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Abstract

Kawasaki disease (KD) is an acute febrile disorder, predominantly occurring in infants and young chil-
dren. KD is characterized by systemic vasculitis, with involvement of the coronary arteries in approximate-
ly 25% of untreated KD patients. Coronary artery abnormalities, including aneurysm and myocardial infarc-
tion are highly correlated with the prognosis of KD patients. Resistance to intravenous immunoglobulin
(IVIG) treatment, which is observed in 10-20% of all KD patients, is a particularly high-risk factor for coro-
nary artery abnormalities. However, the pathophysiology underlying KD and its resistance to IVIG treatment
remains largely unknown. Here, we have briefly reviewed our original study on the mechanisms of IVIG resis-
tance in KD, using a disease model of induced pluripotent stem cells (iPSCs), rather than human coronary
artery endothelial cells or human umbilical vein endothelial cells. Dermal fibroblasts and peripheral blood
mononuclear cells from IVIG-resistant and IVIG-responsive patients were successfully reprogrammed to
iPSCs by the transduction of the reprogramming factors using an episomal expression vector. Endothelial
cells were then differentiated from KD patient-derived iPSCs and RNA sequencing analyses were performed
to compare gene expression profiles between IVIG-resistant and IVIG-responsive patients. We found that
CXCLI12 expression was critical for IVIGresistance in KD patients. Importantly, Gene Set Enrichment
Analysis also suggested that interleukin (IL)-6 signaling was involved in IVIG-resistance. The involvement
of CXCL12 and IL-6 signaling is consistent with the behavior of inflammatory cells in severe cases of IVIG
resistance in KD patients, where numerous leukocytes, including monocytes and macrophages, infiltrate the
vascular wall to damage the coronary arteries. Further studies are required to validate CXCL12 and/or IL-6
signaling as therapeutic targets for IVIG resistance in KD.

Key Words: Kawasaki disease, Intravenous immunoglobulin resistance, Induced pluripotent stem cell
(iPSC), Endothelial cells.
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WRLBER 2R - I id v, MR
OYE, #125%DEE THENRIHZ (coronary
artery lesion: CAL) # &3 56725, #Hr~ru
7)) VEBREFERE (IVIG) 12X ) CALEHF
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FRR0 7 AT 4 FEEMHT (genome-wide asso-
ciation study, GWAS) 12X V), JIIIG7sHE Bz
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NIGR 2 VERI O RE X, 5005 O BB 72 i
1LEFEM e U, SEEY S b A4 v BXOTE
A vOrEHEES. TFTIT, IL6, 1L,
TNF-a 213U & L2RIEWY A bAoA v, 7
T A NGRS ORI b T EF LT
WhHZENHREINTE .

S 0E, ST 2R 3 AN I HA% BR
(PBMNC) # T~ A4 707 LA i &1i7-
72k h, EAL10E(AF D% 2 NAIP, IPAF,
SI100A9, FCGRIA, grancalcin (GCA) 7% & D
HARGIZE MG T ORI LAPRO bz,
pathway it Td, HRGIERICEEDDH 5 TLR
7OV R RS2 NK A B8 S5 A e 155 55 ek e i A
—¥fupregulate SNTEY, HKXGIEMEGT
DI 2 ERREBICE S LTnwb 2 &8
I 512, HARGIESZ A Kligand (&
% Nodl ligand) #2512 X O IG5 B AR, 6 B)
MRoe~ o A€ TFNFHBUFIFE S N72Y . BUE,
H Ak 502 % % IR TG 1L & & % Damage-Associated
Molecular Patterns (DAMPs), Microbe-Associ-
ated Molecular Patterns (MAMPs) )15 &
HWARD SO HiF L C, A b FHc
L BIWHNIEHPHED STV 5.

