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Abstract Introduction

This study was designed to identify the set of functions acti-
vated in cultured endothelial cells by the hematopoietic growth
factors, granulocyte colony-stimulating factor (G-CSF) and
granulocyte macrophage-colony-stimulating factor (GM-
CSF), and to compare them with those elicited by prototypic
cytokines active on these cells. Moreover, indications as to the
in vivo relevance of in vitro effects were obtained. G-CSF and
GM-CSFinduced endothelial cells to proliferate and migrate.
In contrast, unlike appropriate reference cytokines (IL-1 and
tumor necrosis factor, IFN-'y), G-CSF and GM-CSFdid not
modulate endothelial cell functions related to hemostasis-
thrombosis (production of procoagulant activity and of platelet
activating factor), inflammation (expression of leukocyte adhe-
sion molecule-i and production of platelet activating factor),
and accessory function (expression of class II antigens of
MHC). Other colony-stimulating factors (IL-3 and macro-
phage-colony-stimulating factor) were inactive on all functions
tested. In comparison to basic fibroblast growth factor (bFGF),
G-CSF and GM-CSFinduced lower maximal proliferation of
endothelial cells, whereas migration was of the same order of
magnitude. G-CSFand GM-CSFstimulated repair of mechani-
cally wounded endothelial monolayers. Exposure to both cyto-
kines induced shape changes and cytoskeletal reorganization
consistent with a migratory phenotype. To explore the in vivo
relevance of the in vitro effects of these cytokines on endothe-
lium, we studied the angiogenic activity of human G-CSF in the
rabbit cornea. G-CSF, but not the heat-inactivated molecule,
had definite angiogenic activity, without any sign of inflamma-
tory reactions. G-CSF was less active than bFGF. However,
the combination of a nonangiogenic dose of bFGFwith G-CSF
resulted in an angiogenic response higher than that elicited by
either individual cytokines. Thus, G-CSFand GM-CSFinduce
endothelial cells to express an activation/differentiation pro-
gram (including proliferation and migration) related to angio-
genesis. (J. Clin. Invest. 1991. 87:986-995.) Key words: angio-
genesis * chemotaxis * cellular growth - cytokines * colony-
stimulating factors
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A family of glycoprotein molecules, termed colony-stimulating
factors (CSF),' control proliferation, maturation, and func-
tional activities of granulocytes, macrophages, and their pre-
cursors (1-3). Granulocyte (G)- and granulocyte-macrophage
(GM)-CSF regulate cells belonging to the myelomonocytic dif-
ferentiation pathway. Until recently, G- and GM-CSFwere
considered growth and differentiation factors with a spectrum
of action restricted to the hematopoietic system (1-3). Recent
evidence indicates that nonhematopoietic elements, including
solid tumor lines (4-6), bone marrow fibroblasts (4), and kera-
tinocytes (7) respond to G- and GM-CSF. Wehave shown that
human endothelial cells derived from umbilical vein (HU-
VEC) and a human endothelial hybrid cell line (EAhy926)
have high affinity receptors for G- and GM-CSF(8), similar in
number and affinity to those present on myelo-monocytic cells
(1-3). Unlike myelo-monocytes and endothelial cells, other
cell types studied in this respect have low affinity GM-CSF
receptors (5, 9).

After binding to their receptors on HUVEC, G- and GM-
CSFstart sequential early events, including a rise of intracellu-
lar pH (10) and expression of the c-fos protooncogene (8), fol-
lowed by cell migration and proliferation (8, 10). G-CSF-
treated bovine endothelial cells also release plasminogen
activator (1 1), an event commonly associated with migration
(12). Thus, G- and GM-CSFare amongthe cytokines that mod-
ulate the functional status of endothelial cells (13-15).

Cytokine-elicited endothelial cell responses follow distinct,
largely nonoverlapping, differentiation/activation programs
(15). IL- 1 and tumor necrosis factor (TNF) induce proinflam-
matory/prothrombotic changes in endothelial cells. These in-
clude production of procoagulant activity (PCA) (16-19), pros-
taglandins (20, 21), platelet-activating factor (PAF) (22, 23),
and plasminogen activator inhibitor (24), inhibition of plas-
minogen activator synthesis (24), alterations in the thrombo-
modulin/protein C anticoagulation pathway (19, 25), expres-
sion of endothelial-leukocyte adhesion molecule- 1 (ELAM- 1)
(26, 27), and upregulation of intercellular adhesion molecule- 1
(28, 29). IFN-y induces class II antigens of MHCin endothelial
cells (30, 31), a crucial determinant of accessory cell function.

1. Abbreviations used in this paper: bFGF, basic FGF; CSF, colony-
stimulating factor; ELAM- l, endothelial-leukocyte molecule adhesion
1; FGF, fibroblast growth factor; G-CSF, granulocyte-CSF; GM-CSF,
granulocyte-macrophage-CSF; [3H]Tdr, ['H]thymidine; HUVEC, en-
dothelial cells from human umbilical vein; M-CSF, macrophage-CSF;
PAF, platelet-activating factor; PCA, procoagulant activity; R-PHD,
rhodamine-labeled phalloidin; TNF, tumor necrosis factor.
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Finally, fibroblast growth factors (FGF) (32, 33), transforming
growth factors (34, 35), and epidermal growth factor (36) con-
trol functions (proliferation and migration) related to angio-
genesis.

The aim of this study was to characterize the set of endothe-
lial cell functions modulated by G- and GM-CSFand to com-
pare these cytokines with prototypic polypeptide mediators ac-
tive on endothelium (IL- 1 and TNF, IFN-y, basic-FGF). Fur-
thermore, we searched for indications as to whether the in vitro
effects of G- and GM-CSF (i.e., induction of migration and
proliferation) have in vivo relevance.

