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INVESTIGATION OF BONE MARROW-DERIVED ENDOTHELIAL
PROGENITOR CELLS IN MICE WITH COLLAGEN-INDUCED ARTHRITIS

Chiho Yasubpa

Division of Rheumatology, Department of Internal Medicine, The Jikei University School of Medicine

Recently, new system of neovascularization called ‘vasculogenesis’ has been reported. In
vasculogenesis, endothelial progenitor cells (EPCs) which are mobilized from bone marrow to peripheral
blood home to the local sites of ischemia, and differentiate into mature endothelial cells to be involved in the
neovascularization. I investigated whether vasculogenesis would take place in the local joints of mice with
collagen—induced arthritis (CIA). Bone marrow chimera mice created by bone marrow transplantation
between different sexes were devided into two groups, and CIA was prepared in one group. The other group
were regarded as control. Samples of peripheral blood and specimens of the bilateral ankle joints were
collected as arthritis diveloped. Cells positive for CD34, Flk-1, and CD117 in peripheral blood were
counted with fluorescence activated cell sorting (FACS) , and regarded as circulating endothelial progenitor
cells (cEPCs). The ankle joints were subjected to simultaneous immunohistological staining and fluorescence
in situ hybridization (FISH) , and CD45, CD31",Y chromosome” cells were identified and regarded as bone
marrow—derived endothelial cells. The number of cEPCs in peripheral blood was increased as arthritis
developed in the CIA mice , compared with that in the control mice. Bone marrow—derived endothelial cells
were noted in areas of the ankle joints with marked synovial proliferation in the CIA mice. No bone marrow—
derived endothelial cell was noted in the control mice.

These results suggest that cEPCs mobilized from bone marrow to peripheral blood differentiated into
endothelial cells in the local inflammatory joints, and are involved in the vasculogenesis of arthritis.
(Tokyo Jikeikai Medical Journal 2009;124:191-200)
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—%, BHHIY < F (rheumatoid arthritis ; RA)
1, BTN 2R A O & U 2 B SE
TEDHEETH 5. RA TIIRIEM BRI 2%
DIMEFH A& 2R, THUTHEET 2 BB D5
BIIWEAEEZEZ SN TWS, BEERICBIT 2 ME
HAFLE NS BEEEEZBHIN TSR Y9,
vasculogenesis D sy 5T L 723 13 D 7e <,
BH AR V2 R & 37 B E S HEL 7S Bl AR D BE
RIFFTCMEFEICEEG TS L 2R LM
AN

T THE, B SR T, B bR
MiaDHY REKZEZETLIEHMFAIITRAE
ERR L, T3 W THEETRICST 5-58Hkim
BN ML D Eh I 2 R L7z,

0. MKREAFE

LRI GE
HHEMOL S ET > M E U T4 A DBA/
1J * 7 A ( Seac Yoshitomi, Ltd. Fukuoka, Japan)
(n=26) , K7 — <& U TIAHE M & DBA/LJ (Seac
Yoshitomi, Ltd.) ¥ A (0=30) ZH W/ LIF
DHETHMBMEITY, 377 B
% (collagen—induced arthritis : CIA) % FHE X 7=
7, CIAZFIEL <7 A % CIA # (0=13),
CIAZEBALBMho/Y I AZ3 > bO—) L
(0=10) &L, EBMHRTXTOMITICTHW .
2B, TRTOYEBIIMFEEIC BT 5%
G DFEMITE T 2 EARTES CUERIER) &2
LU, RRBERERRERYERZERITES
CRB I NFHEICHE > TiTHo .

2. A&
D BHiEE T )L OMER

(1) R —Hifa D

RF—2 I TFIT—7)L OEER AT TLSE
e, KA EIEHZHIL 721, Dulbecco’s
modified eagle medium (Invitrogen Co., Grand
Island, NY) ZH#FEICT Ty > 2 L TEHEBZE
W L7z, Bl e 1ra> Ay > ail
i U TEIY L 724, phosphate buffered saline (PBS)
ICTC2mPEH L. PBS THEHL THHT1
O Aw 2oz U CHMRRER S Uk,

(2) LyEIY MO X HRIRE

i}

L EL Y MTX#REALEE (MBR-1520R,
Hitachi Medical Corporation, Tokyo, Japan) 7%
NWT4.0Gy O XHERF Lz, 51T 3 KR,
4.0 Gy DB 2170, I ES.0Gy & L.