MER KR Z AV -RENR

JIESEDMAERD A S = XL %GRS 59 2
T, b MEBIRNEZME (human coronary
artery endothelial cells, HCAEC) & %\ idt b
T EHIRPY BT, (Human umbilical vein endothe-
lial cells, HUVEC) % JI\>72in vitro DWFZEARE T
HBHDS, WAL, IPSHIN A PI Rz AR
% FI 72 IR D IR BT 9% % 6 4 D BFSEEE A3t
BT T o729,

1. HCAEC ¥ HUVEC % I\ 72 ) 1% D fR RS R

o

A% B % PBMNC 2 v/~ 4 7 1
T VAN S, FIRSOIE B S s 2 I
I DIFREICHR S G- LTWwad 2 LAV L
2%, 22T, HRBEZAERligandIZX D
HCAECZHli L7z & 2 %, ICAM-1 O3B A

B EA LIS OREAENFHICLE LY. F
72, NG B L 1 X ) HCAEC # #il# L 72
WA, IL8EANHEIIIELLY., 25
2, BARGIEZEARNodl DA ligand TH 5
FK565 DR T HGIC L D 7= E K~ A E
TV S 7z,

RS, IR I 2 v T HUVEC
RIS A LX), MEEENS high
mobility group box protein 1 (HMGB-1, g
BEICBYHE), caspase-3/7 (7R b— AIZBH)
DFEBLFEYNTHML, U ¥ BRIt Akt/Akt it
(B o e YEAHERRIC B ) 253 A2 &
L7727, JIEL7-HUVECIZREZ a7 »
(IG) =5 L&z », MakiEY:, HMGB-
1% caspase-3/7 DBV FEHITWA L,
pAkt/Akt IS L 727, & 512, CAL&PHII
W97 B F I 12 & ) HUVEC 2 #ili4 L 7354,
IGH 5%, MREEELXLVEESHETH D,
pAkt/Akt L DBEINAIH] S T W77, IGIHHE
V2 & AR R S LA TN K2 i o0 T 1 %
WXL T EATRIBEENT WD,

2. iPS#AEa% B 7= )1|18s D i e fRER

g —u v SFEENCHIE L THATONIEEO
FEREARAT10 ~ 20 5 & FEH IR 2R )
5, JNEROFEIITEFEMOER S G LT
WL ZEIRBEENT VS, IVIGRLTHIA 2
TAZE ) MEGEZ EIL L 720f%ETH, B
HOBETHRBATO T 740 ¥ ZI2BWTEE
PEEDTBY Y, HEMOEROYG-27R"E S
7z, BEAAINE L D ZEREIC RIS 5 BIRTE R
ZAET A NGRS ST TV 2452 LT,
HFEUMOEROBES D, IVIGARIGD A 5 =
NG A NN AN R S (-

1) 13 Fe 3 v R iPS AT O A 3 & it 357 PN 1 Al
fa~oifE

IVIG AN 955 3 260, TVIG SO ) 5
F2P TR G & U, R R Bz RS RHE
fad LEAMMTMBII Y =< bR
5 — % FH T L6 R 2 38 A L iPSHllE % 1
B 72 (Figure 1A). 1B L 7215 B Hi 3k
iPSHiL (KD4PSCs) &, JEfEA e b ESHilLIC
FEILTEDH, OCT4, SOX2, NANOG, SSEA-
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Figure 1 JIIW% B8 B iPSHINE (KD-PSCs) D87 & MAF B (ECs) ~OFiE
A) I B EHRIPSHIIEO o0 = — 1 3mAE 2 e FESHIBOEEZ R L 7.

B) KD-iPSCsZ3B1F % Kb~ — 7 —DfuEgets (OCT4, SOX2, NANOG, SSEA-4, TRA1-60, TRAI-81).

C) KD-4PSCs#*5 L 72Kk D s 4etn. TUJ-1, alpha SMA, SOX171ZZNZHHIMESEE, iR,

WIREED~ —F —. & © hoechst3334212 & A A%4x . #kfn | MEMNEMNIE, A4 —L/3—, 100 um

D) KD-iPSCs %5 7L L 72 ECs @ CD31 & H W 725 sdets. 58 © hoechst3334212 X A% Yeth.
o MR RINE, A4 — b 3s—, 100 um.