Methods

Cytokines. Human recombinant cytokines and their sources were as
follows: G-CSF (5 x 107 U/mg protein), GM-CSF(1 x 107 U/mg pro-
tein), and IL-3 (1 X 107 U/mg protein) from Dr. D. Krumwieh,
Behringwerke, Marburg, FRG; M-CSF (4 x 107 U/mg protein) and
TNFa (1 X 106 U/mg protein) from Dr. P. Ralph, Cetus Corp., Emery-
ville, CA; basic-FGF (bFGF) from Farmitalia, Milano, Italy; IFN--y (1
X 106 U/mg protein) from Biogen, Geneva, Switzerland; IL- l a (1 X 108
U/mg protein) from Immunex, Seattle, WA. G- and GM-CSFwere
neutralized by incubation at 37°C for 40 min with mouse monoclonal
antibody anti-human G-CSF (a gift of Dr. L. Souza, Amgen Biologi-
cals, Thousand Oaks, CA) or with rabbit polyclonal antibody anti-hu-
man GM-CSF(a gift of Dr. S. Clark, Genetic Institute, Cambridge,
MA), as described (8).

Cell cultures. HUVECwere grown in M199 supplemented with
20% FCS (Gibco Laboratories, Grand Island, NY), endothelial cell
growth factor (100 ,ug/ml, Sigma Chemical Co., St. Louis, MO) and
porcine heparin (100 ig/ml, Sigma) and used at early passages (I-IV).
No leukocyte contamination was observed by FACSanalysis of cells
stained with monoclonal antibodies anti-CD 1 lb, Mo2, and T3 (8,
10, 22).

Proliferation assay. 2 x 104 HUVECwere plated in 24-well plates
(Costar Data Packaging Corp., Cambridge, MA), coated with gelatin
(Difco Laboratories Inc., Detroit, MI) (0.05%, for 1 h at 22°C), and
grown for 24 h in M199 containing 20% FCS. Medium was then re-
moved and replaced with M199 containing 10% FCSwith or without
cytokines. HUVECnumber was estimated after 4 d by fluorimetric
DNAassay using a DNAintercalating fluorescent compound, bisben-
zimide (Sigma), as previously described (10).

For experiments of [3H]thymidine ([3H]TdR) incorporation, 2
x 104 cells were plated in 6-well (35-mm diameter) plate dishes coated
for 24 h with gelatin (0.05%, Difco), and processed as previously de-
scribed (8). Briefly, the cells were grown for 24-36 h in M199 with 20%
FCS and then starved for 48 h in 1% FCS with 0.5% BSA (fraction V,
Sigma). Medium was then removed and replaced with control medium
containing 2% FCS with or without G-, GM-CSF, or bFGF. The cells
were incubated for 11 h at 370C, [3H]TdR (0.5 ACi, 30 Ci/mmol;
Amersham International, Amersham, Bucks, UK) was added and in-
cubation continued for 6 h. Medium was removed, cells were washed
twice with cold PBS, and detached by trypsinization. DNAwas precipi-
tated with 10% cold TCA and collected on 0.2-pm filters (GS type;
Millipore Corp., Milano, Italy). Radioactivity was measured by liquid
scintillation counting.

Chemotaxis assay. Chemotaxis assays were performed in 48-well
modified Boyden chambers (8, 37, 38), using polycarbonate filters (5-
pum pore size, polyvinylpyrrolidone-free, Nuclepore Corp., Pleasanton,
CA) coated with gelatin. Cytokines in M199 containing 1% FCS were
seeded in the lower compartments of the chamber, and 1 x 105 sus-
pended HUVECin M199 containing 1% FCSwere then seeded in the
upper compartments. After 6 h of incubation at 37°C, the upper sur-
face of the filter was scraped with a rubber policeman. The filters were
fixed and stained with Diff-Quick (Harleco, Gibbstown, NJ), and 10 oil
immersion microscopic fields were counted after coding samples.

Wound assay and fluorescence microscopy studies. HUVECwere
grown at confluency on glass coverslips coated with human fibronectin
(10 Ag/ml, Sigma, for 1 h at 22°C) for fluorescence studies or on 24-well
plates coated in the same way. The monolayer was wounded with a
razor blade. After wounding, cells were washed with PBS and incu-
bated in M199 containing 10% FCS in the presence of different cyto-
kines. For fluorescence studies, coverslip-attached HUVECwere fixed
with 3% isotonic formaldehyde solution, pH 7.6, containing 2% su-
crose, and permeabilized by Triton X- 100 buffer (20 mMHepes, 300
mMsucrose, 50 mMNaCl, 3 mMMgCl2, 0.5% Triton X-100, pH 7.4)
(39). HUVECwere stained with rhodamine-labeled phalloidin (R-
PHD, Sigma). Alternatively, HUVECwere incubated with an antivin-
culin monoclonal antibody (Vin 11-5; Bio-Makor, Rehovot, Israel),
rinsed extensively with PBS, and then stained with rhodamine-tagged
rabbit anti-mouse IgG and with fluorescein-labeled phalloidin (39).
Coverslips, mounted in 50% PBS-glycerol, were observed in an Axio-
phot microscope (Zeiss, Oberkochen, FRG) equipped for epifluores-
cence. Fluorescence images were recorded on Kodak T-Max films ex-
posed at 1,000 ISO (International Standard Organization) and devel-
oped for 10 min at 20°C in T-Max developer.

To quantify the cells migrated in the denuded area, HUVECgrown
on plastic wells were fixed with absolute methanol (5 min at room
temperature) and stained with Giemsa staining solution. Samples were
coded and cells migrated from the edge of the wound were counted in
successive 100-pm increments at X 100 using an inverted light micro-
scope (IM35; Zeiss) provided with an ocular grid eyepiece (40).

