. REGRTIIWRTERL L\, ZNTLH. BEEZEMNELER
PRELBRISRUK A ZFIDIZ 40 ~ 60 EAEDTHY . 2IhH “R
EI " HEFNDFRMITIH D, REFHELTEFESNZHE
BYEV D exoSTING . KE D Codiak BioSciences #1H'B% L /=,
EEBFICO STING SEH (AR S 7 TO—F = o/=h "2, &
REABDER THENICESTEBMULHL D, —F. MSCH
RKDEBFEEV EZZDFZIHRE5T DWEBRIIRIICEATSY 9,
Direct Biologics ¥t (D ExoFlo |& =24 IR B BiE =& (ARDS) %
IRIC Phase 3 AYEITHE 0, ARBENWDHOIICIIXIZEBINT
WEWEDD, REDENRMBE L THREEED, BT, 2HF
I3 [MEx215m] TEBEHLEA. EEERE L TEDICIE.
&K - AE - PEDORMMZEEZE D, REERICEDZTDED
DHERED, BIRIZDODOEBRINMEELTHY . BHEE (EY
BEHEHLE) IRFATCHOIKBWRAEMITHLS (&xld
exoSTING) . KRB (MSC #Hk7% &) ITMENE CEN— K
B, REIPDENVIBICND, 281, WINEERIZIE
REPET., T—LDBEFHEANZEZDRIE. S TIIELEL. Al
ETRIBEE - NMATAXMJ)E2I—2 3> - GMP/CMC D
EDOICHD,

IUAVEEBEBRAT I, AN ZFDLEIC [2DBEESD
D] EZLDADBIVENIRNDIZEAHT DN, ZNHHEDL
rEONE NG, EVEEL T, SN EEEREREELTIRD
= BIENSEDBICES. BLOBEILBVTCHEREEZEX LS.
ZOHOFHEMNIKD,

3 EV D2l

6. 5HYIC

TRIE. BRHNAT ATV ADELD S EVIIRZRUELS
BRET—LDOTAZES ZEIZELEBIV . 1T ADM
. T LRGN SABNIRERAT IR DTS,
ZB55%ZHATIEFLL,

ZFD—AT. 7T—LDBETRICKEDEELHD. BV
VIEEQBEHBECRMNIDEVERE " P ITIVY —LERE"
DR, BIERTEE SN/ EVEANIIZE . BRIIMEA £D
fEon, AAENLITEEN. EABBRT—FICZZ5NTH
2ONEE. FFLBBERNMRABORHBEDE LGN, EABK
7. BRERE @Y - ZEMORN, BEREE. SPEER.
RERZOHLINFERESNTLEITNIE, BREFFNTNT
WDAREMZRONER, BRflRNMMREZZIIL D, BES
SNTOLEBEICHT DEFRMEDFRPRBEARLTIND

(11)

o

HOREBEAFICRONKE . BREEGEYLIER. EMOMEE
KBETEH, EVBIUEVENFOERIIBERICEN DTLVD,
Bz, RF2T 7 TIIBEERME L TDRSERET™/N 7 HgE
ERALEBIIAODMANEA. BRTISEYHFEOMKF %
FEO/=-RPDEEPRAKRIFIOIRAEAONT VD, PHZ
EIZRTVIRFIDIL—IVIIERDH. BB - &E - SB%EELL
Rl BESBEEESRKNZEAaTNIE. BE2HEEEIED
<o EVIAIRDT—LEZZDDIE. ORI EDBFERIDAND
V. ZOmEE, 74 RV Ry ThenOyo. By iRy
LYT, 9529 0FT, DI EZ-WTESES, EVIS
FRERINFTLAY—1,

ARBEOBWADEZIT. 25K, 7T—LALIIHENTIND, =
EURBRIIEDH T, EBIIB\DDOHDH. HEREL(\VDOH
AF TICIFES—FHED, &3z, HODNW-BITEHREX
WO, FDRAT—LITEDESHEDICE . LWDH. EVHR
BOT7A RILERBZEERELAILTIVD,
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# B2 4 /N B2 (extracellular vesicle, EV) 3. & > /N0 B ¥
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AR TlE. HICRERSSI N/, B—EVEBTORERFEZ
BALEN.
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L 77—t (dual-specificity nuclease, DSN) =& A L. 1&g
Bl AR LTz,

3. ExM ZRVBRE
1,207 FIViBEE. /N1 ROTILER: ExM ZEH
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Exolsolator Exosome Isolation Kit

<HE>
HREE EBEDT AN L —2aVETIOY Y — LA R
IOV Y—-LOEWRRGBEDEEAS
 BEOHMSOBELBEILRE

BN DY DHIBES /B2 (Extracelluar vesicle: EV) D—RTHDIT UV Y/ —ALII, SEIFRIVNNIBORBEEEZHNELT
B, IOV LENLTABYEIMTESNDZET, ZITFAOHBICNWSNWABFEESZ 22 ENBEONERLO>THRUZE
T, TE, BICHARRD BT CIIE ML DEGIBICEENICES T2 ENSFEEEHTIVET,

Exolsolator Exosome Isolation Kit |3, IE& EBRICHMINTIOV Y —LET1ILMNL—2a 0 DIBERITTHEIC, BERET
BB ENTESDFY T,

ke LiEFE 58 IV —L%ZE

————

<BEELRFDEYNEKE >

TV =LEIGECRLRERASNDBRLEASAST Y bDOZNZENZMIVC. HEK293S #ilgDIEE LENSEIIRL /T O
V—LDHESH (FREN). fFH (FTEAR (a) &IV V—LY—H—DRRE (TRAN (b)) ZHBLEI L, E0HE
R EBEY MIBROLEEAFORNENHZRLTEY . BINTELRFHEASF T, S0ICI VY -LY—I—H1ZRRLT
WasZ b E .

