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primary discases or conditions. Blood samples were obtained
after the patients and control subjects had given their written
informed counsent. as approved by the Keio University
Institutional Review Board.

Clinical findings

The demographic and clinical features of each SLE patient were
evaluated at the time of blood collection. Thirty-seven clinical and
laboratory findings were recorded: these were the individual items
included in the American College of Rheumatology preliminary
classification criteria [5] and the SLE Disease Activity Index
(SLEDAND [7]. Al SLE patients with thrombocytopenia received
moderate- to high-dose oral corticosteroids (>40 mg/day: n=26)
or methylprednisolone pulse therapy (1 gyday for 3 days; 1=06),
and eight of them simultaneously received intravenous immuno-
globulin (IVIG: 0.4 g/day for 3- 5 days) and/or platelet transfusion.
During the course of the disease, 19 patients who required surgical
or invasive procedure received IVIG without increase in the
corticosteroid dosage or the initiation of immunosuppressant.
A therapeutic response was defined as a platelet count >100x 10%/1
in association with these therapies. The efficacy of the cortico-
steroid treatment was assessed 3 months afterwards, when the
potential influence of IVIG or platelet transfusion could be
ignored: the efficacy of IVIG was assessed at | week.

Autoantibody analysis

Anti-double-stranded DNA antibody was measured by the Farr
assay. and anti-Sm and anti-SSA antibodies were identified using
an RNA immunoprecipitation assay [8]. 1gG anti-cardiolipin
antibodies were measured with an enzyme-linked immunosorbent
assay (ELISA) kit (MBL, Nagano, Japan).

Anti-GPIb I a antibodv-producing B cells

The anti-GPIIb/1a antibody response was evaluated by detecting
peripheral blood B cells secreting [gG anti-GPIb/ITa antibodies.
For this, we used an enzyme-linked immunospot assay, which is
a sensitive and specific method for evalualing the presence or
absence of autoantibody-mediated thrombocytopenia [9]. Briefly,
peripheral blood mononuclear cells (10%/well) were cultured
in pentaplicate on GPIHb/IlIa-coated 96-well microplates at 37°C
for 4h. and subsequently incubated with alkaline phosphatase-
conjugated goat anti-human IgG. Finally, the anti-GPIIb/111a
antibodies that bound to the membrane were visualized as spots
by incubation with a substrate. The frequency of circulating
anti-GPlib/1a antibody-producing B cells was calculated as the
number per 10° peripheral blood mononuclear cells. The cut-off
value was defined as 2.0 [9].

Anti-TPOR antibody

Serum anti-TPOR antibody was detected by ELISA using a
recombinant protein encoding the catire extracellular domain of
human TPOR as the antigen, as described before [4]. Antibody
units were calculated from the optical density at 450 nm. using a
standard curve obtained from serial concentrations of rabbit anti-
human TPOR polycional antibodies (Kirin Brewery. Takasaki.
Japan), and the cut-off value was defined as 18.0 units [4].

Evaluation of bone-marrow megakaryocyte density

Bone-marrow films from all the patients with thrombocytopenia
were available. The proportion of megakaryocytes (o the total

number of nucleated cells was evaluated from Wright-Giemsa-
stained bone-marrow smears. At least 1000 nucleated cells were
counted for each sample. A proportion of megakaryocytes that
was <0.2% was regarded as a decrease and one of > [.0% as an
increase.

Statistical analysis

All continuous results were expressed as the mean:s.p.
Comparisons to determine statistical significance between two
groups were performed using Fisher’s exact test or unpaired
Student’s /-test. as appropriate.

Results

Anti-GPHDb/[Hu and anti-TPOR antibody responses
in SLE patients with thrombocytopenia

Anti-GPIIb/THa antibody-producing B cells and anti-TPOR
antibody levels in SLE patients with thrombocytopenia were
significantly higher than in SLE patients without thrombo-
cytopenia or healthy controls, but were comparable to those
in patients with idiopathic thrombocytopenia (Fig. 1). When all
the subjects were stratified above or below the cut-off, an anti-
GPIIb/llia antibody response was detected in 28 (88%) SLE
patients with thrombocytopenia, but in five (17%) without
thrombocytopenia (P <0.0001). Anti-TPOR antibody was
detected exclusively in SLE patients with thrombocytopenia and
in those with idiopathic thrombocytopenia, and its frequency was
significantly higher in SLE patients with thrombocytopenia than
in SLE patients without it (22 vs 0%. P=0.01). The respective
frequencies of anti-GPIIb/I1la and anti-TPOR antibodies in SLE
patients with thrombocytopenia were comparable to those in
patients with idiopatluc thrombocytopenia (86 and 10%). Finally.
29 (91%) of the SLE patients with thrombocytopenia produced
cither anti-GPIIb/1a or anti-TPOR antibody. and six of these
patients produced both.
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Fig. 1. Girculating anti-GPIIb/11a antibody-producing B cells
(A) and serum anti-TPOR antibody (B) in 32 SLE paticnts with
thrombocytopenia (TP). 30 SLE patients without thrombo-
cytopenia, 92 patients with idiopathic thrombocytopenia and
60 healthy controls. A broken line indicates a cut-off’ level
(2.0 for anu-GPHb/HIa antibody-producing B cells and 18.0
for anti-TPOR antibody). Levels were compared between SLE
patients with thrombocytopenia and other groups using the
unpaired ¢-test. NS, not significant (P> 0.05).
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Megakaryocyte density in association
with autoantibody status

Examination of the bone marrow from SLE patients with
thromboeytopenia revealed that eight (25%), 17 (53%) and
seven (22%) patients had increased, normal and decreased bone
megakaryocytes. respectively. A similar distribulion was observed
in the 92 patients with idiopathic thrombocytopenia; i.e. 20. 66 and
14% had increased, normal and decreased bone megakaryocytes.
respectively. The status of anti-GPHDb/IIla and anti-TPOR anti-
bodies was compared with the bone marrow megakaryocyte
density of patients with SLE and thrombocytopenia and those
with idiopathic thrombocytopenia. Seven SLE patients who
had anti-TPOR antibody had a significantly higher frequency
of megakaryocytic hypoplasia than 25 patients who did not (86 vs
4%. P<0.0001; Table 1), and this association appeared to be
independent of anti-GP1Ib/Ia antibody production. In contrast.
none of the SLE patients who produced anti-GPIIb;/I11a antibody
but not anti-TPOR antibody had megakaryocytic hypoplasia.
Similarly. in patients with idiopathic thrombocytopenia.
megakaryocytic hypoplasia was significantly more frequent in the
nine patients with anti-TPOR antibody than in the 83 without this
antibody (79 vs 7%, P <0.0001).

Clinical associations with anti-TPOR antibody

Additional clinical and laboratory findings for SLE patients with
thrombocytopenia were compared based on the presence or
absence of anti-TPOR antibody (Table 1). There was no signifi-
cant difference in sex. age at examination, SLE-related clinical

Tastt L. Clinical and laboratory findings for SLE patients with
thrombocytopenia who did or did not produce anti-TPOR antibody

Anti-TPOR-
negative
(11==25) P

Anti-TPOR-
positive
(n=T)

Clinical and
laboratory findings

Sex (% female) 86 38 NS

Age at examination 44.0:£5.6 37.3%150 NS
(yr, mean £s.0.)
Malar rash (%) 43 36 NS
Discoid rash (%) 14 8 NS
Photosensitivity (%) 28 20 NS
Oral ulcers (%) 14 16 NS
Arthritis (%) 14 12 NS
Serositis (%) 14 N NS
Renal disorder () 14 24 NS
Neurological disorder (%9) 14 4 NS
Haemolytic anaemia (%) 0 4 NS
Leucopenia (%) 57 60 NS
Lowest platelet count 2074179 24.1£12.1 NS
(x10”1: mean£s.0.)
Anti-dsDNA antibody (%) 71 76 NS
Anti-Sm antibody (%) 14 4 NS
Anti-SSA antibody (%) 57 44 NS
Anti-cardiolipin antibody (") 28 48 NS
Anti-GPHb:IHa 84181 12.8 £8.8 NS
antibody-producing B cells
(10° mononuclear cells,
mean £s.0.)
Megakaryocytic hypoplasia (%) 86 4 <{1.0001
Poor response 0 86 12 0.0006
corticosteroids (%)
Poor response to IVIG (n/n.%) 5.5 (100) 1710 (1) 0.002
SLEDAIL (mean £s.0.) 9.0£5.8 75473 NS

NS, not significant (P> 0.05).
dsDNA. double-stranded DNA: IVIG. intravenous immunoglobulin:
SLEDAIL SLE disease activity index.

findings. lowest platelet count. autoantibody status, including anti-
GPIIb/IITa antibody-producing B cells. or SLEDAT between these
two groups. A poor therapeutic response to corticosteroids was
more prevalent in patients with anti-TPOR antibody than in
those without. most of whom had anti-GPHb/{1la antibody alone
(P=0.0006). Thus, the immunosuppressant usc for thrombo-
cylopenia was significantly more frequent in anti-TPOR-positive
patients than in anti-TPOR-negative patients (71 vs 8%.
P=0.002). Furthermore, all five anti-TPOR-positive patients
who received IVIG were non-responders. while only one patient
(10%) without this antibody showed a poor response to 1VIG
(P=0.002).

Discussion

Our findings demonstrate that both anti-GPlib/1l1a and anti-
TPOR antibodies are associated with thrombocytopenia in SLE
patients. although the tests used were not necessarily comparable:
antibody-secreting peripheral blood B cells were measured to
detect the anti-GPIb/HIa antibody response while serum samples
were used to detect the antd-TPOR antibody response. More than
90% of SLE patients with thrombocytopenia had at least one of
these platelet-related autoantibodies, indicating that thrombo-
cytopenia mediated by these two types of autoantibody is
a dominant mechanism for SLE-associated thrombocytopenia,
as for idiopathic thrombocytopenia.

Interestingly, anti-GPIIb/IIIa and anti-TPOR antibodics were
associated with different phenotypes of thrombocytopenia, in
terms of bone-marrow megakaryocyte density and therapeutic
responses to standard treatment regimens for immune thrombo-
cytopenia. All the SLE patients with anti-GPIIb/IHa antibody
alone had normal or increased megakarvocyte density. whereas the
anti-TPOR antibody was strongly associated with megakaryocytic
hypoplasia. This different phenotype can be explained by the
distinct biological effects of these antibodies: anti-GPIIb:HIa
antibody binds circulating platelets and facilitates Fey receptor-
mediated clearance of opsonized platelets by reticuloendothelial
phagocytes [2], whereas anti-TPOR antibody blocks TPO signal-
ling, resulting in inhibition of megakaryogenesis in the bone
marrow [4]. This different mode of action may also account for the
lack of therapeutic response to [VIG of patients with anti-TPOR
antibody. Since interactions between the Fe portion of the infused
immunoglobulins and the Fe receptors on target cells are thought
to be a primary action of IVIG [10]. it is likely that IVIG has litile
effect on the TPO signal blockade through the variable region of
the antibodies.

In summary, measurement of anti-GPIIb/ITa anti-TPOR anti-
body responses is useful in distinguishing between subsets of
patients with SLE and thrombocytopenia and predicting their
therapeutic response.

Key messages

e Anti-GPIIb/IHa and anti-TPOR anti-
bodies are major contributory factors to
SLE-associated thrombocytopenia.

o Anti-TPOR antibody is associated with
megakaryocytic  hypoplasia and poor
therapeutic responsces 1o corticosteroids
and intravenous immunoglobulin.
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Potential benefit of statins for vascular disease in

systemic sclerosis
Masataka Kuwana

Purpose of review

Microvascular abnormality is a dominant feature of systemic
sclerosis. There is increasing evidence that statins,
developed as lipid-lowering drugs, yield profound benefits
beyond their lipid-lowering effects. These ‘pleiotropic’
effects suggest that statins may be beneficial for treating
SSc vasculopathy. This review focuses on the action of
statins on endothelial functions and their potential use in
treating SSc.

Recent findings

The initial event in the pathogenesis of vascular involvement
in SSc¢ has been thought to be endothelial injury, but recent
studies have led to another theory — that insufficient
vascular repair due to defective vasculogenesis contributes
to this process. Statins inhibit cholesterol synthesis, but
they also suppress the synthesis of other lipid
intermediates, resulting in protection of the endothelium
through improvements in endothelial function, mobilization
of endothelial precursors, suppression of the inflammatory
response, and inhibition of fibrosis. Only a few studies
evaluating the clinical benefits of statins have been
conducted in SSc patients to date, but one open-label
study showed that statins might be effective in improving
vascular symptoms.