(3) HEEFEH

EIRSHE TEEZEOL S EL Y M, AU >
LU 7= S ERICT, 5.0 X 10° cells / 0.5 ml |2 3%
U7z R — & BEf ik 2 R kit 5 U 7z,

(4) BAEZN R O EFifi

@  RAYMEEA DS

HRERA AL 5 EMRRE L 72~ 2 DRIk
5, PIFINIT—F)LOWARKE:TFICT, R
60 1 1 ZFBMERML =, ¥ T EREMNSYE,
Pep Lztg, WV 7HWRICCEEL, AT10 KT
TR T U TEAZFERL 7.

@ Fluorescence in situ hybridization (FISH) i

A T4 R{EAZ 10mM sodium citrate 12T 96°C,
15 rflA > F 2 X— bk Uiz, ZEIRIT 20 s [EBGE
L 7=%, 2 X Sodium chloride-sodium citrate buffer
(SSC) I THHL, 4% XTIHRINLTIVTFE R/
PBS NIZT 2 0l > FaX—hLk T /—
JVIZ TR, JAEZ L 7=, StarFISH Mouse Whole
Chromosome-Specific Probes (Fluorescein
isothiocyanate labelled Y-chromosome paint,
Cambio Ltd, Cambridge, UK) 7% & ]l 75 ¥R buffer
ICTUVIOMmML, 10 p 1 &2 AT A RITHE .
AN—=HIA%EE, FIN—AZFTEHALL
%, 60°CTI10 /AT Y, MEMEITANT
STCT—MWe NA TUVIFAXSE. IN—EA
SREAN=ATAEREL, 50% FIVALT I
R /2 X SSC THRE O —T 2P L7121, 2 X
SSC, 4 X SSC/0.005% Tween20 TIHEIZYEHL,
DAPI I counter stain (VYSIS, Downers Grove,
IL) TP IO T > M EfTo k.

® TITFINOBEEF AU XL O

AxioVision4.2 (Carl Zeiss, Germany) % )T
B 100 &l @ Y kg tEfifaz 71 >
cL, Z2ON—t>T—YE2EHL .

2) PBHEIRFBIC 3BV % 15 % R ML PN B AT e
DEIA]

(1) BHBHEET T\ ORI HY

BRI S EMERL YT X%, aF7—F
BRI R (ClA) BFE, 32 bO—)LHOD
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2Tz, CIA BRICIZHIEIsEE & LT, BAR
HRIZ, ZE?D 0.3% w2 IMa5—4> (COSMO
BIO Co, Tokyo, Japan) &5%E£ 704 > h7 P
JN> b (Difco Laboratories, Detroit, Michigan) %
BAELZIXINY 3 >0lm (25 =7 >
150 1 g M) ZENIESG LUz, 3 %I T —
A —EL T IO ERTERTOA
CRT P aNnNS P THERLUEIRIIVY a > EFE
[ SO

(2) BAEIZ DFEAM

AR B D 4 RBIETIC DWT, RIS SEKL
0 - JERRIEL, 1 A0 BEOMEIREFER, 2 A
B/ IR, 3 51 S OMEIR - IE, 4 5 B
HiofkE, @5 [CXBFEEEfTo . &1
RIZBWT, 4BETXTOFEEEESRAREB X
Ul 2 B0 A OBk e G L, &2
BAfIY > IV 2 RAUT 5 ZTOMM (day28 B L
<% day35) DfERFHIZSLZEMREL 2.