PAFprodluction. HUVECgrown on 35-mm wells were stimulated
in M199 containing 0.25% BSA. At the end of incubation, the medium
was removed and cells were scraped with a rubber policeman in 1 ml
methanol containing formic acid to lower pH to 3.0 (22). Extracted
PAFwas purified by thin layer chromatography, characterized by chro-
matographic and physico-chemical criteria and treatment with lipases,
and quantified by aggregation of washed rabbit platelets, as previously
described (22, 41).

Standard incubation time for PAFproduction was 6 h at 37°C. This
time point was selected on the basis of preliminary time-course experi-
ments (from 5 min to 24 h).

PCA assay. HUVECmonolayers on gelatin-coated wells (16 mm
diameter) were stimulated for 4 h at 37°C in Ml 99 containing 10%
FCS, and then extensively rinsed with Ml 99. After five freezing and
thawing cycles, total cellular PCAwas determined in a one-stage clot-
ting assay, using glass tubes containing 0.1 ml human pooled citrated
plasma, to which 0.1 ml cell extract and 0.1 ml 30 mMCaCl2 solution
were added. Milliunits (mU) of PCAwere calculated according to Bevi-
lacqua et al. (16). In our standard conditions 103 mUPCA corre-
sponded to a clotting time of 23 s. The incubation time was selected on
the basis of preliminary time-course experiments.

Study of the suirface expression ofELAM-J, and class II MHCanti-
gens (HLA-Dr). Unstimulated HUVECand HUVECcytokine-stimu-
lated for the indicated time were detached from the gelatin-coated wells
by incubation with 5 mMEGTA(Sigma) and 1%BSA in PBS, pH 7.4,
for 10 min at 37°C. Suspended HUVECwere stained with monoclonal
antibody anti-class II (AA3.84) (a gift of Dr. F. Malavasi, Dipartimento
di Genetica, Biologia e Chimica Medica, Torino, Italy) (42), or anti-
ELAM- 1 (H 1/6, a gift of Dr. M. Bevilacqua, Harvard University, Bos-
ton, MA) (26), and then with fluorescein-tagged rabbit anti-mouse IgG
(Technogenetics, Torino, Italy). Stained cells (1 x 104) were analyzed
by FACS. Background nonspecific staining was determined with x63,
irrelevant murine myeloma protein (a gift of Dr. F. Malavasi).

In vivo angiogenic assay. G-CSF (I10-1 00 ng), G-CSF boiled for 10
min (50-100 ng), and bFGF (1-50 ng) were incorporated into a slow
release vinyl copolymer (Elvax 40; DuPont Co., Wilmington, DE) to

produce 1 x 1 x 0.5-mm size pellets. Pellets were prepared in sterile
conditions as follows: evaporated cytokines were resuspended into a

casting solution of 10% Elvax-40 in methylene chloride (10 p1/droplet)
and allowed to evaporate. The repolymerized pellets were further evap-
orated at 4°C overnight. The angiogenic assay was performed using
corneas of adult outbred NewZealand rabbits weighing 2-3 kg (43). In
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the lower corneal half of anesthetized animals (pentobarbital, 25-30
mg/kg) pockets were produced into half of the thickness of the comeal
stroma using a pliable iris spatula 1.5 mmin width. The bottom of each
pocket was kept at 2 mmfrom the limbal vessel. Elvax-40 pellets were
placed into the preformed corneal pockets. In some experiments, the
standard protocol was modified by producing two adjacent pockets, 2
X 3 mmeach, as previously reported (44). Subsequent daily observa-
tions of the implants were made with a slit lamp stereomicroscope
without anesthesia. An angiogenic response was considered valid when
budding of vessels from the limbal plexus occurred at 3-4 d and per-
sisted for at least 2 wk from the surgical implant. Angiogenesis was
expressed as the number of implants exhibiting neovascularization of
normally avascular corneal stroma over the total implants performed.
Neovascularization was also recorded and scored by the number of
newly formed vessels and by their growth rate. An arbitrary five point
ordinal scale ranging from 0 to 4 was used to quantify the potency of
the angiogenic response on the basis of the number of newly formed
vessels produced by the tested compounds: 0, no vessel growth; 1+,
equivocal vessel growth from the limbus to 0.6 mmover the limbus;
2+, evident new vessel formation extending midway to the corneal
pocket; 3+, prominent new vessel formation reaching the corneal
pocket; 4+, extensive neovascularization extending into the comeal
pocket and surrounding the implant. The occurrence of an inflamma-
tory reaction accompanying neovascularization was also investigated
at macroscopic level by scoring the presence of corneal opacity and at
microscopic level by histological examination of the corneal explants
obtained after 3-12 d of observation. Corneal explants were fixed by
immersion in 10% phosphate-buffered formalin. Serial paraffin (7-Mm
sections) were stained with hematoxylin and eosin.

Results

Effects of G- and GM-CSFon HUVECin relation to prototypic
cytokines. A major objective of this study was to define the set
of responses elicited by G- and GM-CSFin HUVECand to
compare it with prototypic cytokines active on these cells. We
examined functions related to thrombosis and inflammation
(PCA, PAF, expression of leukocyte adhesion structures, such
as ELAM-1), to accessory activity (HLA-Dr antigens), to an-
giogenesis (proliferation and migration). IL- 1 a/TNFa, IFN-'y,
and bFGF served as reference cytokines which activate HU-
VECfor distinct sets of functions. As shown in Table I, G- and