Summary

Statins display numerous effects that may be of potential
benefit in preventing endothelial dysfunction in SSc
patients. Further clinical trials of statins in SSc patients are
warranted.
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endothelial cells, pleiotropic effect, vasculogenesis
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Abbreviations

CEP circulating endothelial precursor
eNOS  endothelial nitric oxide synthase
FPP farnesyl pyrophosphate

GGPP  geranylgeranyl pyrophosphate
LDL low-density lipoprotein

NO nitric oxide

PIBK  phosphatidylinositol-3 kinase
SSc systemic sclerosis

VEGF vascular endothelial growth factor
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1040-8711

Introduction

Microvascular abnormality is the most common finding in
patients with systemic sclerosis (SSc¢), or scleroderma, and
causes reduced blood flow and tissue ischemia, which
lead to Raynaud’s phenomenon, digital ulcers, and
gangrene. The pathogenesis of SSc vasculopathy is not
fully understood, but several lines of evidence have
indicated that it is induced by enhanced vascular injury
[1] and insufficient vascular repair machinery due to
defective vasculogenesis [2]. To date, there has been
minimal success in treating the vascular manifestations of
SSc using nonselective vasodilators [3].

The 3-hyvdroxy-3-methylglutaryl coenzyme A reductase
inhibitors, or statins, were developed as lipid-lowering
drugs, and they have been shown in numerous clinical
trials to promote the primary and sccondary prevention of
cardiovascular morbidity and mortality in patients with
hypercholesterolemia [4]. The clinical benefit was
initially believed to be solely attributable to its low-
density lipoprotein (LDL)-lowering effect. There is
increasing cvidence, however, that statins yield profound
benefits beyond their lipid-lowering action [5]. These so-
called ‘pleiotropic’ effects of statins, revealed in exper-
imental and clinical studies, suggest that statins may be
beneficial for treating other forms of vascular dysfunction,
such as those seen in SSc. This review discusses the
potential utility of statins as a treatment for SSc vascu-
lopathy.

Pathogenesis of systemic sclerosis
vasculopathy

SSc vasculopathy mainly involves small arteries (50—
500 pm diameter) and capillarics, and causes reduced
blood flow and tissue ischemia. The final balance
between vasodilation and vasoconstriction in the vascular
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endothelium is determined by specific interactions
between soluble or cell surface signaling molecules.
These vasomotor controls are impaired in patients with
SSc, and the balance favors vasoconstriction [6]. This
functional dysregulation is primarily caused by morphol-
ogic changes of the vasculature. In early SSc, perivascular
mononuclear infiltrates can be found in conjunction with
the edematous concentric proliferation of the intima. In
patients with more advanced disease, the most striking
findings are reduced capillary density and the obliteration
of vessels due to intimal fibrosis. In this regard, Konttinen
et al. [7] reported that SSc skin shows the rare vascular
expression of ayB;™ integrin, which is preferentially
expressed by newly formed blood vessels.

Despite the relative lack of new blood vessel formation,
there is accumulating evidence that enhanced proangio-
genic signaling occurs in SSc-affected tissues. The
expression of vascular endothelial growth factor (VEGF),
a key mediator of angiogenesis, and its receptors
VEGFRI1 and VEGFR2 is dramatically upregulated in
skin specimens of SSc patients at different disease stages
[8,9]. Ann Davies ¢ /. [10] also showed unregulated
VEGF expression in SSc skin, but failed to confirm the
increased expression of VEGFR2. VEGF is one of the
major proteins whose expression is upregulated after
hypoxic exposure, and its overexpression in SSc patients
can be explained by tissue ischemia. Moreover, elevated
levels of circulating VEGF and other proangiogenic
factors, including basic fibroblast growth factor and hep-
atocyte growth factor, are reported in SSc patients [2,11].
In SSc patients, therefore, blood vessel formation appears
insufficient to replace damaged vessels, despite the pres-
ence of enhanced hypoxia-mediated proangiogenic sig-
nals. In this regard, Giusti e @/. [12°] recently reported
that a reduction in tissue kallikreins, which are powerful
modulators of angiogenesis, may be relevant to the
reduced angiogenesis in SSc patients. The mechanisms
that induce characteristic structural changes of the vessel
wall seen in SSc patients involve two different processes,
as described below.

Enhanced vascular injury

The proposed mechanisms for enhanced vascular injury
include ischemia-reperfusion reaction, the inflammatory-
immune process, and an imbalance between coagulation
and fibrinolysis. The enhanced expression of adhesion
molecules in SSc vessels is widely documented and is
presumed to result in inflammatory cell wrafficking in the
vessel wall and surrounding tissue. Stummvoll ¢z 2/, [13]
found that SSc patients had an increased proportion of
circulating CD4™ T cells that showed enhanced expres-
sion of CD11a, CD49d, CD29, and CD44, and engaged in
transendothelial migration. T cells with these phenotypic
features were frequently detected in the perivascular
areas in the early stage of SSc. Worda e7 @/. [14] described
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the direct induction of endothelial apoptosis by antien-
dothelial antibodies in a chicken model of SSc (UCD-
200), although the identity of the target antigens recog-
nized by these antibodies remains unclear. A recent
analysis by Satoh e /. [15] indicated that neither the
endothelium-specific surface receptors bone morphogen-
etic protein receptor-I1 or activin receptor-like kinase 1
were the target antigens recognized by the autoanti-
bodies.

Defective vasculogenesis

Recent studies have provided increasing evidence that
the formation of new blood vessels in postnatal life does
not result solely from the sprouting of preexisting vessels
(‘angiogenesis’), but also involves the recruitment of
bone marrow-derived progenitors or precursors for endo-
thelial cells (‘vasculogenesis’) [16]. These circulating
endothelial precursors (CEPs) have properties similar
to those of embryonic angioblasts, which are defined as
cells with the capacity to circulate, proliferate, and differ-
entiate into mature endothehal cells [17]. CEPs can be
identified by a characteristic surface phenotype positive
for CD34, CD133, and VEGFR 2 [18]. In healthy adults,
however, circulating CEPs are very rare, representing
approximately one out of every 10° leukocytes [2,18].
Postnatal vasculogenesis mainly contributes to vascular
healing in response to vascular injury or ischemia,
through the rapid endothelialization of denuded vessels
and collateral vessel formation [19-21]. In this process,
CEPs home to the site of injury and work in concert with
the existing endothelial cells [22].

We recently developed assay systems to evaluate the
absolute number of CEPs and their maturation potential,
and used these systems to examine the quantity and
function of CEPs in SSc patients [2]. The number of
CEPs in SSc patients was markedly reduced, and their
maturation potential was impaired, compared with CEPs
in healthy controls. These findings led us to propose a
new theory, that insufficient vascular repair machinery
through defective vasculogenesis contributes to the vas-
cular involvement seen in SSc patients. Upon vascular
injury, many growth factors — such as VEGF, basic
fibroblast growth factor, transforming growth factor-8,
and platelet-derived growth factor — are produced by
the damaged vessels and adherent activated platelets to
promote vascularization [21,23]. This tissue response
may be accelerated and prolonged in SSc patients, and
the sustained production of these growth factors could
induce the proliferation of fibroblasts and smooth muscle
cells in the mntma and the excessive deposition of the
extracellular matrix. This process might be enhanced by
inflammation and the activation of coagulation systems,
which are secondarily induced by endothelial dysfunc-
tion (Fig. 1). The mechanism underlying the reduced
CEPs in SSc patients is currently unknown, but the
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Figure 1 The role of circulating endothelial precursors (CEPs)
in vascular repair in healthy individuals, and the defect in
CEP-mediated vascular repair in systemic sclerosis (85c¢)
vasculopathy

Figure 2 The statin-sensitive mevalonate pathway

Healthy
individuals

SSc
patients

inflammatory cell
recruitment

Platelet adherence

bFGF, basic fibroblast growth factor; EC, endothelial cells; ECM,
extracellular matrix; PDGF, platelet-derived growth factor; SMC, smooth
muscle cells; TGF-B, transforming growth factor-g; VEGF, vascular
endothelial growth factor.

upregulated angiogenic signals in SSc-affected tissues
scrongly suggest that CEPs and their stem cells in the
bone marrow do not respond adequately to these angio-
genic stimuli. Alternatively, it is possible that continuous
endothelial injury leads to the eventual depletion of
CEPs, as suggested in patients with multiple risk factors
for atherosclerosis [24].

Biochemical effects of statins

Statins inhibit the rate-limiting step of cholesterol
synthesis by preventing 3-hydroxy-3-methylglutaryl
coenzyme A from being reduced to mevalonate via
3-hydroxy-3-methylglutaryl coenzyme A reductase
(Fig. 2). Mevalonate is a necessary substrate not only
for cholesterol synthesis, but also for the synthesis of
several other biologically important lipid intermediates.
Two such intermediates are farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP)
[25,26]. These molecules serve as liptd attachments
that are required for the proper localization and acti-
vation of a variety of proteins, such as monomeric
GTPases, by regulating their post-translational modi-
fication (prenylation). GTPases are active when they
are modified post-translationally by the attachment of
hydrophilic FPP or GGPP. GTPases are intraccllular
regulators that play essential roles in numerous cellular
processes, including gene expression, actin cytoskel-
eton regulation, membrane trafficking, proliferation,
apoptosis, and migration [27]. Two major GTPases
include the Rho and Ras family proteins, which regu-
late many cellular pathways, such as those involving
mitogen-activated protein kinase, c-Jun N-terminal
kinase, extracellular signal-regulated kinase, phos-
phatidylinositol-3 kinase (PI3K), and peroxisome

statins

Acetyl-CoA
HMG-CoA reductase -
HMG-CoA

Mevalonate

Isopentenyl-PP

Geranyl-PP ——— Geranylgeranyl-PP
Farnesyl-PP \
Squallene \ Protein geranylation

(Rho proteins)
Protein farnesylation
(Ras proteins)

Cholesterol

CoA, coenzyme A; HMG, 3-hydroxy-3-methylglutaryl; PP, pyropho-
sphate.

proliferator-activated receptor. The statin-mediated
inhibition of Rho and Ras prenylation leads to the
accumulation of their inactive form in the cytoplasm,
which probably explains in part the pleiotropic effects
of statins. It should be noted that there are substantial
differences in the pleiotropic effects clicited by differ-
ent statins.

Potential actions of statins on the
endothelium

The vascular endothelium represents the key regulatory
component of the vascular wall, and endothelial dysfunc-
tion represents the earliest manifestation of various vas-
cular diseases, including SSc and atherosclerosis.
Evidence has recently been accumulated that statins
may specifically exert their beneficial effects by protect-
ing the endothelium and improving its functional
activity.

Lipid-lowering effecis

The crucial role of oxidized LDL in the development of
atherosclerosis is well documented, but oxidized LDL
itself potently stimulates the apoptosis of endothelial
cells [28,29] and the production of VEGF, which plays
a role in the progression of intimal proliferation in endo-
thelial cells [30]. A reduction in circulating LDL levels by
statins therefore directly suppresses events that poten-
tially promote endothelial damage and dysfunction.

Improvement of endothelial function

Nitric oxide (NO) exerts protective effects on endothelial
cells and prevents their activation. Many studies have
shown that endothelial dysfunction is associated with a
reduction of endothelium-derived NO bioavailability,
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which consequently modulates vascular reactivity and
blood flow in the peripheral arteries. In SSc patients,
the expression of NO and endothelial nitric oxide
synthase (eNOS) is lower in dermal microvascular endo-
thelial cells than in those from control subjects [31] —
although Andersen ¢ a/. [32] reported the elevation of
NO synthesis in SSc patients. On the other hand, gene
polymorphism of the eNOS gene (Glu298Asp) is strongly
associated with SSc [33], suggesting a crucial role for NO
in its pathogenesis — although another group failed to
confirm this putative association [34]. Statins have been
shown to induce eNOS expression by prolonging its
mRNA stability [35]. The incubation of statin-treated
endothelial cells with either mevalonate or GGPP, but
not FPP, reverses this effect, indicating the involvement
of one or more Rho proteins [36,37]. In addition, statin-
induced activation of the PI3K/Akt signaling pathway
leads to the phosphorylation of eNOS at serine 1177 and
the subsequent enhancement of eNOS enzymatic
acuvity [38,39]. Statins also interfere with the generation
of reactive oxygen species by endothelial cells. At least
two independent mechanisms appear responsible for this
effect: the reduction of myeloperoxidase-derived and
NO-derived oxidants [40], and inhibition of their expres-
sion and activation by the reduced nicotinamide adenine
dinucleotide phosphatase oxidase activity [41].

