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BREIIVRAETIVERWT. ENRIBZENTHEZAHMN oD RBREHERIBANEE DR
IEZEMIEL. 8 5 B (LS) OFAIMEFHAT/ILTZRLF) oE2 LTI ER RN D
RBEMIEOBEERFTENAUERBEIE DI L& T, MABEAMIZREMEORAD (M0
ETF—RNERRL. BECREERZFETHILLFIMALTCOREEEAT — U/ R4
Lanf&L1=(Arima et al, Cell 2012) , ZD#%. fEH . ABRLGEIRIB. AL R S, MUNRIE
D5ODT—rIzAREFZREL., mXEKRLTET=(Arima et al, eLife 2015, Arima et al,
eLife 2017, Stofkova et al, Sci Rep 2019, Hasebe et al, JEM 2022 %&) , T DEIRIK. #
BREBOBARLL, FBEICHLTOES—FOBEHEINIELENRESN . BERIGHE CD4+
T A —EHULFATNISRENSIESRIINEILERLTIND, SHI2, MES —MEFH
MY B1=bDHEEELTIL-6 7T (MERKMIELEIFREMIATD NFKB & STAT3 RIFEE
HEICTHFESIN DB FE%: NFKB ;EM41E) 2B E LTz (Ogura et al, Immunity 2008, Murakami
et al, Immunity 2019, Murakami et al, JEM 2011 %) , AME TIE., FIRHERRESAER
[RZERHTH27ED B RIS CD4+ T MIRAZH#IRANICIR G LT REM/NE KB F
BICTHABLZIGEIZ LS PYRECLES—FOREMNESILLDH . thDELIZHEENTHDH
ZIRARBIELEBRIELT-,
2. RBBERBLURR
(1) BE R CD4+ THIBS A O ER

SEOFHERTIEX. A7 yrDORADIT LEBELZEITHLTEH, KYRBITHETES LIS
5012, BERIGHE CDA+ THIRASA U ZRRIER XKEITERBAMIL. TNETIRT
1FEHEVA—IZEELTAVSEHEEL, 7 —PEYTA AT HFPICBEE RIGH CD4+ T
MRS EREI LIz, STYURTFR(MOG) F=[E T4 FZBARRTFR(IRBP) £5R# T 5
CD4+ THERAS A DHEILIZRILEmX FZ LT=(Tanaka et al. 2017) ,

(2)MHU-4 Svia e

STYURTFRETAHIZBRRTFRICH T HEERIGHE CDA+ THIRAS AV ALIZT
DRETRTAFE LA —ICTRELT -, BILFF LK X = C57BL/I6I ¥R 12 IL(Z 2 E%E
DEERISE CDA+ THIFEZT L 3 HATICBAL, REMIZ6 EDOTYIRETISAMEELTE




L. 3T EIF/EUZBEE (TCU) IZHE#LT-, 2019 £ 5 A 4 AIZ, Thib 0 C57BL6 YR 6
& 7R T4FEE I—DoITbEIFoh . BERFHERAT—avIcTHRBELMIEL. #1318
HAE (ARFERT—Yav 0 EEY—Y (HCU) ATOSRE#RIEH 27 BRE) Sht=,
FEHEERTER. TORIEIERAD TCU [CE#EHIN .6 A 3 BICHIKICLEEERITFELT-, #
LIRBRICKEFRET DL 1 A 2 BIFERDL Tz, COTH LK IRITRERDAE
S IEBRSIL. FRYD 5 IIZTERELT, th E X BEER (L, TCUHCU fEEBEDH EETIL
ZRALT. AFRBEUETFHEROEREHLEHL. FHEREFAZRICTSTYORTFRED
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Summary report of the ISS-Kibo utilization mission:
“Characterization of blood vessel gateway formation and molecule expression at dorsal
vessels of spinal cords by gravity stimulation”

(Gravity gateway reflex)

Principal Investigator, Masaaki Murakami (Hokkaido University)

April 2022

1. Introduction

Using mouse models, we have demonstrated that gravity-mediated sensory nerve
stimulation from the soleus muscle induces sensory-sympathetic crosstalk. This
crosstalk leads to the secretion of noradrenaline around the dorsal vessels of the fifth
lumbar spinal cord (L5) and induces the expression of immune-cell chemotactic factors,
such as chemokines, from vascular endothelial cells, leading to a gateway for
autoreactive CD4+ T cells at the blood-brain barrier (Arima et al, Cell 2012). This
phenomenon was named the "gravity gateway reflex" and shown to induce tissue-
specific autoimmune diseases. Since then, we have found and published five other
gateway reflexes: pain, artificial electrical stimulation, stress, light, and
microinflammation (Arima et al, eLife 2015, Stofkova et al, Sci Rep 2019 etc.). These
studies showed that the location of the gate is defined by the site and type of nerve
stimulation and that the presence of autoreactive CD4 T cells in the blood is sufficient to
trigger the pathology. Furthermore, we identified the IL-6 amplifier (IL-6 amp) as a
mechanism for opening the gate. The IL-6 amp describes enhanced NFkB activation
after the simultaneous activation of NFKB and STAT3 in nonimmune cells (Ogura et al,
Immunity 2008, Murakami et al, Immunity 2019, Murakami et al, Cell Reports 2013). In
this study, we aimed to determine the effects of gate formation in the L5 and retina when
mice were kept in a microgravity condition in the presence of autoreactive CDA4T cells
that recognize central nervous system (CNS) and retinal antigens and administered
intravenously.

2. Experimental Results and Outcomes

(1) Preparation of self-reactive CD4+ T cell lines

In this space experiment, in order to respond more flexibly to sudden launch delays of the
rockets, etc., the autoreactive CD4+ T cell lines will be prepared in advance, frozen in large
quantities, and transported to the Kennedy Space Center for use. The establishment of
autoreactive CD4+ T cell lines was examined during the feasibility study. CD4+ T cells were
isolated from mice immunized with myelin peptide (MOG) or photoreceptor peptide (IRBP),
and T cell lines were established by periodic antigen stimulation in vitro. By devising
antigen stimulation methods and culture media, we succeeded in establishing CD4+ T cell
lines against these self-antigens and published a paper in 2017.

(2) MHU-4 Mission Summary
To investigate the effects of microgravity on the gateway reflex, mice transferred with
autoreactive CD4+ T cell lines against a myelin peptide and a photo-receptor peptide were




prepared and cultured at the Kennedy Space Center. Twelve C57BL/6J mice that had
completed acclimation and rearing were transferred with 1 x 107 cells of each of the two
types of autoreactive CD4+ T cells 3 days prior to launch. Six mice were then selected as
the final flight group and loaded into the launch/retrieval support unit (TCU) on May 4,
2019, and started rearing on the International Space Station, where they were kept for
approximately 31 days.

The ground control experiment was conducted using the ground model of the TCU/HCU
breeding apparatus to simulate the experimental conditions of the space experiment, such
as the breeding environment, etc. Six C57BL6 mice were used for the launch simulation on
October 20, 2019, and then returned on November 19, 2019, to the Tsukuba Space Center.
After completion of the on-orbit breeding, the mice were loaded into the TCU for return, and
all mice returned safely to earth on June 3, 2019. After returning to earth, the weight of one
mouse was found to have decreased by about 20%. Therefore, this mouse was excluded
from the immune system analysis, and the remaining five mice were used.

(3) Results and achievements of the MHU-4 mission

Various experiments were conducted on earth using mice bred in a microgravity

environment and ground control mice. The ISS/Kibo utilization mission produced the

following six results.

a. Two autoreactive CD4+ T cell lines against MOG, a CNS antigen, and IRBP in retinal
neurons were generated for space experiments and published in a paper in 2017
(Tanaka et al, Bio Protoc. 2017).

b. Three mice transferred with autoreactive CD4+ T cells on the MHU-4 mission were sent
to the International Space Station, where they stayed for about one month and were
recovered alive.

c. Analysis of the gravity gateway reflex showed that the L5 gate, which is observed on the
ground, disappeared under microgravity conditions, demonstrating the gravity gateway
reflex hypothesis that "immune homeostasis in the CNS is controlled by gravity" and
proving a new effect of gravity on the CNS.

d. The paper that first reported the light gateway reflex used ground-based control
experiments in 2019 (Stofkova et al, Sci Rep 2019), but the analysis of mice bred in
microgravity showed that the retinal gate for the light gateway reflex is enhanced in
microgravity conditions. Thus, the hypothesis that "gravity regulates immune
homeostasis in the retina" was proven to be true outside the CNS, proving a new effect
of gravity.

e. An analysis of changes in lower limb muscles and bone showed that the presence of
autoreactive CD4+ T cells in microgravity suppressed changes in soleus muscle weight,
muscle type alteration, bone mass and bone mineral content, demonstrating that the
hypothesis "gravity regulates immune homeostasis in muscles" is also true outside of
the CNS and proving a new effect of gravity.