GM-CSFinduced migration and proliferation of HUVEC,but
failed to affect all other parameters examined. Table I summa-
rizes the results obtained at one concentration (100 ng/ml) of
G- and GM-CSF, respectively, and for one exposure time, opti-
mal for the parameters and reference cytokines examined (see
legend to Table I and Methods). For instance, PCAwas mea-
sured at 4 h, when maximal stimulation of HUVECby IL- 1 a
(10 ng/ml) and TNFa (10 ng/ml) is observed (Table I and 16,
18). It must be emphasized that a range of concentrations of G-
and GM-CSF(from 0.1 to 500 ng/ml) and exposure times
(from 2 to 72 h) were studied (not shown) with results consis-
tent with those selected for display in Table I. Thus, G- and
GM-CSFinduced migration and proliferation of HUVEC
without affecting functions related to inflammation, thrombo-
sis, and accessory activity. Whencompared with the cytokine
selected as reference agent for migration and proliferation
(bFGF), the maximal proliferative response elicited by CSFs
was substantially less (Table I and Fig. I A). In a series of exper-
iments (n = 10), G-, GM-CSF, and bFGF caused 1.5-fold
(range 1.2-5), 1.5-fold (range 1.15-3.1), and 2.2-fold (range
2-8) increment of proliferation, respectively. CSFs-induced
HUVECmigration was of the same order of magnitude as that
induced by bFGF (Table I and Fig. 1 B).

Wealso examined the effect of combined exposure of HU-
VECto CSFs and bFGF. Fig. 2 presents two experiments out of
ten performed with G-CSF. Similar results were obtained with
GM-CSF(not shown). No evidence of synergism was obtained
in terms of proliferation and migration using both optimal and
suboptimal concentrations of the two cytokines. At most, an
additive effect was observed, particularly in the migration assay
(Fig. 2 B), or in the proliferation assay with suboptimal concen-
trations of G-CSF (Fig. 2 A). The combination of optimal con-
centrations of G-CSF with bFGF resulted in an inhibitory ef-
fect on proliferation (Fig. 2 A). The experiment summarized in
Fig. 2 was performed with simultaneous exposure to the two
cytokines. No reciprocal potentiation was also observed when
HUVECwere exposed to G- or GM-CSFfor 24 h and then
examined for responsiveness to bFGF in terms of migration
and proliferation, and vice versa (not shown). It was of interest

Table I. In Vitro Effects of G- and GM-CSFon HUVECin Comparison to Prototypic Cytokines*

Cytokines PAPF PCA ELAM- 1 HLA-Dr Proliferation Migration

pmol/l x 105 cells mU/I x I05 cells %positive Cells I x 10i [31H-TdR cpm I x 10' Cells in sixfields

None 0.3±0.1 8±4 0 0-3 23.3±1.2 1.1±0.3 25±3
G-CSF 100 ng/ml 0.3±0.2 13±5 0-2 0-5 36.1±3.1 15.8±2.1 67±2
GM-CSF100 ng/ml 0.2±0.1 10±4 0-3 1-6 34.2±1.9 16.2±2.6 71±3
bFGF 5 ng/ml NT§ NT NT NT 51.4±3.8 46.3±5.1 80±5
IFN-,y 500 ng/ml NT NT NT 45-69 NT NT NT
IL-la 10 ng/ml 1.9±0.2 106±17 55-67 NT NT NT NT
TNFa 10 ng/ml 2.1±0.5 119±28 51-63 NT NT NT NT

* HUVECwere stimulated with different cytokines and processed for the different tests as described in Methods. The numbers are mean±SDof
3- 10 experiments done in triplicate. The data shown for the expression of ELAM- I and class II MHCantigens (HLA-Dr) are the range of a
quadruplicate culture of one experiment of two performed with similar results. The data presented refer to the exposure time at which the ap-
propriate reference cytokine is active on each parameter. Specifically, exposure times were: 6 h for PAF; 4 h for PCAand ELAM-1; 3 d for ex-
pression of HLA-Dr antigen; 4 d (cell count) or 11 h [3H]TdR) for proliferation; 6 h for migration. * Since HUVECcan produce PAFwithin a
few minutes of thrombin stimulation (51), PAF synthesis was also measured after 5 min stimulation with G-CSF and GM-CSF(100 ng/ml) or
thrombin (0.5 U/ml, Sigma) with the following results (pmol/ I05 cells): control, 0.2±0.1; G-CSF, 0.3+0.2; GM-CSF, 0.4±0.3; thrombin,
2.8±0.6. ' NT, not tested.
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80000 Figure 1. Effect of
A * different doses of G-

*7 CSF (A), GM-CSF(o),d)60000 *g and bFGF (o) on

u proliferation (A) and
0 40000 migration (B) of
C / * HUVEC. For
co proliferation assay, low2~~~~~
Z 20000 /a * density cultures of

HUVEC( 1 x 104 cells
per 22 mmdiameter

0 gelatinized tissue
0 0.1 I 10 100 culture well) were

Cyotokines (ng/ml) exposed to M199

9o supplemented with 10%
U) B FCS containing
LU i different concentrationswU * of cytokines. After 4 d,
Q@ 60 * * cells were counted (6

wells for each point) asO */* described in Methods.
0 30 The numbers are the
030 ~~~~~~~mean±SD of six
az determinations. For
U migration assay, 48-well2

0 modified Boyden
0 0.1 1 10 100 chambers were used, as

described in Methods.
Cytokines in M199

containing 1% FCS were seeded in the lower compartment of the
chamber, and 1 x 105 HUVECin the same medium were seeded in
the upper compartments. Cells migrated after 6 h incubation to the
lower surface of the filter were counted after coding samples. The
numbers are the mean±SDof six fields counted. The data shown are
representative of one experiment for each assay out of 11 done with
similar results. P < 0.05 by Student's t test. In A some asterisks were
omitted to simplify the picture, and those drawn refer to the three
cytokines.

to evaluate whether other hematopoietic growth factors shared
the ability of G- and GM-CSFto affect HUVEC. As shown in
Table II, IL-3 and M-CSF did not affect either the migration
and proliferation or the production of PCA and PAF by
HUVEC.