Mobilization and differentiation of circulating
endothelial precursors

Kureishi ¢ a/. [42] reported that simvastatin promotes
new blood formation in the ischemic limbs of normocho-
lesterolemic rabbits, similar to VEGF treatment. The in-
vitro experiments demonstrated that statins potently
augment the generation of endothelial precursors from
mononuclear cells and CD34" hematopoietic stem cells
isolated from peripheral blood [43,44]. In addition, recent
reports demonstrated that statin treatment induces CEP
mobilization and accelerates endothelial repair at sites of
arterial injury in animal models [45,46]. In patients with
stable coronary arterial disease, statins increase the num-
ber of CEPs [47]. The mobilization of CEPs is therefore
one of the mechanisms responsible for neovasculariza-
tion, but the detailed events responsible for this effect are
presently unclear. In this regard, Aicher er a/ [48]
reported that the impaired neovascularization seen in
mice lacking eNOS is due to a defect in CEP mobi-
lization, suggesting the involvement of eNOS in the
mobilization of CEPs. Walter e7 2/. [45] found that CEPs
mobilized in response to statin therapy exhibit enhanced
adhesion as well as the modulated expression of asB; and
ayBs integrins. This finding suggests that statins modu-
late the adhesiveness of CEPs to support their homing to
sites of vascular injury. Moreover, statins were shown to
inhibit the senescence of CEPs by regulating various
cell-cycle proteins [49]. The protein kinase Akt has been
shown to play a central role in the statin-induced
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neovascularization. Kureishi ez @/. [42] reported that sim-
vastatin rapidly activates Akt signaling in endothelial
cells and enhances vascularization /2 viwe. Urbich er af.
[50] demonstrated that the statin-mediated Akt acti-
vation and phosphorylation of eNOS are reversed by
PI3K inhibitors. Interestingly, statins and VEGF share
a common signaling pathway that involves activation
of the PI3K/Akt cascade. Recent studies indicate that
the statin-mediated activation of Akt results from the
inhibition of mevalonate formation [43,44], but further
studies are required to fully elucidate the underlying
mechanisms.

Controversy exists regarding the potential proangiogenic
and antiangiogenic effects of statins that have been
reported in the literature [50,51]. It appears that statins
are proangiogenic at low doses 7z vitro and in vivo — doses
corresponding to the physiologic levels achieved in
clinical practice — whereas antiangiogenic effects are
seen at high-dose or toxic levels, which are not reached by
oral administration in a clinical setting.

Suppression of the inflammatory response
Statins have been shown to have beneficial effects in
human inflammatory diseases, such as multiple sclerosis
[52] and rheumaroid arthritis [53]. These clinical obser-
vations suggest that statins might have anti-inflammatory
or immunoregulatory effects. Research over the past
several years has elucidated a number of mechanisms
by which statins may exert these effects [54], bur this
review focuses on the mechanisms involving the endo-
thelium. Statins have been reported to inhibit inter-
actions between leukocytes and endothelial cells that
necessarily precede leukocyte entry into tissues from
the vasculature [55,56]. The mechanism by which statins
regulate leukocyte—endothelial adhesion involves their
direct binding to a novel regulatory site, termed the
L-site, on lymphocyte function-associated antigen 1
[57]. Statins induce allosteric changes in lymphocyte
function-associated antigen 1 that prevent its binding to
intracellular adhesion molecule-1. This effect is both
cholesterol and 1soprenoid independent. Statins have
also been shown to downregulate the expression of che-
mokines and their receptors on endothelial cells and
leukocytes, ncluding monocyte chemotactic protein-1,
macrophage inflammatory protein-lae and macrophage
inflammatory protein-18, interleukin-8, CCRI1, and
CCR2Z [58]. These molecules are reported to be upregu-
lated in endothelial cells and leukocytes from SSc patients
[59,60].

Statins also reduce the production of inflammatory cyto-
kines, such as interleukin-6 and interleukin-1B, by cul-
tured human umbilical vein endothelial cells [61]. Statins
inhibit the activation of nuclear factor-kB in endothelial
cells undergoing inflammatory stimuli, suggesting that this
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transcriptional regulator of inflammatory genes may be an
important statin target {62]. The downregulation of Rho-
related protein activation is one probable mechanism for
this effect [63]. Statins also activate the anti-inflammatory
transcription  factor peroxisome  proliferator-activated
receptor, which interferes with the transcriptional activity
of nuclear factor-kB [64,65].

Inhibition of fibrosis

Statins are reported to suppress fibroblast activation
in vitro and in vroo. In a rat model of renal nephropathy,
lovastatin was shown to downregulate the expression of
transforming growth factor-f in mesangial cells [66]. In
addition, statins cause a potent reduction in connective
tissue growth factor levels in cultured fibroblasts derived
from various tissues, and this effect appears to be
mediated by a decrease in the prenylation of RhoA
[67—69]. Rosenbloom e a/. [70] reported that a specific
inhibitor of geranylgeranyl transferase inhibited the
gene expression of both type I and type III collagens.
Simvastatin suppressed type I collagen production in the
same line, and this effect was completely reversed by
mevalonate and GGPP, but not by FPP [71°°].

The potential of statins for treating systemic
sclerosis vascular disease

The beneficial effect of statins against various types of
vascular diseases led several investigators to propose
them as a potential treatment for SSc vasculopathy
[72-74], although only a few studies have evaluated
the clinical effect of statins in SSc patients. We recently
conducted an open-label, prospective study to evaluate
whether statins can improve vascular symptoms and
increase CEPs in SSc patients [75°°]. Thirteen SSc
patients received 10 mg/day atorvastatin for 12 weeks,
and were followed for the subsequent 4weeks. Ray-
naud’s phenomenon improved during the atorvastatin
treatment, with significant reductions in the Raynaud
condition score and the patients’ assessment by visual
analog scale rating. The limitation of this study was the
self-reported assessments of Raynaud’s phenomenon in
the setting of an open-label study, although the measures
used have been shown to be reliable in SSc patients [76].
Regarding the underlying mechanisms, we focused on
the mobilization and functional improvement of CEPs.
Atorvastatin treatment resulted in a 1.7-fold to 8.0-fold
increase in the CEP number from baseline, and the
number returned to baseline after the cessation of ator-
vastatin. Circulating levels of the angiogenic factors
VEGF and basic fibroblast growth factor, which are
upregulated to compensate for the defect in the CEPS’
ability to respond adequately to angiogenic stimuli, were
significantly reduced during the atorvastatin treatment.
In addition, the circulating levels of soluble vascular cell
adhesion molecule-1 and E-selectin, which reflect the
status of endothelial activation and injury, decreased

during the treatment. The beneficial effects observed
during the atorvastatin treatment could be explained by
the recruitment of CEPs into the periphery and by the
possible repair of injured endothelium. It is also possible,
however, that the observed clinical changes were
mediated through other effects of statins, such as an
improvement in endothelial function and suppression
of inflammation.

Despite their increase, the number of CEPs during
atorvastatin treatment did not reach the level seen in
healthy individuals. In addition, the statin failed to
improve the impaired maturation potential of the CEPs.
These observations indicate that although atorvastatin
is capable of improving CEP dysfunction in SSc patients,
its effect is limited. Since our study used a regular dosage
(10 mg daily) of atorvastatin, it would be interesting to
examine whether a better clinical benefit could be
obtained using a higher dosage (i.e. 80mg daily [77])
or other statins. In addition, because statins may enhance
the vascular repair process and are thought to protect
against the progression of vascular abnormality, it would
be better to start them at an early disease phase and apply
them over the long term.

Conclusion

Novel therapeutic agents are needed for treating SSc that
can modify the course of vasculopathy by preventing
morphologic changes and functional abnormalities of
the vasculature and by promoting vascular remodeling.
Startins display a remarkable array of important biologic
effects on vascular functions besides their well-known
lipid-lowering effect; these pleiotropic effects suggest
statins might have a beneficial effect on SSc vasculopathy.
Moreover, statins are readily available and have been
demonstrated to be relatively safe. Taken together, recent
research suggests that statins are promising drugs for
rargeting the vascular disorders seen in SSc patients.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

o of special interest

ee of outstanding interest

Additional references related o this topic can also be found in the Current
World Literature section in this issue {p. 654).

1 LeRoy EC. Systemic sclerosis: a vascular perspective. Rheum Dis Clin North
Am 1996; 22:675-694.

2 KuwanaM, Okazaki Y, Yasuoka H, et al. Defective vasculogenesis in systemic
sclerosis. Lancet 2004; 364:603~610.

3 Schachna L, Wigley FM. Targeting mediators of vascular injury in scleroder-
ma. Curr Opin Rheumatol 2002; 14:686-693.

4 Maron DJ, Fazio S, Linton MF. Current perspectives on statins. Circulation
2000; 101:207-213.

5 Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-methylglutaryl coen-
zyme A reductase inhibitors. Arterioscler Thromb Vasc Biol 2001; 21:1712-
1719.

6 Herrick AL. Pathogenesis of Raynaud’s phenomenon. Rheumatology 2005;
44:587-596.

— 201 —



10

11

12

Konttinen YT, Mackiewicz Z, Ruuittila P, et al. Vascular damage and lack of
angiogenesis in systemic sclerosis skin. Clin Rheumatol 2003; 22:196-202.

Mackiewicz Z, Sukura A, Povilenaite D, et al. Increased but imbalanced
expression of VEGF and its receptors has no positive effect on angiogenesis
in systemic sclerosis skin. Clin Exp Rheumatol 2002; 20:641—-646.

Distler O, Distler JH, Scheid A, et al. Uncontrolled expression of vascular
endothelial growth factor and its receptors leads to insufficient skin angio-
genesis in patients with systemic sclerosis. Circ Res 2004; 95:109-1186.

Ann Davies C, Jeziorska M, Freemont Al, Herrick AL. The differential expres-
sion of VEGF, VEGFR-2, and GLUT-1 proteins in disease subtypes of
systemic sclerosis. Hum Pathol 2006; 37:190-197.

Distler O, Del Rosso A, Giacomelli R, et al. Angiogenic and angiostatic factors
in systemic sclerosis: increased levels of vascular endothelial growth factor
are a feature of the earliest disease stages and are associated with the
absence of fingertip ulcers. Arthritis Res 2002; 4:R11.

Giusti B, Serrati S, Margheri F, et al. The antiangiogenic tissue kallikrein
pattern of endothelial cells in systemic sclerosis. Arthritis Rheum 2005; 52:
3618-3628.

This microarray-based gene profiling study of normal and SSc microvascular
endothelial cells found critical alterations in the angiogenesis-modulating tissue
kalfikreins.

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Stummvoll GH, Aringer M, Grisar J, et al. Increased transendothelial migration
of scleroderma lymphocytes. Ann Rheum Dis 2004; 63:568-574.

Worda M, Sgonc R, Dietrich H, et al. In vivo analysis of the apoptosis-inducing
effect of antiendothelial cell antibodies in systemic sclerosis by the chorion-
allantoic membrane assay. Arthritis Rheum 2003; 48:2605-2614.

Satoh T, Kimura K, Okano Y, et al. Lack of circulating autoantibodies to bone
morphogenetic protein receptor-ll or activin receptor-fike kinase 1 in mixed
connective tissue disease patients with pulmonary arterial hypertension.
Rheumatology 2005; 44:192-196.

Caplice NM, Doyle B. Vascular progenitor cells: origin and mechanisms of
maobilization, differentiation, integration, and vasculogenesis. Stem Cells Dev
2005; 14:122-139.

Caprioli A, Jaffredo T, Gautier R, et al. Blood-borne seeding by hematopoietic
and endothelial precursors from the allantois. Proc Natl Acad SciU S A 1998;
95:1641-1646.

Peichev M, Naiyer AJ, Pereira D, et al. Expression of VEGFR-2 and AC133 by
circulating human CD34 " cells identifies a population of functional endothe-
lial precursors. Blood 2000; 95:952-958,

Asahara T, Masuda H, Takahashi T, et al. Bone marrow origin of endothelial
progenitor cells responsible for postnatal vasculogenesis in physiological and
pathological neovascularization. Circ Res 1999; 85:221-228,

Bhattacharya V, McSweeney PA, Shi Q, et al. Enhanced endothelialization
and microvessel formation in polyester grafts seeded with CD34™ bone
marrow cells. Blood 2000; 95:581-585.

Gill M, Dias S, Hattori K, et al. Vascular trauma induces rapid but transient
mobilization of VEGFR2"AC133" endothelial precursor cells. Circ Res
2001, 88:167-174.