(a) (b)
139 144 BURRF B DL —  IOVV—LY—A—DEREOLE —
N
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1 #\\7‘ c\'7°
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g . B CDo3
5.0E409 T
0B = = e L
#BELE  Exolsolator
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HBIELE & Exolsolator DI (ZR - F / HWF bS5y F U IBMHER ER B FREY—H—F5 VIO RBREDHER)

[ MHTHENDAI [ Ric+y basEB0HIE
Exolsolator Exosome Isolation Kit (21— F :Ex10] Exolsolator Isolation Filter [=—  :Ex11]
TAIWE—RIVI—ETA =D —KA>ktY b@RTT, MERTHD T AT —
TAIWI—FRINI—EHF— I L—TRECEERTETT, BAOMASTINET,

Fv bHE
- Filter Holder X1
- Isolation Filter X3

- Tweezers X1
m BE FEWAMIG(¥) AX—H—O—FK
Exolsolator Exosome Isolation Kit 3 tests 87,800 EX10
Exolsolator Isolation Filter 10 pieces 107,000 EX11
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ExoSparkler Exosome Membrane Labeling Kit-Green, Red, Deep Red
IOVYI—-LZUNOE BREaEaxy b

ExoSparkler Exosome Protein Labeling Kit-Green, Red, Deep Red

<HE>
. . HROBECERRE LR U RBAEE,
MEATHELLL . TN HP & CE < 72 L,
- Fy MEITTEAEED OSBRI TR

- IOVY—LDOBEICIFEAEFELE

ToUJU—b B

ExoSparkler ') — X3, BRENLIIV Y —LDREFIFESVNIEZREL. HBRICRURAEND IOV —LEAA-DY
JIBHIENTEET,

(1) ExoSparkler Exosome Membrane Labeling Kit-Deep Red & U S ft&E P (§r £ /c(37R) THRELIEI OV Y — L% Hela #ifd
ANFML. MBRAANRUAEND IOV —LEENBEMETHER UIHESR. ExoSparkler &) —XTIdBEDREN RSN
DOIDICHLER P RE/ITHR) TRELAEIVYV Y —LATIE. BEORENEHLNDMREADELERAIERINE LT,

/IMEE T Deep Red (5) S BE P (R OHERE

/185 Deep Red (%) ERE P (7R) DHFE

RS

(BRZERM)
ExoSparkler Exosome Membrane Labeling Kit-Deep Red (£%8) :
Ex 640 nm / Em 640-760 nm

SHERP () :
Ex 488 nm / Em 490-540 nm

S ®EP () :
Ex 561 nm / Em 570-640 nm

(2) ExoSparkler 1) — X, TV VYV —LDEHICEFAELALATONINICNA, BXZEHBORRICEBEEZRETED
TAIL—23 > F1—TEERL TSI, BRGIRECEMERTI VY —LEZHARTEET,

ExoSparkler >\ —XIZHTDEBIRE BEFE (KRICBRORE) EEYNFEDLEE
ElYRE*
stock solution -~ PBS

RN 3 SR -2, —5 “ o 32
Jement AN N\, AN ool TAIVNL—=23 0 Fa—T(EFYE)  50% 2E
- o __ S S BB 10% 12

4 © Pt vine X AT ORI :
07— LoRe RERBIORE  I0VU-bDmRxe BEAEOI VY — LARTFHE NTAGF /BT RS+ I8 TS

(8) ExoSparkler Exosome Membrane Labeling Kit (Green, Red, DeepRed) THRB I D2 HIZ D L UV VYV — LI DI\ T,
NTA (F/KF b UF T8N CE—FBNEAELER. MMERIGE. TIVYV—LOBEICIIEALEEEBERIZSH
W ENBREINE LIz, BT IIEBHP IZBEL T ET,

mE B8 FEMAMIE(¥) X—H—3—FR
ExoSparkler Exosome Membrane Labeling Kit-Green 5 samples 30,200 EX01
ExoSparkler Exosome Membrane Labeling Kit-Red 5 samples 30,200 EX02
ExoSparkler Exosome Membrane Labeling Kit-Deep Red 5 samples 30,200 EXO03
ExoSparkler Exosome Protein Labeling Kit-Green 5 samples 24,100 EX04
ExoSparkler Exosome Protein Labeling Kit-Red 5 samples 24,100 EXO05
ExoSparkler Exosome Protein Labeling Kit-Deep Red 5 samples 24,100 EX06