f. Thirteen scientific papers in English have been published from this mission, with three
more in preparation about the results of the space experiments.
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1.1 BFRASE. BEOBE

FHBETIIHRSE. BNEH., AEBREAN ANEAMLEEELERICER, BF
HADHAEEICHITT. ZOEZMEREMICKOBARITIEELRETHS, T-. it
BREDEGN, ChFETHAELBRBRLEIEOHBWVUNE HIRBIZHLTRTREX. £9
FRIZHIEFE THEBRREL, JAXA ERFEDIREELIL. 2016 FICEBREFHERT—3av
(ISS) CHREMD AL 1G BIEZxBELI=E 1 /NSRBI VI a3y (MHU-1)F1TUL\, &
IR E CTERMICZTZEAN. REVIFILELTE -H-RER., SOITRBOH
RIATDEEHEMIFICEETHIELERHELI-SEXH 1), LAL. Boh =B L
BATFIHICEY . ZOEYFMNERTIEITHEBLH S ETRINATINS,

ETILVEYEFRAN-RBREROEINTCORKRIL. KYEHEGEIANLI—REBOEREH
BELT.MHU-T S92 a v DEFEMITLTFERITEERRELIZEARER (JF IR/ A
ATo=) kB FHREBEGEDFEEZTOMERETEE 2014 FITIREL. BEAESA7Y
AIVRABFIVFHEZSFH ISS FIARBT—YELTHRIREN Tz, KR TIE. 62 DF
HRTLTOMmMEFDHS RNA (cell-free RNA, cfRNA) xR ELIZFNSUR YY) Th—L
fEHT EHARESL DNA (cell-free DNA, cfDNA) DAFJLILEERZEITSZET, ERDIKAREERT
AL bE MR- MR TPAT AL BELL, ETILEYTEONEHKRLED
EERICKYFHRELEDERFZEXERER TRIITIAMEIL. EbERRELIZFH
NEOAIVIAMEERIRTIRMYMEAELTHEBRHUMNDEETHY . CHETHD MHU =
v avEBLTERIN-HMERADIES / LBTERMZEELTERIN-LDTH D,

1.2 IRABTOEEN., 0 H-fAEBTOMEDIT. BH

FERTEINZERIIEHRDEEERT. AIER. BIR. RERGEDEEMEILEE
L. S REHARTH-OIC. FEETHZE-EXEHROHENHRNGH HOLEITE
HENTWS, FEEBROEFOEELGRRBELT. FHLEN—FII7ORRLETILE
MORYPEABTHLEFONS, FHEHEEINOSRIBFE~ADBITLEELIC. RUBORE
LB REEEZAREICTIEREEDRENEOH SN NASA NIF->EBOEHTER
T IAXA [ERDHZAWVEZAIEAZEZHA/NEYEABFTEEL ISS ITKETD
HE HIKEMEICEITAREOIYIRBEDETIVEYMERVV -FHRIELEDHEN
ThhTha,

T2 F/2HOR . TATHAIVR ARRAZVRBEEEU VI FAIVIRBLFEE
MREIBECTHEERRICZEANEATNS, ChioZAEHhE-HEREELT, AFE
(25T 551E% Pl ELT. JAXA A 2016 FIZERLI-AIL1G IREEZREEELIZ MHU-1
Syl avhHbd, COMETIIWNEATT 35 BEFABTINT=YIRD, BEiH. B.
AR DL iZE ST 30 FEEU EOMBEBZERHEL.RNA O—4 U XEB LU ChIP —47 U R%E
AW -RBENBRITEZ T o=, TORE. EEAHEINTOEHBERTEHTALLIZAE
THEEETARLA., S5I2, RER. ARR. £EERLGEDIELEWVERICEWLWTEFHRF
HEITHBELEEEAHDONTz, SBIT AIVIRT—RERRGNAF AV THITAIRF
FEERWTEIN T AZLICKY ., ENELDEEEXZITHERFHIER YT —U0HERN
INZA)TADREIFEIZHIILT=,

CNETTED MHU SV DIEN, AFHOETST4v 2D FHEEEER. NASA D
(FolEEEAW-ARITODIIMIE  SHOFHEREN IO, YILFAIVIRXERID
BEL, T—IR—RLEBRETNEATNS, SHIC, EHOAREMEL THBFE
HIBETIVEGRALEBRZITIT 3 AIVAN, AR EDIREETHARNANBERD
REREFZHFOHHEBREFEAIYY XA — 7 L (International Standards for Space Omics
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Processing, ISSOP)X> GenelLab ) Analysis Working Group ZETCERIESN TS, HATEH
JAXA LRI RENER CFERAEDEIDETEBIET T—IRN—RELTFHEGHE
S /\1A /3% (Integrated Biobank for Space Life Science, ibSLS)Z5%3ILTLV\5, 2D
SO, ETILEYD 1SS TORIEGAB LIFZEICHDDEIN—F VTR EA IV REE
BiTDEBEAIZKY ., BG5EMECTHEON-FHRECEHEBOEFEEZEMNMGETT S0
DARZHET HHENHRMIZZTEOTLNS,

ZO&IGKRRDF, FERITETERRELBREAZIREFALEAIVIRT—2QORMA
RREEDRIL RV I ELGH>TND, FERITEINCDBBRFERMOEKIIRoNTSES
U, ARESEREBERBESBITARBETHLII L. ETILEYERWN AR LSRR
REELGD ARFTEOLENEEDMEBRBFERTCT I LATESRONHEETEH
BERGMRETOLOICIE ERICEHEEZET DS, ChoDEEDRERELLT, KR
(FEEEMERELGFEMICKIVFEoN-MBEAZRALT, #ia5 RNA & DNA xR ELT -
)X IRNAFTo— 1 DFEEFERITIOERRNFEROSFIRKEDFRICIEHTSHE
T YT T DFINEFRTOBAICE>THILDTHSD, SHIZ, HIRIBEEREIND
8 FZEFRATH. 1 BORMFEFEFTHRITLEDENZIT o= NASA D Twins Study
[ZRWT,. EBHEORPFEREFERITIEAREL-EHFDD MIZF RNA-DNA DfiE
HHRETHY . BoN-T—IDOFHHREILBHTEHINGEXH 234),F-.6 BDOEET
—REREHELLTARAT 2R TH . A—T oA IV RIZEIFHEGHERATOEE
BEAENARARICLITIEERERZHFE OMRETH D,

1.3 BIREM. /Ny T 5Ok

MmIFDZE SN NMNENSENTHY . MIEFEIZK>TELSEDO, MEM DK
HENBEEML N FEEAMERERICEET 2EDEENMENTIND, £, MIEFT
FAIEKEDPIRELESHRER R T S5 ETHEERNT= DNA 5 RNA NEFEL. £1LFM
BREOXMRELG>TNDIMER S EIERIZ. TREND S FOHKMAH - MiaDKEEF R
LI HENEAFSIND, DO MRPREGE DEBRIEMITIRINTESRERAZT AL
THRREEERBEBRTTAIFRELTIIFIRNAA T —1EFIENTINS,

579D MHU-1 2y arTlE, 280 ZHFRGHABZETTESH . FEHRITLEHEL
FRABELBAFEREAVLIENTELDFMBRIEDH THD, AFEE MHU-1 =
w3 TMROHESN RNA ZETLIARENREL. BINETOISLTERNYVRT—
ADN BT EBITEE L=, — AT MHU IS arTIIEREA LRAVNTORK
FNIERHETHAD . FERITTEHNE L TERBORMEFITSENFARETHRIAR 2
— L3 KREV, BERRAICEE NI ERRELIZ2M LD—R IR E+DEEDIRK
ERALESANLGBMFEEDICAZ . NORAT—REMAEOEDILERBIZAMESR
StELT=,

AR EDIREESIZIINETEHRD MHU v 3> (MHU-1,2,3,457) (2 P, Cl, ShxX
FLLTSML  MERERE (IHENEEAEFHICESS I FOMEFELT. ET57
AV ALBBEDOFEEBRRALOEIEYZE AL EEERICS /ISHORBIZIELIT
T3, E5IZ, GeneLab DETT—F T T I—T~DSNMEZELTELIEMEDTIL
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hsa001%0: Oxidative phosphorylation

R-HSA-76002: Platelet activation, signaling and aggregation
G0:0034330: cell junction organization

GO0:0001667: ameboidal-type cell migration

GO:0098660: inorganic ion transmembrane transport
G0:0070562: regulation of vitamin D receptor signaling pathway
GO0:0001894: tissue homeostasis

G0:0051960: regulation of nervous system development
GO:0008285: negative regulation of cell population proliferation
GO:0050807: regulation of synapse organization

M5SEE0: NABA ECM AFFILIATED

WP2572: Primary focal segmental glomerulosclerosis (FSGS)
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G0:0007420: brain development