Murayama T, Tepper OM, Silver M, et al. Determination of bone marrow-
derived endothelial progenitor cell significance in angiogenic growth factor-
induced neovascularization in vivo. Exp Hematol 2002; 30:967-972.

Takahashi T, Kalka C, Masuda H, et al. Ischemia- and cytokine-induced
mobilization of bone marrow-derived endothelial progenitor cells for neo-
vascularization. Nat Med 1999; 5:434-438.

Vasa M, Fichtlscherer S, Aicher A, et al. Number and migratory activity of
circulating endothelial progenitor cells inversely correlate with risk factors for
coronary artery disease. Circ Res 2001; 89:e1-e7.

Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev 2001;
81:153-208.

Cohen LH, Pieterman E, van Leeuwen REW, et al. Inhibitors of prenylation of
Ras and other G-proteins and their application as therapeutics. Biochem
Pharmacotl 2000; 60:1061-1068.

Etienne-Manneville S, Hall A. Rho GTPases in cell biology. Nature 2002;
420:629-635.

Sata M, Walsh K. Oxidized LDL activates Fas-mediated endothelial cell
apoptosis. J Clin Invest 1998; 102:1682-1689.

Vindis C, Elbaz M, Escargueil-Blanc |, et al. Two distinct calcium-dependent
mitochondrial pathways are involved in oxidized LDL-induced apoptosis.
Arterioscler Thromb Vasc Biol 2005; 25:639-645.

Inoue M, ltoh H, Tanaka T, et al. Oxidized LDL regulates vascular endothelial
growth factor expression in human macrophages and endothelial cells
through activation of peroxisome proliferators-activated receptor-g. Arterios-
cler Thromb Vasc Biol 2001; 21:560-566.

— 202 —

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Statins and vascular disease in systemic sclerosis Kuwana 599

Romero LI, Zhang DN, Cooke P, et al. Differential expression of nitric oxide by
dermal microvascular endothelial cells from patients with scleroderma. Vasc
Med 2000; 5:147-158.

Andersen GN, Caidahl K, Kazzam E, et al. Correlation between increased
nitric oxide production and markers of endothelial activation in systemic
sclerosis: findings with the soluble adhesion molecules E-selectin, intercel-
lular adhesion molecule 1, and vascular cell adhesion molecule 1. Arthritis
Rheum 2000; 43:1085-1093,

Fatini C, Gensini F, Sticchi E, et al. High prevalence of polymorphisms of
angiotensin-converting enzyme (I/D) and endothelial nitric oxide synthase
(Glu298Asp) in patients with systemic sclerosis. Am J Med 2002; 112:
540~544.

Assassi S, Mayes MD, McNearney T, et al. Polymorphisms of endothelial nitric
oxide synthase and angiotensin-converting enzyme in systemic sclerosis. Am J
Med 2005; 118:907-911.

Laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of endothelial nitric oxide
synthase by HMG CoA reductase inhibitors. Circulation 1998; 97:1129~
1135.

Laufs U, Endres M, Stagliano N, et al. Neuroprotection mediated by changes
in the endothelial actin cytoskeleton. J Clin Invest 2000; 106:15-24.

Kalinowski L, Dobrucki IT, Malinski T. Cerivastatin potentiates nitric oxide
release and eNOS expression through inhibition of isoprenoids synthesis.
J Physiol Pharmacol 2002; 53:586-595.

Fulton D, Gratton JP, McCabe TJ, et al. Regulation of endothelium-derived
nitric oxide production by the protein kinase Akt. Nature 1999; 399:
597-601.

Dimmeler S, Fleming |, Fisslthaler B, et al. Activation of nitric oxide synthase in
endothelial cells by Akt-dependent phosphorylation. Nature 1999; 399:601 —
605,

Shishehbor MH, Brennan ML, Aviles RJ, et al. Statins promote potent
systemic antioxidant effects through specific inflammatory pathways. Circula-
tion 2003; 108:426-431.

Rueckschloss U, Galle J, Holtz J, et al. Induction of NAD(P)H oxidase by
oxidized low-density lipoprotein in human endothelial cells: antioxidative
potential of hydroxymethylglutaryl coenzyme A reductase inhibitor therapy.
Circulation 2001; 104:1767-1772.

Kureishi Y, Luo Z, Shiojima [, et al. The HMG-CoA reductase inhibitor
simvastatin activates the protein kinase Akt and promotes angiogenesis in
normocholesterolemic animals. Nat Med 2000; 6:1004-1010.

Dimmeler S, Aicher A, Vasa M, et al. HMG-CoA reductase inhibitors (statins)
increase endothelial progenitor cells via the Pl 3-kinase/Akt pathway. J Clin
Invest 2001; 108:381-397.

Llevadot J, Murasawa S, Kureishi Y, et al. HMG-CoA reductase inhibitor
mobilizes bone marrow-derived endothelial progenitor cells. J Clin Invest
2001; 108:399-405.

Walter DH, Rittig K, Bahimann FH, et al. Statin therapy accelerates reen-
dothelialization: a novel effect involving mobilization and incorporation of bone
marrow-derived endothelial progenitor cells. Circulation 2002; 105:3017~
3024,

Werner N, Priller J, Laufs U, et al. Bone marrow-derived progenitor cells
modulate vascular reendothelialization and neointimal formation: effect of
3-hydroxy-8-methylglutaryl coenzyme A reductase inhibition. Arterioscler
Thromb Vasc Biol 2002; 22:1567-1572.

Vasa M, Fichtlscherer S, Adler K, et al. Increase in circulating endothelial
progenitor cells by statin therapy in patients with stable coronary artery
disease. Circulation 2001; 103:2885-2890.

Aicher A, Heeschen C, Mildner-Rihm C, et al. Essential role of endothelial
nitric oxide synthase for mobilization of stem and progenitor cells. Nat Med
2003; 9:1370~1376.

Assmus B, Urbich C, Aicher A, et al. HMG-CoA reductase inhibitors reduce

senescence and increase proliferation of endothelial progenitor cells via
regulation of cell cycle regulatory genes. Circ Res 2003; 92:1049-1055.

Urbich C, Dernbach E, Zeiher AM, Dimmeler S. Double-edged role of statins
in angiogenesis signaling. Circ Res 2002; 90:737~744.

Weis M, Heeschen C, Glassford AJ, Cooke JP. Statins have biphasic effects
on angiogenesis. Circulation 2002; 105:739-745.

Vollmer T, Key L, Durkalski V, et al. Oral simvastatin treatment in relapsing-
remitting multiple sclerosis. Lancet 2004; 363:1807~1608.

McCarey DW, Mclnnes IB, Madhok R, et a/. Trial of atorvastatin in rheumatoid
arthritis (ATRA): double-blinded, randomised placebo-controlled trial. Lancet
2004; 363:2015-2021.

Abeles AM, Pillinger MH. Statins as anti-inflammatory and immunomodulatory
agents: A future in rheumatologic therapy. Arthritis Rheum 2006, 54:393-407.



600 Raynaud phenomenon, scleroderma, overlap syndromes and other fibrosing syndromes

55 Obama R, Ishida H, Takizawa S, et al. Direct inhibition by a statin of TNFa-
induced leukocyte recruitment in rat pial venules — in vivo confocal micro-
scopic study. Pathophysiology 2004; 11:121-128.

56 Fischetti F, Carretta R, Borotto G, et al. Fluvastatin treatment inhibits leuco-
cyte adhesion and exiravasation in models of complement-mediated acute
inflammation. Clin Exp Immunol 2004; 135:186-193.

57 Weitz-Schmidt G, Welzenbach K, Brinkmann V, et al. Statins selectively
inhibit leukocyte function antigen-1 by binding to a novel regutatory integrin
site. Nat Med 2001; 7:687 ~692.

58 Steffens S, Mach F. Anti-inflammatory properties of statins. Semin Vasc Med
2004; 4:417-422.

59 Hasegawa M, Sato S, Takehara K. Augmented production of chemokines
(monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory pro-
tein-1alpha (MIP-1a) and MIP-1) in patients with systemic sclerosis: MCP-1
and MIP-1alpha may be involved in the development of pulmonary fibrosis.
Clin Exp Immunol 1999; 117:159~165.

60 Carulli MT, Ong VH, Ponticos M, et al. Chemokine receptor CCR2 expression
by systemic sclerosis fibroblasts: evidence for autocrine regulation of myo
fibroblast differentiation. Arthritis Rheum 2005; 52:3772-~3782.

61 Inouel, Goto S, Mizotani K, et al. Lipophilic HMG-CoA reductase inhibitor has
an anti-inflammatory effect: reduction of mRNA levels for interleukin-1,
interleukin-6, cyclooxygenase-2, and p22phox by regulation of peroxisome
proliferator-activated receptor alpha (PPARa) in primary endothelial cells. Life
Sci 2000; 67:863~876.

62 Dichtl W, Dulak J, Frick M, et al. HMG-CoA reductase inhibitors regulate
inflammatory transcription factors in human endothelial and vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol 2003; 23:58-63.

63 Cammarano MS, Minden A. Dbl and the Rho GTPases activate NF«B by kB
kinase (IKK)-dependent and IKK-independent pathways. J Biol Chem 2001;
276:25876-25882.

64 Martin G, Duez H, Blanquart C, et al. Statin-induced inhibition of the Rho-
signaling pathway activates PPARo and induces HDL apoA-l. J Clin Invest
2001; 107:1423~1432.

65 Zelvyte |, Dominaitiene R, Crisby M, Janciauskiene S. Modulation of inflam-
matory mediators and PPARy and NFkB expression by pravastatin in
response to lipoproteins in human monocytes in vitro. Pharmacol Res
2002; 45:147~154,

66 Kim S, Han DC, Lee HB. Lovastatin inhibits transforming growth factor-g1
expression in diabetic rat glomeruli and cultured rat mesangial cells. } Am Soc
Nephrol 2000; 11:80-87.

67 Goppelt-Struebe M, Hahn A, lwanciw D, et al. Regulation of connective tissue
growth factor (con2; ctgf) gene expression in human mesangial cells: mod-
ulation by HMG CoA reductase inhibitors (statins). Mol Pathol 2001,
54:176~179.

68 Heusinger-Ribeiro J, Fischer B, Goppelt-Struebe M. Differential effects of
simvastatin on mesangial cells. Kidney Int 2004; 66:187~195.

69 Watts KL, Sampson EM, Schultz GS, Spiteri MA. Simvastatin inhibits growth
factor expression and modulates profibrogenic markers in lung fibroblasts. Am
J Respir Cell Mol Biol 2005; 32:290~-300.

70 Rosenbloom J, Saitta B, Gaidarova S, et al. Inhibition of type | collagen
gene expression in normal and systemic sclerosis fibroblasts by a specific
inhibitor of geranylgeranyl transferase 1. Arthritis Rheum 2000; 43:1624~
1632.

71 Louneva N, Huaman G, Fertala J, Jimenez SA. Inhibition of systemic sclerosis

oo dermal fibroblast type 1 collagen production and gene expression by simvas-
tatin. Arthritis Rheum 2006; 54:1298~-1308.

This study examined whether statins are capable of modulating collagen gene

expression in cultured SSc dermal fibroblasts, and showed that simvastatin is a

powerful inhibitor of type | collagen gene expression in normal and systemic

sclerosis fibroblasts.

72 Shor R, Halabe A. New trends in the treatment of scleroderma renal crisis.
Nephron 2002; 92:716-~718.

73 Sule SD, Wigley FM. Treatment of scleroderma: an update. Expert Opin
Investig Drugs 2003; 12:471-482.

74 Derk CT, Jimenez SA. Statins and the vasculopathy of systemic sclerosis:
potential therapeutic agents? Autoimmun Rev 2008, 5:26-32.

75 Kuwana M, Kaburaki §, Okazaki Y, et al. Increase in circulating endothelial

e0 precursors by atorvastatin in patients with systemic sclerosis. Arthritis Rheum
20086; 54:1946-1951.

This article describes the first open-label, prospective study evaluating the clinical

benefit of statins for improving vascular symptoms in SSc patients. In addition, this

study showed that statins can increase CEPs even in SSc patients who have CEP

dysfunction.

76 Merkel PA, Herlyn K, Martin RW, et al. Measuring disease activity and
functional status in patients with scleroderma and Raynaud’s phenomenon.
Arthritis Rheum 2002; 46:2410-2420.

77 Cannon CP, Braunwald E, McCabe CH, et al. Comparison of intensive and
moderate lipid lowering with statins after acute coronary syndromes. N Engl J
Med 2004; 350:1495~1504.