X¥RBRBELIYVY—L (BROE LT, /508 : 1-10 ug/sample. KIF%K : 10-100 X 108 {@ /sample
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ECGreen-Endocytosis Detection

<HR>
- KWIEHICIY YA b—2RXZFARILTED
CEHRTIVRYA b—2REEBHFTES
- pH ZEICH T DRERAE N

ECGreen-Endocytosis Detection ($/NBEREICBTEL . pHICKEL TEXAEZFE T DHET, EAT7FOTSLUEBEENICT Y R A
M= 2ZABETDIENTEET, Fo. FRISHERANVWONTELBHAESTFRA NV EERLUT, pH ZHITT T DI0E M
ICBNTWEY, ZDH. DETI Y RV —LEEREICRHT DI ENTEETT,

ECGreen: [R&RE fhtt T o0 pMERNERE
» WECG
reen
80
% | 5 | W EAEETFINS
) #DHA Endosome ) N #188 Endosome 70
g pH~6.3 N » e pH-6.3 N 60
i 50
%53 Endosome Y. #H Endosome 0
PH~5.5 B8] pH-55 e MBI RY—L
Lysosome > Lysosome 20 CORBENEL
3 pH~4.7 L2 ﬂﬁw pH~4.7 10 I
0 ———
6.5 7.4
pH
FEREOEXR FHEED pH IS T DHEABEZEL

< EERFI : AN/ REXREBAICTRE >

Wortmannin (3T RY—LDUHA ) TR ) ) —LADBITEEEL. TV RV—LADEXtEERTDZENMONTY
F£9, Wortmannin [CEDINOHDZE{b% ECGreen EfIEET Y RV — AV —F1—% /& Rab5-RFP (5 2 /NUE) EDHEE,
BEXUECGreen &V —LRBRAEEDHFLEBTHERLE LI, ZDHER. Wortmannin ZFINEFIC IS ECGreen ISEEX{EL/ZT > R
Y —/s (Rab5-RFP) &HBF#E (£K : Merge) L. UV YV —LEIIHBELKEL (AR : Merge) ZENHBRTEELEE, InHD
RN S, ECGreen ISHIEM/NREEROZB L ETRETED I EA AU E LI,

MBIV RY—LEDHEEE 3 UV —LEDEEE
ECGreen |34 Endosome & HB#%EH ") (H) Wortmannin D {EFA EGGreen {4 Lysosome & HFFE L7

#)48 Endosome ECGreen x . ,‘l Lysosome ECGreen
(Rab5-RFP) L 0,84
- %Dﬁﬂ Endosome
VAUV | N

i S RN )\
y
f\ féﬁﬁ Endosome

Endosome DAEATE
@ Lysosome

% 4B Endosome, B A2 TT Y RY—1
EOHFEERITBEHP ICBELTNET,

(BZExRM)

ECGreen-Endocytosis Detection
: Ex 405 nm / Em 500-560 nm

m B8 FEMAMIR(¥) A—H—TO—R
ECGreen-Endocytosis Deteciton 40 ul 54,200 E296
<{ERALEHOEZE> 40 ul H7=). 35 mm dish 20 1. u-Slide 8 well 20 #
WROHMPLANEE LB EROLE . M HP 2B 20, IV RY—L BE
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Iron Assay Kit -Colorimetric-

<HER>
Y TV E R
 CEHSSUZEROZEEZEET DIHDITERZRR
- BREOBLICENLGEHES — M EERE

Iron Assay Kit-Colorimetric (3. EEDFINENSHA F VBEOHNEL TH 2 BB TT— 5 ZRE T2 N TBETT . MBFAR
TBICERA A>T O—"7 Ferene S ZRNML. ZOMAEBEMNET D EICKWUBRANPO_MBELZELE I DI EHNTEZT, 5
I FY MIBDETAZBWTHMADOHA T U ZINTMEkICETI DI L THRHEZANEL . —MHKEZEL5IKZETH
HHAD=MHEZEHT DI N HTRETT,

<BREFIE>
A
— -
e — ml RESORIE SR Fe2+ & Fed+ 2BRERDD,
’ ) b B, | Fed+ 2RI TOBRR LV EHTD
£ B | CIEERG 3 TFes+ BIE] = [REOAR] — [Fe2 B
BTV . 3 3
e | |
(Fe*—Fe?) - ‘ ‘ >
Total #4815 4 iR
<HBRE> <BAATO—TDERBA 7 BIRM>
Fe* IS Ferene S &G L. BRRBICEBLET, Ferene S E B EBA AV EDRICZRAEEZTRHEL. 1
BHEBIRMICKICT D E2ERLF L=
07
e 06
NaOsS - S ) 2 05
0-4 © b
\ 8 04
I \ =N I h 2+ 8
N603S o \ \N —»Fe2+ NaO3S © ’11 .‘::: e 8 03
é g 0'2
\ 0.1
% onnballonnnnna
X & & d g d d A s Ll
§iszrPE3832* 2
Ferene S Aabs=593 nm @

< RERG : Y TP O @SS LU= M D®RE >
Ky bZEBNWTYIZHEXFEHPO_(Mik s =M#HEZAEL F Lz, v XA 100 mg HIC—ffi#% 2.51 nmol. & =Aifi#% 3.05
nmol DET THEE 5.56 nmol 'EBINTND I ENHRTEL L

