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JRYYEORRRIL, A~ OZTE, MR oOIEHE L, RIEMET A N A v OREE,
M FEEMTCEDFE & WV o 2B K - TH#FITT 5, R&AID 3 SOOI, P - bt
DANAIE AT a4 R, YA MhA v EZOZHFRIIHT DR L Boh72BEf73E
IZE > THIET D2 LN TE 5, —J5C, MEHEMETTHEZ BLEHMNH 9 2 HANIBH R X
TV, MAEFEMETTEL, ARG T CIRaZ e o M sl E 2 (EE L,
JREDHERICF 535, Lo L, BEAEEGYESCHUMAE 23 T4 U 2 iRl 70 i 3 2 ik
T IT, ZiRgsC EE A MEIRE-CEEZ ] X 2 L, 2MEMERESEERERE (ARDS) O
L0 By mEE sl &R T,

& Z e IE, 8 N2 8 5 NWEGHIRLE L DRSSO A A 72 £ ORIuRIAE &
ICE > CHI SN D, BEER AT cadherin & nectin (2K V. F7-HEAER A occludin,
claudin, junctional adhesion molecule |Z & W filfl S TWD 3, T O DRE@ S /37
'E D 9 5., vascular endothelial cadherin (VE-cadherin) %, I PN Rz RIIRIZ REELAOIZ 38 B
L. Zd eI B2 e eE 2 72 LT %, VE-cadherin (2 K 28255 A 1%, vascular
endothelial growth factor (VEGF) <> tumor necrosis factor-o (TNF-a) % & Te RIEMES A R4
A N Ko THERET %+, VEGF & TNF-o 1d, HERYYEIZ I\ C B 7o i an b
EOIEEITZERMBIL, ZNHORTF-OPRNE, WEEEIESCBULIED~ 7 2AET
VD IMAE TR LSRR T IS 70, L7eh - T, VE-cadherin (2 L D5 A %
LET D03 T3, BEIERYYE O RE 2 NH] T~ 2 F A RIE & R D et B 2 b LD,

ARG 2 LS EDHLRFER OO E D2, Roundabout4 (Robo4) 73&% 5, Robo4
XA PN EGRIEIZ FR AL L, AR A2 L E(LSE 5 101, Robod 1%, IME M
JLEZIIHIT 2 Z L2 XY |~ U RDREYYEE T VN E R MIEE T VOEFREE T
SH 2B EBEOEEEZMEIT S 2 ENMLN TN D 415, Robod X Slit2, UncSB,
TRAF7 72 EOMESERZ v 7 G a2 LI2EEDO A =X AIZL Y, VEGF X TNF-a
DHET 2NEOEEETLEZ G2 2107, DEio®E Tk, NEMRIZEBIT S
Robo4 FEHL DM £ 72 13MEE A, 1 F 4 TNFa 80 0 N RE M ot &2 88 £ 7212
WS S5 Z & DR E 4L, Robod HEL L~V DI K » Tl E &tz i cE 5 2
EPRIEBIN TS 2, & 512, Robod FEHLA KT ¥ % histone deacetylase (HDAC) [H
EHIMS-275 1%, ~ U AMOMAEE RN & ISR 2 TS5 2 £ 225, Robod Bl
ZHES A0 TIC X0 A EENE EEREARIECTE 5 Z LRI Y TGO
WG| Robod FEBUMEAEIT, (M T PEO I 2 At L T A RYYE CRRUTLIE 0O 9 B8 4§
MEE 5, B LWIEHREES & 72 5 FTREMENR B 2 HivDd, £72. Robod DIEELA BT 25
K13, 2D DRBIZHT HIREEICRVEDL EEZXDBND,



AHFFETIE, 7. Robod FEHUEHEIZ L 5 EAEKGETRIR OB 22 T 2 72912,
1A PN EHIBRE LAY Robod WRIFEBL~ 7 A Z{FR L | EEYYERREIZ X9 % Robo4
FEHBE RO R A2 MG L, WRIZ, Hi Robod FEIUEHESy 1% RIET 572912, Robo4
S E RIS D2 7 IARERIE 2R L=, &2, Robod R AT K0 7k
BN EIEEGIER RBIC G 2 D B AT LT=D T, TOMRLIAICHRET 5,
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Robod IBRIFEBLN < U X LPS B EET NG 2 2 REOMEHT

EHOIZINETIC, ¥V AICEIT D Robod / v 7 7w kA3, LPS % ME &k &
UM SE, EBRAEBEBEET VICE T Afian =—HEEnse5 2 &2 L
72 1214, Robod MBTIFEHL A Z 6 OIFREE T M G2 DB LB T, M NEA
R ELADIC Robod RIFEHL 2 E TE 5~ U A (Robod™~ 7 ) ZAFRILT- (Fig. 1A),
Robod®C v 7 RZHEX v 7 = &G T5H L BEDlEZ T Robod FEELEIHIN L
(Fig. 1B). # EF ¥ 7 = UK AEAJIZ Robod MRIFEBL A FHE T E 72 2 & MR ST, IRIZ,
Robo4 B FIFEEL M O M5 BRI RIF T L LPS HE5-ET /L L X T ) —< Hilus
BET NV ERHWTHNZ, LPS 2H5 LRIELZFHE L7-E7 /L TliX, Control (CDHS-
Cre/ERT2) ~ 7 A & Hifi LT RobodEC = 7 ZDRIZ BT 5 /80 27 )L —D I & A4
HASE L7z (Fig. 1C), $#IRNEE G- L7z B16-F10 A T/ —~HIIAOD MG 0> B i ~DiR
5. Robod ™ ~ 7 XTI LTz (Fig. 1D), ZAUD DFERA D, Robod HRIFEHL A
DIMAEFBEIEZ IG5 Z LRSIz, S 5IT, LPS 4 5- L 72 Robod™ <~ 7 A3,
Control = 7 A & s U CTAEMFRNKE L7- (Fig. 1E), T 5 DFEHRIEL. Robod FBI &
OHINAS | BIEFEGYE THE S5 RS YERIERF O MUE Fim ik & SR TREMHIT 52 &
R LTWD,