Induction of HUVECmonolayer wound repair by G- and
GM-CSF. The above results indicate that G- and GM-CSF
induce proliferation and migration across pores of polycarbon-
ate filters of sparsely seeded HUVEC. It was of interest to evalu-
ate the effect of G- and GM-CSFunder conditions that more
closely resemble those of the monolayer lining of blood vessels.
These experiments were also prompted by a recent report indi-
cating that TNFhas different effects on sparse versus confluent
endothelial cells (45). Wetherefore examined the effect of G-
and GM-CSFon the repair of a mechanically induced wound
of HUVECmonolayers. Fig. 3 illustrates the G-CSF-induced
repair of wounded monolayers and Table III presents a quanti-
tative assessment of this activity. The effect of G-CSF in induc-
ing wound repair is time (Fig. 3, a-d) and dose dependent (Fig.
3, e-h). After 6 h of stimulation with 100 ng/ml G-CSF, some
cells move into denuded areas (Fig. 3 b), and they almost com-
pletely occupy the free space within 24 h. The maximal activity
is observed at 100 ng/ml of G-CSF (Fig. 3 h), whereas it was
almost negligible with 0.1 ng/ml (Fig. 3 e). WhenHUVECwere
treated for 60 min at 37°C with mitomycin C (1 ,ug/ml),

8(000A0 -Figure 2. HUVEC
70000 A proliferation (A) and

(n 60000 migration (B) induced
t? 50000 ^ | by the simultaneous
C0 50000

O 40000 addition of G-CSF and
0 30000 bFGF. The data shown

are the mean±SDof six
2 20000 determinations for one

10000 experiment out of 10
0 done with similar

results. In chemotaxis
G-CSF (nglml) - 10 100 - - 10 10 100 100 experiments, the

bFGF (ng/ml) - - - 5 5 migration of cells in the

70 control was 18+3, and
60 B this value was

( subtracted from those
o 50 of stimulated cells. One

cc 40 F _ * way analysis of variance
o

30 gives P < 0.0001 for
30

both experiments. In0
CC 20 proliferation

10 experiments the
z o following comparisons

gave P < 0.05 by
G-CSO(rglml) 0.05 5 - - 0.05 0.05 5 5 Student-Neuman-Keuls

140F (nCg/m) - 5 5 test: control vs. G-CSF,
10 ng/ml; G-CSF, 100

ng/ml; bFGF, 1 ng/ml; bFGF, 5 ng/ml; G-CSF, 10 ng/ml + FGF 1
ng/ml; G-CSF, 10 ng/ml + bFGF 5 ng/ml; G-CSF, 100 ng/ml
+ bFGF 1 ng/ml; G-CSF, 100 ng/ml + bFGF 5 ng/ml; bFGF, 1 ng/ml
vs. bFGF 5 ng/ml; G-CSF 10 ng + bFGF, 1 ng/ml; G-CSF, 10 ng/ml
+ FGF 1 ng/ml; G-CSF, 100 ng/ml + bFGF 5 ng/ml; bFGF, 5 ng/ml
vs. G-CSF 10 ng/ml; G-CSF, 100 ng/ml; G-CSF, 100 ng/ml + bFGF,
1 ng/ml; G-CSF, 10 ng/ml + bFGF, 1 ng/ml vs. G-CSF, 10 ng/ml;
G-CSF, 100 ng/ml; G-CSF, 10 ng/ml + bFGF, 5 ng/ml; G-CSF, 100
ng/ml + bFGF, 1 ng/ml; G-CSF, 10 ng/ml + bFGF, 5 ng vs. G-CSF,
100 ng/ml + bFGF, 1 ng/ml; G-CSF, 100 ng/ml + bFGF, S ng/ml.
In migration experiments, the following comparisons gave P < 0.05
by Student-Neuman-Keuls test: G-CSF, 0.05 ng/ml vs. G-CSF, 5
ng/ml; bFGF, 0.1 ng/ml; bFGF, 1 ng/ml; G-CSF, 0.05 ng/ml
+ bFGF, 0.1 ng/ml; G-CSF, 0.05 ng/ml + bFGF, 1 ng/ml; G-CSF, 5
ng/ml + bFGF, 0.1 ng/ml; G-CSF, 5 ng/ml + bFGF, 1 ng/ml; G-CSF,
5 ng/ml vs. bFGF, 0.1 ng/ml; G-CSF, 0.05 ml/ng + bFGF, 0.1 ng/ml;
G-CSF, 5 ng/ml + bFGF, 1 ng/ml; bFGF, 0.1 ng/ml; bFGF, 1 ng/ml;
G-CSF, 5 ng + bFGF, 0.1 ng/ml; G-CSF, 5 ng/ml + bFGF, 0.1
ng/ml; G-CSF, S ng/ml + bFGF, 1 ng/ml; bFGF, 1 ng/ml vs. G-CSF,
0.05 ng/ml + bFGF, 0.1 ng/ml; G-CSF, 0.05 ng/ml + bFGF, 1 ng/ml;
G-CSG, 5 ng/ml + bFGF, 0.1 ng/ml; G-CSF, 5 ng/ml + bFGF, 1
ng/ml; G-CSF, 0.05 ng/ml + bFGF, 0.1 ng/ml vs. G-CSF, 0.05 ng/ml
+ bFGF, 1 ng/ml; G-CSF, 5 ng/ml + bFGF, 0.1 ng; G-CSF, 5 ng/ml
+ bFGF, 1 ng/ml; G-CSF, 0.05 ng/ml + bFGF, 1 ng/ml vs. G-CSF,
5 ng/ml + bFGF, 1 ng/ml.

washed, and then stimulated with 100 ng/ml of G-CSF, the
wound repair observed after 24 h was partially blocked (not
shown). This suggests that G-CSF-induced repair required
both migration and DNA synthesis. Boiled and biologically
inactive G-CSF (100 ng/ml) (8) and IL-3 (up to 100 ng/ml) did
not induce wound repair, whereas GM-CSF(from 1 ng/ml to
100 ng/ml) did so (not shown). Under the same conditions,
bFGF (5 ng/ml) was also able to induce complete wound repair
by 18-24 h (data not shown).