Standard Curve Fe2+/Fe3+ levels in Liver tissue
_.35
£ 10 ) T
2 08 y=00830r+0.0455 . S
2 A= 225
© 0.6 £
3 P 2.0
S 04 - 2
Re) -'é' 1.5
5 02 o £ 40
3 - 5
< o 1 | . N €05
0 2 4 6 8 10 8
0
Iron Conc. (hmol/well) W Fe* mFe’
mH B8 FEMAME(¥)  A=H—T—F
Iron Assay Kit -Colorimetric- 50 tests 39,800 1291
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IntactMito Fractionation Kit for Tissue

<HR>
SNV RUTEA SO MERETHEREE
" HBELAEIPAVRUPTI AV RI7ERDOERO—DTHIBBHERE N AT ATHE

PRUMEEMITEICI PV RUTOBREK VBAETATP ZEELTNWDD. I PIVRUTHEEICRENMELTLI DL ATP
EEMETL. htAvEIL. 7)l/“J/\/fV REEDOEHREEEREB. I bV RUTPRZESISRITIEASMONTINET,

I bAVRUTHBETEMICHS T, T T I\U TUNDA WA SEDEEZRITDH. BREL/CI OV RUTHANSH
THY . ZORXBEEFBATCSCNET, I AV RUTPREFY M BELSAFIMNEI NIV NI TZDET B2
ICRBEHAFEP/NY T 7—RIFTHEL B0F1—TEERLTNEY,

<IREFIE>
s aUEE
fkc L Bt e RESFAHF—ITB L,
REUF AL

[ = Fa—7I %%b (T P3IVRU)Z
T Bl

EDTD (
< BRI : v RiBE () roHELAEI NIV R FOEFEEERE (OCR) Z>
NOZOBMSAEBELEI SO R 70 OCR Z{bZE T e/t G Extracellular OCR Plate Assay Kit ZFWVCERMi L & L7z,

ﬂ N FESFAALIRE » / 51— TEDLRY
-

o, Oy
(X—h—T—F : @) ﬁb—:h
E297: Extracellular OCR Plate Assay Kit oa
» t" P ol S Coygen Probe
[AVR—=%2 K] X P
/ J\
e
bﬁﬁucucr_‘succc&
ﬁf_wul'_w-'_w-'_w
- Mineral Oil : @ ZRHOBEERRAZIERKY D
- Oxygen Probe : &t DB RREAETIDE Aﬁﬁﬁﬁ EEEEEE
DAKBEHIBL KD EEEEE’SEEEEEE
[
Mma-mmm
SBEL=3 b3 R I Succinate K19 B &, Untreated EEERT OCR (= IS 7EOES) AMEML F L1,
30 350
25 [ L Prrrrrreee—" | 300
20 € 250
g £
Z T 2 200
o5 R g_
: @ : Uritresited. y = 40.0003x + 25424 =150
10 o
O 100
5 @ Succinate  y = J.178x + 22883 O
50
° 0
0 0 20 30 40 50 &0 .
Bl min) Untreated Succinate
(&) [RERRM]
AEE—R 8K RhLAU—FTa2T I NIV RYTE:50 ug/well (F/30BBELT)
f&HIRE | EX/Em = 500/650 nm Succinate (final): 10 mmol/|
RIERE : 37C
4 B’E HEMAME (¥) X—=H—1J—R
IntactMito Fractionation Kit for Tissue 10 tests 55,000 MT17

10



®
DOQJ/INNEWS No.195 (2025)

e

I MO R 7 Complex | SEMERIEF Y b

MitoComplex-l Activity Assay Kit

<HE>
-HELEI POV RUPICHEZRMT DT TRETSE
CRERELEI MOV RYPTEAEREE

IRAVRUTIE, EREEICDERATP (77 /=) V) Z#ERTDEEZEBOTINET, ATP DERBETITHNDIFE
ERIED—EBTHDBEFEERIE. ATPERICKHERTO N VEBEBHEEHHL. MRAATP ELEICES I 2EBAREEBETY,
EFmERIIS DOBRESIE (Complex| ~V) hOEBRINTHY. FTE Complex | (NADH: 1EF / VE(LETER) IS8
FEERDHESRICNBLET. NADHASIEF / UADBFREENL T, 7OV EZI NIV RUTOVY NI VI I SERS
pPEAEEL T,

A+y ME. NADH BILRICZIBIZIC Complex | JEMALLBRAETE. DBELEI NIV RUTZRIV-ESRITATRETY, &
7296 VT T L— RN TZRAEZBFICNIETE S8, Complex | DEFISZEMA-EBERTEEY,

<FE>
Complex | DEIE(CKY . EFIE NADH A Ubiquinone [SEE 71, Z DRI NADH |& NAD* NEBE{EE N E T, NADH (3 340 nm
HEICBARRINZ R DTS, 340 nm DIRKEEDR A ZRE Y S ET Complex | DSEEE L THIET DI EAAIEETT,