PC2 (15.6%)

Z-Axis

PC1(21.42%) PC3 (13.37%)

Figure 2 JIIG5 8 & iPSHINE (KD-APSCs) 75 i L7z MR (ECs) % w72 F )% 5541 (Principle

component analysis, PCA)

P1, P2 (35f) IVIGAIINHHRE, P3, P4 (Frfa) IVIG BUSIEHERE, C1~C7 CGft) flHni
H D% iPSC-ECs ® RNAseq 77— ¥ & W T HN72PCA7 T v b,
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4, TRA1-60, TRA1-817% LKL~ —H—%
WL Tz (Figure 1B). ¥ 72, KD4PSCsiZ,
“hEANOGLREE R L, £51LEEE AT 5
& &R L7z (Figure 1C). ¥ 512, KD-iPSCs
2 A N MR ~G5E L 7= (Figure 1D)”.
AWFED TR LT, [R5 iPSHI
NaDVERk & 2% v 72 BT I B 5 % F7¢
& U CRHF IR AR B H 2%, Tk MERE
FEFLG IPSHIL DR & 2 % Fl v 72 B AT 12
B350 BLO [ B iPS N %
7oA T ] & U TR e 24238
DEHEREORBR R TITo 72, £72, I
WOBEB I OZOEEIZTHHH L2 1T,
[F) 758 % 15 C B 8 AR M % AT L 72,
2) FW55 0 (Principal component analysis :
PCA) % MW7z IVIGAS B L O TVIG Bt 1R
9 RE 3 1PS M SR M A8 PN B Al oD e 2 F- 58 B
77 7 A IVOIEK
FHATHT L, ZLDEHERODT 41
LT, KDDL WERICHKT A 2Z &2,
T—Y O E X VBN LHETHS.
IVIG A R #E,  IVIG SO IGRHE, st

HEHE D - iPS HIAD R M 45 P9 2 Ml IPSC-ECs)

% H T RNA-sequencing (RNA-seq) f##T %

1oL 25, 3WE MV LBET RIS A

ZxR L7z (Figure 2)”.

3) G TVIG AN IS L BE T L 72 95 28 1 38 4ol 4
F & LToHCXCLI2
IVIG RIS ISEEE, IVIG BOG TS REHE,

xif R 0 4 iPSC-ECs O f5L % #7342 HIW T,

RNA-seq 7 — % % J\» T gene ontology (GO)

WNT 24T o 72, IVIGANS N IRpERE & TVIG BUG

W e D JLig (Table 1), B X O IVIGANIG )1

JE & AR R O LR I2 55\ T (datanot

shown), CXCLI22%H EZFEHAT#ETF &L

T s h7zo.

4) Gene Set Enrichment Analysis (GSEA) % H
W 72 IVIG IS ISR O i RE B (= Tk v b
D
GSEA k&, 44T - 72 RNA-sequencing f##T

DOFERITK DAV, BEo~xf a7 47—

% (& A\ IZRNA-sequencing 7—7%) &5 —%

N=AP LR LT HLETH 5. IVIGAHIE

JIIEF R, TVIG BURIGwHRE, xR o &

Table 1 GO analysis of iPSC-ECs derived from 2 IVIG-resistant KD patients and from 2 IVIG-responsive KD patients