fbLEMA T Y —=2 712 L 5 Robod BB ZHIET 2 2 7 FNVRERDOEFR

Robod4 DIHLZ G 2 2 7T MBIERE Z D720, ~ U AR EHIflafk MS1 #
faz AWTZERR 7V —= T R &M LTz, MS1 fifldod 7 A2k b Robo4 & SV-
40 DT OE—H—BIONVY T 2T —BE GRS ELEEAN L, MSI-Robod #lifiu &
MS1-SV40 flifa 2 /ERL L 7= (Fig. 2A), Z A5 O#IfEkEZ VT, Robod 72 E—4% —OD
EEZHIET 228, 220 he—)Ld SV-40 7 1 — X —DOIHMEEHIE L 722 /Ny % [F]
ETHAY ) —= %% M LT-, Robo4 HIfIAF& LTSNS HDAC FHLEH
(Trichostatin A (TSA)) & NF-«xB [HE#| (ammonium pyrrolidine dithiocarbamate (APDC))
X, MS1-SV40 DOIEMEIFMHIE3 MSI-Robo4 DLy 7 = —ViEMZ24H L= (Fig.
2B), 2DV AT LAEHWT, LoPac 74 77 U —IZHE £5 1,280 FIHDIK 52 A7
J—=7L (Fig.2C), Robod 7' 1 E— X —IHMHZ K F S5 a0 & H s % 7 Fl
HIFE LTz, 2D 9 B, IPA-3 (PAK-1 FHFEA), GR127935 (5-HTIB/ID 7 > # =X ),
SB-525334 (ALKS BHEA) @ 3 7311, b MR (HUVEC) (Z81) 2 NTE
P Robod DFTLA KT 7= (Fig.2D), ZALH OfEFRN B PAK-1, 5-HT1B/1D, ALKS
(2B T 5 > 7 IUREERR S Y Robod FEBLOWEIEHI 72 HIHIR 7 CTh 5 Z L AR ENT,
INHDHH, WEEEME L OBSE AR STV 5 transforming growth factor-B (TGF-B)
-SMAD ¥ 7 F )V &l 4 % ALKS IZ7ER L7z 18,
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Figure 1. Endothelial-specific Robo4 overexpression suppresses LPS-induced mortality and
melanoma cell migration in mice. (A) Transgenes and genotyping results of Robo4£C mice.
CDHS5 promoter induces endothelial-specific expression of Cre/ERT2. Tamoxifen activates
Cre/ERT2 and induces deletion of the floxed Stop codon and CAG promotor-driven mRobo4
overexpression. (B) Expression level of Robo4 mRNA in the organs of Robo4'F¢ mice treated with
tamoxifen (n =5, *P < 0.05, **P < 0.01 by the unpaired t test) (C) Vascular permeability in the
lungs in the Robo4¢ and control (CDH5-Cre/ERT2) mice. (n = 6, *P < 0.05 by the unpaired t test)
(D) Experimental metastasis models using Robo4*C and control mice treated with tamoxifen. B16-
F10 melanoma cells were intravenously injected, and metastasized colonies were counted (n = 6,
*P < (.05 by the unpaired t test). (E) Survival study using LPS-injection models in Robo4¥¢ and
control mice treated with tamoxifen (control: n = 18, Robo4!¥C: n = 17; P = 0.017 by the log-rank
test) Data are expressed as the mean £ SEM.
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Figure 2. Screening for small molecules regulating Robo4 expression in ECs. (A) Two MS1
cell lines used for screening. Mouse EC line (MS1) cells were stably transfected with luciferase
gene driven by human Robo4 promoter or SV-40 promoter with enhancer (En). (B) Effect of
known Robo4 suppressor on luciferase activity in cell lines. Inhibitors for histone deacetylase
(TSA) and NF-xB (APDC) specifically suppressed luciferase activity in MS1-Robo4 (n = 4, **P
< 0.01 by the unpaired t test). (C) Screening results for LoPac library using cell lines. Data
expressed as relative promoter activity (Robo4 promoter activity/SV40 promoter activity). (D)
Robo4 expression levels in HUVECS treated with candidates from the screening (n = 4, *P < 0.05,
**P < (.01 by Dunnett’s test). Data are expressed as the mean + SEM.

TGF-p < 7 F /L7 Robod F8HIZ 5 2 5 B8

ALKS X TGF-B Z &R TH Y . ZD Fiitd SMAD2/3 #IEMAL3 5 Z &b T
%o SMAD2/3 |2 & % Robo4 FEHLHIEEERE 250~ 2 728, HUVEC (2 SMAD2/3 (Zx13 %
Small Interfering RNA (siRNA) #3#E AL, SMAD2/3 %/ v 7 X7 Li=& 25, Robo4
DIEBLPA LT (Fig. 3A), Z OFEFR D, TGF-B-ALKS-SMAD2/3 #% #5743 Robo4 D%
Bz 22 &, F72 TGF-B HIED e 5E & (AFEHE) T, Z OMRENMER
FICIEM L STV D Z E2URIBENT-, e —E L T, TGF-B1/2 4L X HUVEC (Z
BT 5 Robod FEHL LA SHh- 7= (Fig. 3B), 2 T. WNTEAI72 TGF-B-ALK5-
SMAD2/3 ¥ 7 F Vil SN o8BS mET L, ~ MU ARSI E R L