.
(£
o

Ubiquinone

H+ Ubiquinone - H2

A NADH + H* + Ubiquinone
o

NADH NAD+ —NAD+* + Ubiquinone - H2

Cq.mlplex

~

Molare absorption x10°
[e ]

o

280 320 360
Wavelength (nm)

N
N
)

< 2E&f5 1 : IntactMito Fractionation Kit for Tissue ICCHE L= I b __ 0008
a2 K1 7® Complex | 5EMAIE > E 0.005
/N4 B S D IntactMito Fractionation Kit for Tissue ZF I T, ¥ X DA B 0.004
S5HBELEI NI RUT7O Complex | DiFMEEERFY FZERWTAEL F §
L7=. Complex | [HEH| T4 Rotenone #3195 & Complex | SEEDIET g 0.003
hEERINE L, 2 0.002
S
[EE&REMF) =
BRI v R MEROABL S haY K7 & 0.001
- EFZH 1 10 pmol/l Rotenone 0
Ctrl Rotenone
< KERFI 2 1 BIESHESAFMBOEENE > = 008
IROAVRYTBFRERESEIL L N, VOZEEFEHFML £ 0.05
=& ZD Complex | SEEDZEbZARF Y MERWTHEL & LT E 0.04
Complex | BERI &R L =FHEDH. Complex | SEMDE T HHESR <
ShELr, < 003
€3 L) 2 0.02
CRAY T U DREROSELI NI KU >
R Q 0.01
Complex | inhibitor (0.5 pmol/l Rotenone) < .
Complex Il inhibitor (0.5 pmol/I TTFA) 0

Complex Ill inhibitor (0.5 pmol/I Antimycin)

Complex V inhibitor (0.5 pmol/l Oligomycin) Ctrl  Complex Complex Complex Complex
I I 1 \"
inhibitor inhibitor inhibitor inhibitor
mE B8 REMAMME(¥) X—H—2—F
MitoComplex-I Activity Assay Kit 100 tests 45,000 MT18
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The Stealthy Factor: sSfRNA Orchestrates Infection

Sarin Chimnaronk

Laboratory of RNA Biology
Institute of Molecular Biosciences
Mahidol University

Abstract

Flaviviruses contain a single-stranded positive-sense RNA genome that serves as the template for both viral replication and
translation. During the replication of the viral genomic RNA (gRNA), uncapped and decapped gRNAs become the target for cellular
RNA degradation by the 5'-to-3' exoribonuclease XRN1. However, the 3' untranslated region (UTR) of gRNA is highly resistant to
XRN1 and remains accumulated as a noncoding subgenomic flavivirus RNA (sfRNA) in infected cells. sfRNA is implicated in virus-
induced cytopathicity and pathogenicity in vertebrate hosts. In mosquitoes, sfRNA plays a crucial role in overcoming the mosquito
midgut barrier and virus accumulation in the saliva. While the functions of sfRNA have been extensively studied, the accurate
molecular mechanisms by which sfRNA facilitates viral pathogenesis remain incompletely understood. This review summarizes the
current knowledge on the mechanisms of sfRNA, with an emphasis on its intracellular interactions, and discusses the prospects for

its applications in drug and vaccine development.

Introduction of sfRNA

Flaviviruses include many of the most prevalent viral scourges
known to humanity, such as dengue virus (DENV), Zika virus
(ZIKV), West Nile virus (WNV), Kunjin virus (KUNV), yellow fever
virus (YFV), Japanese encephalitis virus (JEV), tick-borne
encephalitis virus (TBEV), St. Louis encephalitis virus (SLEV), and
Murray Valley encephalitis virus (MVEV): a total of 53 species are
listed by the International Committee on Taxonomy of Viruses as
of 2017 V. These viruses are transmitted by arthropod vectors,
typically mosquitoes and ticks. DENV alone causes more than
100 million infections annually worldwide 2. The infection with
flavivirus can cause a spectrum of diseases, ranging from mild
febrile illnesses to severe hemorrhagic fevers and neurological
complications. Despite the high disease burden, there are still no
approved drugs for most flaviviral diseases. Flaviviruses are
spherical enveloped particles of approximately 50 nm in diameter
that contain a single-stranded, positive-sense RNA molecule of
10-12 kb long. The gRNA has a type | cap at the 5’ end but lacks
a poly(A) tail at the 3’ terminus. The gRNA consists of a single
open reading frame (ORF), which encodes three structural
proteins (C, prM, and E) and seven non-structural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (see Figure) ¥. The
viral polyprotein is cleaved by viral and host proteases into the
mature proteins. The flavivirus genome is flanked by 5’ and 3'-
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UTRs, which are enriched with characteristic RNA secondary
structures with crucial roles in replication and translation %%,
The 5'-UTR of flaviviruses spans around 100 nucleotides in
length, whereas the 3'-UTR ranges from 400 to 700 nucleotides
in length, depending on the virus species. A fascinating aspect
of flavivirus biology, uncovered over the past two decades, is
their production of a unique, noncoding RNA molecule known as
subgenomic flavivirus RNA or sfRNA ©. Production of sfRNA by
flaviviruses was first reported for MVEV 7. All known arthropod-
borne flaviviruses produce 300-500-base-long sfRNA from the
viral 3'-UTR by stalling the cellular 5’-to-3’ exoribonuclease
XRN1 at a set of conserved pseudoknot-like RNA structures at
the 5’ region of the 3'-UTR, resulting in the incomplete
degradation of gRNA (see Figure) ®-1%. It should also be noted
that multiple sfRNA isoforms with different sizes can be
concurrently generated due to stalling of XRN-1 at different
structural RNA elements in the 3'-UTR 1",