(3) B i Eh W 1M 57 PA) B i iR A L oD (] o

O EADIER

T—25 —%5%1EME (¥IE %% 1%
day28) , F/IX2HME (day3b) 12, YURA%E
R BINIVES —JVITTHEMEEL, HEXD AN
UM Uz, S5ICAEELD PBS TIMENZ
RV L2, DVWTA% NTHRIVALATILTE R
/ PBS TigEREE L, Mflt£k 2z 2RI S 5mm
HIXEI TR L 7=, Ul L 2Btk & 4°CI2 T 4%
INTHRIVATIVTE R/ PBS 2 AT 48 K[
BETE LR, 100% T% J —)LI2T 24 B
JEL 7z, & 51T 10% EDTA B IZ TR T 48
RERIIR U715, NS 7 1 U 2 1E5LL /=,
@ RSN R MO B

B B R R B PN R T & W E 9B 7= CD45,
CD31 @ —FERIEREITEEHNT, FISHIET
Y Gt iR e 2 A HE 9 5 ik 7z 10,
a. ERLE

INT 7« Y % Tris-buffered saline ( TBS) 2
TUeH%, EE U FmE (ZFL1) 2L,
00M7ay 7 Ui, 1k¥ifkE LT 125 IR
L7=Z v b~ A CD31 Hiff (BD Pharmingen)
W EL, ACITT—M1 >FaxX—=rL7%&. %
B, 2KPAELTUI0 /N LZEAF 4
WY FP T v b 1gG Fifk (DAKO Cytomation

Co, Ltd.) Zi FL, Z{E T30 0 KK~
Vetg, YV T+ AT 7 —CE#HA N T
FYESY (ZFLA) 2R FL, =EET305
Kt & & 7z #, Vector Blue alkalinephosphatase
substrate kit (Vector Laboratories, Inc.) 7% T
I, HEAZE TBS I THHE, Peroxidase
blocking reagent (DAKO Cytomation Co, Ltd.) %
WrL, 5ol 7oy Uk, LRPiKELT
150 ML 72 Z v bHi YD A CD45 Fifk (BD
Pharmingen) % FL, =RICT1KEKNS &
Fzo VelEEE, 2KPUKELTERXRT v A2 >
TIWATA > AMAX-PO (Rat) (ZF L)
W FL, 30 oM S8, Pk, o7
AT A > DABIEIR (ZF L 1) ICTHRAS .

b. FISH 7%

R, T-2-1)-@-(@) &
{Z StarFISH Mouse Whole Chromosome—Specific
Probes (Indodicarbocyanin [Cy5] labelled
Y-chromosome paint, Cambio Ltd, Cambridge,
UK) ZHWT RSP —dkiilfuh o Yy efafkz gy
L.

@ BB R PN R R SR e oD R

FERICDE, B EEETA &AL 1T D
HAWT, ENEN2WEHE RE & a g m
DfH THe# L, AxioVisond.2 & W TEKGE
ERLL 7=, A AR 12T CD45 fa % CD3L B3tk Y
R 2 iR L, R —agidskinE ™
e E Lz, 1 DORMHIZBENT, #\END
eiMmEHE, B r—atiloRnENEMdz 54
T2ITXRTOMEREEZNENEHIIL 7=,

3) DEBRILE PN B AT SKAN e O F A

day28,day35 IC BRI & HRIL L 72 B8, A=EXD
AN BRI U 72 AR A 100 10 170 S fERER ) %
74 3=)VIZTEOBEL, YA, L.
fluorescein isothiocyanate 2 3 & v M Hi < U X
CD34 & / 7 o — 7 )b $i 1& (BD Bioscience),
phycoerythrin £ &% i ¥ 7 R Flk-1 #i &
(eBioscience, San Diego, CA), allophycocyanin
@ Pi~ ™ A CDITE| 7 O—F )L Fifk
(eBioscience) %A, 4°CIZ T 3 KRS S & 7=,
Yo g, 1% /NI HRIVATIVTE R/PBSITTH
7€ L, FACS Callibur flow cytometer (BD Bioscience,
San Jose,CA) 12 T4 > 7))L 50000 H fiw 2
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E L7z, &1 > 7 I3 1gG isotype control IZ K %
FHT47arbo—)L &g, B E R
HL 7=,

HI5%E U 7= 5 — %13 CELLQuest (BD Bioscience)
ERWTHENT L. £7, forward light scatter &
side light scatter {2 C LML 1L /MR, debris Z B
HUT. E51Z, CD34 B Flk-1 Bk & 72 2
faZER L, < OMIMEEENT CDI17 Btk &72 %
A 2 FEBR M5 N K pBRAIE & U7z, & ETiRiTD
WTIEM I M /MR, debris 2 BRSE U 7= 2 R 5
%9 S AEER IME N R RS Ia S D/ —t& > 7 —
PEEML, HEMAREHMEIC AW,

4) R T

HREF AU XL, R cEPCs D /N —1 >
T=YOFMWEEHIZDOWTIE, CIAREIY K
0 — )L B O FT2# IR AT IZ Mann—Whitney @ U
WE & W7z,

KB 2RO EZE Fig.l 1TRT.

