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CXCL 1/Macrophage Inflammatory Protein-2-Induced
Angiogenesis In Vivo Is Mediated by Neutrophil-Derived
Vascular Endothelial Growth Factor-A*

Patrizia Scapini,®* Monica Morini,?" Cristina Tecchio,* Simona Minghelli," EmmaDi Carlo,*
Elena Tanghetti,® Adriana Albini," Clifford Lowell,¥ Giorgio Berton,* Douglas M. Noonan,’ and
Marco A. Cassatella*

The angiogenic activity of CXC-ELR* chemokines, including CXCL 8/IL -8, CXCL /macrophage inflammatory protein-2 (MIP-2),
and CXCL Vgrowth-related oncogene-« in the Matrigel sponge angiogenesis assay in Vvivo, is strictly neutrophil dependent, as
neutrophil depletion of the animals completely abrogates the angiogenic response. In this study, we demonstrate that mice deficient in
the src family kinases, Hck and Fgr (hck™'~fgr—'~), are unable to develop an angiogenic response to CXCL 1/M|P-2, although they
respond normally to vascular endothelial growth factor-A (VEGF-A). Histological examination of the CXCL 1/MIP-2-containing
Matrigel implantsisolated from wild-type or hck™'~fgr =/~ mice showed the presence of an extensive neutrophil infiltrate, excluding a
defective neutrophil recruitment into the Matrigel sponges. Accor dingly, neutrophils from hck™'~fgr =~ mice normally migrated and
released gelatinase B in response to CXCLU/MIP-2 in vitro, similarly to wild-type neutrophils. However, unlike wild-type neutrophils,
those from hck™~fgr='~ mice were completdly unable to release VEGF-A upon stimulation with CXCL1/MIP-2. Furthermore,
neutralizing anti-VEGF-A Abs abrogated the angiogenic response to CXCL1UMIP-2 in wild-type mice and CXCL1/MIP-2 induced
angiogenesisin the chick embryo chorioallantoic membrane assay, indicating that neutrophil-derived VEGF-A is a major mediator of
CXCLUMIP-2-induced angiogenesis. Finally, in vitro kinase assays confirmed that CXCL1/MIP-2 activates Hck and Fgr in murine
neutrophils. Taken together, these data demonstrate that CXCL1/MIP-2 leads to recruitment of neutrophils that, in turn, release
biologically active VEGF-A, resulting in angiogenesisin vivo. Our observations delineate a novel mechanism by which CXCL1/MIP-2

induces neutrophil-dependent angiogenesis in vivo. The Journal of Immunology, 2004, 172: 5034-5040.

ngiogenesis consists in the formation of new capillaries
from preexisting blood vessels and is a well-known end
point in chronic inflammatory diseases and in tumor pro-
gression (1). It is well accepted that several members of the CXC
chemokine subfamily, in particular the chemokines characterized
by an ELR motif such as human CXCL L/growth-related oncogene

(GRO),* CXCL6/granulocyte chemotactic protein  (GCP)-2,
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CXCLS8/IL-8, and the murine analog, CXCL 1/macrophage inflam-
matory protein-2 (MIP-2), induce angiogenesisin vitro and in vivo
(2). The CXC-ELR™ chemokines al bind to and activate the che-
mokine receptor CXCR2, which is considered the key receptor in
the angiogenic reaction mediated by these ligands (3). Although
the mechanisms through which CXC-ELR™* chemokines induce
angiogenesis have not been yet completely clarified, it is well
known that they are potently active on neutrophils (4), inducing a
marked recruitment of these cells into inflammatory sites.

Recent studies have greatly extended our knowledge on the
functional role of neutrophils to aspects that go beyond their pri-
mary role in clearing bacterial infections (5). For instance, a num-
ber of studies have demonstrated that neutrophils can synthesize
and store molecules with known angiogenic activity, including
vascular endothelium growth factor (VEGF-A) (6, 7), CXCL8/
IL-8 (5), CXCLL/GRO (5), and hepatocyte growth factor (8, 9). In
this context, recent data clearly suggest that neutrophils can play a
key role in the angiogenic process induced by CXC-ELR™ che-
mokines. We observed that the angiogenic activity of CXCL8/
IL-8, CXCLL/GRO, and CXCL1/MIP-2 in the Matrigel plug an-
giogenesis assay in vivo appears to be neutrophil dependent, as
neutrophil depletion of these animals completely abrogated the
angiogenic response (10). However, the mechanisms through
which neutrophils induce neovascularization in this model have
not been elucidated.