(Fig. 3C), = O T, TGF-B-ALKS-SMAD2/3 ¥ 7 FVIZ X > CTHEIND
plasminogen activator inhibitor-1 (PAI-1) 2 OFEBL ] <4172 (Fig. 3D), F 7. Robo4
DOFEBL G WA & el Ul S U (Fig. 3D). TGF-B1/2 ALERIZ L W Robo4 DFEELA
ML 7c (Fig. 3B), Z4LH OfERDI G, TGF-B-ALK5-SMAD2/3 7 ) /L 73 Robo4 D%
BaeET 5 Z &R ENT (Fig. 4E),
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Figure 3. TGF-$ Activates Robo4 Expression in a Culture Condition-Dependent Manner.
(A) Robo4 expression levels in HUVECS treated with siRNA for SMAD2 and SMAD3 (n =4, **P
< 0.01 by the unpaired t test). (B) Robo4 expression level in TGF-B1/2-treated HUVECs under
normal (n = 4) or Matrigel conditions (n = 5, *P < 0.05, **P < 0.01 by Dunnett’s test). (C)
HUVECSs cultured in the presence or absence of Matrigel. Pictures are representative images of
HUVECSs cultured in normal or Matrigel conditions. Scale bar = 200 pm. (D) Effect of Matrigel
culture on PAI-1, Robo4, and ID-1 expression. HUVECs were cultured in the presence or absence
of Matrigel for 24 h, and PAI-1, ID-1, and Robo4 expression was measured by qPCR (n =4, *p <
0.05, **p < 0.01, by the unpaired t-test). Data are expressed as the mean + SEM.
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T XV FELDMERE X H 5 inhibitor of differentiation-1 (ID-1) ¢ HUVEC (Z351F 53¢ 81
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14 HUVEC 123 T Robo4 FEL A BN 72~ 7225, < b U 7 /LERFE Tl Robo4
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Figure 4. BMP9-ALK1-SMAD1/5 Signaling Suppresses Robo4 Expression. (A) Robo4
expression levels in HUVECs treated with BMP9 (n = 4, **P < 0.01 by the unpaired t test). (B)
Robo4 expression levels in HUVECS treated with BMP9 and siRNA for SMAD1 and SMADS (n
=4, #*P < 0.01; N.S., not significant by Tukey’s test). (C) Robo4 expression levels in HUVECs
treated with K02288 and BMP9 (n = 4, **P < 0.01 by Tukey’s test). (D) Robo4 expression levels
in HUVECs cultured in Matrigel containing K02288 (n = 4, **P < 0.01; N.S., not significant by
the unpaired t test). (E) Schematic illustration of positive and negative Robo4 regulation by TGF-
B-ALK5-SMAD2/3 and BMP9-ALK1-SMAD1/5 signaling pathways. Data are expressed as the
mean + SEM.
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Figure 5. ALK1 inhibitor increased Robo4 expression and suppresses LPS-induced vascular
permeability in mice. (A) ALK1 expression levels in organs of C57BL/6 mice (n = 4). (B) Robo4
expression levels in lungs and kidneys of wild-type (C57BL/6N) mice treated with or without
K02288 (n =7, *P < 0.05, N.S., not significant by the unpaired t test). (C) Vascular permeability
assay using wild-type mice treated with or without K02288. Extravasated Evans blue in lungs and
kidneys was quantified (n =8, *P < 0.05; N.S., not significant by the unpaired t test). (D) Vascular
permeability assay using Robo4 ™~ mice treated with or without K02288. Extravasated Evans blue
in lungs and kidneys was quantified (n = 5, N.S., not significant by the unpaired t test). Pictures
are representative images of the lungs and kidneys. Data are expressed as the mean = SEM.
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ALK1 VE-cadherin Merged

Figure 6. Expression of ALK1 in mouse lung endothelial cells. Immunofluorescent staining for
ALK1 and VE-cadherin using mouse lungs infected with or without SARS-CoV-2.
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& D5 K02288 D Robod AT 72 ERN R &7, 20 b OfER A 5, K02288 1% Robo4
ORBEINE T, ~ 7 2AOMICBIT 2 & EEMEE 32 2 LRS-,
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S 512, K02288 73 LPS # 5~ U7 A DAAFERIZ G 2 558 % i~ 7=, K02288 DA 5
1%, LPS $e 5% Pt 5 U 7- 8~ 7 A DT A/ S H 72753, Robod”~ 7 A TIIFE L
FhEBLSH o7z (Fig. 7C, D), T L OFERMN S K02288 FHa1# 51X Robod A7
HIZ LPS &5~ v 2 DJRie 2 dE L, AFRE2dET D 2 LR SN,



Wildtype B Robo4”-
Control

9001
[«] - k:
e *
_n-
6001 o o :

K02288

2]
o
g
=z
[

o
o
2

+
kX

o K4 o

Number of metastatic colonies
Number of metastatic colonies
5
o

3001 T o
2001
G T T 0 T T
Control K02288 Control K02288
c Wildtype D Robo4-
1001 ; p=0.0124 1007 020,523
s N S
= K02288 (10/18) <
B 50 T 501 L., Control (2/10)
s [
: '_.., Control (3/17) s | T
® @ K02288 (1/10)
0 T T T T T | 0 T T T T T 1
0 24 48 T2 96 120 144 0 24 48 72 96 120 144
Time (h) Time (h)

Figure 7. ALK1 inhibitor ameliorates LPS-induced mortality and experimental metastasis of
melanoma cells in mice. (A) Lung colony number in the experimental metastasis models using
wild-type mice treated with or without K02288. (n =4, *P < 0.05 by the unpaired t test). (B) Lung
colony number in the experimental metastasis models using Robo4 ™~ mice treated with or without
KO02288. (n = 4, N.S., not significant by the unpaired t test). (C) Survival study of LPS-injected
wild-type (C57BL/6N) mice treated with or without K02288 (control: n = 17, K02288: n = 18; P
=0.012 by the log-rank test). (D) Survival study using LPS-injected Robo4 "~ mice treated with or
without K02288 (n = 10; P = 0.523 by the log-rank test). Data are expressed as the mean = SEM.
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CoV-2 OF#) % /b I 7= (Fig. 8B), [FIERIZ, K02288 ALE|X, SARS-CoV-2 N#E5T 5
VE-cadherin fi& & O fiRlfe 2 #f] L7= (Fig. 8C), Zi15H DFEF N5 K02288 7% SARS-CoV-
2 FHEMEONRE N TREEE PS5 Z EAURENT,
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Figure 8. ALK1 inhibitor suppresses SARS-CoV-2-induced endothelial hyperpermeability.
(A) Schematic illustration of the airway-on-a-chip. Medium containing 0.1 MOI SARS-CoV-2 was
injected into the airway channel. The SARS-CoV-2-infected airway-on-a-chips were cultured with
the AO differentiation medium (airway channel) and DMSO- or K02288 (1 pM)-containing
EGM2-MV medium (vascular channel) for 6 d. (B) Viral copy numbers in the cell culture
supernatant of the airway and vascular channels (*P < 0.05 by the unpaired t test). (C)
Immunofluorescent staining for VE-cadherin in the lung microvascular ECs in the airway-on-a-
chip.