— 203 —



Stem CrLLS

Tissur-Seeciric Stem CELLS

Endothelial Differentiation Potential of Human

Monocyte-Derived Multipotential Cells

MASATAKA KUWANA,*® YUKA OKAZAKL® HIROAKI KODAMA,” TAKASHI SATOH,” YUTAKA KAwAKAML®

YASUO IKEDAS

Divisions of *Rheumatology, ®Cardiology, and “Hematology, Department of Internal Medicine, and “Institute for
Advanced Medical Research, Keio University School of Medicine, Tokyo, Japan

Key Words. Endothelial differentiation * Endothelial cells = Monocyte ¢ Vascularization

ABSTRACT

We previously reported a unique CD14*CD45"CD34" type
I collagen™ cell fraction derived from human circulating
CD14" monocytes, named monocyte-derived multipotential
cells MOMCs). This primitive cell population contains pro-
genitors capable of differentiating along the mesenchymal
and neuronal lineages. Here, we investigated whether
MOMCs can also differentiate along the endothelial lineage.
MOMCs treated with angiogenic growth factors for 7 days
changed morphologically and adopted a caudate appearance
with rod-shaped microtubulated structures resembling Wei-
bel-Palade bodies. Almost every cell expressed CD3l1,
CD144, vascular endothelial growth factor (VEGF) type 1
and 2 receptors, Tie-2, von Willebrand factor (vWF), endo-
thelial nitric-oxide synthase, and CD146, but CD14/CD45
expression was markedly downregulated. Under these cul-
ture conditions, the MOMCs continued to proliferate for up
to 7 days. Functional characteristics, including vWF release
upon histamine stimulation and upregulated expression of

INTRODUCTION

Circulating cells derived from bone marrow have been reported
to promote the repair of ischemic damage in organs, possibly by
inducing and modulating vasculogenesis in ischemic areas or by
stimulating the re-endothelialization of injured blood vessels [1,
2]. Several studies have highlighted the contribution to neovas-
culogenesis in adults of circulating endothelial cell progenitors,
which are characterized by the expression of CD34 and vascular
endothelial growth factor (VEGF) type 2 receptor (VEGFR2) [3,
4]. Recently, Harraz et al. reported that CD14™ monocytes also
have the potential to be incorporated into the endothelium of
blood vessels in mouse ischemic limbs and to transdifferentiate
into endothelial cells [5]. In addition, recent studies have shown
that human CDI14" monocytes coexpress endothelial lineage
markers and form cord-like structures in vitro in response to a

VEGF and VEGF type 1 receptor in response to hypoxia,
were indistinguishable between the MOMC-derived endo-
thelial-like cells and cultured mature endothelial cells.
The MOMCs responded to angiogenic stimuli and pro-
moted the formation of mature endothelial cell tubules in
Matrigel cultures. Finally, in xenogenic transplantation
studies using a severe combined immunodeficient mouse
model, syngeneic colon carcinoma cells were injected sub-
cutaneously with or without human MOMCs. Cotrans-
plantation of the MOMCs promoted the formation of
blood vessels, and more than 40% of the tumor vessel
sections incorporated human endothelial cells derived
from MOMCs. These findings indicate that human
MOMCs can proliferate and differentiate along the endo-
thelial lineage in a specific permissive environment and
thus represent an autologous transplantable cell source
for therapeutic neovasculogenesis. STEM CELLS 2006;24:
27332743

combination of angiogenic factors [6, 7]. On the other hand,
several lines of evidence indicate that endothelial progenitor
cells (EPCs) obtained by culturing peripheral blood mononu-
clear cells (PBMCs) in media favoring endothelial differentia-
tion, which were originally reported as circulating angioblasts
[3]. are composed predominantly of endothelial-like cells
(ELCs) derived from circulating monocytes [8, 9]. These find-
ings indicate a potential developmental relationship between
monocytes and endothelial cells and suggest that the monocyte

~ population may be recruited for vasculogenesis and may repre-

sent an endothelial precursor population.

Recently, we identified a human cell population termed
monocyte-derived multipotential cells (MOMCs: previously
termed monocyte-derived mesenchymal progenitors) that has a
unique phenotype that is positive for CD14, CD45, CD34, and
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type I collagen [10]. This cell population contains progenitors
that can differentiate into several distinct mesenchymal cell
types, including bone, cartilage, fat, and skeletal and cardiac
muscle cells, as well as neurons [10-12]. MOMCs are generated
in vitro by culturing circulating CD14" monocytes on fi-
bronectin in the presence of soluble factors derived from
circulating CD14 " cells. MOMCs express several endothelial
markers, including CD144/vascular endothelial (VE)-cad-
herin and VEGF type 1 receptor (VEGFRI), and have the
ability to take up acetylated low-density lipoproteins
(AcLDLs). In this study, the endothelial differentiation po-
tential of human MOMCs was examined, and the capacity to
induce in vitro and in vivo vascularization was compared
between MOMCs and ELCs generated from circulating
CD14" monocytes in the EPC induction culture.

MATERIALS AND METHODS

Preparation of MOMCs

Human MOMCs were generated from the peripheral blood of
healthy adult individuals, as described previously [10]. Briefly,
PBMCs were resuspended in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum  (FBS) (Sigma-Aldrich, St. Louis, hitp://www.
sigmaaldrich.com), 2 mM L-glutamine, 50 U/m! penicillin, and
50 pg/mi streptomycin, spread at a density of 2 X 10° cells per
milliliter on plastic plates that had been previously treated with
10 pg/ml human fibronectin (Sigma-Aldrich), incubated
overnight at 4°C, and cultured without any additional growth
factors at 37°C with 5% CO, in a humidified atmosphere.
The medium containing floating cells was exchanged with
fresh medium every 3 days. After 7-10 days of culture, the
adherent cells were collected as MOMCs and used in the
following experiments. All blood samples were obtained
after the subjects gave their written informed consent. as
approved by the Institutional Review Board.

In some experiments, circulating CD14" monocytes were
separated from PBMCs using an anti-CD14 monoclonal anti-
body (mAb) coupled to magnetic beads (CD14 MicroBeads:
Miltenyi Biotec, Bergisch Gladbach, Germany, hittp://www.
miltenyibiotec.com) followed by magnetic cell sorting (MACS)
column separation according to the manufacturer’s protocol.
A fraction enriched in CD14" cells was also prepared from
cultured MOMCs using anti-CD14 mAb-coupled magnetic
beads. Flow cytomeiric analysis revealed that these sorted
fractions contained >99% CD14™ cells. MOMCs were gen-
erated from the freshly isolated CD14™ monocytes by cul-
turing them alone on fibronectin-coated plates in CD14~
cell-conditioned medium, which was prepared by culturing
CD14~ cells on fibronectin-coated plates overnight [10].
PBMCs depleted of CD34™" cells were also prepared. using
anti-CD34 mAb-coupled MACS beads, and used in the cul-
ture for MOMC differentiation.

Other Cell Types

Macrophages were prepared by culturing adherent PBMCs on
plastic plates in Medium 199 (Sigma-Aldrich) supplemented
with 20% FBS and 4 ng/ml macrophage-colony stimulating
factor (R&D Systems Inc., Minneapolis, hitp://www.
rndsystems.com) for 7 days. Human umbilical vein endothelial

Endothelial Differentiation of MOMCs

cells (HUVECs) and human pulmonary artery endothelial cells
(HPAECs) were purchased from Cambrex (Baltimore, http://
www.cambrex.com). Primary cultures of human fibroblasts
were established from the skin biopsy of a healthy volunteer and
maintained in low-glucose DMEM with 10% FBS.

Endothelial Induction Culture

The endothelial induction culture was carried out using the same
medium as for the generation of EPCs [8. 9]. Specifically,
MOMCs or freshly isolated CD14™ monocytes (40%~50% con-
fluent) were cultured on fibronectin-coated plastic plates or
chamber slides for up to 14 days in endothelial cell basal
medium-2 (EBM-2) (Clonetics) supplemented with EBM-2 MV
SingleQuots containing 5% FBS, VEGF, basic fibroblast growth
factor (bFGF), epidermal growth factor, insulin-like growth
factor-1, heparin, and ascorbic acid. The medium was ex-
changed with fresh medium every 3-4 days.

Transmission Electron Microscopy

MOMCs grown in endothelial differentiation or control cultures
were immediately fixed with 2.5% glutaraldehyde, postfixed in
2% osmium tetroxide, dehydrated in a series of graded ethanol
solutions and propylene oxide, and embedded in epoxy resin.
The cells were then thin-sectioned with a diamond knife. Sec-
tions in the range of gray to silver were collected on 150-mesh
grids, stained with uranyl acetate and lead citrate, and examined
under a JEOL-1200 EXII electron microscope (Jeol, Tokyo.
http://www.jeol.com).

Flow Cytometric Analysis

Fluorescence cell staining was performed as described previ-
ously [10}. The cells were stained with a combination of the
following mouse mAbs. which were either unconjugated or
conjugated to fluorescein isothiocyanate (FITC), phycoerythrin
(PE), or PC5: anti-CD14, anti-CD34, anti-CD40, anti-CD45.
anti-CD80. anti-CD105, anti-CD106, anti-CD117/c-kit (Beck-
man Coulter, Fullerton, CA, http://www.beckmancoulter.com),
anti-CD34. anti-CD133 (Miltenyi Biotec), anti-CD54, anti-
CD86 (Ancell, Bayport, MN, http://www.ancell.com), anti-
CD31, anti-VEGFR1, anti-VEGFR2, anti-human leukocyte an-
tigen (HLA)-DR (Sigma-Aldrich), anti-CD144, anti-CD146/
HIP12, or anti-type 1 collagen (Chemicon, Temecula, CA,
http://www.chemicon.com). When unconjugated mAbs were
used, goat anti-mouse IgG F(ab’), conjugated to FITC or PE
(Beckman Coulter) was used as a secondary antibody. For
intracellular type I collagen staining, the cells were permeabil-
ized and fixed using the IntraPrep permeabilization reagent
(Beckman Coulter). Negative controls were cells incubated with
an isotype-matched mouse mAb to an irrelevant antigen. The
cells were analyzed on a FACSCalibur flow cytometer (BD
Biosciences, San Diego, http://www . bdbiosciences.com) using
CellQuest software.

Immunohistochemistry on Cultured Cells

The diaminobenzidine (DAB) staining of cultured cells was
performed as described [10]. The primary antibodiés used were
rabbit polyclonal anti-Tie-2 antibody (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, http://www.scbt.com) or one of the
following mouse mAbs: anti-CD45, anti-vimentin (Dako,
Carpinteria, CA, http://www.dako.com), anti-CD34 (Ancell).
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anti-CD105 (Beckman Coulter), anti-type 1 collagen, anti-
CD144, anti-CD146, anti-human nuclei (Chemicon), anti-
VEGFRI, anti-VEGFR2 (Sigma-Aldrich), anti-von Willebrand
factor (anti-vWF), and anti-endothelial nitric-oxide synthase
(anti-eNOS) (BD Biosciences). Negative controls were cells
incubated with normal rabbit IgG or isotype-matched mouse
mAD to an irrelevant antigen, instead of the primary antibody.
Biotin-labeled anti-mouse or rabbit 1gG antibodies combined
with a streptavidin-horseradish peroxidase complex (Nichirei.
Tokyo, http://www.nichirei.co.jp/english) were used for DAB
staining. Nuclei were counterstained with hematoxylin. To enu-
merate the proportion of cells staining positive for a given
marker, at least 300 cells per culture were evaluated.

Uptake of AcLDL

Cultured adherent cells were labeled with I,1’-dioctadecyl-
3,3,3", 3 -tetramethylindocarbocyanine-labeled  AcLDL (Dil-
AcLDL) (2.5 upg/ml) (Molecular Probes Inc., Eugene, OR,
http://probes.invitrogen.com) for 1 hour at 37°C, and AcLDL
uptake was evaluated by flow cytometry and by fluorescence
microscopy (IX71; Olympus, Tokyo, http://www.olympus-
global.com).

Analysis of mRNA Expression
The expression of mRNA was examined using reverse transcrip-

tion (RT) combined with polymerase chain reaction (PCR) as
described [10]. Total RNA was extracted from HUVECs, mono-
cyte-derived ELCs, and mouse colon carcinoma cell line CT-26,
and human MOMC s that had or had not been induced to
differentiate for 3, 5, 7, or 14 days, using the RNeasy kit
(Qiagen, Valencia, CA). First-strand ¢cDNA synthesized from
the total RNA was subjected to PCR amplification using a panel
of specific primers (supplemental online Table 1) [6, 10]. The
PCR products were resolved by electrophoresis on 2% agarose
gels and visualized by ethidium bromide staining.