4 8t DBA/1) ¥ 7 2 QBRI EBEREAHIC L -
THLNEEHF AT YT RIS —F VibElk
PRS2 A0 U, BT 28 MU0 2 REIRF I LTI L 72,
HIEIe % 1T H %2 day0 & U, day28 & day35 i
ARG M & ) 2 B & 2 BRI L 7. ARAE ML FACS
Z W T CD34 [ Flk-1 By % CD117 By %l i
ZFHAIL, FEERMAE AN AIERME Lz 200 &
BRI D W T R RO SR & FISH i 2 [F]
I 12 ifT L C CD45 21 CD31 5 Y Rk
PEMIE 2 FE L, iz s 8dsiking mEmE s
L7z,

m. ## R

1. BEEBIENE

BRI 5 MR L 2R RICB T2 TR
HKAEMF A XL (Y REAEESHER) 13, 80.20
+ 0.73 (mean = SEM) % TdhH > 7. CIA#, O
ChO—VHEOFAY XL, ZNTHT79.99 £
1.01 %, 80.51 + 1.08 (mean = SEM) % Td > 7=.
AL 1213 Mann—Whitney @ U MTIC THE A%
ROIlsmoTz (p=0.8674).
2. BEHBETYRICEITZEEASHOEE

CIA BIZHBWT, BIfigkidemsE#%2 — 3 H
(day24 Hijf%) THIAEL /=. day28 IZ e BIETZ EREL

i}

U728t E day35 ICERIL 72 BED M EIC B NT, F
HRAEI S, 4 BT B X ORI 2 BIE
DHDFHDNT N H BN 7=, B
ERHURE DB Fi 8 i (mean = SEM) 13, 4
BAEIEYS, # 2 B ONET 4.71 £ 0.68 B
XU 3.14 + 0.51 (day28) ,4.80 £ 0.49 BX U 3.40
+ 0.40 (day35) THh o7z (Fig.2).

3. KRIEMIERME N EZRIERMARAE D&ET

J>ho—)LEE R L CIA BT, RAHI
BN TR S S 5B M A Rz Al IR A
BON—t > T =T DFH)) day28, day3b &b
BEIML TW=, CIABEBX O ho—)LEHIZH
W CIEER IME N ATERMII D 6D 2 )8 —t > 7 —
P O¥Y (mean £ SEM) 1F, JEIZ 3.20 £ 0.45
BEULT5 + 0.62 (day28), 15.75 + 049 B &
10 9.66 = 1.14 (day35) T & o 7. day35 Tl
Mann-Whitney @ U #E 12 CTHEFHARIICH B
mzEgEoH7= (p=0.0090) (Fig.3).

4. BEBEANICS T2 EEEHRRNE N MR

I R BRI T CD31 BB & 72 2D 5
5, MEDO—HEEk L TnWd EBENHETE
52b0 (EREREZITHR) ITDOWTFHEL 7=
W (Figda). IS5 OMED S B, CD45 Btk &
25HDICEL T, MEREICAELZHMERT
HHAREMEN S . CIA TV TIERREMA DR
WNZNZ Ens, FTHMROTREEZESEET
5T EaEEL, CDAS BRI i 3 PN R A
MBI THERLED. £, YRAKIZON
T, #% DAPI THILHEMAT 5 I & THRNICHE
95 Ezf@ L7 (Fig4b).

BRGRERNWT, IS OLRMZERICHZT
CD45 [t CD31 B3 Y Geta iR iG i 2 2 i fh
SEimENEME L (Figdcj).

02 b a—)LRE T B 2831 B i ST i &
AR 5 nan > 7z, CIA BIZR W T,
day28 Tl3a > b O —)L# & FERRICIEIENIC B8
F R I N MR LSR8 D S s - 7243, day35
TVL G B 5 O 5 U ER 49 "C A B FH SR I PN B S
MRk, Lrl, oI, 19K
T6ETH- .