KIZ, K02288 7% SARS-CoV-2 JEYs~ 7 A2 5 2 5 8% itk L 7=, SARS-CoV-2 J&Yx
. BCHT ALKL OPNEAITE RIORIEBL S5 — 2 12 L b EBMLSER Do T
(Fig. 6, lower panels), K02288 DFEN#E G-I, SARS-CoV-2 it~ 7 X D Robod FEi%
A& (Fig. 9A), FiBEE AL (Fig. 9C), JELHRAE L7z (Fig. 9B), LL Lo
R B, K02288 13 SARS-CoV-2 JEYLRF oD fifi i & PN R AR O dsai P THE 2 40 L, SET
SEEPIIT 5 2 L RSN

13



>
@

w
@ .
£ 0.005- —~ 100
T 2 < ' K02288 (7/10)
£ 0.0041 ° — P :
% o5 o © oL
3 00031 [Z= 5 s0f E
§ o0z 5 { Control (1/10)
§ G0 p=0.0250 7777
o 0 -
£ 0.000 ; .
2 01 2 3 4 56 7 8 9 10
= Conirol, 02268 days post-infection

c SARS-CoV-2

non-infected
PRV TN 3 N

Figure 9. ALK1 inhibitor suppresses SARS-CoV-2-induced mortality in mice. (A) Robo4
expression levels in lungs of SARS-CoV-2 infected BALB/c mice treated with or without K02288
(n=35, *P<0.05 by the unpaired t test). (B) Survival study of SARS-CoV-2-infected BALB/c mice
treated with or without K02288 (control: n = 10, K02288: n = 10; P = 0.025 by the log-rank test) .
We defined the day that mice had less than 75% of the initial body weight as the day of death. (C)
Representative images of hematoxylin and eosin-stained lung sections from SARS-CoV-2-infected

mice with or without K02288 treatment and noninfected mice. Data are expressed as the mean +
SEM.

B

AMFFETIL, Robod DIBFIFEELA LPS H G-~ U A DIME Filatk & FE TR ZMHI+ %
Z & &RLTZ, 72, Robod OFRBLAMIET 22 7 T WAREREZ T L, 2 DOHA
T %5 SMAD ¥ 7 AR ERR KDY Robod DIEBLAZ ERAICHIET L2 LA R LTz, &6
IZ. ALK FH5E#] K02288 7% Robod ZEBUEAHEAI & U CHERE L. /& @&k D TLHE & i
T 5 Z & LPS #h5~ 7 A8 LU SARS-CoV-2 [~ 7 ADIIT-REHTH Z & &R
L7z, 2D X 512, Robod Z 4t L7z IfL4E Fe it TUIE O i) 23 B R YE (2 %k 3~ 5 B 20 72
TRIEHEIE T 5 = & Z/R L, Robod4 DFHLZ NS5 Z &2 K 0 g FiEE 2 i+
LIEH L LT ALK FRERZREST 2 2 LIS L,

Robo4 %I L 7= EGERRE DL FEIZ- OV T, Robod v 7 F /LI UILIE &5 L0 A v 7
NEUWRPEET VBT, RS A P IA A M= %2MHIT 252 &N
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London & O#ET/RENTWD B, ZOWEIE. & B OIH] DSEE <> ™ A L A
72 Rk 2 7R RIS K0 5 S A B B RYE O B8 1 A I 5 8 L WS & 72 5
ZLEEE LA TEETHD, T, Robod ¥ 7 F/LDIEMALA =X L T
TR OR NS 5, London D DAFFETIL, Robod VY H R Th D Slit2 ZHW\ T,
Robod O T 7P MRz ZIEML L T\Wd 7, LarL., Robod 121X Robo 7 7 X
V=B RTENFFO SU2 FER R A A RN & WL DD 3L T Robod & Slit2
DOEZOFH AR SN TN Eb, Slit2 25 Robod DV HT K TH DT
WEERATH D 162324, X 5|2, Robod [FMLD 2 DD A J = X L TIME R % LZENLS
N5ZEHLRENTWD, 1 DEIE, MIEBEIZIFET D Robod 3% b U 52 2F (K Unc5B
DY AT REUTHREL., BT 2NEMIAICZEBILY 7PNV ERET DA D= ALT
b5 164, 2 -DHIE, Robod 7% TRAF7 LHHAAMEM L, RIERFO M ZiEM: 2 < 5
AH=ALTHD 2, AR CTEHRA Lz, & NEMIZIZIIT % Robod H 812 H N =+
LHERHS X, EREOD 3 DT RTDOAH =X L%4 LT Robod DOREA BRI 25 Z & 73
T&EHLEZDND,

AHFFECTlE, TGF-B-ALKS-SMAD2/3 3 X OV BMP9-ALK1-SMADI/5 ¥ 7 ) /UAREERR
73, Robod DIEBLA LN ZAIE L BAIZHIET 5 Z & 2R L7z, 24 E TIZ, TGF-B-ALKS
VT, WERMIBOHEE, FER, BEEZNHT S 2 & T MEHAEAIRET S Z
EDRMESINTND 0B, Fio, 2OV T FIRERKIL, NEHIaREE) DA OFIE I
T & LCPAI-l #7595 2, Robod [N DIEE &M+ 5 2 & THNEMIE 2 ek
EH5Z LD, TGF-B-ALKS-SMAD2/3 ¥ 7 /L2 X % Robo4 FEEL DL XA EH) T
boEEZLND W R, ALK ¥ 7 F VTN I OBEE A S - U T K
IRTFRICHIE LT 5, TGF-B I S 7z ALKL & 7 /L% SMADI/5 iEME(L &I L
TN Ol E R ZFHET 5 2 Lo HENH H—FH T, TGF-B X° BMPY [ZHi]
WSl ALK ¥ 7 VTNl oOlEERCIEFT A ZET L2 Lo HmiEL H 5 20
7, [AERIC, BMPY (R E G2 & AICHTET 5 2 LA RS TnD 3031 AR
22T, K02288 A MA@ A2 IH Lz 2 &5, ALK A M E i@t ik lc a5
LTWAZ EPREni, LML, LPSEHEET MIZEITH ALKI OEZERY T RO
FFESC, ALK 2MIE FRMEZ TLET 5 A 7 = X AOEICITE > T e, EERYE
JEIZH1T 5 ALK ¥ 7 VOB FRE R A BT 27201213, & bR D58 EE T
Hb, SHIT, SMAD ¥ 7 F IV OEERFNMKFRIIR AL v F o TR O L EF
Z OHEREN E D X 91T Robod DIEBLAHIH L TWDDNEH LT HHERH D,