To clarify the role of neutrophilsin CXCL1/MIP-2-induced an-
giogenesis and to identify factors mediating this activity, we ex-
amined the angiogenic response in mice with asingle or the double
deficiency in Hck and Fgr. Fgr and Hck are two src family protein
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tyrosine kinases expressed in terminaly differentiated my-
elomonocytic cells (granulocytes and monocytes/macrophages)
that have been implicated in regulation of selective phagocyte re-
sponses (11). For instance, neutrophilsisolated from hek—/~fgr =/~
mice display defective adhesion to extracellular matrix proteins,
degranulation, and respiratory burst activity (12-14). Additionally,
in models of inflammation in vivo, hck™'~fgr /= mice were
shown to have alterations in accumulation of granulocytes in in-
flanmatory sites. In fact, the enhanced resistance of hck ™/~ fgr —/—
mice to endotoxic shock correlated with a reduced capacity of
neutrophils to infiltrate the liver (15), and in a model of alergic
lung inflammation, fgr ~'~ mice failed to develop lung eosinophilia
in response to repeated challenge with aerosolized OVA (16). It is
important to note that recent studies implicated Hck and Fgr in
signal transduction by chemoattractants, including chemokines.
For example, the neutrophil degranulation response to the fMLPis
defectivein hck™/~fgr '~ neutrophils (14) and signal transduction
by CXCLB8/IL-8 has been reported to involve Fgr and Hck (17).
In this report, we demonstrate that hck /'~ fgr ~/~ mice, while
showing normal vascularization in response to VEGF-A, are un-
able to mount an angiogenic response to CXCL1/MIP-2 in vivo
due to the inability of their neutrophils to release VEGF-A upon
CXCLLUMIP-2 stimulation. These findings add ground to the
emerging notion that an interference with neutrophil functions may
represent a new facet in the regulation and control of angiogenesis.

Materials and M ethods
Mice

Eight- to 10-wk-old male wild-type mice (C57BL/6J) and single and/or
double hck™/~fgr /= mice used in these studies have been aready de-
scribed (18). Animals were housed and treated in accordance with current
National and European Union guidelines.

Cell purification and culture

Bone marrow-derived neutrophils (BMDN) were isolated from mouse fe-
murs and tibias (12), whereas human neutrophils (>96.5%, as revealed by
May-Grinwald-Giemsa staining) were isolated under endotoxin-free con-
ditions from buffy coats of healthy donors (19). Immediately after purifi-
cation, neutrophils from both species were suspended in RPM| 1640 me-
dium supplemented with 10% heat-inactivated FBS (<9 pg/ml; Seromed,
Biochrom, Berlin, Germany), stimulated, plated in 24-well tissue culture
plates (Orange, Trasadingen, Switzerland) at 5 X 10%ml, and subsequently
incubated at 37°C, 5% CO, atmosphere. Neutrophils were usually stimu-
lated with 50 nM CXCLLUMIP-2, 10 nM CXCL6/GCP-2 (PeproTech,
Rocky Hill, NJ), 10 nM CXCL8/IL-8 (R&D Systems, Minneapolis, MN),
or 50 ng/ml PMA (Sigma-Aldrich, St. Louis, MO), asindicated. In selected
experiments, neutrophils were pretreated for 20 min with 10 uM PP2 (Cal-
biochem, San Diego, CA) before stimulation. After the indicated incuba-
tion period, cells were collected and centrifuged at 350 X g for 5 min. The
resulting supernatants were immediately frozen in liquid nitrogen and
stored at —70°C. Bone marrow-derived macrophages (BMDM) were aso
prepared (20) and stimulated as described above, for comparison. All re-
agents used were of the highest available grade and were dissolved in
pyrogen-free water for clinical use (19).