—J5, AR O IEER I PR AR S T,
CDAS RO H D HIEHEINT NS P9, Lisio
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Fig. 1. Overall summary of the experiments

Collagen-induced arthritis was prepared in bone marrow chimera DBA/1j mice created by bone marrow
transplantation between different sexes at 4 weeks of age, and the arthritis score was determined over time.
Peripheral blood samples were collected, and the bilateral ankle joints were excised on days 28 and 35. CD34",
Flk-1*, CD117" cells in peripheral blood were counted using fluorescence activated cell sorting(FACS),
and regarded as circulating endothelial progenitor cells. The ankle joints were subjected to simultaneous
immunohistological staining and fluorescence in situ hybridization(FISH), and CD45", CD31", Y chromosome-
cells were identified and regarded as bone marrow-derived endothelial cells.

TCHEER IMAE PN R mi SRR e 203 8 PN AV ok 9
SR TIE, CD45 FiE M IMmE NEME &2 2
AREMEN D D, Z DK S 7x CD45 55k CD31 B
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FAEIE, STRO-1, @ —smooth actin (@ -SMA) %%
DORER~ — T —BVE OB &3 2 5 2 flfa
BICHENTWE, 202 ENS, BRLZME
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KT 2EEICH D EMHIEFERLE. UL,
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DYREE R DB Eii 28 EB SR T T #1259 %
ZEERLUEHREIIRW, 22 THEIOERTIZ
ZOMEHSMIINRL, BHFATIITIAEH
W TR U 72 B b ER I A A 2 B 1 6 50 R Pl oD L ek
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Four ankle joints (fore- and hind legs) were evaluated with a 5-step arthritis score (0: no swelling, 1: mild swelling

and flare, 2: apparent swelling, 3: severe swelling/edema, 4: joint contracture) in bone marrow chimera mice with
collagen-induced arthritis(CIA) from the time of CIA induction to the collection of ankle joint specimens. In each
animal, the mean arthritis score of the 4 joints and that of the 2 hind-leg joints were calculated, and time-course
changes were investigated. In CIA mice, arthritis developed about 3 days after the booster on day 21. Both the
mean arthritis scores of the 4 and 2 joints increased with time in both groups in which the joints were excised on

days 28 and 35. At the point of the collection of joint specimens, the mean arthritis score of the 4 joints and that of
the 2 joints were 4.71+0.68 and 3.14+0.51(day28),4.80+0.49 and 3.40+0.40(day35) , respectively. The data were

expressed as mean+=SEM.
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Fig. 3. Percentages of circulating endothelial progenitor cells in peripheral blood

The blood cell fraction was separated from 100ul of heparin-treated peripheral blood collected from the right
ventricle on days 28 and 35, hemolyzed, and washed. After reactions with fluorescein isothiocyanate—conjugated
rat anti-mouse CD34 monoclonal antibodies, phycoerythrin-conjugated anti-mouse Flk-1 antibodies, and
allophycocyanin-conjugated anti-mouse CD117 monoclonal antibodies, 50,000 cells/sample were subjected to
flow cytometry with a FACS Calibur flow cytometer. Each sample was compared with the negative control and
the IgG isotype control, and positive cells were detected. .

The measured data were analyzed with CELL Quest. Dead cells, platelets, and debris were excluded based on
forward and side light scattering, and cells positive for CD34, Flk-1, and CD117 were regarded as circulating
endothelial progenitor cells (cEPCs). The percentage of cEPCs [cEPCs(%)] relative to the total number of cells
excluding dead cells, platelets, and debris was calculated, and subjected to statistical analysis.

Compared with those in the control mice, cEPCs(%) were increased in the collagen-induced arthritis(CIA) mice
on days 28 and 35. cEPCs(%) in the CIA mice and those in the control mice were 3.20+0.45 and 1.75+0.62 on
day28, and 15.75+0.49 and 9.66+1.14 on day 35, respectively. The data were expressed as mean+SEM. The

difference on day 35 was significant according to the Mann-Whitney test (p=0.0090).