To date, studies on the functions of sfRNA have been actively
conducted. WNV with impaired sfRNA production showed a
significant reduction in virus-induced cytopathic effect in Vero
cells and pathogenicity in mice ®. sfRNA alone did not induce
apoptosis in BHK-21 cells, indicating that sSfRNA must act under
the condition of viral infection to promote virus-induced
cytopathicity and apoptosis in mammalian cells ™. It has been
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Figure
Schematic illustration of subgenomic flaviviral RNA (sfRNA) biogenesis and functions through XRN1 (Pacman)-mediated degradation of viral genomic RNA (gRNA). The
representative genome of dengue virus serotype 2 (DENV-2) is depicted, including its overall organization and conserved RNA structural elements within the 3'-untranslated region
(8'-UTR) — notably stem loops (SL), dumbbells (DB), short hairpins, and the 3'-terminal stem loop (3' SL). The SL-I element, also referred to as xrRNA, adopts a three-dimensional
conformation that effectively stalls XRN1-mediated degradation. Two protein-binding sites, identified in our previous studies, in DB2 and the 3' SL are marked in green. sfRNA has
been implicated in flavivirus-induced cytopathic effects and contributes to viral pathogenicity.

demonstrated that both structural and non-structural proteins of
flaviviruses exhibited pro-apoptotic activity, inducing cell death
in various cell models '”. However, mutants of WNV and DENV
deficient in the generation of sfRNA showed a drastic reduction
in their ability to form plaques on Vero and BHK-21 cells,
respectively. sfRNA-deficient viruses exhibited only 10%
apoptosis, compared to 60-70% caused by the wild-type viruses
.12 |t was also reported that sfRNA-deficient DENV failed to
induce cleavage of caspase-3 and downstream cleavage of poly
ADP-ribose polymerase (PARP), suggesting sfRNA triggers
activation of caspase-3-dependent apoptotic pathways 2.
Intriguingly, in contrast to vertebrate hosts, sfRNA suppressed
apoptosis in ZIKV-infected mosquito cells, as required for virus
accumulation in the saliva for productive viral transmission ¥,
|t is also noted that sSfRNA in mosquito saliva is present in the
extracellular vesicle (EV)-like particles '®. Unfortunately, the key
pathway and mechanism underlying the discrepancy between
induction and suppression of apoptosis in mammalian and
mosquito cells remain poorly understood.

Besides cell death, the most investigated cellular pathway is
the immunosuppression in hosts, as it is generally assumed that
viruses should evade the innate immune response to facilitate
efficient viral replication. Indeed, the DENV serotypes 2 (DENV-2)
PR-2B strains that emerged during the epidemic in Puerto Rico
in 1994 contained variants in the 3'-UTR, which significantly
increased the level of sfRNA production per copy of gRNA than
that of the DENV-2 PR-1 strains before the endemic .
Epidemic strains also induced lower expression of interferon-

beta (IFN-3) during infection in human hepatocellular carcinoma
HuH-7 cells and primary monocytes. Moreover, transfection of in
vitro transcribed sfRNA from PR-2B strain into HuH-7 cells
together with poly(l:C), an immunostimulant, showed reduced
expression of IFN-3 compared to transfection of poly(l:C) alone
and poly(l:C) with sfRNA from pre-epidemic strain. Unlike the
apoptotic effect, these data support the rationale that the sfRNA
molecule can directly suppress IFN-f3, regardless of infection,
and both the sequence and amount of sfRNA are key factors in
the high attenuation of IFN-S expression. Also, transfection of
an in vitro transcribed 5’ -monophosphorylated DENV-2 3'-UTR
into HuH-7 cells before infection by DENV-2 could abrogate the
expression of both IFN- and IFN-A1 genes, as well as IFN-
stimulated genes (ISGs) of ISG15 and myxoma resistance 1
(MX1), as measured by qRT-PCR 0. At present, it is generally
accepted that sfRNA inhibits the induction of the type | IFN of
IFN-(3 and potentially IFN-A to enhance infectivity ®.
Remarkably, sfRNA is required for the pathogenicity of WNV in
the mouse model. Mice infected with sfRNA-deficient viruses
showed no sign of WNV-induced encephalitis and survived the
infection, whereas mice challenged with the wild-type virus were
100% lethal at day 9 . The difference in viral load in the mouse
brain was not obvious, indicating sfRNA is not essential for viral
replication and spread in vivo. Thus, the lack of
neuropathogenicity is conceivably associated with the loss of
sfRNA, which prevents the virus from inhibiting type | interferon
and/or eliciting apoptosis. However, no proof was provided for
the increased apoptosis or the impairment of immune function in
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the infected mouse brain. It also requires further study to
investigate if the sfRNA-dependent pathogenicity in vertebrates
can be extrapolated to other flaviviruses.