RAFFEDFE R LB EDOHRE NS . ALK (3L N R AR B A s @38 B LT
5T EDNRENT 2, K02288 ILfifil2 I T Robod MDISELAEME L. & E = ME 2 i)
L7=23, B CIIF OENRD Lol TS ORI . K02288 [T EICff
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I PR BGRIIE LZAE L il A8 O s v 2 3] L~ 7 A DR R A L7z 2 & ARk
SND, ZORMNG, ALK T EIERIUEIZ IS T D5 L, ol ~0&I7EH
W72 <A RZRIBIRIER L 72 D ATREMED & 5,

AWFEDA 7 ) —="2 27 TiX, Robod OFEELEZ T 5 3 DDIKSr ¥ IPA-3 (PAK-1 [H
4 H), GR127935 (5-HT1B/ID 7 > % = = Z ), SB-525334 (ALKS5 FLEH]) ZFE L7,
Z OFERIL AMZE CHEH L7z SMAD ¥ 7 W2 C,PAK-1 & 5-HT1B/ID % Robo4
OFRBHEICEHE L TWD Z L AR LTS, PAK-1 & 5-HTIB/ID /L= 27
JABRTEIZ & % Robod OFEBLHIEITIE SN TWRWD, 2D D> 7 F /R E I,
SMAD ¥ 7} /L & & 412, Robod FEHL 2 HE NN X1 5 Hr /= 72 3K O BRI 5 579 5 wREME
D5,

L b, ARBFETiX, Robod ZHERY & L CIUEFEEMEZ 632 2 & 23, EERYELC
KT DRI IRIRIEIE & 72 V5D 2 & 2T 2 LN TE L, £72. Robod DFEELZ N
SH DKy 703, BEAERYERAE 2 PN DR RN L e B A L AR LT, &
O K9 Il E FEPE AR & TR RIE, BEER L O 5 2 & T BiFORYER &
OHTHEGYEIC L > TE L D EIERE O T RIK FICEMT D AlfEENH 5, 5%, K
WFFED RS | EYEIZ K 2 5 20 & T o 2R IRRIE ORENLIZ D7 in 5 T & HIFF L
72U,
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o i

ARBFSE Tl Robod FE B MRS |2 1 2 BEIERGUETR N B O MEE. 35 X U Robo4
TEHUREKOPER L 21T\, U FTOZ L 25 LT,

Robo4 iHEFEBLIL LPS £ 5-F7 /L~ 7 AD MAE FE Mol & 32 il 7 5
TGF-B-ALK5-SMAD2/3 ¥ 7' F /VRiERE K1 E Robod FBL 227 %
BMP9-ALK1-SMADI1/5 3 7" F WA= EifR 1% Robo4 FE Bl 2 #il 3%

ALK BHEA K02288 (X558 N MifiE & ~ 7 A i Robo4 FBL & (L4 %

ALK BHEF] K02288 1% Robo4 #AFHIIC LPS ¢ 5-F 5 /L~ 7 A D ML B ok &
FET =AM 2

6. ALKI FHFEAI K02288 1% SARS-CoV-2 Ji&YLiZ L 2 fii i & N IR D 23 U 7 R 4 #1)
fil L. SARS-CoV-2 [&Ys~ U A DHEFRLZBET D

o M v oE
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KERTH

R

HUVEC (Lonza) (% microvascular endothelial cell growth medium-2 (EGM-2MV ; Lonza)
THAE LT, A7 U —=1 7 #filatk MS1-Robod4 5 £ U MS1-SV40 (X, LLF O FNETIE
B/, 7T A ~— (Tablel) %A /= PCRIZ XV pTRE2pur X7 % — (¥ 51 T34 F)
NHE a—r~<A 2 Uit 72 HEiE L, In-Fusion HD Cloning Kit (¥ 7 7 /31 7)) %
FAWTZZ 23 R pGL3-Robo4* 35 L. ¥ pGL3-Control (Promega) (ZfiAL7=, G572
7T A R%& Asel TiH{L L CESHIL L. Lipofectamine 2000 (Invitrogen) % VT MSI
IR LTz, SBADD 48 FEf %, REICEASNMEZ, Ea—a~A1 2 (0.8
pg/mL) T 18 AMEET 2 Z LITK V@R L7z, B (MS1-Robod4 3 KT MSI-
SV40) 1 L O~ v 2 REEAIAZLE B16-F10 (American Type Culture Collection) 1%, 10%
7 MRS (FBS), 100U/mL <=V > 100pg/mL A LV h~A a2 ETe XL
Ny A A — 7 VEEH (DMEM; Nacalai Tesque) THq# L7z, #MlaiZ3_T37C. 5%
CO 5 FTHAE LT,

LEMFA TV —DARI ) —= 7
AY V== 7 D722, MSI-Robod F7-1F MS1-SV40 Hlifid (5X10° cells) % Multi
Drop (Tecan) % VT 384 U =/L7 T v 7 7 L— | (Corning) [ZHEML L, 24 FRfilEE#E
L 72, FDSS7000 (=t h =2 Z) & Steady-Glo Luciferase Assay System (Promega) % /]
WY 7 =7 —BIEMEEHIE LTz,

