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[CANCER RESEARCH 59, 5875-5877, December 1, 1999]

Advances in Brief

Endothelial Progenitor Cells as Putative Targets for Angiostatin

Hideaki Ito, llsa |. Rovira, Michael L. Bloom, Kazuyo Takeda, Victor J. Ferrans, Arshed A. Quyyumi, and
Toren Finkel*

Laboratory of Molecular Biology [H. 1., I.I.R., T.F.], Hematology Branch [M. L. B.], Cardiology Branch [A. A.Q.], and Pathology Section [K.T., V.J.F.], NHLBI, NIH,
Bethesda, MD 20892-1650

Abstract Materials and Methods

Angiostatin, a product of the proteolytic cleavage of plasminogen, Isolation and Characterization of EPCs. Anonymous buffy coats were ob-
possesses potent antitumor and antiangiogenic propertiés vivo. Stud-  tained from the NIH Blood Bank. PBNCs were obtained by subsequent purifica-
ies with cultured endothelial cells suggest that under certain condi- tion over Ficoll gradients. After purification, & 10° cells were plated per well of
tions, angiostatin inhibits the migration and proliferation of these cells & 6-well fibronectin-coated plate. After 24 h, nonadherent cells were recovered and
or, alternatively, increases their rate of apoptosis. In general, the counted and subsequently replated on fibronectin-coated dishes at a density of
2.5 X 10® cells/mn?. Media was changed every 3 days. The attached cells were
assessed immunologically on day 7 after plating to confirm that they were similar
to the previously characterized human EPC colonies (9). Indirect immunostaining
was performed using antibodies directed against Flk-1 (Santa Cruz), Tie-2 (Santa
Cruz), and CD31 (DAKO). For control immunohistochemical analysis, the pri-
mary antibodies were replaced by equal amounts of the corresponding normal
mouse or rabbit IgG. The control procedure resulted in no appreciable staining
(data not shown).

effects of angiostatin have been considerably less poteintvitro than in

vivo. One potential explanation for this disparity is that the in vivo

target of angiostatin is not the mature endothelial cell. Recently,
evidence has accumulated to show that circulating endothelial progen-
itor cells (EPCs) contribute to neovascularization. In this study, we
have isolated EPCs from human subjects and demonstrated that, in
contrast to that of mature endothelial cells, the growth of EPCs is

exquisitely sensitive to angiostatin. These results suggest that angiosta- Assessment of Angiostatin EffectsAngiostatin was purchased from An-

tin and related compounds may exert their biological effects by inhib-  4i5qenesis Research Industries (Chicago, IL). Fresh angiostatin at the indicated
iting the contribution of EPCs to angiogenesis and not by altering the oncentration was added every 3 days. The number of EPC colonies was

growth of mature endothelial cells. assessed by fixation and staining of the well (Diff-Quick Stain Set, Dade
Diagnostics) followed by counting three separate wells per treatment condi-
Introduction tion. The growth of HUVECSs was determined from triplicate cultures using

a Coulter counter. Given the difficulty in fully trypsinizing EPCs, the growth

The isolation of antiangiogenic molecules represents a potentiaily these cells was determined using a modified 3-(4,5-dimethylthiazol-2-yl)-
useful addition to cancer therapeutics. In particular, agents such2gsdiphenyltetrazolium bromide assay (Dojindo Laboratories, Japan).
angiostatin (1) have potern vivo antitumor properties when usedHUVECSs were obtained from Clonetics and grown in endothelial growth
alone (1-4) or in combination with other modalities of treatment (5y1edium (Clonetics) supplemented with 10% FCS. EPCs were maintained in
Angiostatin inhibits the growth of tumor vasculature, although th 199 media (Life Technologies, Inc.) supplemented with 10% FCS.
exact mechanism of this effect remains unclear. Studies with matLge
endothelial cells have demonstrated that in some instances, angiostaﬁ
appears to delay progression of the cell cycle (2), although in otherPrevious studies in humans, mice, rabbits, and dogs have demon-
instances, this effect has not been observed (6). Similarly, sosteated the existence of circulating EPCs (9-12). Human EPCs are
studies have noted that angiostatin produces a decrease of about #é%ved from CD34-positive cells, although their isolation is enhanced
in serum- stimulated endothelial cell growth (7), although again thikthey are initially maintained with CD34-negative cells during iso-
effect has not been demonstrated in other studies (6). Finally, solaéon (9). Presumably, this reflects the secretion of certain trophic
reports have noted that angiostatin stimulates a small but significAagtors that increase the growth and/or viability of EPCs. When
increase in endothelial apoptosis (6, 8). Surprisingly, thinsetro human PBNCs were plated on fibronectin-coated dishes, as previously
effects appear significantly more modest than those obsénveo. described (9), a small percentage of cells became attached and sub-
Recently, several reports (9—12) have described the existenceSgfiuently became organized into small colonies over a period of
EPCZ. These bone-marrow-derived cells appear to circulate in re3gVeral days. The number of colonies formed increased as a function
sonable abundance and contribute to neovascularization (13, 14)°i#€ initial plating density but varied from one donor to another (data
this report, we have attempted to provide an explanation for thgt shown)_. . . . .
disparity of results previously obtained with angiostativivo andin As previously described for other species, colonies obtained