Physical interactions of sfRNA

Before we go any further, let’s take a close look at the
conserved RNA secondary structures in the flaviviral 3'-UTRs,
using the DENV-2 UTR as an example (see Figure). The flaviviral
3'-UTR can be divided into 3 regions. From the 5’ end is the
variable region containing duplicated structured stem-loop RNA
elements (SLs). The number of SL can be varied in each flavivirus
strain. More importantly, these SL structures can form the
pseudoknot RNA secondary structure and fold into a unique,
compact three-dimensional structure of a three-helix junction,
which halts XRN1 and produces sfRNA 2. These RNA domains
are also called exoribonuclease-resistant RNAs (xrRNAs). The
three 5’ nucleotides upstream of SL are protected from XRN1
degradation by base pairing within a ring-like structure of xrRNA.
Disruption of these base pairs by mutations abolished the ability
to resist XRN1 degradation 2. Since the configuration of the
three-helix junction formed in xrRNAs has not been previously
observed and cannot be classified into the three known types of
three-way junctions, flaviviruses have intentionally acquired the
XxrRNA module and XRN1-resistant mechanism over a long
period of evolution to produce sfRNA.

The middle domain of flaviviral 3'-UTR has a single or two
similar dumbbell-shaped RNA structures (DB1 and DB2).
Remarkably, the hairpin occupying the 3’ half of DB harbors the
most significantly conserved sequence among flaviviruses,
implying a fundamental function in the virus life cycle 2V. At the 3’
region of the 3'-UTR, there is the longest terminal 3'-stem loop
(8 SL) preceded by a short hairpin (sHP). The apical loop of 3’
SL contains a highly conserved pentanucleotide of CACAG,
which is required for viral replication 2. Hence, the unique and
conserved RNA sequences and structures in the flaviviral 3'-UTR
and sfRNA can be easily predicted to serve as a platform for the
interactions with protein and protein complexes, so-called
“protein sponge”, to control or fine-tune processes in the viral
life cycle.

To comprehensively understand the action of sfRNA, several
efforts have been made to identify the cellular proteins that
interact with sfRNA in infection. Due to current advances in
computer science, a large-scale in silico exploration of the global
interaction network, known as the “interactome”, of sfRNA
across multiple flaviviruses, including DENV, ZIKV, JEV, YFV,
and WNV, was conducted using the catRAPID omics server 19,
The results revealed five human RNA-binding proteins (RBPs),
which were DDX1, NKRF, CSTF3, TRM1L, and NUFP2, that were
predicted to interact with sfRNAs of all flaviviruses tested. The
computational screening of protein-RNA interactions is a
fascinating yet poorly experimentally validated area. It is hoped
that the rapid progress of artificial intelligence (Al) will enable
accurate and reliable prediction of interactions in the near future.
Alternatively, the general method for identifying proteins
interacting with the RNA of interest involves a combination of
RNA affinity pull-down and mass spectrometry (AP/MS). An
earlier study using AP/MS identified the Y-box-binding protein
(YBX1) bound to two loops in the DENV-3 3’ SL ?. However,
YBX-1 was not found in another AP/MS study with DENV-2
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UTRs ?¥. This discrepancy in the published dataset for sfRNA-
bound proteins is often observed in the AP/MS studies, likely
due to the variation in the viral RNA sequences, affinity tag
sequence, cell types, experimental conditions, and analysis
procedure. It should also be noted that affinity pull-downs might
not be performed in an environment mimicking viral infection. In
particular, the use of uninfected cell lysate for the pull-down is
likely to introduce significant bias by ignoring gene expression
patterns, protein localization, and time course in infection. To
date, there are very few interaction pairs of sfRNA and host
proteins that have been characterized for their accurate
recognition motifs and downstream molecular effects of
interaction.

So far, the most characterized sfRNA interactions are enriched
in the 5' variable region of DENV sfRNA. As described above,
XRN1 stalls by the ring-like configuration of xrRNAs and
produces sfRNA. A previous study demonstrated that sfRNA
sequesters XRN1 during DENV and KUNV infection to
dysregulate host mRNA turnover, as observed for the
accumulation of uncapped mRNAs and increased stability of
host transcripts in HEK293T cells. However, it requires further
testing in more cell types to generalize this finding. It is also
unclear how the alterations in host mMRNA half-lives would impact
the regulation of interferon expression and cell death. A
fascinating finding is the interaction of the regulators of
cytoplasmic stress granules (SGs) with the variable region of
DENV sfRNA. G3BP1, G3BP2, CAPRIN1, and USP10 are
proteins localized to SGs, which were found to interact with the
first xrRNA (SL-I in DENV-2)2% 2, SGs are cytoplasmic RNA
granules that act as sites for the storage and/or degradation of
mRNAs under cellular stress conditions that inhibit translation
initiation. It was proposed that the binding of these SG proteins
to DENV-2 sfRNA inhibited translation of two selected interferon-
stimulated genes (ISGs) of IFITM2 and PKR to down-regulate the
antiviral activity of IFN-[3. However, this interaction of sfRNA with
SG components was not reproducible in the DENV-3 strain and
other flaviviruses 2 and was not found in another AP/MS study
on ZIKV sfRNA 29, Lastly, the variable region of sfRNA from
clinical isolates of DENV-2 was shown to interact with the
ubiquitin ligase tripartite motif-containing protein 25 (TRIM25)
and prevent deubiquitination of TRIM25 to counteract RIG-I-
induced IFN-3 expression. Again, the TRIM25 interaction was
proven only in specific DENV-2 strains and not identified in other
AP/MS studies with DENV-2 and ZIKV 2429 |nterestingly,
TRIM25 possesses robust RNA-binding activity in its C-terminal
PRY/SPRY domain and also forms the complex with SG
proteins, including G3BP1 and USP10 ?”. Because evidence for
interactions with the variable region of sfRNA was mainly
provided by the pull-down experiments with cell lysate, it should
therefore not be simple to argue the direct binding of those
proteins to the sfRNA sequences and structures.

