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Circulatory System: Basic and Clinical Research

(2) Neovascularization

Taiju UTSUGISAWA and Hitoshi KANNO

Department of Transfusion Medicine and Cell Processing,
Tokyo Women's Medical University, Faculty of Medicine

’Neovascularization consists of three processes, namely angiogenesis, arteriogenesis, and vasculogenesis,
which are involved in the development and progression of diseases such as cancer growth/metastasis, prolifera-
tive retinopathy, and atherosclerosis, and in the process of normal physiological phenomena such as embryonic
development, wound healing, corpus luteum, and placenta formation process. For its mechanism and control,
hypoxia-inducible factor (HIF-1), which is a transcriptional activator stabilized in a hypoxic state due to disruption
of blood flow, plays an important role. Neovascularization has been elucidated to be promoted/suppressed by
various growth factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
fibroblast growth factor (FGF), angiopoietin (Ang) and its receptors, adhesion molecules such as vascular endothe-
lial (VE) cadherin, and enzymes. On the basis of these findings, treatments aimed at revascularization in ischemic
heart disease and severe lower limb ischemia were applied on a global scale. Recently, vasculogenesis has been
shown to occur newly from vascular endothelial progenitor cells (EPC) present in the bone marrow and circulat-
ing blood, and is used as a cell source for revascularization thérapy in many clinical studies. In this article, we de-
scribe the basic concepts of neovascularization, revascularization therapy using peripheral blood stem cells for se-
vere limb ischemic disease, and myocardial regeneration therapy, as well as the trial of EPC amplification for en-
hancing the therapeutic effect and future prospect.

Key Words: neovascularization, endothelial progenitor cell, mesenchymal stem cell, HIF-1, pyruvate

BU®IC
B (AEFOMEFA  Neovasculari-
zation) i&, EMERFEAOEERLEE L /2HEBOBIE,
B HBBOEEBRE R EOEE 2 AHWHR O
EOAL LT, BUEE O - &8, HiEtkoM
JRAE, 77 1 — AMBIREEILIE 22 IR B DRIE - &
BIHELTVDZEPFHAOLNTWDEY. TDRX =

XA B L OHIENIC TR~ 2 BER T & 2 DOZFR,
BESTREEZENEDLY, MEBERREZIRE - B
LTWB I EFBHINTETWA?, FN5 DA%
BRE D L, Rk ORE, BT BORMmAE
THMEFEZ B E LB RBETITbR
TV AR TIE, EROMEFEOERBRS L,
AT S AT N7 BEAE YRR B B x5 5 RA I

O MR T162-8666 FREUARHIEXIHET 8-1 WL FERRFRWM - Mg 7ot s v 77

E—mail: utsugisawa.taiju@twmu.ac.jp



6

Biifa e A7 MEFEGRESENL, SHORE
ZDWTHRRB,
mMEHEDOERESE

JLF D M FE Neovascularization O 7 T+ A2
&, © (Bkzx:o) MEFH4E Angiogenesis, QEIRET
A Arteriogenesis, OFRE H14E Vasculogenesis @ 3
DOWFEDVHFETH I EPMONTWAEY. Zhb
5 H, Angiogenesis & Vasculogenesis i 372 7%
MEDFEX LAY, Arteriogenesis (& BEFF O /NBY
AR OFZEBAE A ZWR L, & HEE Vascular re-
modeling DBETH 5. ERIZMETLRIMTHONT
WAHERBTIE, 30o0BFESEAELTAEL TS
nEEz oMb (Fig ).

1. MEHFE  Angiogenesis

DREZE, FMMEREE, BEPEICL DA

Angiogenesis

Arteriogenesis

Vasculogenesis

RIMLIZES &, FLOMPBIRERTICL ) EEEE
{CRAFTHLEBEFER T (HIF-1lo) DI
BT 5. FORKEHIF-lo DEMNELZTF TH S IME
WE R EREF (VEGF), IM/MRHEERERFB
(PDGFB), Mk ERT (PGF), 7 ¥ ¥+ Rz F
(Ang)l BIU2, v by r2xsuasas{F—
¥ (MMP) 2B X U3D X9 %L HOMER A
T4 L= —DOREBEAPBEET -IIHENICHEES
n, MEREME (VE) & KA YR EQEEDT
SHE L, BEFORERE S O ME N EZHMEDR
TE - EEDOKRE, HLVWEMMERRE D207,
ZOFERMGIL 2~-3BEEEICHERTLILEEZ LN
Tna™,

2. BR#FLE  Arteriogenesis
BRAHET 5 &, PIEIBOEM O L&A
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Fig. 1 Neovascularization in an adult patient. Formation of new vessels in adulthood is

the result of three processes, namely angiogenesis, arteriogenesis, and vasculogenesis.
VEGF indicates vascular endothelial growth factor; and BMEPC, bone marrow derived

endothelial progenitor cell.