G0:0098655: cation transmembrane transport

hsa05022: Pathways of neurodegeneration - multiple diseases
G0:0010975: regulation of neuron projection development
GO0:0001654: eye development

R-H5A-112316: Neuronal System

G0:0043269: regulation of ion transport

G0:0000902: cell morphogenesis

G0:1900118: negative regulation of execution phase of apoptosis
R-HSA-397014: Muscle contraction

G0:0007610: behavior

M5884: NABA CORE MATRISOME
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ShaVRY7 DNA EIZEALY, BBEICH RNA Z S0 N EZ BB TESAEITTHL. BE
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ENTHAHILETRET DRIV T #ERZE[/-(E 45AB) . 7T/ MEAEHE T HHI
[T— B FDEEERRAENAA NI DBRAEERWRRICEAIREILEEZEZ . TRTOHIK
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FAOWTEBLE-MESEIZDLTE RNA —4S U A& 1To1=,
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To12E2A. LFUELFE RNA DEBNENTNELS/F2—2TRONT- (K 45C-
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A Corelation scatter plot B Voleano Plot (EDGE test)
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Immunoprecipitation Sequencing (MeDIPseq)D FiEFR V=, LF2 . ShaVR) 7. FHEEE
BIEFLEED RNA EMNFIZTSA MR ETSAME 30 HDAA LRAUPTRECE/LLTL
=& S, DNA BT CHINLDRA LIRA M TO RN EEL LT,

RIEEFZRID cfDNA ThHhBA2 T vk DNA(cDNA) ERE R ICE>THON=AFILIE
SN f= DNA(MeDIP)Z L= —4 U AT TIE., BILETOH A XFERIZKY . #5 1700p
0)=E/R’7L/7J"J—A #9 380bp M 2 EERRHILAY—LIZHEY T S DNA DNELBAIRRE
H5(E 47-1A), BoNf=—H U RT—RIE. ROLAYV—LBEHDOEFERERFLTHY.
EHDw«TnfynvacyﬁﬁiaﬁrliR/Jwr‘/ LEBEDEYFE—HTH)—F MDA
MHEZETE= (K 47-1B),

SHITAFILIE DNA OEIRMEEEL TNND I EZHERT B1=8. cfDNA, MeDIP —4 2 R
D) —FZERRIELIZESAH GREREOE TERIEINTXILA Y —LEBEL LTS
ACTB B FZETILHIFEY cfDNA DANL—UAMEM oF= ESITAFILIEL R ILDIELY
BIZFHEET MeDIP [2&X2TU—FREHHAETLTINS/ N\ 2— beﬁﬁn.u'c% cfDNA o—45 >
RIZEBIOIFUEEDHTE . BEUAFILEREDOEBITIZ+AEREDT—20YT /L
JARTHELONTW=CENERTER (K 4.7-2),

AFIEDFIEE 2+ 55/ LEEIZITEGFAK, IEO—RHIEES. CoG T AR
E. SHEEEEENEEND, AME T, RYDBITHRELTEEFIOE—5—5E
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EFNFNTOT—S—EETEEL-RIZ/—ISAALI=ECA, TS/ MER TR DH
EXREMTHEULIETOI7MILABLNT= (K 4.7-3AD), cDNA — U XA T—4A(E, A
FILED RN T B REABEEF T o TULEWLW A2 Ty 10D DNA DT ICHT=%. ZDT=
&.cDNA —4 U ZAAIUEDELRIE, BEEFHIEICLSI7BIFUBENDEIL. BLU
cfDNA D HEEMIAFEDZEILERIEL TV, MeDIP —4 2 ZAAH U k&, cfDNA D55, A
FILEEZIT TS EEEZRL. TES / LFIEIKREEIDNA OHBERXDEILERLTIVSE
HHEFEINS,
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G0:0060159 regulation of dopamine receptor signaling pathway
R-HSA-8953854 Metabolism of RNA

GO:0090068 positive regulation of cell cycle process
G0:2000434 regulation of protein neddylation

G0:0045445 myoblast differentiation

R-HSA-5205685 PINK1-PRKN Mediated Mitophagy
R-HSA-2262752 Cellular responses to stress

G0:0018130 heterocycle biosynthetic process

R-HSA-9648002 RAS processing

R-HSA-1640170 Cell Cycle

G0:1903320 regulation of protein modification by small protein
G0:0033365 protein localization to organelle

G0:1903311 regulation of mRNA metabolic process

WP2431 Spinal cord injury

hsa05014 Amyotrophic lateral sclerosis

R-HSA-6804760 Regulation of TP53 Activity through Methylation
G0:0006612 protein targeting to membrane

G0:0061061 muscle structure development

G0:0001503 ossification

GO:0007507 heart development

G0:0007423 sensory organ development

R-HSA-449147 Signaling by Interleukins

M229 PID P38 ALPHA BETA DOWNSTREAM PATHWAY
GO:0045664 regulation of neuron differentiation

hsa04151 PI3K-Akt signaling pathway

GO:0045778 positive regulation of ossification

GO:0048568 embryonic organ development

GO:0031175 neuron projection development

GO:0001934 positive regulation of protein phosphorylation
WPS51 Regulation of actin cytoskeleton

M53 PID INTEGRIN3 PATHWAY

WP366 TGF-beta signaling pathway

G0:0031115 negative regulation of microtubule polymerization
G0O:0002067 glandular epithelial cell differentiation
GO:0071559 response to transforming growth factor beta
WP2840 Hair follicle development: cytodifferentiation - part 3 of 3

R-HSA-3247509 Chromatin modifying enzymes
G0:0031344 ion of cell jecti izati

GO:0048736 appendage development
G0O:0048146 positive regulatien of fibroblast proliferation

4.7-3 M#cfDNA, MeDIPY —4 > ZDEGEF 70— & — BRI E 1 2 EEEF

(A7 54 b, 754 bh(L+30), 754 FER+30)BEEDCIDNAY — FHSL—S %24/ LOBIETF T

OF—X—EEHICEVTEEL, 3B TELDH -7-585%8= (ANOVARRHT, p-value<0.05, |fc|>2)®PCA

7oy bk, B)EEEOCEEENE — kv v, (C)585%EEICHHYT 2 BEF X F DMetascape/N 27 = A

BiicswTTy )y Fanfae. (D) DNAX FILLERHT IS D W TE(L D & - 79334l (ANOVAREAT. p-

value<0.05, |fc|=2)mPCAZ @y b+, (E)AIEEOTEEEL — < v 7. (F)Metascape /Y27 = 1 BEITHE R,
BEMERIATAOH. T4ILR2) T B DEEF) ARERWNT Metascape Y—JLIZ&K S/
A/ (B 47-3CF). BEY GTEXT —HRN—RIZE DV HARIFEE DT HEE1To
=( 4.7-4) , R EHABICBEET SELRFATI)—ZFZEATEY. cfRNA &
— T UADFERELBE LTINS, S5IZ, DNA AFI)ILETOT7AILTIE B R ARIZEH S HEE
MNEREFEICELN, FERITETO/NEGYEHEEIY AV TLHEEICRONSIFHGETDE
EBOEILICEET AIES /LAEILFIRATWALDEHRITES (HIERISAT T4
DEHIZEZH),

— AT BEEEOEBVNVEGFEHICDODVTENRRD /BT TRESINT- Positive
regulation of cell cycle process. Cell cycle. Regulation of TP53 activity through methylation
[ZIFRPLREEIZL SR EAHIEIC M DS TPE3 BERDEGEFNEFEN . AFILILE
W TERRLRIGEE MAPK 280 p38 #RE8A° DNA SIS EL TSN S PI3K-Akt
BEOZEEARONI=CENS, BBEICHITAFEHECEEBEZICLIERSFNDIE
EANDEEERML TSI ENTEINT=(HIERIZATI7 5 DEHIZES).