Our study and other studies identified DDX6, a DEAD-box
RNA helicase implicated in the formation or function of
processing bodies (PBs) and SGs, as an interactor of the
dumbbell RNAs in sfRNA 27:29.29 \We first pinpointed the DDX6-
binding site to the completely conserved hairpin at the 3’ half of
DB2 and measured their affinity (Kd) to be ~8 nM 2V, This
interaction has been confirmed in DENV-1-4, ZIKV, and WNV in
vertebrate cells and even in mosquito cells ™. Our results
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showed that sequestering DDX6 by DB2 resulted in host cell
cycle arrest in the G1 phase 2". Intriguingly, DDX6 was found to
be a new regulator of the antiviral IFN response 2®. Further
studies are clearly required to identify the molecular events
downstream of DDX6 sequestration by sfRNA, which may
advance our understanding of the innate immunomodulatory
activity of sfRNA.

The last domain of sfRNA contains a 3' SL element. Our
previous study revealed that the conserved pentanucleotide in
the apical loop of 3' SL is recognized and bound to the viral NS5
RNA-dependent RNA polymerase (RdRp) (see Figure) . This
interaction is indispensable for the replication of gRNA. The
binding of viral NS5 to sfRNA was also described in a recent AP/
MS study using ZIKV-infected cell lysate 2. Notably, it was
suggested that the NS5-bound sfRNA complex interacts with
signal transducer and activator of transcription 1 (STAT1),
leading to a reduction in phosphorylation and nuclear
translocation of STAT1 to block type | and Ill IFN signaling .
This interaction currently offers the most comprehensive insight
into the mechanism by which sfRNA antagonizes the interferon
(IFN) response.

Implication of the flavivirus live-attenuated
vaccine

The strong association between sfRNA production and the
pathogenicity of flaviviral diseases emphasizes its clinical
importance and identifies it as a compelling candidate for novel
antiviral intervention strategies such as a live-attenuated vaccine.
A tetravalent DENV vaccine, named TV003, that is currently in
phase 3 clinical trials, was developed by introducing a
30-nucleotide deletion (A 30) in the 5 hairpin of DB2 in the 3'-
UTR (review in ). The phase | clinical trial demonstrated that a
single dose of TV003 induced a robust, balanced neutralizing
antibody response against all four serotypes of DENV, with no
subjects experiencing any dengue-like iliness *". Intriguingly, the
DENV A 30 vaccine strain decreased the accumulation of sfRNA
in infected human cells 2. Later, it was reported that the deletion
of only the last 10 nucleotides (A 10) of A30 was sufficient and
essential to make ZIKV attenuated in the mouse model .
Moreover, the 3 region of the A30 and A10 deletion always
overlaps (5-6 nucleotides) with the DDX6-binding site in DB2,
which was shown that mere deletion of this overlapped
sequence abolished DDX6-binding capacity 2. Collectively,
these disparate findings converge to support a model of
flavivirus attenuation in which DDX6 is central to sfRNA
stabilization and the regulation of IFN signaling, which awaits
further investigations.

Conclusions and future directions

The structured noncoding sfRNA highlights the evolutionary
innovation of flaviviruses, serving as a streamlined and potent
mechanism for host cell manipulation. Accumulating evidence
has firmly established sfRNA as a key regulator of host immune
modulation and viral pathogenicity. Here, we propose that
functional interactions of sfRNA with NS5 and DDX6 are a pivotal
mechanism underlying these effects. DDX6 is an essential and
evolutionarily conserved protein fundamental for mRNA
translation control, storage, and degradation. Further studies are
clearly required to clarify how sfRNA-mediated sequestration of

DDX6 contributes to the broader reprogramming of RNA
metabolic pathways. Also, further studies to provide insights into
the three-dimensional architecture of sfRNA in complex with its
interacting protein partners are important for the rational
development of vaccines and antiviral agents designed to block
sfRNA biogenesis or disrupt its functional interactions. Such
structural and mechanistic insights will not only deepen our
understanding of flavivirus-host interactions but also pave the
way for targeted therapeutic strategies that exploit vulnerabilities
in sfRNA-mediated immune evasion.
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