ZHefe L T 2 BEAF /MBI IR~ D ML 55 A3 A BE IS
IVWRTH. TOME, MENKEDIME N
MR OFEMARIE, 3 7% b HITRIS R LY
H e B 235 9 F T & 5 platelet and endothelial ad-
hesion molecule-1 (PECAM-1) & % \Wi& VE-#
VU BEHL, MBEBRATEIRT7 7 F IV, Y
b=V 3 FF—E (PI3-K) -Akt, #fghts 7 IV
fi¥+—+¥ (ERK) ¥ 7 FNVoinkh &2 X 5%
fbpseZ b, IM/MMEsRE#EEF (PDGF) B XU
VEGF3, 6 # W< D0 DK T % CXC 7 &
HhA VOBRMED LT, Fb el i, BEO
BRI 077 =IO, X YVEL DHEE
FHES B HERILFEFT ¥ v 32 E 1 (MCP-1), /INg)
MR ASFEE LR34 W RAEBRIE 2 St 4 5 JEF e R+
(TNF)-o, WEMIALS X O FE AR o8 E T ©
b B WAMRHE S a5 -+ (b-FGF), B XU
WEIRIEE % O0E L RIRIENIR ORISR R 22 %
B4 % MMP % EHER LIS O BHESEAE 2
5%, ZORER, BRI % #2472 K OMEmFT
O - BEZ R L, M~ DI % 20~30 512
BEREEEY. FAEBROAPHESIREL EHRT S
TENTE, BB TMEFREICL - TE
B S N BMIME OMEEL, FICHREsA ki
52 THoT, MBERIZIIFG LENWEEZLD
NTW B, BRI B E M EBAL A 5 & < B 78
MTHEBEINLZL2s, MEFAELIZRERY,
ERBENBMICEKELZVWEEZ SR TWAY.

3. IREHE Vasculogenesis

% # 4 Angiogenesis SEEGFDIME 2 S 72 7%
ME%Z BT 2013t L, IREHAE L TmENEZR
ER#AE (endothelial progenitor cell : EPC) 25 %17z
GMEPRETHHRE LR, 1ERIZBAEOWH
OFEMBERKICESN, ZORITMERE, Bk
FHEOAPfTbRTWDE EEZ LR TWz Lal,
AR, RAOERMMEHIC EPC BEFEL, REHE
PITbN TS Z EATREN, RIFMBEZERZ Hwv
TeMEFAEREORBIIEN 727, ZOBRITIZ
REYA bAAL T, Ao —< iRl kT
(SDF-la) & FDZFRTH B CXCRE B ED 7 E
WAV OEENREZLNTNDY.

EEIC L ZMEHE EMEHERES

PADOREBREBICBWT, EENEIIBECKE
MR L, EREBORRERICL > TWwa., 2SAMIMR
BRI BT A % &9 572012 VEGF, b-FGF, 7
v¥ARLF v, FFREREsE R T (HGF), EGF, PGF

7

REORTFEEAL, HOOMHMEE ERERZ W5
LT A9, IMAEFFT AR EREL, EEME %%
I L, ZOHHOFEER A OEEIME O HEIC
Xy, PAMBANOBRE R KEMIGRERE % ER T 5
BEIETH S, VEGF ik TH B XNV A TH,
BAACERER & OB X Y SBHEKEIS AT
LCHAEZRT Z Lo HE SN, R/ KaflAs
AB X UBHIBEAS AN D EIS AL R E N7z Z D1k,
VEGF %%&#4Fu v v %+ —¥HEHE (VEGFR-
TKD THhEA=F =7, V77 =77, BHEE
& LCTEMBES AR S ACEREERL, &
SICH 7- REASTFREE O KRABRMEST L T
5%

MEFHE & HERRM
BRIIRARICBI B MO E BFFTTDH 574,
BAECTITEMPNORED AT LI LBMO5RT»
L. BHTOME® 99 %L LI mERRMBETH S
A5, 1 % RIS MIRR AN OMBEDSFEET S, 2h b
OB IERNICAETL2HELRFL, BHEX b
o — < #lifE (bone marrow stromal cells : BMSC) &
FRIZN T & 7-. BMSC IR A O 5L %
R 720, S84 bHA v MBAMERT %5
WT DI LPMENTWS. FELE, 2D BMSC H1iZ
ZofbiEx BT AHERBMAL (mesenchymal
stem cell : MSC)" M FET A Z &M |mE S, &,
e, BRECmZ CmiE, ORI MET s
EVHLNE o 72?. 8512 MSC IZREDEE % 8
2 TR R S 72 &~ DML D RER E T
%" (Fig.2). BMSC i3¥)—2&£M i <, 45L&
BORLZLMBOESEKTHY, ZOFTELH{LEE
ZROMEOALZRIRT 5 Z LA ETHNIE, &
¥ XF R BAEOMAOLMBIRE 25 EEZ bR

5.