Cell migration was also quantified by counting the number
of HUVECthat had moved after 6 h into the denuded area.
The migration was quantified by observing cells with a grid
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Table II. Effect of Various Molecules
with CSFActivity on HUVEC

Cytokine PAF PCA Proliferation Migration

Cells in
pmol/l0' cells mU/IO0 cells 104 cells sixfields

None 0.2±0.1 6±2 24.3±0.9 21±4
G-CSF (100 ng/ml) 0.4±0.2 9±3 39.9±1.4 79±4
GM-CSF(100 ng/ml) 0.3±0.1 11±5 34.1±2.3 69±4
IL-I (1 ng/ml) 2.1±0.4 87±9 21.3±1.4 25±5
M-CSF(50 ng/ml) 0.3±0.4 7±6 23.4±3.9 23±5
IL-3 (100 ng/ml) 0.2±0.1 10±2 24.1±2.2 21±2

The various parameters of HUVECactivation were assessed after dif-
ferent times (from 10 min to 4 d) of exposure of cells to G-, GM-CSF,
IL-3, and M-CSF. The data presented refer to exposure times at
which the appropriate reference cytokine active on each parameter
(see Table I) induced a maximal response. Specifically, exposure
times were: 6 h for PAF; 4 h for PCA; 4 d for proliferation; and 6 h
for migration. Mean±SDof three to six experiments done at least in
duplicate.

marked in increments of 100 ,um (Table III). G- and GM-CSF
showed a dose-dependent effect and had an equivalent potency
in inducing HUVECmigration. The number of cells migrated
in the first, second, and third 100-t.m segment in the presence

I

of an optimal concentration of G- or GM-CSFis 100-, 80-, and
50-fold higher than in unstimulated monolayers. Boiling G-
and GM-CSFabolished the activity as well as antibodies
against G-CSF and GM-CSF. Basic FGF had similar effects,
but at lower concentrations than that of active G- and GM-
CSF. IL-3 and M-CSFwere ineffective (Table III).

Modification of HUVECcytoskeleton induced by G- and
GM-CSF. Migrating cells undergo shape changes with charac-
teristic cytoskeletal reorganization. Hence, it was of interest to
study the cytoskeletal structures of HUVECexposed to G- and
GM-CSF. Upon staining with R-PHDthat specifically binds to
F-actin, resting HUVECshowed an elaborate array of microfil-
ament bundles of the stress fiber type (Fig. 4 a) and scattered
vinculin streaks, which correspond to areas of focal contact of
the ventral membrane with the adhesion substratum (Fig. 4 b).
1 h upon G-CSF (100 ng/ml) or GM-CSF(100 ng/ml) (not
shown), stress fibers partially disappeared (Fig. 4 c), vinculin
streaks moved at the cells periphery and to the "tail" (Fig. 4 d)
and cells assumed a typical migratory phenotype.

Angiogenic activity of G-CSF. In an effort to explore the in
vivo relevance of the induction of endothelial cell migration
and proliferation by G- and GM-CSF, we studied angiogenesis
in the rabbit cornea. For these experiments we used G-CSF
since this molecule, unlike GM-CSF, is not species-restricted:
human G-CSF is in fact active in vitro and in vivo in rodents
(46-48).

Figure 3. Effect of G-CSF on wound repair of HUVECmonolayers. Confluent stationary HUVECcultured on glass coverslips coated with
human fibronectin (10 ,ug/ml) were wounded by scratching with a razor blade splinter, cultured for 24 h in M199 containing 20% FCS, and
treated with 100 ng/ml G-CSF for 6 (b), 12 (c), and 24 h (d), or without G-CSF for 24 h (a). Coverslips were fixed, permeabilized, and stained
with R-PHDat the indicated times as described in Methods. The administration of G-CSF induces a shift in cell phenotype from stationary (stress
fiber rich) to migratory; cells start to migrate and progressively fill the wound gap in about 24 h (d), while few if any cells migrate from the
wound edges (indicated in all panels by dashed lines) in the same period of time without G-CSF (a). The effect of G-CSF is dose-dependent since
the number of cells migrating into the wound gap in 24 h was almost negligible with 0.1 ng/ml (e) and increased with 1 ng/ml (f), 10 ng/ml
(g), and 100 ng/ml, to reach nearly complete repair (h). Bar denotes 28 Aim.
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Table III. Quantitative Analysis of WoundRepair
by G-CSF and GM-CSF

100 ,sm segment

I II 111

No. cells/microscope field

Control 6±2 0 0
G-CSF (I ng/ml) 7±2 0 0
G-CSF(IO ng/ml) 45±12 27±8 12±4
G-CSF (100 ng/ml) 113±27 86±11 51±17
Boiled G-CSF (100 ng/ml) 10±3 0 0
G-CSF (100 ng/ml) +anti-G-CSF 8±2 0 0
G-CSF+ irrelevant IgG 145±20 81 ± 18 54±12
GM-CSF(1 ng/ml) 11±4 0 0
GM-CSF(10 ng/ml) 65±21 34±17 14±3
GM-CSF(100 ng/ml) 126±18 90±19 61±20
Boiled GM-CSF(100 ng/ml) 9±2 0 0
GM-CSF(100 ng/ml) +anti-GM-CSF 4±7 0 0
GM-CSF(100 ng/ml)+ irrelevant IgG 118±31 88±10 69±15
IL-3 (100 ng/ml) 8±1 0 0
M-CSF (50 ng/ml) 5±3 0 0
bFGF0.1 ng/ml 16±3 0 0
bFGF 1 ng/ml 39±4 46±5 28±4
bFGF 5 ng/ml 146±12 84±7 71±10