Term Count %o Genes P Value
X LAMA2, VWF, EMCN, NLGN4Y, CD34, COL15A1, ROBO2, CXCL12
cell adhesion 10 12.5 0.001255
CYR61, SPON1
X . . LAMA2, VWE, EMCN, NLGN4Y, CD34, COL15A1, ROBO2, CXCL12
biological adhesion 10 12.5 0.001268
CYR61, SPONI
angiogenesis 5 6.25 EMCN, MEOX2, COL15A1, CXCL12, CYRG61 0.002478
blood vessel morphogenesis 5 6.25 EMCN, MEOX2, COL15A1, CXCL12, CYR61 0.008681
regulation of organelle
L 5 6.25 HOXAI13, DLGAP5, TMSB4Y, CXCL12, SYNPO 0.009557
organization
chromosome organization 7 8.75 CDCAS, UTY. DLGAPS, HMGA2, TSPYLS, TOP2A, KDM5D 0.010374
blood vessel development 5 6.25 EMCN, MEOX2, COL15A1, CXCL12, CYR61 0.014405
vasculature development 5 6.25 EMCN. MEOX2, COL15A1, CXCL12, CYR61 0.015614
branching morphogenesis of
3.75 PBX1, CXCLI12, CYR61 0.025836
atube
positive regulation of
cellular component 4 5 HOXA13, DLGAP5, ROBO2, SYNPO 0.032264
organization
morphogenesis of a
X 3 3.75 PBXI1, CXCL12, CYR61 0.032826
branching structure
positive regulation of
3 3.75 HOXAI13, DLGAP5, SYNPO 0.040467

organelle organization

IVIG, intravenous immunoglobulin; KD, Kawasaki disease; iPSC-ECs, endothelial cells differentiated from induced

pluripotent stem cell.
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Figure 3 JIIWG5 & R iPSHIIE (KD4PSCs) 2 5 7 bifE L 724 Pl (ECs) 2 v 72 Gene Set

Enrichment Analysis (GSEA)

(A) IVIGAIG)g e, IVIG BUS I8 0 % iPSC-ECs @ RNA-seq 7 — ¥ % H\» 72 GSEA. X 9 %<
DB O SN A H, IVIG Ko NIEREIC IR L CIVIG AIRIIEREE I B W TIL
6 BTG T RSB TH LI L 2R LTV D,

(B) (a) FL¥sIHEE{5T%, (b) NRAS (RAS oncogene 7 7 I V) —D—2) HHEETEE, (o) F5=
S B R (R TR O S BIAY, IVIGARIERRIIC B W CHEIHTH - 7-.

iPSC-ECs ® RNA-seq 77— % % W\ T GSEA %
1To722 25, VIGAIGNEHREEIZB VT, IL-
6 EEETHOBEANPAREIC LA LY
(Figure 3A).

LHAT o 7 f#HTCld, FLHE, NRAS (RAS onco-
gene 77 I —0O—2), FEERICHEL

BETREOFRBEA LA LT/ (Figure 3B).
5) CXCL12 & IVIG AIS g o 138 58

CXCL12 (% 1ML N Bz Ml % & & 728k 4 7o il
WCHEILTEBY, VU ro3Ek, HIEK, BRI,
HE ML 3 L) e b s [ & L C
TEHI %Y, & 5I2CXCLI21E, SERnR %k
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JERIB DB, ZDZFRTdH 5 CXCR4 & I
LC, HIEkoB)E R MR % A L 72 [ sk
DHFENT B THULY 2 B8 2 He72 97, Ik
FEML7-70—F v o N—FEF VARV
BRiZBWT, CXCLI2 2 &/ 4orEhf v
A%, THINBOICAM-1~DOHEEZFLEL, 1L
MIZTHIE D rolling % 1k 27212, F7-
CXLCI21%, &IERHORIELEICDEE I
FTEEZONRTWAS. SCIDY T AEFNVIZE
WC, CXCLI2IZBIf Y w7~ F B R R
i~D e tHECRMIak (U937) @ik % 3

L, ZOEMATNF-alphafilliit k v L TWw
LI EDRENTVS YW, E5|2CXCLI2IE,
FIEMBL OB BBV T B 2 el & 7
LTWB I EAVRIBENT WS Y, iR
BT, B 0L SR AL E B O SN i
BN R A R SR IB AR 1 CXCL12 D 56 L%
AENTWAEYW, F72, CXCLI2 DiEREE) B
PEIZ, TNF o R IFN-y |2 & ) FHEjICmB s n 7
v N LE AL (HBMECs) ~OT )
VOREROBAEIMEE S, HiE O HBMECs % 4
L72TV) ko dbtEs N Tn3?. Zh
5O S, THARED SAERHEIZB W T,
MBI %2 A L7z ¥ REROB BIZB W T
CXCLI2 D EE L fEZ2 R L Tn5b I LAUR
BEN5b.