Cell Proliferation Study

Proliferating MOMCs were detected by bromodeoxyuridine
(BrdU) incorporation as described previously [12]. Briefly,
MOMCs were cultured in the presence of 10 uM BrdU
(Sigma-Aldrich) for 2 hours before staining. After cell fixa-
tion and DNA denaturation, the cells were incubated with a
rat anti-BrdU mAb (Abcam, Cambridge, U.K., http://www.
abcam.com) and a mouse mAb to human nuclei or eNOS
followed by incubation with AlexaFluor 488 mouse-specific
IgG and AlexaFluor 568 rat-specific 1gG (Molecular Probes).
Cells were observed under a confocal laser fluorescence
microscope (LSM5 PASCAL; Carl Zeiss, Gottingen, Ger-
many, http://www.zeiss.com). To enumerate the proliferating
human MOMCs, the number of BrdU-positive nuclei in the
total number of nuclei was calculated. Apoptotic cells were
also detected by incubating unfixed cells with propidium
iodide (Sigma-Aldrich).

Histamine-Mediated Release of vWF

MOMCs after endothelial differentiation treatment and
HUVECs were incubated with 10 uM histamine (Sigma-Al-
drich) in FBS-free low-glucose DMEM for 25 minutes. Un-
treated and treated cells were fixed with 10% formalin and
stained with a mouse anti-vWF mAb (BD Biosciences) followed
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by incubation with AlexaFluor 568 mouse-specific [gG (Molec-
ular Probes) and then with FITC-conjugated mouse anti-human
nuciear mAb (Chemicon).

Changes in Gene Expression Profiles in Response

to Hypoxia

MOMCs after endothelial differentiation treatment and
HPAECs were incubated at 37°C in 21% or 1% oxygen for 24
hours [13]. The cells were then harvested and subjected to
mRNA expression analyses using RT-PCR and the TagMan
quantitative PCR system (Applied BioSystems, Foster City, CA,
http://www.appliedbiosystems.com). A combination of primers
and a probe specific for VEGFR1 were designed as follows:
forward primer, 5'-AACACAAGATGGCAAATCAGGAT-3";
reverse primer, 5'-GGCGCCACCGCTTAAGA-3'; and probe,
5'-(FAM)-AGGTGAAAAGATCAAGAAACGTGTGAAAAC-
TCC-(TAMRA)-3', whereas those for VEGF, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and B-actin were pur-
chased from Applied BioSystems. Expression levels were
calculated from a standard curve generated by plotting the
amount of PCR product against the serial amount of input
normoxic HPAEC ¢DNA and were expressed relative to the
level of the same gene under normally oxygenated conditions.

In Vitro Vascular Tube Formation

The formation of endothelial tubular structures was studied in
vitro in Matrigel cultures. Briefly, MOMCs, MOMC-derived
ELCs, monocyte-derived ELCs, or cultured dermal fibroblasts
(10* or 10%) in EBM-2 were seeded onto 24-well plates coated
with Matrigel (BD Biosciences) with or without a suboptimal
number of HUVECs (10%, which was insufficient to form
typical tube structures. HUVECs (10" cultured with HUVECs
(10%) were used as a positive control. The cells were cultured at
37°C for 24 hours and observed with an IX71 inverted micro-
scope. The total tube length was calculated from 10 randomly
selected low-power fields for each experiment. In some exper-
iments, MOMCs (10%) were labeled with the green fluorescent
cell linker PKH67 (Sigma-Aldrich) or Dil-AcL.LDL before being
added to the Matrigel culture with unlabeled HUVECs (10%).
Dil-AcLDL-labeled MOMCs cultured in Matrigel for 1 or 3
days were collected using a Cell Recovery Solution (BD Bio-
sciences), cytospun, and stained with mouse anti-eNOS or anti-
CD45 mAb, followed by incubation with AlexaFluor 488
mouse-specific IgG and DAPI.

Mouse Model for In Vivo Tumor Neovascularization
All procedures were performed on severe combined immuno-
deficient (SCID) mice obtained from Charles River Japan
(Yokohama, Japan, http://www.crj.co.jp), which were kept in
specific pathogen-free conditions according to the Keio Univer-
sity Animal Care and Use Committee guidelines. Syngeneic
murine colon carcinoma CT-26 cells (2.5 X 10%) were trans-
planted subcutaneously into the back of SCID mice, with or
without MOMCs, MOMC-derived ELCs (10* or 10%), mono-
cyte-derived ELCs, monocytes, or macrophages (10°). Subcu-
taneous tumor sizes were measured by external caliper, and
tumor volume was calculated with the following formula: vol-
ume = 0.5 X longest diameter X (shortest diameter)”. Subcu-
taneous tumors were removed 10 days after the transplantation,
and then formalin-fixed, paraffin-embedded specimens were
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sectioned and stained with hematoxylin and eosin. The number
of erythrocyte-bearing blood vessels was counted in 10 inde-
pendent fields, and the results were expressed as the number per
1 mm®. Frozen sections (10-pm thick) of the tumor were sub-
jected to immunohistochemistry, in which the slides were incu-
bated with a rat mAb to mouse-specific CD31 (BD Biosciences)
or a rabbit polyclonal antibody to human-specific CD31 (Santa
Cruz Biotechnology) in combination with a mouse mAb 1o
human-specific CD31, HLA class 1 (Sigma-Aldrich). or vWEF
(BD Biosciences), followed by incubation with AlexaFluor 488
mouse-specific 1gG and AlexaFluor 568 rat- or rabbit-specific
1gG (Molecular Probes). Nuclei were counterstained with TO-
PRO3 (Molecular Probes). These slides were examined with a
confocal laser fluorescence microscope. The proportion of blood
vessels containing human CD31-expressing endothelial cells in
at least 100 blood vessel sections was calculated. Moreover, we
calculated the proportion of cells expressing human CD31 in at
least 100 HLA class I-positive cells.

Statistical Analysis

All continuous variables were expressed as the mean = SD.
Comparisons between two groups were tested for statistical
significance using the Mann-Whitney test.

RESULTS

Endothelial Differentiation of MOMCs
Human MOMCs took on a spindle shape in culture (Fig. 1A)
and consisted of a single phenolypic population positive for
CD14, CD45, CD34, and type 1 collagen by flow cytometric
analysis (>96% homogeneous), as reported previously [10]. To
investigate whether MOMCs could differentiate along the en-
dothelial lineage, the MOMCs were replated on new fibronec-
tin-coated plates and subjected to endothelial induction culture
with EBM-2. During 7 days of culture, the morphology of the
MOMCs changed from spindle-shaped to caudate or round with
eccentric nuclei and extended cytoplasm (Fig. 1B). The propor-
tion of spindle-shaped cells decreased with time, and nearly
all the adherent cells had the caudate morphology on day 7.
Electron microscopic analysis of MOMCs cultured under the
endothelial induction conditions for 7 days revealed many
cytoplasmic granules containing an electron-dense material.
These rod-shaped microtubulated structures resembled Wei-
bel-Palade bodies [14] and were detected in all the cells
subjected to the endothelial induction treatment (Fig. 1C).
MOMCs cultured in EBM-2 for 7 days were then examined
by immunohistochemistry for the expression of endothelial
markers. As shown in Figure 1D, MOMC-derived ELCs ex-
pressed CD34, CD144, CD105, VEGFRI, VEGFR2, vWF,
eNOS, CD146, and Tie-2, typical of endothelial cells. This set
of endothelial markers was detected in nearly all the adherent
cells, but the intensity of staining for vWF, eNOS, and CD146
was variable. The mRNA expression over time of selected
endothelial markers and hematopoietic/monocytic markers in
MOMCs undergoing endothelial induction treatment was fur-
ther examined by RT-PCR (Fig. 1E). The mRNA expression of
VEGFR1, VEGFR2, CD144, Tie-2, and vWF was upregulated
during the first 7 days of culture and then plateaued, but the
expression of VEGFR2 was downregulated on day 14. The
expression of CD45 and CD14 was markedly downregulated
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Figure 1. Morphology and protein and mRNA expression profiles of
MOMC-derived endothelial-like cells. (A, B): Phase-contrast images of
MOMCs before (A) and after (B) endothelial induction for 7 days. Scale
bars = 100 pwm. (C): A transmission electron microscopic image of
MOMC-derived endothelial-like cells. Scale bar = [ um. Many cyto-
plasmic granules containing electron-dense material were observed (ar-
rows). Inset shows an electron-dense rod-shaped inclusion at higher
magnification; scale bar = 0.5 pm. Results shown are representative of
50 cells prepared in three independent experiments. (D): Immunohisto-
chemical analysis of MOMCs undergoing endothelial induction for 7
days. Cells were stained with a mouse mAb or polyclonal antibody to
the endothelial marker, as indicated. Controls were incubated with an
isotype-matched mouse mAb to an irrelevant antigen (control mAb) or
normal rabbit IgG (rabbit IgG). Nuclei were counterstained with hema-
toxylin. Scale bars = 50 wm. Results shown are representative of at least
five independent experiments. (E): Reverse transcription-polymerase
chain reaction analysis for mRNA expression of VEGFRI, VEGFR2,
CD144, Tie-2, vWF, CD34, CD45, CD14, and GAPDH in untreated
MOMCs:; MOMCs with endothelial induction for 3, 5, 7, and 14 days:
and HUVECs. Abbreviations: eNOS. endothelial nitric-oxide synthase:
GAPDH, glyceraldehyde-3-phosphate dehydrogenase: HUVEC, human
umbilical vein endothelial cell; mAb, monoclonal antibody; MOMC,
monocyte-derived multipotential cell; VEGFR. vascular endothelial
growth factor receptor; vWE, von Willebrand factor.
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Table 1. Protein expression profiles of MOMC-derived ELCs, various monocyte-derived cells. and HUVECs
Circulating MOMC-derived Monocyte-derived
monocytes MOMCs ELCs ELCs Macrophages HUVECs

CD45*° ++ ++ + ++ ++ -
CDi4* ++ ++ * + ++ -
HLA-DR? ++ ++ + + ++ -
CD40* + + + + ++ +
CD80* - - - - ++ -
CD86" + + + + ot
CD354* + + + 4 + +
CD106* - - + + - —
CD34%" - + + + - ++
CD105/endoglin™” - + + + - ++
CD117/c-kit* - —- - - - -
CD133% - - - - - -
CD31? + + + + + ++
CD144/VE-cadherin*® - + + + - +
CD146™° - - + - - ++
Flt-1I/VEGFR %P - + + + _ n
Flk-1/VEGFR2*P - - + - - +
vWPR® - - + * - ++
eNOS" - - + + - ++
Tie-2" - + ++ + - +
Type I collagen® - + + - - -
AcLDL*® + ++ ++ ++ + + -+

Consistent results were obtained in at least five independent experiments. —, no staining; *, weak staining, +. moderate staining; ++,

strong staining.
“Assessed by flow cytometry.
Assessed by immunohistochemistry.

Abbreviations: AcLDL, acetylated low-density lipoprotein; ELC, endothelial-like cell; eNOS, endothelial nitric-oxide synthase; HLA-DR,
human leukocyte antigen-DR; HUVEC, human umbilical vein endothelial cell; MOMC, monocyte-derived multipotential cell; VE,
vascular endothelial; VEGFR. vascular endothelial growth factor receptor; vWF, von Willebrand factor.

during the differentiation process, whereas CD34 expression
remained constant up to day 14. Notably, the mRNA expression
profile of MOMC:s subjected to the endothelial induction culture
for 7 days was indistinguishable from the profile of HUVECs.

These results together indicate that MOMCs can differ-
entiate into ELCs that have morphologic and phenotypic
characteristics similar to those of mature endothelial cells.
This endothelial differentiation was consistently observed for
MOMCs derived from 20 different healthy adult donors. In
addition, a similar yield of ELCs was obtained when the same
culture conditions were used for the CDI14™ cell-enriched
MOMC fraction (>99% homogeneous), MOMCs generated
from freshly isolated CD147 monocytes in CD147 cell-
conditioned medium, or MOMCs generated from CD347
cell-depleted PBMCs.