Chemotaxis and chemoinvasion assays

Neutrophil migration was assessed using 3-um pore size Transwells
(Costar-Nucleopore, Milan, Italy) precoated with FBS (for the chemotaxis
assay) or with Matrigel (20 ug/filter, for the chemoinvasion assay) (21).
BMDNs, immediately after purification, were suspended in serum free
RPMI 1640 medium at 5 X 10%ml. A total of 100 ul of cell suspension
was added to the top well, and 600 wl of medium, with or without 1 nM
CXCL1UMIP-2, were added to the bottom well. Chemotaxis and chemo-
invasion assays were run in paralel to verify that the Matrigel concentra-
tion was sufficient to act as atrue barrier against cell migration. Each point
was run in triplicate. The chambers were incubated for 1 h at 37°C in 5%
CO, humidified atmosphere. After centrifugation of the plate at 350 X g
for 10 min, the Transwells were removed and the cells migrated quantified
as previously described (22).
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Determination of VEGF-A and matrix metalloproteinase 9
(MMP-9) release

Antigenic VEGF-A and MMP-9 were measured in cell-free supernatants
by using specific ELISAs (R&D Systems) with detection limits of 10 pg/ml
for VEGF-A and 70 pg/ml for MMP-9. Determination of lactoferrin release
was performed by ELISA as previously described (13).

In vivo angiogenesis

The s.c. Matrigel sponge model of angiogenesis in vivo was used (23).
Briefly, liquid Matrigel containing heparin (26 U/ml; Schwarz Pharma, San
Grato-Lodi, Italy) was mixed at 4°C with or without proangiogenic ago-
nists, including a potent angiogenic mixture consisting of human or murine
VEGF-A (60 ng/ml) plus murine TNF-« (2 ng/ml; PeproTech; VEGF-A/
TNF-a/heparin (VTH), 2 ng/ml TNF-«, or either 80 ng/ml CXCL1/MIP-2
or 80 ng/ml CXCL1/KC (R&D Systems), and then diluted to afinal volume
of 0.6 ml. In some experiments, 16 ng/ml neutralizing anti-VEG-A Abs
(either goat anti-murine VEGF-A or murine anti-human VEGF-A Abs) or
isotype-matched control 1gG (R&D Systems) were included in the Matrigel
suspension. After 4 days, gels were collected, weighed, and subjected to anal-
ysis of hemoglobin content as an estimate of vascularization (23). Some sam-
ples were formalin-fixed, paraffin-embedded, sectioned a 2—4 um, and then
stained with H&E for histological analysis or with anti-myeloperoxidase
(DAKO, Glostrup, Denmark) or anti-mouse F4/80 (Ly-71) Ag (clone CI:
A3-1; Cdltag Laboratories, Burlingame, CA) Abs for immunohistochemistry.

Chick embryo chorioallantoic membrane (CAM) assay

Angiogenesis by CAM assay was performed using fertilized White Leg-
horn chick eggs, as already described (24). At day 9, 1 mm>sterilized
gelatin sponges (Gelfoam; Upjohn, Kalamazoo, M1) adsorbed with vehicle
(negative control), anti-VEGF-A Abs, CXCL1/MIP-2, or both (all at 200
ng per embryo and dissolved in 4 ul of 0.1% BSA in PBS) were implanted
on the top of growing CAMs (25). CAMs were examined under a ste-
reomicroscope and blood vessels around the sponges were counted at day
11 (24).

Cell lysates preparation, immunoprecipitation, and in vitro
kinase assay

BMDN were resuspended in HBSS containing 0.5 mM CaCl, and 5 mM
D-glucose, and stimulated for the times indicated with 50 nM CXCLL/
MIP-2 at 37°C. The reaction was blocked by adding ice-cold HBSS con-
taining 1 mM NagVO,, 2 mM EDTA, 5mM EGTA, 5 mM NaF, 10 png/ml
aprotinin, 5 wg/ml leupeptin, 5 wg/ml pepstatin A, 1 mM PMSF, and 1 mM
DFP. After 10 min, cells were lysed by adding 4-fold concentrated RIPA
for 20 min and centrifuged (14,000 X g, 15 min) to remove cell debris. Hck
and Fgr were immunoprecipitated from 150 ng of cell lysates using Abs
bound to protein A immobilized to Trysacryl (Sigma-Aldrich) and then
processed for the in vitro autophosphorylation assay, as previously de-
scribed (20). Samples were first electrophoresed on 10% SDS-PAGE and
then transfered to nitrocellulose. Blots were initially processed for autora-
diography by exposure to X-Omat AR films (Kodak, Rochester, NY), and
then subjected to Western analysis, as previously described (26).