vitro by demonstrating that human EPCs are significantly more Sefrom attached human PBNCs subsequently gave rise to spindle-

itive than mature endothelial cells to the arowth inhibitory effect sr}iaped cells (Fig. 1). Immunological characterization 1 week after
anif)st;[in alure endothehal cetls fo the gro ory €llects Qhitial isolation of these attached cells demonstrated that they

stained positively for the endothelial markers CD31, Tie-2, and
Flk-1 (Fig. 1). Therefore, as described in previous reports, periph-
Received 8/4/99; accepted 10/15/99. eral blood contains circulating cells, termed EPCs, that can adhere

The costs of publication of this article were defrayed in part by the payment of pa : : : :
charges. This article must therefore be hereby maddertisemenin accordance with ¥ fibronectin and express a variety of endothelial cell markers

18 U.S.C. Section 1734 solely to indicate this fact. after a period of 7 days in culture.
) *To whom requests for reprints should be addressed, at Laboratory of Molecular\\/e next sought to assess the effects of angiostatin on human EPCs.
Biology, NHLBI, Building 10/7B-15, 10 Center Drive, Bethesda, MD 20892-1650. d trated in Fi th b f EPC loni b d
2The abbreviations used are: EPC, endothelial progenitor cell; HUVECS, humé? emqns ra e. n Ig..AZ € number o C.O on|.es.o Serve
umbilical vein endothelial cell; PBNC, peripheral blood mononuclear cell. after plating on fibronectin was decreased by angiostatin in a concen-
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EPCs AS PUTATIVE TARGETS FOR ANGIOSTATIN

Fig. 1. Immunological characterization of hu-
man EPCs. PBNCs were plated on fibronectin, ang
after 7 days, attached cells were fixed and assaye]
by immunohistochemistry. Reactivities for CD31,
Tie-2, and Flk-1 are shown iA, C, andE, respec-
tively. The corresponding phase-contrast images o
attached EPCs are shown B) D, andF, respec-
tively. No staining was observed when the primary
antibody was replaced with the corresponding con
trol mouse or rabbit IgG (data not shown).

tration-dependent fashion. Interestingly, those colonies that did formature endothelial cells is not effected. Studies in animal models
in the presence of angiostatin, in contrast to control colonies, gave riseve suggested that the numbers of circulating EPCs are increased
to fewer spindle-shaped cells (Fig.RandC). In an effort to further following ischemia and that these cells are recruited to sites of
quantify these effects, we measured the growth of EPCs over a 3-ai@pvascularization (13, 14). The role of circulating EPCs in tumor
period. As shown in Fig. 2, although control EPCs had close to arangiogenesis has been less well-studied. Recently, however, by
8-fold increase in cell number during this period, EPCs exposed ising a mouse tumor model with genetically marked bone marrow,
angiostatin only increased-2-fold. In contrast to the effects of it has been possible to demonstrate a significant incorporation of
angiostatin on EPCs, we observed essentially no alterations on hurB®Cs into tumor neovasculature (15). Thésevivo results, cou-
endothelial cell cultures. As demonstrated in Fi§., 2he growth of pled with ourin vitro data, suggest that strategies using the
endothelial cells increased9-fold over a 3-day period and wasinhibition of EPC growth may be useful as a sensitive bioassay for
unaffected by the addition of angiostatin. the identification of novel antiangiogenic compounds. In addition,

In summary, we demonstrated that cells with the characteristigiven that EPCs are significantly more sensitive than mature
of EPCs can be readily isolated from human peripheral bloodndothelial cells to the effects of angiostatin at leastitro, it is
When exposed to angiostatin, the growth of these cells is signifempting to speculate that EPCs represent an important, if not the
cantly inhibited, whereas under similar conditions, the growth ahost importantjn vivo target of angiostatin.
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or without (closed circle) Jum angiostatin. EPCs were plated in the presence or absence of angiostatin (day 0), and their subsequent growth rate from day 4 to day 7 was evaluated

EPCs AS PUTATIVE TARGETS FOR ANGIOSTATIN
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Fig. 2. Effects of angiostatin on EPCs and HUVEC&saumber of EPC colonies observed on day 7 in cells treated with the indicated concentration of angs@sgtmean+ SD.
B, normal morphology of the EPC colony with surrounding spindle-like c€llsnorphology of the angiostatin-treatedy) EPC colonyD, growth of human EPCs witlopen circle)

Results are the meanh SD of triplicate culturesg, growth of HUVECSs with gpen circles) or withoutdlosed circles) Jum angiostatin. Results are the meanSD of triplicate
cultures.