MEANEFRMRORER

M %M (hemangioblast) & &I #HHE (hema-
topoietic stem cell : HSC) &AM BoF IR
FEMEISMELTWAEEZONRTEY, £EL
HBEERERE~Y— I —2 AT HEEZLRTY
72%.1997 4£ Asahara 5", B A O KA M EALER K
S5 CD34 EtEHifa % ML, VEGF S&iiEL
7zl A, MENBEMRBICALL) BT EERAL
Wb w5 EPC L&z bh b ZOMifaE, Mifusk
HPLE O AT 2 & Y CD34,CD31 (PECAM-1),
CDI33 (ACI33), Flk-1(VEGFR-2), Tie2, VE-# K
AN VR EQMENEMIE~— 7 —2RHL, Hi

"~
-
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Fig. 2 Adult and mesenchymal stem cells (MSCs). Bone marrow stromal cells are known
to secrete various cytokines and cell growth factors to promote the proliferation and dif-
ferentiation of hemocytes. MSC possessing pluripotency is present in this bone marrow
stromal cell and can differentiate into cardiomyocytes, bone, cartilage, and fat.

NSC; neural stem cells, HSC; hematopoietic stem cells, MSC; mesenchymal stem cells.

WIMEPIBR Sho0H 5B ATNH, 7
1t - 58 - #EE L, MEWRICE M35 2 EAEH
Sz, ThITIERERN BUEIZOARI T
Wb EEZ LN TWIREH A Vasculogenesis 2%
HREH R ORMIM P IZAAAET 5 EPCIZ & - THUR
THERINGLZEDGEH SN2 LT, MEHFHA
FEIIBITA EPCOINHPNEDONLZ & &5
7z
DMERICT 2 BEERE

1. MEBEREE

MEEBRBILER N— YV vy —a &, 12502
BINRFAZEIC & 2 BIMAY FIRICAE L % mRE % I &
M5 EEFICRADAE L, RIET 2 & BIET 5/
BRUEBRAT DIAREED & B 1270 B & ZeiHbE I B
BEIEMNL T D, RBILIZE o T FEEMEIEE R
BWAIZKR Y, UMM OB 5720, BEED
quality of life (QOL) 1Z:&Z LK F9 4. ZOERESE
Mm% (critical limb ischemia : CLD) 123 % G IS
&, MELIRA - M/ NMREESRIISEIA, R A
BeAly - 284 28 24, M) NEY T— 3 a vl
HAHH, TN OEEEFITEYUED CLIIIH LT
BEBRIOEPC z TIRHIAABEERS T 5 HAEE
BESRFE SN (Fig 3)., IHxd MEFAEEL LI
O, FRL284E 12 H 1 HEE T 2 THAEHBEE (5
EEREA) Y EIFS5 T % 40 O R
A O T, BRI L 2 8 HER

B, TRAS MRS X A M HAERE] BXOTER
R I HAZERFE AR & 2 M HARE] O 3HBHYE
XN TwA (Tablel). IM45FH AHEDOT S IF
Fontaine 747 11T B, IV & (Table 2) OB ERE T
R MAEET, MBS 282 Tl 22 Sl
BEEOBICICE LR WEEMTH A, S 5ICHE
CD34 Bl & il - 72 M8 Ff A R B 0SS i R 9 &
vy =k (MW I2BWT, IHEOERKSE S
L CHFARLRA - OEMEERBRIRTL, &
CAERBAHBESNA FETH LY. koo
= — B F (GCSF) DR P52 L ) BiD 5 &)
BEN/EPCE2EULHBIREZ 7 7L — Y A TH
WL720BHIZ, @A E — A TR L 7291 CD34 $iLfk
W& > TCD34 ML HET 5. ABAIEKT
S8 L 7> CD34 P fiAe A BEMERRF: T C B il F AR
RA~E%E S 5. CD34 Bz & 12 1 EPC
MNEFSCEFINTBY, B3/ EPC 3Rl
AR BT iR LinERNEME~ L 21t -
WIE L, IR EHT A4 Vasculogenesis 252 2 1) Bl
ErH26FTEELLNTWA”. EPCFDH DI
LHMEHAEIMAT, BESNAZEPCIZBITAS
VEGF, b-FGF, HGF, 4 v 2 ) v #RERTF (IGF)-
1,SDF-1 2 & O MEFHAERFRH AL A4 VD%
I (paracrine ZhF) d G TW 5™,
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Fig. 3 Therapeutic angiogenesis. Peripheral blood vessels are regenerated by local injec-
tion of peripheral blood or bone marrow stem cells in the limb of patients with vascular