Phenotypes of ELCs Derived from MOMCs and
Freshly Isolated Monocytes

Several reports show that ELCs can also be generated from
freshly isolated circulating CD14™" monocytes by culturing
them with a combination of angiogenic growth factors [5-9].
The protein expression profiles of MOMC-derived ELCs on day
7 were examined by flow cytometry and/or immunohistochem-
istry and compared with those of ELCs prepared by culturing
freshly isolated circulating monocytes in EBM-2 for 7 days
(Table 1). Representative flow cytometric analyses of the cell-
surface expression of CD45, CD14, CD34, CD144, and CD146
are shown in Figure 2. Monocyte-derived ELCs displayed weak
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CD34 and CD144 expression and downregulated CD45 expres-
sion, as described previously [6, 7]. Comparison of the expres-
sion profiles obtained from ELCs derived from different sources
showed that the MOMC-derived ELCs had a higher expression
of CD34, CD144, and CD146 and a lower expression of CD45
and CDI14 than the monocyte-derived ELCs. Moreover, no
protein expression of VEGFR2 and vWF was apparent in the
monocyte-derived ELCs under our culture and immunohisto-
chemical conditions (Table 1).

Proliferative Capacity of MOMCs During
Endothelial Differentiation

To evaluate whether MOMCs proliferate during endothelial
differentiation, the number of adherent cells in the MOMC
cultures with and without the endothelial induction treatment
were evaluated over time (Fig. 3A). The number of MOMCs
increased during culture. However, MOMC expansion in
endothelial induction medium (EBM-2) was sustained up to
day 7. whereas the cell expansion slowed after day 3 in
cultures with regular medium (low-glucose DMEM plus 10%
FBS), resulting in a statistical difference in the cell number
after day 5. To confirm the difference in cell division, the
proportion of dividing cells in MOMC cultures over time was
evaluated by BrdU incorporation. Representative immunoflu-
orescence images of MOMC:s cultured in EBM-2 and DMEM
on days 1 and 5 are shown in Figure 3B. More than 25% of
the MOMCs undergoing the endothelial induction treatment
incorporated BrdU on days | and 5. but only a small propor-
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Figure 2. Flow cytometric analysis of freshly isolated circulating
monocytes, undifferentiated MOMCs, MOMC-derived ELCs, mono-
cyte-derived ELCs, macrophages, and HUVECs. MOMCs and mono-
cytes after endothelial induction for 7 days were used as MOMC- and
monocyte-derived ELCs, respectively. Cells were stained with mono-
clonal antibodies (mAbs) as indicated and analyzed by flow cytometry.
Expression of the molecules of interest is shown as shaded histograms.
Open histograms represent staining with isotype-matched control mAb.
Results shown are representative of at least three independent experi-
ments. Abbreviations: ELC, endothelial-like cell; HUVEC, human um-

bilical vein endothelial cell; MOMC, monocyte-derived multipotential
cell.

tion of the MOMCs cultured in regular medium were prolif-
erating on day 5. Semiquantitative assessment of the BrdU™
proliferating cells showed that the MOMC proliferation was
greater in the endothelial induction culture than in the regular
culture on days 3 and 5 (Fig. 3C). The proportion of apoptotic
adherent cells positive for propidium iodide staining was
<3% at all time points, When MOMCs cultured in EBM-2
were examined for BrdU incorporation and eNOS expression,
nearly all cells expressing eNOS failed to incorporate BrdU
at day 5 (Fig. 3D), indicating that proliferating cells are
predominantly undifferentiated MOMCs.

Functional Characteristics of MOMC-Derived ELCs
We next performed a series of analyses to test whether the MOMC-
derived ELCs had the functional properties of endothelial cells.
First, we evaluated the capacity in vitro of MOMC-derived ELCs
to release VWF in response to stimulation with histamine, which is
one of the unique features of endothelial cells [15]. HUVECs and
MOMC-derived ELCs were incubated with or without histamine
and stained with anti-vWF and anti-nuclear mAbs (Fig. 4A). Al-
most half of the untreated HUVECs showed vWF throughout the
cytoplasm, which disappeared after histamine treatment. Similarly,
the histamine treatment resulted in a loss of VWF staining in the
MOMC-derived ELCs. Another characteristic of endothelial cells
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Figure 3. Proliferative capacity of MOMCs during endothelial differ-
entiation. (A): The number of adherent cells in cultures of MOMCs with
endothelial induction treatment (EBM-2) or without the treatment (low-
glucose DMEM plus 10% fetal bovine serum [FBS]) for up to 14 days.
The number of attaching cells per 1 mm® was counted in 10 randomly
selected fields and expressed relative to the number of cells before
endothelial induction. Results shown are the mean and SD from five
independent donors. Asterisk indicates a statistically significant differ-
ence between the two cultures. (B): MOMCs were cultured for 1 or 5
days in EBM-2 or low-glucose DMEM plus 10% FBS, and bromode-
oxyuridine (BrdU) incorporation during a 2-hour incubation was exam-
ined by immunohistochemistry with monoclonal antibodies (mAbs) to
human nuclei (green) and BrdU (red). Yellow indicates a proliferating
cell positive for both human nuclei and BrdU. Scale bars = 50 um. (C):
Proportion of proliferating MOMCs in culture with EBM-2 or low-
glucose DMEM plus 10% FBS over time. The number of BrdU-positive
nuclei divided by the total number of nuclei was calculated as the
proportion of proliferating MOMCs. At least 200 cells were counted for
each BrdU staining. Results are expressed as the mean and SD of four
independent experiments. Asterisk indicates a statistically significant
difference between the two cultures. (D): MOMCs were cultured for 1
or 5 days in EBM-2 and subjected to immunohistochemistry with mAbs
to endothelial nitric-oxide synthase (green) and BrdU (red). Scale
bars = 50 um. Abbreviations: DMEM, Dulbecco’s modified Eagle’s
medium; EBM-2, endothelial cell basal medium-2.

is that they take up AcLDL [16]. MOMC-derived ELCs rapidly
incorporated Dil-AcLDL similarly to HUVECs; however, undif-
ferentiated MOMCSs and even freshly isolated monocytes were also
able to take up Dil-AcLDL (Table 1).

Endothelial cells are known to respond to hypoxia by up-
regulating several molecules associated with angiogenesis and
glucose regulation, such as VEGF, VEGFRI [13], and GAPDH
[17]. HPAECs and MOMC-derived ELCs were exposed to a
hypoxic or normoxic condition for 24 hours, and the mRNA
expression levels of VEGF, VEGFRI, GAPDH, and B-actin
were compared between these two cultures. The results obtained
from HPAECs and MOMC-derived ELCs were concordant and
showed an increased expression of VEGF, VEGFRI, and
GAPDH upon exposure to the hypoxic condition (Fig. 4B).

In Vitro Angiogenic Properties of MOMCs
We next tested whether undifferentiated MOMCs or MOMC-

derived ELCs could form tubular structures when plated on
Matrigel. We also tested monocyte-derived ELCs, freshly iso-
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Figure 4. Functional characterization of MOMC-derived ELCs. (A):
Histamine-mediated release of von Willebrand factor (vWF) from
HUVECs and MOMC-derived ELCs. Cells were treated with or without
histamine for 25 minutes and subjected to immunohistochemistry with
monoclonal antibodies to vWF (red) and human nuclei (green). Repre-
sentative examples of five experiments from three donors are shown.
Scale bars = 50 um. (B): Upregulation of mRNA for VEGF and
VEGFRI1 in MOMC-derived ELCs by hypoxic exposure. Cultured
HPAECs and MOMC-derived ELCs were incubated in 20% O, (N) and
1% O, (H) for 24 hours, and the VEGF, VEGFR1, GAPDH, and B-actin
mRNA expression was detected by reverse transcription-polymerase
chain reaction (PCR). Expression levels were determined by TagMan
quantitative PCR and divided by the level of each gene under normally
oxygenated conditions. Results shown are representative of three inde-
pendent experiments, and the relative expression was the mean of three
experiments. Abbreviations: ELC, endothelial-like cell; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; H, hypoxia; HPAEC, human
pulmonary artery endothelial cell; HUVEC, human umbilical vein en-
dothelial cell; MOMC, monocyte-derived multipotential cell; N, nor-
moxia; VEGF, vascular endothelial growth factor; VEGFR, vascular
endothelial growth factor receptor.

lated monocytes, and cultured dermal fibroblasts. None of the
monocyte-originating cells formed typical tubular structures by
themselves. Therefore, a suboptimal number of HUVECs (10%),
which induce the formation of a small number of short tubular
structures when cultured alone, were cocultured with the series
of monocyte-derived cells and fibroblasts (10%) (Fig. SA). Un-
differentiated MOMCs dramatically promoted the formation of
tubules in the Matrigel culture with HUVECs, but only some
tubules were extended in cultures of ELCs derived from
MOMCs and monocytes. Freshly isolated monocytes or fibro-
blasts failed to enhance the formation of tubules. Compared with
the culture of HUVECS (10%) alone, semiquantitative analysis of
the tube length revealed a statistically significant enhancement
in the culture of undifferentiated MOMCs with HUVECs and in
the positive control culture of HUVECs (10%) (Fig. 5B). To test
whether MOMCs were integrated into the tubular structures, the
cells were labeled with PKH67 before the Matrigel culture with
unlabeled HUVECs. PKH67-1abeled MOMCs were clearly in-
corporated into the tubular structure (Fig. 5C). When Dil-
AcLDL-labeled MOMCs were cultured with HUVECs in Ma-

www.StemCells.com

2739

A HUVEC (10%) +
MOMC- Monocyte-

HUVEC derived  derived
(1{03) HUVEC  mMOMC ELC ELC  Monooyle Fibroblast
10+

z

2

€

E

<

S 5+

g

2

@

s}

-

(._

10% 107105 10° 105 104 10510% 105107 10°

®
C
2 I8 e [ oy
SooF g3 S &
Q= © Zm g =
wos o= Oy & o
=2 T =20 ] 5
jin] = = iT
x &

°

Figure 5. In vitro tubule formation promoted by various monocyte-
originated cells in Matrigel culture. (A): HUVECs (10%) were cultured
alone or in combination with HUVECs, MOMCs, MOMC-derived
ELCs, monocyte-derived ELCs, freshly isolated circulating monocytes,
or cultured dermal fibroblasts (10%) on Matrigel for 24 hours. Repre-
sentative pictures of five independent experiments are shown. Scale
bars = 500 pm. (B): Total tube length in the Matrigel cultures of
HUVECs (10% alone and HUVECs (10%) plus HUVEGCs (10%),
MOMCs, MOMC-derived ELCs, monocyte-derived ELCs, freshly iso-
lated circulating monocytes, or cultured dermal fibroblasts (10* or 10%).
The combined length of the tubes was calculated from 10 randomly
selected low-power fields in individual experiments, and results are
expressed as the mean and SD from five independent experiments.
Asterisk indicates a significantly different from HUVECs (10%) alone.
(C): MOMCs were previously labeled with PKH2 (10%) and cultured on
Matrigel with unlabeled HUVECs (10°) for 24 hours. Light microscopic
(top) and fluorescent (bottom) images of the same sample are shown.
Scale bars = 500 wm. Results shown are representative of four inde-
pendent experiments. (D): MOMCs were previously labeled with 1,17-
dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine-labeled  acetylated
low-density lipoprotein (10* and cultured on Matrigel with unlabeled
HUVECs (10%) for 1 or 3 days. The cells were recovered, cytospun, and
examined by immunohistochemistry with monoclonal antibodies to
eNOS or CD45 (green). Scale bars = 50 um. Results shown are
representative of three independent experiments. Abbreviations: ELC,
endothelial-like cell; eNOS, endothelial nitric oxide synthase; HUVEC,
human umbilical vein endothelial cell; MOMC, monocyte-derived mul-
tipotential cell.

trigel, endothelial differentiation of MOMCs was accelerated
based on upregulated eNOS expression and downregulated
CD45 expression at day 3 (Fig. 5D).