48 TR cfRNA T—HED LB

miEFD cfRNA FEHTIXEREYDADTATHELTITAS=0. BEITHELE-FHR
BEEOREO, 4/ LO—RBIET—2DBIRTOERENFINS, MHU-1 Svi g
DOMmMBHREERAWNT fRNA OL—4S 2 R f@iiEiTofz. COT—2F AT Eav kO
—JL (Ground control, GC) . AT 1G IR1E (Artificial-G. AG) . f/NE HIRIE (Micro-G. MG)
BMTa—Ts T EEFD RNA EEFTL. EEHMTEDH>IEEFIAMNSE,
NDEERTIX 35 BEID ISS 75A M. IFELI=Y I RADAEZIE IR M AT ht =, KB N=6,
GC B (IR TELMNST=1EARERRUV = 5 BRSO T —52E#RITLT=,
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£ 4.7-4 M#fEcfDNA, MeDIPEEIF TZEIL L TWBEFOBRSEETFE

(A) GTEXT — 2 R—R [ZHEFINTWL 652@?&5@%&%&[:3 1T 2RNARIRE # cf DNAREMT TE(LD H - 7-585
EEUCHIS T ABEFIC2WTE—bey T TERRLE, BEWHEBETREI 2 8EF L AREBENGE
GEFAEENTVWE T LN RENT, (B) MeDIPTZEALL TLW-933%IC 2 LT, RRICGTEXDHRIRE
)&i/__]—\ Lf\:c

FEHMRITLED cRNA EHTTIFAVRYTEEF RNA OEENR oM =D ERRRIZ. T
A T3 Cytochrome b (Cytb) :E{EF & NAD hydrogenase (ND) H-J 1= &L+ T AG-MG
ROEMNRLNT-(K 48-1), YORRKTFER 2 HEELZBLIZF13I2J TORIMT
#/onfz20HY. th LIRIE~NOBIEGDBEEEIEA TWSAIEEMNHEIMN. ERETDRT
HBEL-ZIENERTE =, SR TS/ AIZO—FENEBIEFDOIB. EREYDRT
RNA —%7 2 ZD)—FRAD VRN ELNTEEFICIE., #f2IZ ATPase & Cytochrome
oxygenase BIGFNH BN . CNHDELEFD RNA TIFEELTIENARLONT ., A5 SE
aAVRYT7EARDEFRITTHEL, Cytb, ND B FHNEEMNGHEZZ (T TNSIEARES
nt=,

t I‘ t? rb X—G';H\: E L/T: Ej.,__ A . mt-Cytb Bso- mt-Nd1 c”_ mt—Ntid D mt:d-il
HEEGEERRTSEE L] ™ . =[x
LI, FERITET—4H % o I_; 20- o ’_L 2 |_I
SENEHOEEEEM {7 Y e R B
THoLEAMIZ RYRAT £ | .w e L L T
oRNAMEfL-EEFR L T~ 1
;El:l“@ﬂ_\:EDo\\E{f?[: GC AG MG GC AG MG GC AG MG GE AG MG

P o 7 4.8-1 vy AcfRNARRIRICHE TS I Fav F U THEEFOEL
L TNNRID/ &% 2% ZcRNAY — 4 » ZIZH L TGC (Bl bO—n) . AG (AL1Ga¥ hO—u) |

{To1z, Metascape fEHT T gﬂfo.[t)i:;:d;g:{;uﬁggﬁmwm-.).f.:'ﬁm-?-s k3> K U 7HEF (Mann-Whitney test, *
[FERETDRAD AG-MG B

B THEBETIECFHEENRONT- (K 48-2), EMNEREREBEFDT —IN—XIZH
DIV yFAUMERTIH IOADENREE L TRESIT 121 DKEBEHFEDSS
58 (48%) MEFTHREFRICTU Y FEN TNV, 2D 58 RE D FHICEBEHIRT 5F—T—
KIZI&. mitochondria, muscle M IFA\, ILMME RIZEHES B arterial. cardiac. hypertension.
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® C0007 194 Hypertrophic_Cardiomyopathy

©0003811:Cardiac_Arhythmia
2973725 :Pulmonary_arterial _hypertension
©0019209:Hepatomegaly
©3203102:Idiopathic_pulmonary_arterial_hypertensic
C4721453:Peripheral_Nervous_System_Diseases
C€0271196:Scotoma,_Centrocecal
C4021569:Central_retinal_vessel_vascular_tortuosity
C0559106:Ventricular_preexcitation
©1860475:Retinal_vascular_tortuosity
€0032915:Preexcitation_Syndrome
C0154835:Retinal_telangiectasia
C2751582:Mitochondrial_respiratory_chain_defects
C0152191:Scotoma,_Central
C1557375:Blurred_Vision,_CTCAE
C1853141:Slow_decrease_in_visual_acuity
C0344232:Blurred_vision
C€3275417 .Ragged-red_muscle_fibers
C1857287 Strokeike_episode
€0234378:Static_Tremor
C0917796:Optic_Atrophy,_Hereditary,_Leber
G2931092:Maternally_Inherited_Leigh_Syndrome
C4021795:Abnormality_of_Krebs_cycle_metabolism
G4022013:Multiple_glomerular_cysts
C4025585:Lacticaciduria
G1839532:Low_plasma_citrulline
C0494475:Tonic_-_clonic_seizures
C0162671:MELAS_Syndrome
C4022012:Death_in_early_adulthood
C3665386:Abnormal_vision
C0020578:Hyperventilation
C0030554:Paresthesia
C0268630:Hyper-beta-alaninemia
©0152025:Polyneurapathy
€0023264:Leigh_Disease
C0013421:Dystonia
C1112256:Sensorimotor_neuropathy
G0029124:Optic_Atrophy
C3665346:Unspecified_visual_loss
C0522214:Abnomal_visual_evoked_potential
C0020534:Orbital_separation_excessive
G0270922:Peripheral_demyelinating_neuropathy
C0024523:Malabsorption_Syndrome
C0027726:Nephrotic_Syndrome
€0000737:Abdominal_Pain
C0270685:Cerebral_calcification
C4553765:Memory_Impairment,_CTCAE_5.0
C1963167:Memory_Impairment,_CTCAE_3.0
C0006625:Cachexia
C0013384:Dyskinetic_syndrome
® C0003486:Aortic_Aneurysm
C0151786:Muscle_Wealness
® C1836830:Developmental_regression
C0542476:Forgetful
€0018021:Goiter
C0037769:West_Syndrome
C0011334:Dental_caries
©15627349:Ductal_Breast_Carcinoma
C0026848:Myopathy
: ¢ C0007193:Cardiomyopathy,_Dilated
€0555198:Malignant_Glioma
©0278488.Carcinoma_breast_stage_IV
C0149721:Left_Ventricular_Hypertrophy
C1708349:Hereditary_Diffuse_Gastric_Cancer
z. C1449563:Cardiomyopathy,_Familial_Ildicpathic
©0598935: Tumor_lInitiation
C0153381:Malignant_neoplasm_of_mouth
€0521158:Recurrent_tumor
C4529962:Fatty_Liver_Disease
C0008370:Cholestasis
¢ C0011853:Diabetes_Mellitus,_Experimental
©0002726:Amyloidosis

4.8-2 77 AcfRNABEI L FHERITET — & & LR

(A)= 7 ZcfRNAY — 4 > ZIZEWLWTGC, AG, MGETE{LOH /BT — by 7 THRL

7z, E2EMOedgeREEMT. p-value<0.05, 469:FEF. (B) Metascape BiT@DisGeNET £ k

EEBETFI Y v F A bER, (C) v72ENE (AGvs MG) & FERITHER THE

LTWEBSESESEICOVWTT - F 777 K TEEF -7 - F&RL7-, (D) ~»EBICELT

22 FoAOER Y IZHYT 2ESESHEOY X b, -LogPiEd bt — vy T TR LTz,
#iR-BRERICEAE T S cerebral, hearing NEFENTUL V=, T5IZ optic, retinal, visual D
—J—RiE. R FHEFECATLRETHLIRNEESTLOBENTEIND, COKEED
EMNFICENTLEEELTWNAI LI, FHTREIA[AREEENMNENIREICKDSEKE
DIMEKBERDENEMICERTHEOMERRELLE—HT S,
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DNA BATIZDLTIE, I—RFEEFUND TN =D ALY VT2 EBhB5 ) L
SAENPRIE AL . SRR BITEEAL. B ORXELTRRTH-OICEIEhEMBITE iR
LTUL %, RNA, DNA f#TICBET 5T —2ICDL\TIE. 6 EDFEHRITTOEEEN ST
ELEEREZEHLIZED% GeneLab T—AR—XEHLTLHT S, O—4 2 RY—FD
T—RIZEALTH ) —FBDET 35T —ILLI=RYE VT RENRTHET. RS
QST — T KABHBIT ORI LT D,
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SETITH S EFEZEL, COMIC. FERITEIERRELI-ER DT / LERESDTIL
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NoEMmBLTIEB/ONSBTFEZOHE (L. MBRAUND O XDIBBRIADAE
WMETHEEETHD, CNICEELT, F5MMRERICEADH D AZT—FORAKNIE, T—31#
WMFEDIZE\LFHIEL.NASA.ESA TR IVRDOMAEE EEBIZ 2019 FICEEILY—
<7 LlInternational Standards for Space Omics Processing ISSOP) 1% 5% 37 L#a5k 3/ 3 (Fk
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“Cell-Free Epigenome:
Genome and epigenome analysis of circulating nucleic acid-based liquid biopsy”
Principal Investigator: Masafumi Muratani (University of Tsukuba)
August 2022

Research background and goals

Understanding the physiological impact of the space environment, which includes stressors
such as radiation, microgravity, and a closed environment, is critical for the development of
countermeasures towards crewed exploration into deep space. The response of life on Earth to
microgravity, which has never been experienced in evolution, is of great biological interest. In
2016, JAXA and researchers involved with this project conducted the world's first mouse
spaceflight mission, which utilized an on-board artificial-1G environment on the International
Space Station (ISS) to evaluate the impact of microgravity. We found that the gravitational force
exerted on the body is important as an environmental signal for maintaining the homeostasis of
bones and muscles. However, due to limited experimental opportunities and technical constraints,
biological interpretations of many observations remain unclear. To verify the results of mouse
experiments in humans and to conduct a more flexible time-course analysis, we performed a liquid
biopsy analysis on astronauts. In this study, we performed transcriptomic analysis of extracellular
RNA (cell-free RNA, cfRNA) and methylation analysis of extracellular DNA (cell-free DNA,
cfDNA) in the plasma collected from six astronauts to determine the molecular functions and
tissue types responding to the space environment.