HUVEC ~DIES FLEWB KOV A R A H

HUVEC # LoPac 74 7 7 U —0OI&3 LA (10 uM; GR127935, SB525334, IPA-3,
K114, loratadine, paclitaxel, CP31398) % 7= (% K02288 (1 uM; Cayman Chemical) % 721%
TGF-B1, TGF-B2 (5ng/mL) CALEE L, 24 BKffIi5%E L=, IR0 TR X O A N4 ALB]
Tl%., HUVEC % 5%FBS &4 EBM-2 55T 16 BEfj55# L. K02288 (1 uM) T 30 43
SLEE L 7=%% . BMP9 (1 ng/mL) T 6 FFREJALER L7,

HUVEC O~ kY 7 /VRE®

EBM-2 CHI L7z~ kU 7L (Corning) %7 L —7 4 7 L, 377C T30 /5fA ¥ =
~_— k L7, HUVEC Z~ bk U 7L BICHEHE L, 24 FFEIES# % . TGF-B1. TGF-B2 (5 ng/mL)
F 7212 K02288 (1 uM) T 24 FEALEE L 7=,

siRNA # /2 HUVEC TOEBLGTF/ v I X v
SMADI (VHS41097), SMAD2 (VHS41107), SMAD3 (s8401), SMAD5 (VHS41124)  (Z%}9
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% siRNA, BLX U= b —/ L siRNA (Stealth RNA siRNA Negative Control Med GC
Duplex #2) % Thermo Fisher Scientific 72 HHEA L, / v 7 X0 FERBRITHEH L7
(SMAD1/5; 10 nM, SMAD2; 20 nM, SMAD3; 5 nM), SMAD2/3 £721% SMADI1/5 D ./ > 7
%77 121X, Lipofectamine RNAi-Max (Invitrogen) % H\»C HUVEC |Z siRNA Z3#E A L |
ZIEI 24 Wi £ 7213 48 Iefi] A % = X— K L7z, SMADI/5 siRNA %38 A L 7-#fifig
%, IRIMIEE HEC 16 KRS L, BMP9 (1 ng/mL) C 6 RRRJALEE L 7=,

Robod4 iBF|FEBi~ 7 A L Robod K~ 7 2 DIEHL

~ 7 A Robo4 ¢cDNA W /1% PCR THiilE L, pCAG-stop™ 7 ¥ — (#51269; Addgene) (Z
AL ¥, HAEMLE WA (cytomegalovirus-immediate early enhancer/chicken b-
actin/rabbit b-globin (CAG) promoter-stop™-mRobo4) # 77 A I KL HEEL, v~ 1 7 1
APy a ALV CSIBLI6 ~ U ADZKEINCEA L, iR~ 7 AITBAE L T
CAG-stop™*-Robo4 ~ 7 A Z#f . L7z, CAG-stop™™-Robo4 ¥ 7 X% CDHS5-Cre/ERT2 ~
A LAZEL L, Robod™C~ 7 2 Z{E#L L 7=, Robo4 KIH~ 7 A (Robod”) DIERILLL
AIC@E STV D 12 KRBFREICE T 28 FERIT. SARS-CoV-2 JERLE T L ZFRE |
TARTREKRFPMELZESOEKREZEF TS (KRE S Douyaku-30-11-2)

Robo4'®C = 7 & % F = AT Tk, MERED Robod™ ~ 7 & (6weeks old) {2 =1 — L HICER
fif 7= XX 7 x> (1 mg/mouse; Sigma-Aldrich) % 4 H [ CHEEN®K G LTz, &
OG5 2 % ICHSEZfH L. RNA BRIV 72, K02288 MLEE~ 7 2 %
ToFRAT T, BED CSTBL/6 ~ 7 A (8 ifi) 12, 1% Y ATV ANLEXFT K (DMSO) &
BV ERGEE AT AR (PBS) 10 K02288 (0.5 mg/kg body weight) % RN 5 L 7=,
24 REfEfL, il & BB A BRI L. RNA BRI AW,

gRT-PCR

AR F 72 12 g#R 72> 5 D total RNA (X, RNeasy Mini Kit (Qiagen), FastGene RNA Basic Kit
(ARY =327 4 7 RA), £72IXISOGEN (= v R ¥ —2) ZAWTHI LZ, RNA X
Superscript VILO Master Mix (Invitrogen) % H\\Tii#s5 L 72, QuantiTect SYBR Green
PCR Kit (Qiagen) &)~ 7 A ~—(Table 1) % T, CFX384 Touch Real-Time PCR
Detection System (Bio-Rad) (Z& ¥ U 7 /L% A A RT-PCR 217> 72, & —HiL, HEAE
Gl aBEMED 77 A I Ra W CERL L 7 i B 2 20>, 2242k %
WTHER) mRNA LV DR E R 21T > 72, BinFOFEBLL~LiE GAPDH L~
*F L CIE#UE L7z,

LPS 5.~ 7 2 D AR RFENT
Robo4"¢ F 7= 1% CDH5-Cre/ERT2 ~ 7 A (. 5~6 #fip) 12, 23— WA L7-4 T

F 7 = (1 mg/mouse) % 4 HI[FEE CHRIENE G Lic, SAIOEG6 2 HH#E,
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~ 7 A2 PBS 1@ LPS (25 mg/kg body weight; Sigma-Aldrich) # @8N EEH L 7=,
C57BL/6N # L TF Robod™~ 7 A (I, 7~8 ) (2. 1%DMSO &4 PBS IZI&fiE L7
K02288 (0.5 mg/kg body weight) % EFlRINEE G- L7, 24 K%, CS7BL/6N 35 & U Robo4
k=2t 212 LPS (£ NZ 1 8, 12 mg/kg body weight) Z JENEN G Lo, AfFRIT 144 HFH
FEAM L 72,