disorders such as chronic obstructive arteriosclerosis.

Table 1 Clinical application of regeneration therapy for cardiovascular diseases

Organ Disease

Cell source

Remarks

Critical limb ischemia
(ASO. Buerger's
disease)

Peripheral artery
PB HSC
PB MNC

Bone marrow cell

EPC (CD34 + cell)

Severe heart failure
due to ischemic heart
disease

Myocardium

Skeletal muscle cells
EPC (CD34 +cell)

Cardiac stem cell

Advanced medical care A*

Advanced medical care A*

Advanced medical care A*

Preparation for company trial (IBRT) 23

Skeletal myoblast sheet (approved) %

Intracardiac injection (preparation for clinical trial) 2
Cell transplantation to the infarct site (end of clinical trial)

*As of December 1, 2016.

ASQ; arteriosclerosis obliterans, PB; peripheral blood, HSC; hematopoietic stem cell, MNC; mononuclear cell, EPC; endothelial
progenitor cell, IBRI; institute of biomedical research and innovation.

Table 2 Clinical classification of limb
ischemia (Fontaine classification)

Grade Clinical Description
I Asymptomatic
II Mild/moderate claudication
il Ischemic rest pain
v Tissue loss or ulceration

2. DHBEEZROEMOARICHT I OHEEE
*

LRI ZE R O BIE B DA B E L LT O
GLhbd, FP—FEMEZLTHY, #WEHALL
WAERACTRHRTAZLERELRENTEDON
BRTH2., ZoOFBIIHLT, BEBFOEKH
A OMIBE Y — b AR L OIS EERET 5 A

RV SN, BFERREECHARBESER ML
L TREIGR S W7, B a8k s & FENMa
BN CHIRRE A L, SURSIRER TR N
LRz (CPC) 2¥HaAk, BiEar 3 HE CPC
THIRL Y — MET 5.

COEEHEME Y — N E RO EEREL B
DATIT - BRI Y — b2 o0 A M A Va8
DHREREICEFS L TwbeEZLNTEY, —1
DEE T LEREOUENED LN TV RN
EN D, FRRICIZ LM EAEE AT A7200
ML AR T ALELSEZONTVAY. ZD
oMz — 2 & LB LA AT,
& 51213 iPS (induced pluripotent stem cells) A
DISA % EDBFEINTH 5.
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‘ Normoxia

HIF-1a/p

Ubiquitination

Hypoxia ‘

Formation of

4 heterodimer
°° Transcription
l_.

Cis-acting elements in
target genes

Proteasomal degradation

Transcriptional activation of |

hypoxia-inducible genes

Fig. 4 HIF-la is post-translationally regulated by HIF-PH and pVHL. Under normoxia,
HIF-PH hydroxylates proline residues of HIF-1¢t, resulting in the degradation of HIF-PH
by pVHL-related ubiquitin-proteasome pathway. HIF-1 indicates hypoxia-inducible factor
1; HIF-PH, HIF prolylhydroxylase; and pVHL, product of the von Hippel-Lindau gene.