Wound repair was quantitated by counting cells at x 100 with a grid
marked in increments of 100 jm from the original mark made by
the razor blade considered as origin. The data are the mean±SDof
cells counted in six individual fields in one coded experiment. Three
similar experiments have been performed with similar results.
Mean±SDof six determinations.
G-CSF and GM-CSFwere incubated overnight at 4°C with 160 ,ug of
mouse anti-human G-CSF monoclonal antibody (75A, neutralizing
activity: 33U/gg) and a polyclonal rabbit anti-human GM-CSF
(1:500 dilution) (a 1:1,000 dilution neutralized 500 U), respectively.

In a first set of experiments we assayed the angiogenic activ-
ity of G-CSF, and its potency was compared to bFGF, a known
angiogenic effector (12, 33). As shown in Table IV, G-CSF at a
dose of 50 ng/pellet was able to promote new vessel growth in
50% of the implants (6 positive implants out of 12, P < 0.05

Table IV. Angiogenic Activity of G-CSF

No. of No. positive
Comneal implant implants implants Score*

ng/pellet Range

One pellet implantt

Elvax-40 10 0 0
G-CSF

lOng 9 1 1
50 ng 12 6 2-3

100 ng 9 5 2-3
Boiled G-CSF

50ng 9 1 2
lOOng 6 1 1

bFGF
I ng 10 2 1
5 ng 10 3 1

lOng 12 3 1-2
50 ng 12 10 4

Two pellet implants'

G-CSF, 50 ng + Elvax 11 5 2-3
bFGF, 10 ng + Elvax 11 2 1
G-CSF, 50 ng+ bFGF, 10 ng 11 9 4
Boiled G-CSF, 50 ng + FGF, 10 ng 12 3 1-2

* An arbitrary score was designed as follows: 0, no vessel growth; 1,
equivocal vessel growth from the limbus to 0.6 mmover the limbus;
2, evident new vessel formation extending midway to the corneal
pocket; 3, prominent new vessel formation reaching the corneal
pocket; 4, extensive neovascularization extending into the corneal
pocket and surrounding the implant.
t The data reported were obtained by implanting one pellet in one
pocket.
§ The data reported were obtained by implanting two separate pellets
into two adjacent pockets.

versus implants containing Elvax alone by Fisher exact test).
Increasing the dose tested (100 ng/pellet) did not modify the
angiogenic response. G-CSF at a concentration of 10 ng/pellet
was almost devoid of any angiogenic activity (1 positive out of
9) (Table IV). The newly formed vessel network consisted of

Figure 4. Effect of G-CSF on cytoskeletal structures of HUVECduring the repair of the wound gap. HUVECmonolayers were processed as
detailed in the legend to Fig. 3 after 1 h stimulation. Without G-GSF, cells at wound edges mostly show stress fibers (a) and numerous
vinculin-containing adhesion plaques located at stress fiber endings (b). Upon exposure to G-CSF (100 ng/ml), cells acquire a migratory
phenotype with fewer stress fibers (c) and vinculin streaks mostly located at the cell periphery and in the tail (d). Bar denotes 5 Am.
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- 30-40 capillaries that reached the pellet implant by day 8
and did not further progress (Fig. 5 a and Fig. 6). Histological
sections of corneal specimens obtained 12 d after the implant
showed the presence of several well-defined capillaries (Fig. 6
b). No macroscopic or microscopic signs of an accompanying
inflammatory reaction were observed as stated by persistence
of corneal transparency (Fig. 5) and by the absence of any in-
flammatory infiltrate in the histological sections (Fig. 6).

Figure 6. Histology (hematoxylin and
eosin) of rabbit corneas removed 12
d after the implant of G-CSF (50 ng).
(A) Section (7 pm) of the pocket
bearing the Elvax pellet releasing G-
CSF. The pellet was removed and the
surrounding tissue appeared as in B
(xI 00). (B) Section (7 pm) of the
rabbit cornea removed from the area
between the pellet and the limbus.
Note the cross section of several
capillaries (arrows) and the complete
absence of inflammatory-type
infiltrate to establish that angiogenesis
was not due to formation of a
granulation tissue. (X200.)

When G-CSF was heat inactivated, its angiogenic activity
was consistently reduced (Table IV). Implanted bFGF pro-
duced a consistent angiogenic response (80-100 capillaries en-
veloping the implant by day 12) at a dose of 50 ng/pellet (Table
IV). At lower doses, only few implants hinted an angiogenic
response which, at best, produced 5-10 capillaries budding
from the limbus and never progressing over half the way to
reach the implanted pellet (Table IV and Fig. 5 b).