1 B R HEARAT

Robo4®¢ F 721X CDHS5-Cre/ERT2 ~ 7 A (H, 6 #Hlin) I[Z¥EFT 7 = (1 mg/mouse)
% 2 HFERIENENI S L=, #5205 10 B, ~ 7 A2 LPS (80 mg/kg K E) % fFfE
NG L7, 6 Ii#., PBS 1D 1% T/ R A7 —3 100 uL &~ 7 AR5
L7z, 1 B, A V7NV T VB F C~v U A% 2mM O=F L2 U7 I v UEER
(EDTA) %% e PBS CHEM L. Bdgs2 it L7z, E2hz AL L7 2 RRhT2 HREA %
2aX—hKhTHZEIZED, AR TN—EEEEHSIE-, WHLZEEL. 620nm
THFREZNETHZ LIV ER LTz, K02288 Z /=7 v &A1 Tix, C57BL/6N
B L O Robod~ 7 A (I, 8 HfH) 12 K02288 (0.5 mg/kg body weight) % FflRINEES- L
7o Beh 24 1%, ~ 7 A2 LPS (16.5 mg/kg body weight) % JEERN L L7, 6 L
%, YURCZANRATN—EFEEE L, FEROFIETT vEA Lz,

EROMWEBET v

Robo4'*¢ & 721X CDHS5-Cre/ERT2 ~ 7 A (Hff, 6 #Hip) (2 EF 7 = (1 mg/mouse)
Z 3 HEER CHEEENEE LTz, BPI0Z XY 7 = U EENS 2 BfE, ~ 7RI
B16-F10 #fE (3X10° cells) % 0.02%EDTA &4 PBS CTEHRMN&Z G- L=, 2 @M%, i
R L, 77 R TTHEE L2, MAS-500USB 7 A 7 (Marutsuelec) % ¥ L7z SZX7
FERBASSE (Olympus) Z HWT, MmO Lz a0 =—8ZHE L7, K02288 %
AW 7=7 v & A Tid, CS57TBL/6N 1 L F Robod”~ 7 A (i, 6 M) 12 K02288 (2 mg/kg
body weight) # JEIVEPNI G L7z, 24 BFf#l#%, ~ 7 A2 Bl16-F10 il 2 &5 L. FIEkDT5
ETT vkA L,

SARS-CoV-2 DFFHL

HE 2UME M g8 SARS-CoV-2 #£ B.1.1214 (GISAID 7 7 & v ¥ a & & :
EPI ISL 2897162) i COVID-19 BEDBIRTHA D 79 T )Linb iyl S -, ARIF5E

ITRE R FOMFEMMELE B S OAR Z 7= (R2379-3) . 7 A /L A(X Vero/TMPRSS2 #fi
fid (JCRB1818, JCRB /L 3 7 )3 THYJE =, -80°C TIRAE L 72, Vero/TMPRSS2 #ffifi
X, S%FBS & 1% =V / ANLT h~A RN LT-R/NER M (Sigma-
Aldrich) T2 L7=, SARS-CoV-2 % I\ 7= invitro EBRIT, WS KFZDO NS A —TF
4 LUV 3 OiaR T, k& 2 AN e - TIT b7z,
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~ U AHK SARS-CoV-2 (MA10) (F, BIRA YU A Z7 —EBMEKIE (CPER) JEIZ X VG
L 7= ¥, MAIO DNy 7 R — % SARS-CoV-2 [E 37 Jg& Ye S BF 32 BT £k (2019-
nCoV Japan TY WK-5212020) T& 5, MA10 |Z 7 DDZE : nsp4 : T2951, nsp7 : K2R,
nsp8 : E23G. S : Q493K/Q498Y. P499T. orf6 : F7S # A LTk Y. ZN 5L BALB <
T A T O HIZ SARS-CoV-2 |ZEA S/l M & LT Leist HIZ &> THE
SHTW5 ¥, flBICHAT % &, 71 /L 2% VeroE6/TMPRSS2 #lfil (JCRB1819 ; JCRB
BN YY) THIME L., -80°C CIRAF L 72, VeroE6/TMPRSS2 flifi, 10%FBS & 1%
=V U/ ARNVT hvA T &N LT2 DMEM (high Glucose) (Nacalai Tesque) THhi#
L7z, MA10 & iV 2 invivo FEBRIZ, KIRKFOAA A8 —77 4 L~UL 3 Dk T,
SRS 72 AN e » T b=,

Airway-on-a-chip 33 X U8 SARS-CoV-2 &HE T VDO IER

b i A N R (HMVEC-L) (X Lonza 2> 5 AT L, EGM-2MV 5511 (Lonza)
THEFF L7z, Airway-on-a-chip Z1E#i4 57-Hic, KUY T AF Lokt (PDMS) 7
NA ADEHF ¥ v (WEF v V) 27 470 x7F > (3ugmL, Sigma) TF L =2
— k L7z, PDMS 7 /34 ZITBEH 41296 > THERL L 72, HMVEC-L % EGM-2MV £Hi (2
5X 106 cells/mL D% & CTHREE L 72, 10 uL OIREIK Z PDMS 7 /31 ADT7 4 7 a7 F
Ya—T 4 T ENTEHT ¥ RVIIEA LTz, 1 K%, PDMS 7351 ALK L,
EGM-2MV B & & F ¥ RNz T-, 4 B, & FRuEA /LT A K (AO) % fifkf
L., —HFLOFyx/L (KET ¥ x/V) (SRR L7, AO IZLARTO#HRE 4 IZRe#i ST
WD EOITHER L7z, AO Z BRI AREE L. AO 70{biFHIIT 5X 106 cells/mL ThfE L
7o BRIEBNE 10 pL & BT ¥ FUICIEA L2, 1 B f#. AO bl 2508 F v /v
[N Z 7o, MIREIE 5%CO2 Z & e IR FRFHA T, 37°C THE# L 7=, SARS-CoV-2 (0.1 MOI)
Zote AO S bE A RGBT v R /VICHEA L, 2 FEfEEREE L7z, &Y< L7- airway-on-a-
chip I%. AO /3 bisHl (KGET v x/L) & DMSO % 721X K02288 (1 uM) % & ¢e EGM-
2MV Fiih (I F v 1) T 6 HEFE L, XUET v /L & IE T v 1L Ok %
FIEHR DT A LA RNA = B —5 & H1E Lz,