Summary of research results
Characterization of extracellular mitochondria (exMT) release during spaceflight

Blood samples were collected at 11 time points before, during, and after spaceflight.
Quantification of mitochondrial DNA and sequencing of cfRNA showed a marked increase of
exMT released into the plasma during spaceflight. This result confirmed mitochondrial
dysregulation observed in the NASA Twins Study, which analyzed one astronaut staying on the
ISS for a 1-year mission. We searched for surface markers on extracellular vesicles containing
exMT, and identified the CD36 molecule. Plasma fractions containing exMT, purified using
antibodies against CD36, contained RNAs known to be specifically expressed in various organs,
tissues, and cell types in the human body. These tissue-specific RNAs indicated tissue types that
undergo metabolic stress in space. These tissue types present skeletal muscles as well as nervous
system, heart and arteries, liver, thymus, pituitary gland, and skin. exMT have been implicated in
the removal of mitochondria damaged by various factors and stress signaling between organs. Our
results may indicate tissue damage and repair processes inside the human body, and suggest that
exMT could be a potential biomarker to evaluate internal tissue responses.

We also detected multiple plasma fractions that contained distinct populations of RNAs using
a panel of antibodies against cell surface markers. Although the current study was limited by the
list of antigen markers and cell-type-specific RNAs, these results motivate future development
and applications of high-definition liquid biopsy combined with fractionation of extracellular
vesicles for space medicine as well as for health monitoring and clinical sample analysis on Earth.

Prediction of cell turnover and epigenetic regulation in vivo by ¢fDNA analysis
Chromosomal cfDNA in plasma is expected to be produced during cell death (apoptosis) inside
the body. We performed sequencing analysis of cfDNA in size fractions corresponding to
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nucleosome units. Spaceflight-associated changes in cfDNA showed tissue-specificity similar to
that of cfRNA. One of the gene categories affected by spaceflight included TP53-related genes,
which regulate the cell cycle response to stressors such as DNA damage. Furthermore, analysis
of cfDNA methylation status allowed us to detect epigenomic modifications in stress response-
associated genes involved in PI3K-Akt signaling. ¢cfDNA and methylation profiles represent
overlapping signals of tissue-specificity of cellular turnover and epigenetic regulation. We intend
to continue to work on these datasets to deconvolute effects of cell-type composition and
epigenetic control to model molecular events in the human body. Our current study demonstrated
that the epigenetic regulation of DNA at nucleosome resolution can be obtained from blood
samples collected in space.

Evaluation of microgravity effects by comparing human and mouse liquid biopsy data

It is difficult to evaluate the individual effects of various factors such as microgravity, radiation,
isolation, noise, and air pressure, which are all stressors in the space environment. An artificial
gravity device that uses centrifugal force was installed in the ISS Kibo Experiment Module, and
mice were reared in space to compare with the artificial 1G control group during the MHU-1
mission. Plasma samples obtained from this mission were subjected to ¢cfRNA analysis, and by
direct comparison with human data, we identified common changes seen in humans and mice.
Plasma mitochondrial RNA were affected by microgravity in mice as well Changes in RNA
related to the cardiovascular system, nervous system, and optical system, which has been reported
to be impaired in astronauts, was observed both in humans and mice. These findings confirm the
idea that, in addition to muscle and bone loss, which represent classical examples of functional
decline by disuse and mechanical unloading, a broader range of events are affected by gravity
loss. From this point of view, changes in gene groups related to vitamin D signaling, which
regulates multi-organ linkages including mineral homeostasis and bone and muscle health,
observed in this study may provide one of the potential clues for understanding the mechanism of
systemic physiological responses to the space environment.

Conclusion and future development

Over the course of about eight years since its proposal, this research has been carried out through
coordination between multiple space agencies, time-course sampling from multiple astronauts,
combinations of genome-wide analysis of DNA and RNA, and communications with the mouse
mission. Based on the data obtained from six astronauts, consistent molecular changes during
spaceflight and re-adaptation to the ground environment were detected. These results confirmed
major findings from the NASA Twins Study and mouse liquid biopsy analysis. The successes of
this project are due to extensive communication with international collaborators from space
agencies and the research community providing their know-how from previous missions.
Technical and scientific input aimed at integrative multi-omics research in GeneLab Analysis
Working Groups and International Standards for Space Omics Processing (ISSOP), a newly
established international consortium for the standardization of space omics, also helped with the
planning and execution of this study. This study represents one of the first examples of highly
coordinated human and mouse cross-species spaceflight omics analysis. The combination of
datasets from multiple mouse flight missions from NASA and JAXA, together with the human
data obtained in this study, provided unprecedented viewpoints to refine our scientific questions
and interpretation of results. We wish to continue to contribute to the open science led by the
international research community through sharing and utilization of the results from this study.
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It has been reported that the space environment characterized by microgravity, cosmic radiation,
closed space and so on causes immunosuppression as one of the physiological risks to the human body.
In recent years, the development of next-generation sequencer-based metagenome analysis has made
rapid progress in understanding of the intestinal environment. Many immune cells accumulate in the
intestine, and it has recently been clarified that the intestinal microbiota strongly impacts the host
immune system. It has also been found that gut environment-improving prebiotics and probiotics are
involved in intestinal immune regulation. However, no study has yet comprehensively evaluated
changes in gut microbiota and host immune functions due to space flight. To tackle the problem, we
collected samples from astronauts and space-flight mice to evaluate changes in the gut microbiota,
metabolites, and the immune system in the space environment. In addition, we evaluated the effect of a
prebiotics fructooligosaccharide (FOS) on the host during space flight.

As pre-tests with mice on earth, we examined the changes in gut microbiota and metabolites with cast
fixation of the hind paws and over-gravity load as the evaluating methods of the effects of gravity in the
space environment. We also verified the effects of FOS in these tests. In addition, to evaluate the
suitability of the equipment and procedures for the orbital mouse rearing mission, a stress evaluation of
mice for fecal collection, verification of the devices feeding diets and water, comparison of accessibility
to flight molded diet or normal pellet diet, and the ground rearing verification of the Mouse Habitat
Unit-2 (MHU-2) developed by JAXA.

In orbit-reared mice, in order to evaluate the changes in the intestinal environment due to combined
stresses in space, changes due to feeding FOS in addition to normal diet, artificial gravity (AG) and
microgravity (MG) using MHU-2, fecal samples were collected before the flight, on orbit, and after
return, to trace the chronological changes. In addition, the weights of various organs, their gene
expression, and the composition of immune cells by FACS analysis were examined on the returned mice.
Various physiological function measurements of mice raised in the AG/MG environment by MHU-2 on
the International Space Station (ISS) were within normal ranges, indicating the usefulness of MHU-2
(published in the Publication list 1). Bodyweight loss and atrophy of the thymus and spleen were
observed under the MG environment. By contrast, in FOS-fed mice, the weight difference between AG
and MG decreased, as well as the difference in each organs, suggesting that FOS could improve the

adverse effect of MG in the host immune system. A comparison among the AG, MG and the ground
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marked increase in Metabolite A and Metabolite B (Fig. 1). Furthermore, these changes were reduced
by FOS intake, suggesting that FOS may improve the host biological functions. Metagenome analysis
did not reveal changes in gut microbial functional genes related to changes in these metabolites,
suggesting that the changes in these metabolites in the MG mice may be due to host-side changes. In
order to investigate host-intrinsic changes during space flight, we measured the expression of transporter
genes in the small intestinal tissue, and found that the transporter gene for Metabolite A was significantly
reduced in the MG group. Taken together, Metabolite A and Metabolite B were excreted in feces due to
changes in host functions under MG, suggesting that microgravity in the space environment affects the
host enterohepatic circulation.

Thymus atrophy and decreased expression of cell cycle control genes were observed with MG, and
both the thymic atrophy and decreased gene expression were reduced with AG (Publication List 2).

Regarding the astronaut study, the protocol was optimized for the stool preservation and experimental
procedures. In addition, in a ground FOS intake test, it was revealed that FOS had distinct effects
depending on the individual differences in the gut microbiota composition, which suggests that FOS
intake may have an adverse effect on some individuals. (Publication List 3); this is an important
implication for astronauts study.