Figure 5. Effect of G-CSF on angiogenesis. G-CSF (50 ng/pellet) induced the formation of slowly progressing newly formed capillaries into the
cornea stroma (a). WhenG-CSF was assayed with a nonangiogenic dose of bFGF (10 ng/pellet) (b), cornea neovascularization appeared more
consistent and efficient in terms of vessel number and growth velocity (c). Heat inactivation of G-CSF produced loss of angiogenic activity. The
pictures represent implant of Elvax-40 pellets into two separate pockets. In panels A and B, G-CSF and bFGFwere assayed in the presence of a
control pellet. All photographs (x 18) were taken at day 12 from the surgical implants through a slit lamp stereomicroscope (Olympus Corp. of
America, New Hyde Park, NY). Arrows indicate a white spot produced by light reflex. G, G-CSF; F, bFGF; hG, heat-inactivated G-CSF; E,
Elvax pellet.
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In a second set of experiments we wanted to examine
whether G-CSFacted in concert with bFGFin inducing neovas-
cularization. Implanted bFGFwas used at doses unable per se
to elicit a fully competent vascular network (Table IV and Fig.
5 b). The two cytokines were placed in separate adjacent pock-
ets to avoid any physical interactions. As shown in Table IV
and in Fig. 5 c, the combined implantation of G-CSF and
bFGF resulted in a response that exceeded those of the two
cytokines alone (8 positive implants out of 1 1). The intensity of
the angiogenic response (in terms of score, number of capillar-
ies [60-80] and growth rate [vessels reaching and enveloping
the pellets by 10 d]) was highly suggestive for a cooperative
effect of the two cytokines. Similar results have been obtained
when addition of bFGF was implanted 72 h after G-CSF (9
positive over 11 implants) (not shown). Whenthe experiments
were performed with heat-inactivated G-CSF, only occasional
implants showed a weak angiogenic response (Fig. 5 d and Ta-
ble IV).

Discussion

The results presented here identify the set of functions induced
in HUVECby G- and GM-CSFin relation to prototypic cyto-
kines active on this cell type. They confirm and extend our
original observations that G- and GM-CSFinduced migration
and proliferation of endothelial cells (8, 10). Unlike appro-
priate reference cytokines (IL- 1 a/TNFa, IFN-'y), G- and GM-
CSFdid not modulate endothelial cell functions related to he-
mostasis-thrombosis (synthesis of PCAand PAF), inflamma-
tion (expression of ELAM-l and synthesis of PAF), and
accessory function (HLA-Dr). In comparison to bFGF, G- and
GM-CSFinduced lower maximal proliferation of HUVEC,
whereas migration was of the same order of magnitude.

The proliferation and migration assays used routinely in
this and previous studies (8, 10), involved the use of sparsely
seeded HUVEC. Gerlach et al. (45) recently reported substan-
tial differences in the response (thrombomodulin activity,
PCA, and barrier function) of sparse versus monolayer HU-
VECto TNF. Wetherefore examined the capacity of G- and
GM-CSFto stimulate repair of mechanically wounded HU-
VECmonolayers, a situation possibly more similar to in vivo
conditions. The two CSF molecules stimulated wound repair
by HUVEC. This phenomenon was partially inhibited by mi-
tomycin C, an inhibitor of cell proliferation indicating that the
wound repair induced by G- and GM-CSFis due to both mi-
gration and growth of HUVEC. This result is in agreement
with our previous data showing that maximal motility in the
Boyden chamber assay was observed after 6 h (8), and maximal
uptake of thymidine after 12 h (8). Furthermore, previous stud-
ies (49) have shown that endothelium, at the leading edge of a
wound, began DNAsynthesis at - 8-10 h and reached maxi-
mumat 20 h. The monolayer wound system also allowed an
analysis of changes in the cytoskeleton of HUVECexposed to
G- and GM-CSF. HUVECtreated with G- or GM-CSFdis-
played a motile phenotype, characterized by leading edges and
often a prominent tail, loss of their normal network of stress
fibers and of vinculin streaks.

Having established that G- and GM-CSFinduced endothe-
lial cell migration and proliferation under different in vitro
conditions, it was important to investigate the in vivo relevance
of these observations. G-CSFwas used for these studies because

it is known to be non-species-restricted and to act in rodents
(46-48). G-CSF had relatively weak, but definite, angiogenic
activity in the rabbit cornea. In view of the in vitro effects of
G-CSF on HUVEC, it is reasonable to assume that the angio-
genic effect of G-CSF in vivo reflects a direct interaction with
endothelial cells. Thus, G-CSF (and, by inference, GM-CSF)
belongs to the group of factors that induce angiogenesis via
direct modulation of endothelial cell locomotion and growth,
the prototypes of which are FGFs (32, 33).

Having established that G-CSF has angiogenic activity in
vivo, we wanted to obtain initial indications as to the capacity
of this cytokine to act in concert with bFGF. By combining
nonangiogenic doses of bFGF with G-CSF, we observed re-
sponses whose intensity is suggestive of a cooperative interac-
tion of the two cytokine in inducing angiogenesis. The coopera-
tive angiogenic activity of G-CSF and bFGF was evident in
terms of response intensity (number of capillaries, number of
positive implants, time to reach the pellets). This initial obser-
vation needs to be extended. However, the cooperative effect of
G-CSFand bFGFin inducing in vivo angiogenesis is somewhat
surprising and intriguing. In fact, in vitro, in spite of efforts
involving different experimental designs only one of which is
shown here (see Results), we have found no indication of a
synergistic action of these two cytokines on HUVECprolifera-
tion and migration. At best, an additive effect was observed. In
vivo angiogenesis occurs as the end point of complex interac-
tions between many events involving the remodeling of the
extracellular matrix and the release of several "factors" (12,
50). This apparent paradox of a combination of cytokines act-
ing directly on endothelial cells, showing a cooperative effect in
vivo, but not in vitro, adds to the list of factors or conditions for
which in vitro modulation of proliferation and migration is not
necessarily predictive of in vivo effects on angiogenesis (12).
Possible explanations for this partial discrepancy in the capac-
ity of G-CSF to act in concert with bFGF in vitro and in vivo
could involve a different biology of microvascular endothelium
versus HUVECor effects of G-CSF on passing neutrophils.

Various cell types, including activated immunocompetent
cells, fibroblasts, and endothelial cells themselves, can produce
G- and GM-CSF(1-3). Thus, locally produced G- and GM-
CSFcould be part of the regulatory network of neovasculariza-
tion and, in bone marrow, contribute to the maintenance of the
hematopoietic microenvironment, of which endothelial cells
are one important component.
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