7 A VA RNA 2 B —$ DRI E

Rz BiE % R B 0 2 X RNA I&fi#/3 ~ 7 7 — (0.4 U/uL SUPERase-In RNase Inhibitor
(Thermo Fisher Scientific), 2% Triton X-100, 50 mM KCI, 100 mM Tris-HCI (pH7.4) . 40%
7V tEr—LEEA-K) EAabE, BIRT 10 oA rFa2X— L7, REYE
FREKT 10 fFICHAIW L7Z, 7 A /LA RNA (%, QuantStudio 1 Real-Time PCR System
(Thermo Fisher Scientific) [ One-Step TB Green PrimeScript PLUS RT-PCR Kit (Perfect
Real Time) (TakaraBio) & ¥~ T A ~— (Table 1) & AW CEE L=, MEAEMBRIT,
A A& s FHFZERT 2> 5 i N L 7= SARS-CoV-2 RNA (1 X 10° copies/uL) % VW THER L 7=,
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N )

HMVEC-L (2835 L7z R =F LT L7 # L— M&% airway-on-a-chip 7> & KT
IZBRZE L, S el Lz, 5o 7=/l % 4% /37 RV A7 V7 & F(PFA)T
[EE L. 0.2% Triton X-100 Z & ¢e PBS TEMEAE L, 2% 7 M7 /L7 X > & 10%FBS
ZEte PBS T/ R w7 Lz, 3LVl % VE-cadherin (2% 9 2 L& (F8. Santa Cruz
Biotechnology) & )it~ &, #t\ T Alexa Fluor 594 (Thermo Fisher Scientific) (Z#5& L 72
TIRPUR & RS ST, AT A4 RiX, ProLong™ Gold Antifade Mountant with DAPI (Thermo
Fisher Scientific) T~ 7> k L. BZ-X700 (KEYENCE) % F\CH#EfT L 7=,

1%PFA [H7E L7z~ v A A % 0.2%Triton X-100 % & ¢e PBS Tz L, ALK
(AF770. R&D Systems) 3 L T8 VE-cadherin (ab282277, Abcam) (2% 9" 5 Hiik & fis &
t7=%%. AlexaFluor 488 & 7= (3 Alexa Fluor 546 (Thermo Fisher Scientific) |Z#5& L7z I
PR & S S/ 72, A7 A RiX Vector TrueVIEW Autofluorescence Quenching Kit with DAPI
(Vector Laboratories) % FVNCTHLER - =7 >k L, BZ-X700 (KEYENCE) % FVNTHENT L
7

SARS-CoV-2 B4~ U A DALFRIARHT

KD BALB/c ~ 7 A (8 ill#fin) |2 SARS-CoV-2(MA10 ; 2% 10° PFU/mouse) % f&Eui% 5
L7z, SARS-CoV-2 &4 1 HATEB LUV, 3, 4, 5. 6 HfRIZ, 1%DMSO &# PBS &
721X e e 7 rHd K02288 (2 mg/kg body weight) %~ 7 AZHEIENIE G- L, KE %2 HIE
L7 NBERITZ Y RaRA > M, RO MR ISR LT 25% DRERBAD & Lz,
U ADIKRENIIIULTED 75%LL FiZ/e>7- H &M T H & E# L7z, SARS-CoV-2 %
7B IR TR IK K AR EE R B S OARE ST (K783 5 BIKEN-AP- R02-09-0)

SARS-CoV2 &t~ 7 2 5 b DfitikAfk I & Y RNA DRl

> BALB/c ~ 7 A (8 ##iH) (Z SARS-CoV-2(MA10 ; 2X10° PFU/mouse) % &5
L7ze R&Y: 4 HIZICHi2 R 7=, K02288 AL~ 7 %%, K02288 (1%DMSO % & ie
PBS ' 2 mg/kg body weight) £7-1ZE & 7 /L%, SARS-CoV-2 &4 1 HEf, 1 HitB X
O3 HRIZ~ U AN G- Uic, MizsRI L7z, MiE RNA SR H WS 2>, 1~
4%PFA TREE L. WU R ORI vz,

~2REXVY v eV YfE
4%PFA [HE Lz~ A 2 ~~ b V>« =4V YH&E, &7 A VA5
JeiEK) TYefa L, BZ-X700 (KEYENCE) % H\WNCHEHT L7,

MRt

22



T — LA ESEM T L7, P I log-rank fRE. unpaired t fRE, —ICHlE £
721X It E ANOVA |2 Tukey ORE F 7214 Dunnett OFRE % N2 THH L7, #itiE
Mrix 9 XT Prism 7 (GraphPad Software Inc.) % H\\TiTo7, FEEMEDZOKF A E
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Table 1
qPCR for HUVECS 5'-3
human Robo4 Fw  TTATGGCTCCCTCATCGCTG
Rv.  GAGGCTGTCTGAGCTGGAAC
human PAI-1 Fw  GAAGATCGAGGTGAACGAGAGTG
Rv.  ACCACAAAGAGGAAGGGTCTGT
human ID-1 Fw CTCCAACTGAAGGTCCCTGATGTAG
Rv  CGACATGAACGGCTGTTACTCAC
human GAPDH Fw TGCACCACCAACTGCTTAGC
Rv  GGCATGGACTGTGGTCATGAG
qPCR for mouse 5'-3
mouse Robo4 Fw CATGGTGGAAAGACGGGAAA
Rv  CGAGTCATTCTTCTCTGCTCTTGA
mouse ALK1 Fw  GCTCAGTCACAATCCAGAGAAG
Rv  ACACTCTCTTCACTCCCTCTAC
mouse GAPDH Fw TGCACCACCAACTGCTTAG
Rv  GGCATGGACTGTGGTCATGA
Generation of Robo4*C mouse 5'-3'
CAG-stop™*-Robo4 genotyping primerFw ~ CCATCAAGCTGATCCGGAAC
Rv  GTAACAGGAGGGTCCCATCC

CDHS5-CreERT2 genotyping primer ~ Fw
Rv

GCCTGCATTACCGGTCGATGCAACGA

GTGGCAGATGGCGCGGCAACACCAIT
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Flo. ZREBLHE N A F LT, KIRKFAEDFRFERTZEE  (F)IE NS4,
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Max Planck Institute for Molecular Biomedicine H & =6 EIT0E D E#H V- LET,
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