Experiments on astronauts have shown that fecal and salivary microbiota vary greatly among
individuals; nevertheless, space flight changes the microbial compositions both in feces and saliva. The

fecal microbiota changes tended to return to pre-flight with FOS intake . On the other hand, changes in

salivary microbiota with space flight were not affected with  Feces Saliva

FOS intake (Fig. 2). Fecal metabolome analysis showed Z; ik

changes in butyrate, fumarate, formate and amino acids during 57 .

space flight. In addition, Metabolite A, which increased in the :E 8

MG mice, was shown to increase significantly during the space 54 e

flight in one astronaut. From the metabolome in saliva, short- > e Q@Q@‘; & Qoo}

chain fatty acids were significantly increased, suggesting that &
oral metabolites were also influenced by space flight. Fig. 2. Microbial changes in astronauts

FACS analysis of astronauts' peripheral blood immune cells showed an increase in leukocytes and a
decrease in red blood cells and hemoglobin concentrations immediately after return to earth, which did
not recovered to the preflight level until 6 months later.

In conclusion, we collected samples from astronauts and space-flight mice, and performed integrated
omics analysis. We identified Metabolites A and B as fecal biomarkers that increase characteristically
under microgravity from flying mice, as well as increased fecal Metabolite A in one astronaut. In
addition, results of FOS intake with astronauts and space-flight mice suggest the effectiveness of

prebiotics in the space environment, indicating the possibility of using them for health management of

astronauts.
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3. REERH-ER

BELERAKREICESET, JAXA THEADREZTV. IREF—LIE. FEHER
AOHEMER. RRFHDOERE. AEXORPREMABRLGCEERRL -, R TH L
BEEYEHL. GUDOBEFECHILRISATITOERFITOTVEN, LUTICEMZER AN
%o

3.1 FHERSAHOERH

EBRAMICOVWTIX. FSHIB TORIEREZLLEIC.ERAEZEZHR L. £ I)LIEFIHE
% &EE L=,

FSHIMIZ. FEERICIEENIUMmDPS, VA FERZTHFREZADE. F-Fn
TN EBLVEICHEL-HAFZ. BRESLUFEHABRTERLTENTSIE.MN
RELTW =, BFE PS IIHBRAZRAWVENS, ZALUNDOHF XL TFHEEERAIC. AR
ETARLTAW - 1012, FERRBRICAWV=RURAFLUVAFELIUVFEI=TH F DR
AEERT . EHAEIEIFSEHBICEIZRELTWEDA, FAZTHFIEVIL—TILETHE
BLIEz7EILIT7RAATH 1. FEERICAWSRAF X, £ 600°CTHRALT 24—
R REEZE DM FLELE. FER11IEFE4=F7HFD SEMEETHS,

Fr.TIERIIZOWT. S ETOMRARZESD. RERTEMZFFML. 10 » AR ASE
ETRI-OBLT AR ELGITADHRZEREL, RESICHHATAAEZFHEZTT . BH.
FIVEDHEEIVEBEX. FILE/I—ELTOAFILTHILTIRA0 mM), BiEHIELT
AFLU-Bis=7PILTIRO0 mM), X EEGRBHFIEL T, VA-086(10 mg/mL)Z AL =,

PS(+) TiOu(+)

silica shell

NRs" CI H l[' c H
I * I
= 5 _ N /\/Z:\/\ N

- SI(OCH,), [ n

Y SOs Na*

‘J | ) , \j‘w
\\,w/ J\}\ S/\g S0,” Na*

B10 E&ICHELERIRAFLUHFESLIVOFEZTHFOEXE

PS(-)




RS AMLAATH (REBREMH)

o HFHE WE [nm] REM [*] MIRRR | noam | Noax
No, [pM] [pM]
+ ¥ F HF +HF NF + ¥ F NF +HF HF

1|PS PS 790 1030 6,400 | ~14,200 0.002 0.01 5 0
2|PS PS 790 1030 6,400 | ~14.200 0.002 0.01 S 50
3|PS PS 790 1030 6,400 | ~14,200 0.002 0.01 5 100
4|PS PS 790 1030 6,400 | -14,200 0.002 0.01 5 200
5(09Un Uh 1,150 1,150 13,300 | ~15,500 0.002 0.048 0 0
6N “Uh 1,150 1,150 13300 | ~15,500 0.002 0.048 0 50
71 20h )h 1,150 1150 | 13,300 | —15.500 0.002 0.048 0 100
8| Uh h 1,150 1,150 13,300 | —15.500 0.002 0.048 0 200
9| F4=7 | F4=7 960 910 | 12,100 | ~13,600 0.002 0.048 0 0
10| F48=7 | F4=7 960 910 12,100 | =13,600 0.002 0.048 0 25
11| F8=7 | F4=7 960 9210 12,100 | ~13,600 0.002 0.048 0 S0
12| F4=7 | F4=7 960 910 | 12,100 | ~13,600 0.002 0.048 0 100
13| F4=7 | F4=7 960 910 | 12,100 | ~13,600 0.002 0.048 0 200
4| F42=Z7 | F4=7 960 1.020 | 12,100 | ~14,100 0.002 0.048 0 0
15| #2=7 | ¥F2=7 960 1.020 | 12,100 | 14,100 0.002 0.048 0 25
16| F2=7 | F4=7 960 1,020 12,100 | <14,100 0.002 0.048 0 S0
17| F8=7 | F4=7 960 1,020 12,100 | ~14,100 0.002 0.048 0 100
18 | F2=7 | F2=7 960 1,020 12,100 | <14,100 0.002 0.048 0 200
19| F2=7 | F4=7 960 1.020 | 12,100 | =11,600 0.002 0.048 0 0
20| F2Z7 | F2=7 960 1.020 | 12,100 [ =11,600 0.002 0.048 0 50
21 | F3=7 | F4=7 960 1.020 12,100 | =11,600 0.002 0.048 0 100
22 | FAIT7 | FHZT7 960 1.020 | 12,100 | =11,600 0.002 0.048 0 200
23 | FE=T7 | F42=7 960 1.020| 12,100 | -9,100 0.002 0.048 0 0
24 | F2Z7 | F2=7 960 1.020 | 12,100 [ 9,100 0.002 0.048 0 50
25| F4=7 | F4=7 960 1.020 | 12,100 | -9,100 0.002 0.048 0 100
26 | FRZT7 | FE=7 960 1.020 | 12,100 | -9,100 0.002 0.048 0 200
21 | F4=7 | ¥UND 960 1150 | 12,100 | =15,500 0.002 0.048 0 S0
28| FH4=7 | UND 960 1150 | 12,100 | =15,500 0.002 0.048 0 100

EF1PS: RURFLY

T2 HFEEOHESHERFICvVE RFEROABOBREREZTEHHUETE -
fE) 6 %UT. HFEFTNDHESHMUEIRAL CviE MFEROIBDERER
EZTHERTE o) TI2%UTET %,
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FERALEEEREZR7TSLIUR 1212, F-ERALHFEEERSITTT,
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#EELWM HE &%
ik ("1 2) I® | &M/ Ny T % 28 [EUNHN AT AE
ER 1@ o M ANAvT, AHEER. £4 LED 7L
4. LED FZ A4 N\ ZERNEAT&E,
e MB: 15 3 (A2017-T3 F = I
A2017-T351)
MR BB 5T D 18 |e #z: HLDL-306X244U6-SP (Y —Y—TI X
(#%%) . COTS)
e ANEE: 16 VDC+1.8V/-2.0V
(MSPR/MSPR2 ® WB 16 VDC
Z=HEE)
o HEEM: 0.51 Amax
o HEEH: 9.0 Wmax
e E—%iKEK: 365 nm (typ.)
e EE: 25kg LI
e LED7 LA K34 1\HE
T 1 & |WB®16VDC CEREEREL. BHhEME
¥5,
B e
o 2 9 o = '-l
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° | ° - F
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° ot |0 . i
| = 080
¥ ° 0 o ° ¥ ! y ¥
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K8 HEALKLHFESE

#EELHTH HE &%
ABNvT (B135| 28 |HMERFTHEH. JAXA PCG Petit
i) Crystallization Bag O i THER T 5,

HEN Y TS 2R 31& HENy T EZRMT 288, ISSEFTD
BERF & EANDOERREFICER, RE >
BEEOA—ZWY T35, JAXAPCG
Container EE—DHL D,

Space Acceleration 1= MEET—2ZWMBET 5,

Measurements

System-1I (SAMS-II)

we URRERA— 6 |HMAYITIRMARIC 2 AEATITT,
mEZERLET D,

ERICAV=AMNAYIONEBE B13IZRT. 204 FABRImeEZhETRICA
VI OEERICHRAA, RRAKBBICEHEAEZHRLOSLTHUY ZH-Tanq K
BARERHY - EE69 5, CNITKIYHHBEEF 6 me DIOSMRSTHELLD,