IVIG ANt 0 EAEJ I AE B T lE, HERP~ 7
077 — Y% Et% < O MERAN M BE~Z
L, BylREE 2 4@ IC S 5 9, SR
DO E, A, BEEIZBIT S CXCLI2DkE %
EZRET 5L, N EZIIBT 5 IVIGARR I
BROFEREREIZ B VT CXCLI2 A key molecule
THDHIEHPRBEIND W,

LHAL%ATS, CXCLI2ZA LD & 9 IZIVIGA
SIS b 0L TR, BIEDLE Z AR
ThHY, 5HOMHZET L.

6) 116 & IVIG AN IG5 0 134

r[al$% % 54T - 72 GSEAF#NT TIZ, TL-6 B5di
faF-BEAS, TVIG BSIIG G EH 2 LT,
IVIG AR 1555 JE G 1 2R iPSC-ECs 12 B\ TR e
HTho727. MEOMETIE, IVIGARED]
W5 2V B IS B W T, G IL-6 o 52

RENTWE Y, TG TiE, IVIGKIG
J L2 EeB LT, IVIG AR IR B EH 12 B »
THH -6 EAFHICE M TH 72, 51T,
N33 2N B 5 IVIG IR~ O RS,
MiHIL-6f, CRP, MFHEREICHEAFL TnD L
WL D H B, KW, N EE, FF
(2 IVIG AN 1359 2235 12K @ iPSC-ECs % H v
T RNA-seq T 21T 5 72D TOWMETH 5 7.
HWEOHE LRI, et OBFZEHE» 5 1,
IL-6 23G9 R 2 3B % IVIG BUG B G- L
TWVWB I EPNRBEN. L2LG2AS,
CXCL12 & [EkIZ, IVIGAIRIZED X ) IZB Db
LZONCEALTIEWS TR RL, 5HBOE
IR L 7w,

7) GHBOWIED R IENE

L4 OWFFETIE, CXCLI2 & 116 231555 ¥
2B IVIGHEYIMEICERICHEL Tnwb 2 E
ARENTZY. SEELNZMA, RoicIh
FTOWMEDPSIMERERED A A = X LIZDO0
TUTO L) ZRERASIEZEZONZY. H5
agent S MER 2 HIEL L C, %ML L 722 A iEka)s
IL6%&EATZYA MO A Vw2, IL62%
BRI B W CTRIER ER L2, M5 AR
faiZ & 5 CXCL12 D5 2 1R T A W REMED D
%% CXCLI2 X IMEkoB) B 3 & O Sz,
ZALzHEEIC B AL B 2 B2 LT
WD W A REATR L 72 SR 28 S e M
A4+ # 4 ¥ % matrix metalloproteinase % 4~ i
L, SEEREED IS D™,

—7J, & M5 XN 5 IVIGIZ CXCLI2 % IL-
IS TP EEALTVWDE I ENS?, IVIG
RIS EEITB VT, EMH L L7z CXCLI2 R IL-
6 ZEAICHET 5 1EIE S T 7)) VRIS
THAHAIENFEMNEND., OB S IE,
CXCL12 > IL-6 O 45 52 1 BH 5541 23 TVIG ANt 1 e
WEEITERTH A HREIREING.

CXCL12/CXCR4 ¥ 7 F MEERBOT » 7 T
= A FT»HAHAMD3100 (plerixafor) 1%, CaCl2
FHEEREIRE (AAA) <7 ZAEFIVIZBW
T, REYIREER: 3 <2 AR B IRIR T B % $) L
72%. AMD31001ZFDAIZ & Y BEICARZLE T
By, PABRZEORBIIIBYTHMLoBEH
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HTHEAINTWS?,

ZD72%, 1st line ® IVIGIBEHIZH L TAIE
DINIFHHEF I LT, CXCLI2DT ¥ T=
A NDERTH DRI RE I NG, F31
in vivo COMAEDVLETH Y, e %
froTwb.