Satistical analyses

Data are expressed as means = SEM. Statistical analyses were performed
by Student’s t test. Values of p < 0.05 were considered significant.

Results
Evaluation of the angiogenic response induced by CXCLL/MIP-
2inhck ™ “fgr~’~ mice

Addition of CXCL1/MIP-2 to the Matrigel sponges s.c. injected in
wild-type mice resulted in an intense vascularization of the gels
(Fig. 1), as previously described (10). The intensity of the angio-
genic response to CXCL1/MIP-2, as estimated by the hemoglobin
content, was comparable to that induced by VTH, a mixture con-
taining TNF-«, which increases the expression of VEGFR2 on
endothelial cells (27), and VEGF-A, a potent angiogenic factor
acting directly on endothelial cells (Fig. 1). As expected, TNF-a-
treated (Fig. 1) or control Matrigel pellets (containing only hepa-
rin, see Materials and Methods) (not shown) showed essentially
undetectable vascularization, indicating that VEGF-A was the key
factor implicated in VTH-induced angiogenesis. A strong angio-
genic response to CXCL1L/MIP-2 was aso observed in either
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FIGURE 1. Absence of CXCL1/MIP-2-induced angiogenic response in
hck™/~fgr =/~ mice. Matrigel sponges containing either 80 ng/ml CXCL1/
MIP-2, 2 ng/ml TNF-a and 60 ng/ml VEGF-A (VTH), or 2 ng/ml TNF-«
alone were s.c. injected into the flanks of wild-type or hck™/~fgr ~/~ mice.
The extent of neovascularization was evaluated by measurement of hemo-
globin content in the Matrigel implants at day 4. Means = SEM, pooled
from four independent experiments are shown. The asterisks indicate a sig-
nificant inhibition of CXCL1/MIP-2 induced angiogenesis in hck/~fgr =/~
mice; *+%, p < 0,001 (Student’st test). ND, Not done.

hck™/~ or fgr /= mice (data not shown). In contrast to wild-type
and single-knockout animals, hck™’~fgr =/~ mice showed little an-
giogenesis induced by CXCL1/MIP-2 (Fig. 1). However, the
hck™/~fgr '/~ animals had normal angiogenic responses to VTH
(Fig. 1), demonstrating intact endothelial cell function. These data
clearly show that the angiogenic response to CXCL1/MIP-2, but
not direct endothelia cell stimulations, is specificaly altered in
hck ™/~ fgr /= mice.

Neutrophil recruitment in response to CXCLYMIP-2

We then examined whether the observed lack of angiogenic re-
sponse in the hck™~fgr '~ mice upon CXCLL/MIP-2 treatment
was due to an impaired neutrophil recruitment. Immunohistochem-
ical examination of the Matrigel pellets in both wild-type and
hck™/~fgr '~ mice showed the presence of a significant number of
myeloperoxidase-positive cells (Fig. 2A), suggesting that src-
kinase-deficient leukocytes were efficiently migrating and invading
toward CXCL1/MIP-2 in vivo. In contrast, there was a scarce to
absent myeloperoxidase-positive infiltrate in the Matrigel sponges
containing VTH and implanted either in wild-type or
hck™/~fgr '~ mice (Fig. 2A), which showed a strong angiogenic
response. Histological examination confirmed that CXCLLY/MIP-2
(Fig. 2B, left panels), but not VTH, induced a substantial neutro-
phil recruitment and infiltration of the Matrigel sponge in both
wild-type and hck ™/~ fgr '~ mice (indicated by arrows). Further-
more, examination with anti-F4/80 Abs revealed that F4/80"
mononuclear cells moderately penetrated the Matrigel sponges in
response to either CXCLL/MIP-2 or VTH, with no appreciable
differences between wild-type and hck '~ fgr '~ mice (Fig. 2B,
right panels). These data indicate that neutrophils represented the
majority of the myeloperoxidase-positive infiltrate observed in
CXCL1Y/MIP-2-treated mice. In keeping with these findings, neu-
trophils isolated from both wild-type and hck™/~fgr ~/~ mice mi-
grated equally well toward CXCL1/MIP-2 gradients in vitro, as
determined by both a chemotaxis and a chemoinvasion assay (Fig.
3A). Importantly, the capacity to release MMP-9, which is a crit-
ical function for cells invading across Matrigel barriers (21), was
aso not altered in hck™/~fgr~/~ neutrophils stimulated with
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FIGURE 2. Histology and immunohistochemistry of CXCL1/MIP-2- or
VTH-containing Matrigel pellets implanted in wild-type and hek—~fgr =/~
mice. Matrigel pellets containing 80 ng/ml CXCLL/MIP-2 and VTH im-
planted in wild-type and hck/~fgr /~ mice were stained with anti-
myeloperoxidase Abs (X400) (A) and H&E (B, left panels) and anti-F4/80
(Ly-71) Abs (B, right panels; X630).