M 2ARD 3.74 £ 1.57% (mean = SEM) TH >
7z,

ENENER OB T, BRI N B2 Al B
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Fig. 4. Determination of Bone Marrow-Derived Endothelial Cells
Observation of endothelial progenitor cells in the synovial membrane with arthritis
Histology of the hind leg ankle joint in mice with collagen-induced arthritis (CIA) (400 x)

a: Immunohistological staining with anti-CD31 and CD45 antibodies. Cells positive for CD31 and CD45 were
stained blue and brown, respectively.

b: Composite image of a Y-chromosome-stained image. The Y chromosome was stained with fluorescence in situ
hybridization. The nuclei were counterstained with 4',6-diamidino-2-phenylindole, resulting in a red-stained Y
chromosome and blue-stained nuclei.

CD31-positive, CD45-negative, Y chromosome-positive cells were regarded as bone marrow-derived endothelial
cells.

¢, ¢, g, and i: Regions enclosed with a line in a.

d, f, h, and j: Composite image of c, e, g, and i.

Cells assumed to be bone marrow-derived endothelial cells are indicated with red arrows. Cells indicated by
yellow arrows were positive for CD31, CD45, and Y chromosome. CD45-positive, Y chromosome-positive cells
were considered likely to be white blood cells adhering to the vascular wall, and were excluded from vascular

endothelial progenitor cells.

forming unit (CFU) assay % iifT L 7=. & DGR,
IHEPEDH 5 RA BETIE, W AIEMEEH
RA ¥ LR LT, MERIMENKMEE S CFU
assay DM FICBN TR FL Tz &t Lz 9.
RHET S DI > TS H B EERFTH 5 1
' VEGF %> basic fibroblast growth factor (bFGF) ,
erythropoietin |2 EF L TWaIZH b 57, &
BRI N AT A A L Tne & LT %,
L A 703 R U B IV OB B L7 PN B i SO e 79

PLTOBENSFEIL, SEIEICHERINT
W/zh, BT Tl Paleolog 5 DMEIZH DKL DI
BRI E R AT COIEEIC L - THIHERF OIE N
BRI 2N L T WD ET 5N E I TH S
19

I 51T, EBEO RA BE TR LI
PR ORLAIBR 7 T —ZAWNRIEL TWEH EEZEZS
N, PEER AN R BTSRRI O S A TR S NS 4
OB Z BEL TIRA D ZENREELZEEZS
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N5, TOR, FEOERIICIAETIVEHN
TWS e, BINGREETT#IC—F BT
JELTHO, JFEEEKRT 2 0BR 2 X 0 s
WWHEHBRLTWEEEAS. LA T, BEFI%H
FEICPEER A N mi Bk S A5 &S 45
EOMERIL, TNETOE N TOWEEFET S
HOTIE/EL, & TR FRE R BIE% DNERaR
A Z X O BEICA R TH D EHZEZON
7.

T4, MEHAEEGET 2 2 &SR0T >
FO—JUVIZDRMN D ZENHLNTIR>TETY
%9019 SE, CIAETFIVY T AT, BEEi%
FERE NP > TR IMAGER 10 A K RS AT 8
U, DECTIEd % 73 B e B o0 -5 & e R M
R TE ., 2o Emb, ML T
1457 PR B2 T SR e 03 1 B 2 S FiE BR 1f 12 B B X
N, BEERERIEET T & N b, B
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TDY =Ty NERBAREEND D EEZ SN
7.

V. #& B
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2 73 B TR ISR O B B FR R ML TN B M AYRE A C
Efz. ZOZEMNS, CIA TV A TIIBAHE
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BRI AICEN BN, BIEIZAER R AT T s N A A
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AR, MAEREEHIET S 2 LRI KOO
FO—JVIZDIEN S ZENHLNITIR>TETY
2 VO AN AE N R AR e O AR 3 D & —
Ty N ERBAREED D B EE A SN,
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BLET. 51T, AMRICBNT, THEEIMOHEE X
U7z FRCDFBSEAETT I EL L K9, [6] DNA EEARF7ERT
TR KRR, R BhE, Rl
W LEhE. RNRRERED U< T - IBEUENE & H 5
fli, &MEBE, ZOIVEEE, FHORERIEE, %7 MEKE
EH, MOMHRER, PINTRRAEER. REICKIE SRS
ZL TS o WBEREY U~ F - BEURARE BROR
KRESAEBIZIT GG W= L T
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