References
1.

O'Reilly, M. S., Holmgren, L., Shing, Y., Chen, C., Rosenthal, R. A., Moses, M.,
Lane, W. S., Cao, Y. H., Sage, E. H., and Folkman, J. Angiostatin—a novel angio-

. Lucas R., Holmgren, L., Garcia, I., Jimenez, B., Mandriota, S. J., Borlat, F., Sim,

B. K. L., Wu, Z., Grau, G. E., Shing, Y., Soff, G. A., Bouck, N., and Pepper, M. S.
Multiple forms of angiostatin induce apoptosis in endothelial cells. Bld22t,
4730-4741, 1998.

genesis inhibitor that mediates the suppression of metastases by a Lewis luBg Asahara, T., Murohara, T., Sullivan, A., Silver, M., vanderZee, R., Li, T.,

carcinoma. Cell79: 315-328, 1994.

. Griscelli, F., Li, H., Bennaceur-Griscelli, A., Soria, J., Opolon, P., Soria, C., Perri-

caudet, M., Yeh, P., and Lu, H. Angiostatin gene transfer: inhibition of tumor growth
in vivo by blockage of endothelial cell proliferation associated with a mitosis arrest0.
Proc. Natl. Acad. Sci. USA95: 6367—6372, 1998.

. Kirsch, M., Strasser, J., Allende, R., Bello, L., Zhang, J. P., and Black, P. M.

Angiostatin suppresses malignant glioma growthvivo. Cancer Res58: 4654—  11.

4659, 1998.

. Cao, Y. H,, O'Reilly, M. S., Marshall, B., Flynn, E., Ji, R. W., and Folkman, J.

Expression of angiostatin cDNA in a murine fibrosarcoma suppresses primary tuni.
growth and produces long-term dormancy of metastases. J. Clin. Inl@5t1055—
1063, 1998.

. Mauceri, H. J., Hanna, N. N., Beckett, M. A., Gorski, D. H., Staba, M. J., Stellato,

K. A., Bigelow, K., Heimann, R., Gately, S., Dhanabal, M., Soff, G. A., Sukhatmel3.
V. P., Kufe, D. W., and Weichselbaum, R. R. Combined effects of angiostatin and
ionizing radiation in antitumour therapy. Nature (Lon®94: 287-291, 1998.

. Claesson-Welsh, L., Welsh, M., Ito, N., Anand-Apte, B., Soker, S., Zetter, B.,

O'Reilly, M., and Folkman, J. Angiostatin induces endothelial cell apoptosis ari#.
activation of focal adhesion kinase independently of the integrin-binding motif RGD.
Proc. Natl. Acad. Sci. USA95: 5579-5583, 1998. 15.

. Moser, T., Stack, M. S., Asplink, I., Enghild, J. J., Hojrup, P., Everitt, L., Hubchak,

Witzenbichler, B., Schatteman, G., and Isner, J. M. Isolation of putative progen-
itor endothelial cells for angiogenesis. Science (Washington RT3; 964-967,
1997.

Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J. C., and Keller, G. A
common precursor for hematopoietic and endothelial cells. Developri@bt,
725-732, 1998.

Hatzopoulos, A. K., Folkman, J., Vasile, E., Eiselen, G. K., and Rosenberg, R. D.
Isolation and characterization of endothelial progenitor cells from mouse embryos.
Development125: 1457-1468, 1998.

Shi, Q., Rafii, S., Hong-De Wu, M., Wijelath, E. S., Yu, C., Ishida, A., Fuijita, Y.,
Kothari, S., Mohle, R., Sauvage, L. R., Moore, M. A. S., Storb, R. F., and Hammond,
W. P. Evidence for circulating bone marrow-derived endothelial cells. Bléad,
362-367, 1998.

Takahashi, T., Kalka, C., Masuda, H., Chen, D., Silver, M., Kearney, M., Magner, M.,
Isner, J. M., and Asahara, T. Ischemia- and cytokine-induced mobilization of bone
marrow-derived endothelial progenitor cells for neovascularization. Nat. Med.,
434—-438, 1999.

Isner, J. M., and Asahara, T. Angiogenesis and vasculogenesis as therapeutic strate-
gies for postnatal neovascularization. J. Clin. Inveld3: 1231-1236, 1999.

Asahara, T., Masuda, H., Takahashi, T., Kalka, C., Pastore, C., Silver, M., Kearne,
M., Magner, M., and Isner, J. M. Bone marrow origin of endothelial progenitor cells

S., Schnaper, H. W., and Pizzo, S. V. Angiostatin binds ATP synthase on the surface responsible for postnatal vasculogenesis in physiological and pathological neovascu-

of human endothelial cells. Proc. Natl. Acad. Sci. US#4; 2811-2816, 1999.

5877

Downloaded from cancerres.aacrjournals.org on June 5, 2013

larization. Circ. Res.85: 221-228, 1999.

. © 1999 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