1

M13 BEAvY GEHATHAE. SEL: #YY £RIMOMER 2 D158
LIk, SET: £9YEHY. B Lk, BBEY I -8

3.3 EEEH
EROEBREREZ. R9PKLUKR10ICHRIITEY,
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£9 HHEITELITFHASREFTOEEARUL
£/8 ARUb
2019/12/6 | SpX-19 TH] LT (IERIREEEA)
2019/12/8 | SpX-19 M0 ISS ICRwF VT, FeEVIPRETHEDRERNS
2020/1/8 | SpX-19 PV Fw D%, HBZ FROST (AR AEE) TRE
2020/7/27 | 2328 (%98~ B) DIRE%K, RIS
2020/7/28 | 'JT—2
2020/7/30 | EHNMEFRBICK DB I, REBRT
2021/1/7 B | HEHAE NG-14 THRR
2021/1/14 | SpX-21 THHEIEUR » EkK
2021/3/10 | RFEVI—ICHBRE. BRAKRIRE PI [CHBFRX
RE it SERdiifesl

10 RERERDFM

Day FI@
Day 1 FrvOP0k (HREENMIBRRR. 5KHMR LED B BTEER)
HEZENR L. #HEREICRDETS,
HIAZAANREETRE (BE) 7.

Day 2 RE (B8) 2% (VT2 +HD)
Day 3 RE (BE) =GR

Day 4 REFEZHRANREENSEROEB LT, ZBHRES v (MSPR) BEIC
ROYIIB.

RIMNRIRS (265R9)

ERZROB L. BNy TIRMBESICRMLF v EV IT7EETO
NI TRET D, HEHKLSIRRIFHITRETD.

HE. ISSTOHMEFFEPR.2020F 7 5 28 BD 7:38~10:47GMT OB L ZF 3B DRE I
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FEDE G OBFEZEILZRT . ZADMREFH 1704 G THo1=,

CDUT—REDFHEBRADEEFX, TREDOLSIZ,. BERTEIRELEATVWS ER
Tum OFRA=_TFTRHF DA ZEBEEE (L 3.09%107"° m/s EETE SN, RICZD L E
ENSEFRMBHELI-EE LEERMI 334 um ELETESINS,

HHEBRETSIRFIVITAINWLEDNYTTHY . BUNEATTIX.HHBEROATL.
TAILLDEMEIZEDZNDHYEWNIZKYNYTDRKARES VT —ALFOIMEE L.
BREOAEICEARTHRNESWNED . BBROEHRITFERTEIEEZLOND T . BHIE
NOTIZHASNTEY. EBRREIEEL, SHITIE BARFHDITEBESATNOESIEM DG,
BESGHNIEEN, ChoDERICKY, YT—AMEDINEE LR ABEEDRNILE
HTEBEERD,

FNNENEE . 2 TORFEIMEEAMEICAZZIT.B15I2RTEIIZ, poKYE
BEITH. BHEH~3um THFEZ 1um D I EORETITHAIN. HFEELARLA
BIZFET B0, NV T DEEUNTIIVT —RCDEEFTEHETEDZLDEEZDN S,
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F REBELETLEBIZIOVNT. NV T DIV LDBAELIZH =85 &, T ILIEHL T+
DTHREDEZESOTWBIGEEN S KEICIYFIVERE O FEIHET . SHI12, BEHMEESR
RIZHI=>TIE ARTHUIBHLES ILOBEEHEREL TS,

COEIIT NV TRELD 3um DHEEIFFHARNOBRNTEIEICEY. 3 um DIk
BRosExBRLE,
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(reboost) gel
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B156 YJT—XDEZOREE., @QRFLOH—KRIZHMTHIHFE. BT —IMILYE
R T D ELEOBNOREAEOE DX ILEAESNLGE N O, #h ETOSH
[ZHFUBRNEND, Ffzo VT —AMEOOT AL OEZEZHIRT =02, (d).(e)F #
ZUIMLAMERREL .
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4. RBEREBIURR

FEHERAMOBFTREREBEZEBCLIIRT . FNEFNOBEREDESRIZDOLNTE.,
LZEBRICEH L. IBEH4.3FZI 2V LBIV IS IERIZ. 45T VRS IERISA
FYFIZ. FNFhXIEd b, F£1-.42. 4.4 A6IZEENDOEETHD,

4.1 FHERAHOS IEEILDEE

BELEZYVVTLEBEL. 2 TOHABNFTERAYYS VB ESN - LExHELIZ. H16
@IF B ERICEBNAYIHALMYBLIE-FEA=T7HE (TIO2 # 23) DHETHD, LA A—4
—[ZKYBIFELER B OB £ (L 25kPa THoT-. AHARRICELIZHILIEE T2
BE. E~35kPa THY. FHEBRAHDEXZDHN 710% Tho=M. ZHEHDNVKRYLT(C
F+REREEALTCON OMBIEEI oz, AHZH AL DUV KN R/NTHD9 R F M
BAARTYIML, Z0OMEZEHELE. B160b).(c)IX. FEERRM L. Lt BEB (LY
JARABYRZKBHUMPNEAT T ILIE) DMMEOLLE TH S, th L H TIEHFOILE
NELLAHOPDEEIEATHIN . FEHARICELEAEBRINAT . M/NEHDR
ENEZEINT,

ZD&ESIZ.ISS DWNEHRETHONEHBZEEL. th LICIRBETEEHIENHERET
E, AERRIISEDORABYINII—RDFHRERICERIDVOEMAHFT S,

16 EREELFHERTHEALEZAM. @ N\vIhoWMYKHLEYIIVEE LM
(Titania #23) , (b) FHERERE I U(c) L RBHAM OME,

4.2 RUYRFLURISAZ—DET(BESNDRER)

PS HIFDLLEILZE 1.05 THY. BE (FILIEFIKAER) ERBETHD, ZDI=H. FH
EERATICIE.PS AIFROBRISH EXHBEROBRERELZVEFELTLV, LIz >
TPS HFRIFI. FEERAELLERIN:CEEZHERTE-HDBESUTILELTER
T = LALRIZSRTESIC. FEBHOALN M LB LY EHNS A 50%F2E K=<,
Fr AEAKRBEISRAI—DEEXTRENEBA TSI ENREINT,
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17(a)l&., PS#2 ([NaCl]=50 u M)D
KEEMBEEETHS, PS SAFE n Hi
FEELECHE=OH MILI=I9FRFI—(L1
BDp FFAFDIZHY., BEIC n HLF
MEBELTWNS, COEEHBELI-HFH
EFEEHELE. BRREEEH m =D
DS RE—HERLIE-(KERFAZE. I
BUOWHTHE-STERY) . B170)&., &8
#1~#4([NaCl]=0. 50, 100, 200 u M) [ZD
WT. % 1000 EDISRI—DEFT M
"/l=m ORHTHD, [NaCIIDE M IZ4F
W BHEERNENRAGDH. F5EL
FRFEOIV—OVREADFTHEILL, F
BEaHNERLEZEDEEZLOND,
X 47 THRRS, EHE.2EAMULEDp
PMFZETCEERIVEEFRELE (p H
FE2ED 6%Ki) . EFHDEWICHT-
Y. IholFNEER I (RPEEHIC ags”
ERE)ELTHEELT=,

B17@)&. th ExtBABOEEH S
ATHD. IBHBDIE ., [NaCl] =
OUM DEDFTIIIESET . nEURDFE
FRYBUSEMTFMOERICERL,
SEERBIUT—2HEMIEL. [NaCl] =
50, 100, 2004 M DEFIZDODNVTERRL
FoB17(d)IE. EFHREH <
INaCllO 7 AvrTHD, FH-th ERER
EBIT, [NaCIIDIEMEEHIT<m> X IE N
L.[NaCI]=100uM THERXEHE-T-. F
. FEARIH ERBICLEREYS
BEHHE 509 KEM ST, B17 (d) 21X
EUTHILBEICKDEERHIIaAL—Y
AV (4 7HIZEH) ICKYEEHEELRL
TWE . STERRIEIERIYKELGIm
ExE5A-N. ERERLEEMIC—K
L=,

FHERYUITILO—EIE. A—A+
SYTIRFHEZH M (ANSTO) I
BRI, REHBLUVREHEEICEAT
HEREBH-HIZ.Cl D—ATHD

(a)

G
g

Population (%)

(d)

<m>

ot~" 4 I I - 400 - 1 A J
0 S0 100 150 200 0 50 100 150 20

[NaCl] (uM) [NaCl) (uM)

B17 (a) FEEBRTHONIZKRIRFLY(PS)
DIAZ—DEREBWIRERE m=1~4 DYUFR
A—DILKER, O)FESLV()M EEERIZH
(+5. ¥ < 7% NaCl ;ZE[NaCl] TOEEH m D
S, (d) EHEEH<mENaCIDTOYE, (e)
FHEFRITHEONIZISRI—DFEHYEHRSE
Z<R>EINaCID T OV,

Mata X ICKYU/NABLIVB/NMNATHEFREER THON, BRELBEHRER18IZTFT,
F.EHl17 (). B/ APHEFHREHBIVFZITOvERVTROE-THESEER
<Re>E[NaCIIDBERETRT AKRDOEM DIEREKRFEEDHERITR—BLTHEY., HEtH
BEEITHIHMEBEICE>T. HHBEHEOHENEDITONT,
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@ , e (b) w
8 NaCl) (uM) [NaCl) (uM)
106 ( i ] (p > 107 58
. 50
10 -~ 100 106 100
10° . 200 "o o o 200
G Povrns -, =~ 105 B 4 v
= 10° B, & o—u_, ¢
10° 1 BERN - 0 e
R P, \ 103 s
= : 102 S, e
4
10 ¢ . ©
0.0001 0.001 0.01 0.1 0 1x107 2x107 3x107 4x107 5x107
~ 2 .
q(A") q*(A?