In Vivo Vasculogenic Properties of MOMCs

To further examine the in vivo vasculogenic properties of var-
ious monocyte-derived cells, murine colon carcinoma CT-26
cells were transplanted into the back of SCID mice, alone or
with human MOMCs, MOMC-derived ELCs, monocyte-de-
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Figure 6. In vivo tumor vasculogenesis promoted by various human
monocyte-derived cells in severe combined immunodeficient (SCID)
mice. Murine colon carcinoma cells (CT26) were transplanted into the
back of SCID mice, alone or with human MOMCs, MOMC-derived
ELCs, monocyte-derived ELCs, monocytes, or macrophages, and tumor
tissue sections were obtained 10 days later. (A): Representative tumor
sections stained with hematoxylin and eosin obtained from mice receiv-
ing transplants of CT26 alone (mock) or CT26 and human MOMCs.
Circles indicate blood vessels carrying erythrocytes. Scale bars = 100
pm. (B): Blood vessel density in tumors from mice receiving transplants
of CT26 alone (mock), CT26 in combination of MOMCs, MOMC-
derived ELCs (10* and 10%), monocyte-derived EL.Cs, monocytes, and
macrophages (10%). The number of blood vessels per 1 mm® was
calculated from 10 randomly selected fields per individual experiment,
and results are expressed as the mean and SD of five independent
experiments. Asterisk indicates a significant difference from mock. (C):
Representative tumor sections from mice receiving transplants of CT26
and MOMCs, which were stained for mouse CD31 (red) and human
CD31, HLA class [, or human vWF (green). Nuclei were counterstained
with TO-PRO3. Arrow denotes human MOMCs that are incorporated
into vascular structure and differentiated into endothelial cells, whereas
arrowhead denotes human MOMCs expressing endothelial markers
existing outside of the vascular lumen. Scale bars = 50 um (human
CD31)and 25 pwm (HLA class I and human vWF). The results shown are
representative of five experiments. (D): The propostion of blood vessel
sections incorporating human endothelial cells in tumors from mice
receiving transplants of CT26 with MOMCs, MOMC-derived ELCs
(10* and 10°), monocyte-derived ELCs, monocytes, and macrophages
(10%). At least 100 blood vessel sections were observed, and the pro-
portion of vessels containing human CD31-positive endothelial cells
was calculated. Results are expressed as the mean and SD of five
independent experiments. (E): Representative tumor sections from mice
receiving transplants of CT26 and MOMCs, which were stained for
human CD31 (red) and HLA class I (green). Nuclei were counterstained
with TO-PRO3. Yellow indicates a human cell positive for CD31. Scale
bar = 50 pm. (F): Reverse transcription-polymerase chain reaction
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rived ELCs, freshly isolated circulating monocytes, or macro-
phages. At day 10, tumor sizes in MOMC-transplanted mice
tended to be larger than those in mice transplanted with mac-
rophages (48.6 = 7.4 vs. 39.7 £ 7.2), but this difference did not
reach statistical significance. Hematoxylin-eosin-stained tumor
sections obtained 10 days after transplantation from the
MOMC-transplanted mice showed many blood vessels carrying
erythrocytes. In contrast, only a few vessels were seen in the
tumor sections from the mock-treated mice receiving CT-26
alone (Fig. 6A). A semiquantitative assessment of the number of
tumor blood vessels revealed that the tumors in mice receiving
CT-26 wransplanted with MOMCs, MOMC-derived ELCs, and
monocyte-derived ELCs had significantly more vessels than did
tumors from mice receiving CT-26 alone, whereas monocytes or
macrophages failed to promote tumor vasculogenesis (Fig. 6B).

All the tumors were then stained with human-specific CD31,
HLA class I, or vWF mAb, combined with an anti-mouse CD31
mAb. Tumors obtained from the mice that received transplants
of undifferentiated MOMCs had blood vessels that included
cells expressing human-specific CD31, HLA class 1. or vWF but
did not coexpress mouse CD31 (Fig. 6C). These findings indi-
cate that human MOMC-derived endothelial cells contributed to
tumor vasculogenesis in vivo by being incorporated and differ-
entiating into the endothelium, although human cells expressing
endothelial markers were occasionally detected outside of the
vascular lumen (Fig. 6C, arrowhead). To better address the
degree of tumor vessel integration, the proportion of vessel
sections containing human CD317% cells was evaluated semi-
quantitatively (Fig. 6D). In tumors from mice receiving hu-
man MOMC transplants, approximately 40% of the tumor
vessels incorporated human endothelial cells. In contrast, the
proportion of human endothelial cells was less than 10% in
the tumors from mice receiving MOMC-derived or mono-
cyte-derived ELCs, even though these cells significantly pro-
moted blood vessel formation. However, efficiency of endo-
thelial differentiation in transplanted MOMCs (proportion of
human CD317 cells in HLA class I-positive cells) was only
94% = 5.1% (n = 8; Fig. 6E).

To evaluate the source of angiogenic factors in our tumor
vasculogenesis model, mRNA expression of angiogenic factors
was examined in human MOMCs, MOMC-derived ELCs,
monocyte-derived ELCs, and CT-26 by RT-PCR (Fig. 6F). All
of these cells expressed VEGF, bFGF, hepatocyte growth factor
(HGF), and stromal cell-derived factor 1 (SDF-1), and expres-
sion of bFGF, HGF, and SDF-1 in MOMCs was upregulated
after endothelial induction.

DI1SCUSSION
In this study, we demonstrated that MOMCs can differentiate
into endothelium of a mature phenotype with typical morpho-

analysis for mRNA expression of human or mouse VEGF, bFGF, HGF,
SDF-1, and GAPDH in human MOMCs, human MOMC-derived ELCs,
human monocyte-derived ELCs, and murine colon carcinoma cell line
CT-26. Abbreviations: bFGF. basic fibroblast growth factor; ELC, en-
dothelial-like cell; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; HGF, hepatocyte growth factor; HLA, human leukocyte antigen;
MOMC, monocyte-derived multipotential cell; SDF-1, stromal cell-
derived factor 1; VEGF, vascular endothelial growth factor; vWF, von
Willebrand factor.
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logic, phenotypic, and functional characteristics. This proliferation
and specific differentiation was induced in MOMCs by a combi-
nation of angiogenic growth factors. MOMCs expressed CD34 and
several endothelial markers, such as CD144 and VEGFRI. even
untreated, but the endothelial induction treatment resulted in their
morphological change to a typical caudate appearance with struc-
tures resembling Weibel-Palade bodies, the upregulation of mature
endothelial markers, and the downregulation of hematopoietic/
monocytic markers. In addition, the MOMC-derived ELCs pos-
sessed in vitro functional characteristics of endothelial cells, includ-
ing the release of vWF in response to the vasoaclive agent
histamine, the incorporation of AcLDL, and the upregulated gene
expression of VEGF, VEGFR1, and GAPDH in response to hyp-
oxia. These features were indistinguishable from those of cultured
mature endothelial cells. Finally, MOMC:s responded to angiogenic
stimuli and promoted in vitro tubule formation in Matrigel culture
and in vivo neovascularization in the setting of tumorigenesis. The
MOMC'’s contribution of endothelial cells to vessels in the in vivo
tumor model was nearly 40%, a level similar to those of other
sources of endothelial progenitors [18-20], but only 10% of trans-
planted MOMC:s differentiated into endothelial cells in vivo. It has
been shown that circulating monocytes play a crucial role in neo-
vascularization, especially in collateral vessel growth (arteriogen-
esis) [21, 22], and an infusion of bone marrow-derived
CD347CD14" monocytic cells contributes to the regeneration of
functional endothelium through rapid endothelialization [23].
These reports and the present study together support the idea that
CD14™" monocytes are not solely phagocyte precursors but also
precursors for endothelium, although this fate may not be expressed
during normal development in the absence of cues.
Undifferentiated MOMCs were integrated into blood vessels
and differentiated into endothelium in vitro and in vivo more
efficiently than did MOMC-derived ELCs and monocyte-de-
rived ELCs, although these cell types had a similar ability to
induce in vivo tumor neovascularization. The lack of integration
of monocyte-derived ELCs generated in the EPC culture into a
growing network of vascular endothelium is consistent with a
previous study [24]. In this regard, the efficiency of neovascu-
larization is not solely attributable to the incorporation of pro-
genitors into newly formed vessels but is also influenced by the
release of proangiogenic factors. Indeed, MOMCs, MOMC-
derived ELCs, and monocyte-derived ELCs produced multiple
angiogenic growth factors, and these growth factors potentially
play major roles in mobilizing putative endothelial progenitors
from the bone marrow and stimulating the proliferation and
differentiation of residential mature endothelial cells [25]. Sev-
eral cultured mature endothelial cell lines do not integrate into
newly formed vessels [26, 27]. and this is probably because
expression levels of cell adhesion molecules and soluble factors
that regulate tubular formation capacity are heterogeneous
among endothelial cells [28]. Similarly, ELCs subjected to
the endothelial differentiation treatment promote new blood
vessel formation mainly through the secretion of proangio-
genic factors. This feature is consistent with a recent study
showing that bone marrow-derived hematopoietic cells are
recruited to an angiogenic region in response to VEGF and
contribute to vasculogenesis not being integrated as endothe-
lial cells but existing outside of vascular lumen [29]. In
contrast, undifferentiated MOMCs, which share several phe-
notypic features with endothelial progenitors, may contribute
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to neovascularization by being incorporated and differentiat-
ing into the endothelium in addition to secretion of proan-
giogenic factors.

During embryogenesis, the commitment of the hemangio-
blast, a bipotent stem cell for hematopoietic and endothelial
cells, to the endothelial lineage is characterized by the sequential
expression of CD144, CD31, and CD34 [30, 31]. It is reported
that postnatal endothelial progenitor cells can be selected from
the bone marrow and peripheral blood based on their expression
of CD34, CDI133, and VEGFR2 {4, 32], and these progenitors
also express CD144, CD31, and Tie-2 [33]. The differentiation
of these progenitor cells into mature endothelial cells is accom-
panied by the upregulated expression of vWF and CD146. The
differentiation of circulating monocytes into the endothelial
lineage via MOMCs follows the same sequence of events.
Specifically, monocytes acquire the expression of CD34,
CD144, and Tie-2 during their differentiation into MOMCs and
are further induced to express VEGFR2 and subsequently vWF
and CD146 by the endothelial induction treatment. This obser-
vation suggests that the differentiation process leading to adop-
tion of the endothelial lineage is partly shared by monocytes and
hemangioblasts, although we did not detect CD133 expression
in monocytes during this differentiation process.

It is unlikely that the endothelial differentiation we observed
arose from nonhematopoietic circulating precursors for endo-
thelial cells contaminating the MOMC population. In this re-
gard, peripheral blood contains CD34"CDI33"VEGFR2™ cir-
culating endothelial progenitors and CD34"CD133~ mature
endothelial cells shed from the vessel wall, but their frequency
is extremely low (<<0.01% of PBMCs) {4, 33, 34]. Moreover,
the depletion of CD34™ cells from PBMCs before the genera-
tion of MOMC:s did not affect the yield of ELCs. Although we
could not entirely exclude the possibility that cell fusion was
partly responsible for the phenotypic change of human MOMCs
in the in vivo tumor vascularization model, we believe that the
involvement of cell fusion in our observations is unlikely, be- .
cause endothelial cells expressing both mouse and human CD31
were hardly ever detected in the tumor blood vessels.

MOMCs are derived from circulating CD147CD34™ mono-
cytes [10], but their detailed origin is unknown. Recently, two
populations of circulating cells with the capacity to differentiate
into endothelial cells were reported by two investigator groups
[27, 35]. MOMC:s appear to correspond to early EPCs, which
show CD14™ spindle-shape morphology and rapid differentia-
tion into endothelial cells. However, MOMCs have limited
proliferative capacity: this characteristic might be acquired
through differentiation into MOMCs without angiogenic stim-
ulation. On the other hand, Romagnani et al. have reported that
circulating CD14%CD34'°Y cells, which are not detected by a
standard flow cytometry or magnetic bead-based sorting but can
be detected by the highly sensitive antibody-conjugated mag-
netofluorescent liposomes technique, exhibit both phenotypic
and functional features of pluripotent stem cells [36], suggesting
that CD14"CD34"™ cells are the origin of MOMCs.

Emerging evidence suggests that the transplantation of var-
ious distinct cell types containing potential endothelial progen-
itors, obtained either by isolation or ex vivo cultivation from the
bone marrow or peripheral blood, augments the neovasculariza-
tion of ischemic tissue [25, 37]. In initial pilot studies, the
introduction of autologous cells derived from the bone marrow
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or peripheral blood induced a therapeutic improvement in the
blood supply to ischemic tissue [38. 39]. Presently, a variety of
cell types, including unfractionated bone marrow cells, bone
marrow-derived CD133™ cells, circulating CDI133™" cells mo-
bilized by granulocyte colony-stimulating factor, and ELCs
generated in the EPC culture, have been proposed as transplant-
able cells for therapeutic neovasculogenesis, but it remains
unclear which cell source is the best for therapeutic cell trans-
plantation to promote organ vascularization in terms of efficacy
and safety. Cell therapy using MOMCs has some advantages
over the currently proposed strategies using other cell sources.
since peripheral blood, without progenitor cell mobilization
treatment, is a relatively obtainable and safe source of autolo-
gous cells. Theoretically, >10% MOMCs could be prepared by
leukapheresis [10]. although the number of MOMCs requiring
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