BRFZFIBSLIUCENECBICES
ME A & RTER RO IR

AR VKRR EE R A L EFIEEILRT-Th 5
KB FF LN (HIF-1) 29&M%bs s, HIF-1
W HIF-1 o & HIF-1B O~NF T4 4 v —"TdH h =7
HIF-lo iZEEICAER SN TV B, @EDOBEIR
BTllaexF ks 7057V —oni%e%
R, FOBREERIECIZ SN TwE. K
MeFRRBIZ 2 5 LK) 28 FF MBI - Tz
7o)k FaF 55—+ (HIF-PH) % von Hipple-
Lindau (VHL) % > /%27 OFEWIMETF T4 2 &0 X
D HIF-lo 2" ZEL L, TOENERZT TH 5
VEGF, PDGFB, b-FGF 7% ORI % FHE L mE1
a5 (Fig4). 22T, EPC2&t £z
ST 5B fiMAL KA s iife, HAZIR A KER
FIRETEET LI L2 L 0 MABRERE ORI
A DIz Akita 513 RAY M EAZMMAL (PBMNC)
7T HEOKEBELGECEETLIET, L5
DEPCHFEENLZ EaRL, BELEDIZLY
% { O VEGF 284 &4, KSR D O X — F
Ty PEFVIZBWT, EEBETEELZBEEIC
R TMROUFNRPEFTH D EER LT,
Kubo 5%, EKEHESLavF 1 va=ry (24
R D 2 BEEFRBETORE) 25, BLA ML AW
TEFERE % 4 L C, PBMINC OAEDB L O #r 4 %)
NaEEMEED 2RI ZOBRABOKEE
ALEEAHY EPC O 4R, S HAREICICH SN L9
W7 o7z,

WEOBFIREICH AT, R EBIER
VUBALIC L o T1HFO7NVT—AHh0 3845 F
D ATP HREEAE SN DS, ARG D IKEE R
KRB 5 EHRAIYIRIERICE 2 20 F D ATP L
MEE SN RERRBIE T TR EL L 72 HIF-1a
DEA AR RIC L 5 ATP BEAZ DX S 58 X
AT D EDFL NIk o T b, HIF1 OFE
BEREFDOOEDTH D glucose transporter 1
(GLUT1) MR~ D 7 a2 — 2D 1Ak % 1
R EKEBFRETICBITA EPC I & A M5 HE
RILESED EEZLENEY.
2FF VNS VBRI HIFPHOEE 2K T
H DN, FRHERORHBEYTH 5 YN E VBRI HIF-
PH D 24 ¥V 7V & )V EEAEA SAL A A 2 A7
L, AW HIF-PH 2 AEMAL L TEORS HIF-
lo A% e s 5", HIF-la W& EILT A2 & T
VEGF 2558 8N 5720, YLV VEEHVE BEHAZM
fz (BMMNC) 28175 VEGF 33 2 Wiad 5 2 &
DEIfFE S, 4 1E, v A BMMNC OV LY
BRmEELAITY, EPCRE~Y—H —Th b
CD34 /CD31" ZERG MR A5 mM B L B v EEIC
L0ELEL{RD, VEGF BE=FRHEEIZ2HED
BEICLIVEEWO2ISHBICEFTET LI AR
L7z, S 5283 ETh VEGF I#BEIE 5mM Eve v
B 4AHHBEICTHEELR LH 2RO, KE,
HIF-lo (KM FIREE TR ELT 5 7%, SiREO YL
VUBERIMLERET A2 LT, IFRMWBEETD
EPC 128 % HIF-lo DEE/LE b /2b L, O



BEIETTH 5 GLUT1 % VEGF 0% B % Ji it &
4, EPCOMIEEZ 65 &E20h7z. ey
RO = ANV F—RFLVEOERETH D,
ECRMD720, 4RF%R L7z EPC ORI EIEE
#FIALT, fERFEE STz CD34 Biksiis
AT, 0L DEPC #MIBELIES 52 LA
B 2D, MEFEREICSHEERS LHFEIRS.
BbhiJic

M HT A OREARB S L MEBFAEEROBIR, BX
DS HOTHEMIC OV TS L 72, RARFS A R Hik
DBRIZBT B MEH A& L 5O 5T o Bg )
A, T4 ORBIIHT 5 MEFEBEAOEHD
EATBY, ZOAMERLZEMEIIE—BITFFML
BEzonTwa, 7, BOBELER, HEBICYH
MEFENEELREE 2 R72TZ EBHERTE
TEY, ZRICKBGELEE, MiEcse T
A P LB % I 2 S L LT VEGF ®
VEGF Lt 7% —IZi$ %€/ 70— FIvififk®
KA TFHEELZ EPBRCASTYS, 5%, 7
T 0 — A B VAE R M55 5T A AR PO B 7 & D FRME M
BIZIGHE 0L bbb,

EPC 2%& B8 KRS M B L OBEHF i & F 4
FTHIENHESHE R o722 & T, MEFAERED
JDVERTLEoNTE LR o2, FOWFEIZOoN
T, EBIT EPC P EEMLE R OHICMELEAET S
TRV EZZ ShTwa®, 72, Fofil
V= ANBRBENTVLOH, EOI—H—%ED
MR D MEFAEMREIBRLTVWE DD,
EPC % ¥ IET % Y 2 BEE AR R T I, £F
Wi bE v, SHROERE - RMEOERE»E
Ins.
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