18 PS FHEE K D(a)SANS-USANS #EFOT7/IL. BLUB)F=TFOvE, #t
ARICOIFNTERELELBER. F=THEE TE. BEL R E (o) exp(-Reg- A)IZLEfI T
B0 Re[FVSREA—DEBHEFE. g TEERIMNLTH S, R [T log It FDTOYLDIEE
MoROBND,

SAKBEDOXN L]
RIZ.BEE (m=4) B D PS YSAEZ—DEEDRFEERAN -, HERBHMIEFEICKY.

MERISAI—ERATOEMTFOELOERERELI BEAOHIELE. AT DL
:E%éh%)#‘&ﬁam&r_l\7} 9 qtetra( J:o-t ﬂ:?%éo

Qretra = 1 — gZ 2 (COS Ok ) 0/‘.:&/
Yo

=1 k=j+1
CCT. O EHFi Lk DHEEDHDAETHAIEXRZHETTI) . TE2LEE AN

é\ Qtetra = 1 —G‘&éo

M1oG)Ic. FEass @ , : ®) :
U ih bt BB EER s $d 0.72¢ g v, 50 (NaCi = 50 M 4
Z2o2WWT. A D A M = 40k / .
£ o0s8f §=] /
[NaCl] ': B [-J- %) Gtetra 9’."’ 066+ . . : E 30F- / )
D F 1 {E < grevra> & 7R oes 1 82 ]
T0$T:~@19(b)~ 0624 ) ) ) ; Qa 104 > p ; l 1 -
19(d)IX.3D2D %% s w0 1% 20 %0 02 04 06 08 10
[NaCI](:zr*a‘l‘fé Gt [NaC1) (uM) Grotra
’Eﬁot F'"#F 30— — 30— -
-ts %ﬁnt *_I’a) ;\: 25} [NaCi) = 100 pM A ~ ;\; 25} [NaCl) = 200 pM -
s> [T 3 ERER O s N1 5 NN T
fEEYKREL KUBER 5 ] \] % I _ |
R EREDOIEN s 4l 7 Y R | l
éj\b\éo ﬁﬁs m:2 B [ W L A oLs Dt A A \
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Summary report of the ISS-Kibo utilization mission

“Studies on phase behavior of multicomponent colloidal clusters under
microgravity (Colloidal Clusters)”

Principal Investigator; Junpei Yamanaka (Nagoya City University)
Jan., 2023

In recent years, much attention has been : : diamond lattice structure
a cluster of colloidal particles

attracted to "photonic crystals," artificial materials o—
whose refractive index changes periodically. When -

light propagation is prohibited for light from all _

directions, the material has a "perfect photonic >

band gap" (perfect PBG). A perfect PBG occurs =
when a dielectric material forms a diamond-lattice- Fjg, 1 Tetrahedral clusters and diamond
type periodic structure. lattice structure of colloidal particles.

The construction of photonic crystals using the self-assembly of colloidal particles has been
actively investigated. As shown in Fig. 1, diamond structures can be obtained by creating tetrahedral-
type clusters with oppositely charged two-component colloids and stacking them as the structural unit.
We have previously investigated the formation of the colloidal clusters. However, basic information on
the clustering conditions, including the relationship between the charge number and the association
numbers, is not yet clear. In addition, to obtain perfect PBGs, the particle particles constituting the
diamond lattice must have a refractive index 7, approximately twice that of the medium. For example,
the refractive index of titania (TiO.) is 2.72, which gives a refractive index ratio of 2.04 to water and
satisfies the criteria. However, the specific gravity of titania is approximately 3~4, and when left on the
ground, titania sediments at a rate of several mm/hr or faster, settling and agglomerating at the bottom
of the container, making data acquisition extremely difficult.

In this study, positively and negatively charged colloidal particles were mixed to form clusters in a
microgravity environment where particle precipitation is negligible. We fixed the sample in polymer gel
and returned to the ground for analysis. The aims of the study is as follows: (1) To obtain an equilibrium
state diagram (phase diagram) by examining the structure of the clusters and the distribution of the
association number of titania particles. (2) To measure the optical properties of titania tetrahedral clusters,
although it is difficult to do so due to the small size of the clusters. We set (1) as Full Success and (2) as
Extra Success. In addition, we set Minimum Success to obtain titania tetrahedral clusters, which cannot
be obtained on the ground due to precipitation. In the Extra Success, the optical properties of the titania
tetrahedral clusters will be evaluated, and the data will be compiled and graphed as a basis for the
development of future optical devices.

The space experiment was conducted in July 2020 on the Japanese Experiment Module "Kibo" of
the International Space Station (ISS). Positively and negatively charged particles with a diameter of
approximately 1 um were mixed in the microgravity environment of the ISS to form clusters. The
polystyrene (PS) particles were also used, assuming as a standard sample to confirm that the space
experiment was performed correctly.

Samples were returned to the
ground in 2021 and analysis began in
March. All space samples were
confirmed to have been immobilized in

the gel as planned. Fig. 2(a) shows the R R M'panicle':

appearance of a titania sample (TiO» # Fig. 2 (a) An overview of the gel-immobilized titania

23) removed from the sample bag after colloid sample. Cross sections of (b) space sample and
(c) ground sample.




the return. The samples were cut with a surgical scalpel, and
their cross-sections were observed. Fig.2(b) and (c) compare
the cross sections of the space experimental sample and the
ground control sample (gelled under quasi-microgravity with
a clinostat). In the ground sample, the particles settled
significantly, and the center of the sample was transparent,
while no supernatant was observed in the space sample,
confirming the effect of microgravity.

The specific gravity of the PS particles is about 1.05,
which is comparable to that of the medium. Therefore, before
the space experiment, we expected that the results of the PS
particle system would not differ significantly from those of the
ground control experiment. However, the space sample
showed an average number of aggregates about 50% larger
than the ground control, and also showed better structural
symmetry of the tetrahedral clusters. Fig.3(a) and (b) show a
photograph of the PS particle aggregates and the dependence
of the mean association number <m> on salinity.

The results for the titania particle system are shown in
Fig.4. Fig.4(a) is a magnified image for clusters having the
association number m from 1 to 4, with only red fluorescence
detected on the left, and with a white light source on the right.
(Negatively charged particles are indicated with an "n").Fig.4
(b) and Fig.4 (c) show the [NaCl]-dependence and charge
number Z-dependence of the m distribution. Thus, we obtained
knowledge on the association of titania systems that could not
be obtained on the ground and achieved Minimum and Full
success in this space experiment.

The optical properties of the titania particle tetrahedrons
from the space experiment were also investigated. Light-
enhancing effects due to clusters compared to single particles
were observed, especially in the vicinity of 450-500 nm. At
this stage, we believe that this is largely due to the contribution
of light focusing and reflection by the spherical lens rather
than light confinement, but this is a result that we had not
anticipated before the experiment. If this effect is utilized in
the future, it could lead to the development of very compact
optical amplifiers. In addition, by measuring the reflection
spectrum in the visible region and calculating the photonic
bands of the diamond lattice, it was calculated that a material
with a perfect photonic band at 3.2 pm could be obtained.

Thus, we believe that we have achieved Extra success
because we have evaluated the optical properties and obtained
results that may be useful for developing optical materials. We
hope that the results obtained from this experiment will be
useful to design colloidal photonic crystals.
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Fig. 3 (a) Photographs of clusters
of PS particles obtained in the
space experiment and (b)
dependence of the average number
of aggregates <m> on salinity.
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Fig. 4 (a) Magnified images of
titania-based clusters from the
association number m=1 to m=4
(left: red fluorescence detected,
right: image with a white light
source). and distribution of m. (b)
[NaCl]-dependence and

(c) the particles charge number(2)-
dependence.
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