—7, Pt ML6ZHHRE 71— F Pk
ThHbH V) A<T7IE, HRTHESH, &
BIJIABE IR G SN TWDE Y, £HRTIA LI
WG 955 U W A IR 2 R A T WL 0SB 5 % SR 0 A
D IL6 D ES S sTIADFRREICHERE M L
TW5®, INFETIZH V) X~ 7% )IIERRE
IR G L 72HE 3wz, IVIG AN IR
W9 Btk ML6ZHARE S 7 u—F ik
DEBAFEENHDLLEZOND.

ftskix, HCAEC % HUVEC % Hl v 72185
MEVBERTHo72. LBLERDESL, oD
BRI B O E2 AL TI3B 5T,
NS DOARRED B PED MBS TH o728 LT
b RAEZ LU B M 2D 5 FEE DOFERMEDFRD
bNBHZEZEEBTHE, 20 L) IR TE
AT LOBMEI L IEE 2 R, RIFFETIX, B
HORORE AT 513 T DiPSCs-ECs Z J v
7280 T OGO PLIRENFE TH 5 720,
7= b OB O TH SN mEAE, IR
DI PIRREN B BIFR T 2 T REVE IR D T
WEIRIBENS., LALAEWS, BEHKRD
iPSCs-ECs Z JHW 72 RIC b BRA D H 5. 2 2
T 5 N7 iPS-ECs IS Hr IR 14 00 N Bz Ml & Bk
PO B AR N IHRAE L TV B 2 &1
%BH, NFHEZETRIEZREIL, 2OFH
DETHEELZOIZEHIRTHLZ L EE RS
&, WEROWBEMBZ T C&E 52 LT
LWEZEZONLE0HTHAH. iPSHIlLY HBR
PO PN % 7L S8 72 A 3R S B 2,
BakBbIEL HubNTwa o tFE 7T b
=NV FEREL L, EBIIRO N E 55
72Ol E L SN TWAR W, 51,
iPSHIIA 5 D & ) B EEEEES T E S

52 LT, EHITHED R W BRRRN 2 0H5E
VEMTEL LRI EEMFLN.
8) iPSHIRLWIZED £ L @

IR 2B HH 3K iPSC-ECs % H v T RNA-seq f#
MaAr) 2 &K, IVIGAIE O RER IR
DO FEIE P IEIR G- 5 MEMES T Th S
CXCL12 %3¢ i L 72, CXCL12 & J&HiE s oo i 5 i
2B B AIMEROEEEICEBEC Db o> T b
CEDPHEEENTHE Y Y, & 2B IR AE 5
TIRE VL OHER, 717 7 — VHiEEE
NRETAHZENL Y, CXCLIZASZ NG DY
REIZB1T S key molecule TH 5 Z L ARIEX 1L
7z.

S50, MiE IL6MHO LA IVIG A IR 95
SHEHERICBI2HE L LTHIICHESINT
B, IR EE IPSC-ECs % W 72 K WF%E D
MRS R 5 D, IL-6 D IVIG S DIREE~N DY
AR 3 he.

SBHREOREZE

SEFR AL, IS EE OB RS 5 i
KRS A S iPSHIRE 2B L, M4 PR~
FEICHEI L. X512, FHELAMmE N
% v 72 RNA-seq f##TIZ X, CXCL12%%
IVIG At DR REBI i 70 F T 5 2 & 2 J8
U727, Sl%, BANHINEA S FE L 72N
fa R HLER % W THiL OB B 7V OREEE % 47
W, JERERRFEERRIC X D 1R S N7 Bk
FR 45 R L 72 CXCLI2 12D\ T, in vitro &
in vivo DFEFR, BHRMAETHWD Z LIk
0, IVIGARIIEFEIZ B 5 IR 51 & L
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