CXCL1/MIP-2 (Fig. 3B). Callectively, these results suggested
that, while recruitment of hck™’~fgr ~/~ neutrophils to the site of
the angiogenic responseisnormal, other biological defects, present
in hck™/~fgr~/~ mice, were responsible for the defective engage-
ment of the CXCLLU/MIP-2-stimulated angiogenic cascade.

hck '~ fgr '~ neutrophils do not release VEGF-A in response to
CXCLUMIP-2

Since both human and murine neutrophils are known to produce
biologically active VEGF-A (6, 7, 28) and CXCL8/IL-8 has re-
cently been reported to induce the secretion of VEGF-A by human
neutrophils (29), we examined whether neutrophils from wild-type
and hck™/~fgr~/~ animals could release VEGF-A upon stimula-
tion with CXCL1/MIP-2. As shown in Fig. 4A, incubation of wild-
type neutrophils with CXCL1/MIP-2 resulted in a remarkable re-
lease of VEGF-A as compared with resting cells. In contrast,
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FIGURE 3. Neutrophilsisolated from hck™'~fgr =/~ mice efficiently mi-
grate and release MMP-9 in response to CXCL1/MIP-2. A, Chemotaxis
and chemoinvasion of neutrophils isolated from both wild-type and
hck™/~fgr /= mice in response to 1 NnM CXCL1/MIP-2. Values are ex-
pressed as means = SEM of triplicate determinations cal cul ated from three
independent experiments and are expressed as the percentage of total cells
that migrated. Migration and chemoinvasion of unstimulated neutrophils
was undetectable. B, Wild-type and hck™'~fgr '~ neutrophils were cul-
tured for 2 h with or without 50 nM CXCL1/MIP-2 before determining
MMP-9 in the corresponding supernatants. Bars indicate the fold induction
of MMP-9 release induced by CXCL1/MIP-2 over unstimulated cells and
are expressed as means = SEM calculated from duplicate determinations
of three independent experiments.

neutrophils from hck™/~fgr~/~ mice were unable to release
VEGF-A upon CXCL1/MIP-2-stimulation (Fig. 4A). Lactoferrin
release by CXCL 1/MIP-2-stimul ated neutrophils of hck ™/ ~fgr '~
animals was also greatly impaired (Fig. 4B), in agreement with
similar findings obtained with other agonists (13, 14). However,
both wild-type and hck™'~fgr ~/~ cells released similar levels of
both VEGF-A and lactoferrin in response to PMA (Fig. 4A), in-
dicating that the lack of VEGF-A release upon CXCL1/MIP-2-
stimulation cannot be attributed to a genera defect of
hck™/~fgr '~ neutrophils to degranulate. Experiments performed
with PP2, a specific inhibitor of the src kinases (30), confirmed that
interruption of src kinase activation after CXCLL/MIP-2-stimula-
tion prevented the release of VEGF-A. Treatment with PP2, in
fact, fully blocked the release of VEGF-A by both CXCL1/MIP-
2-stimulated murine neutrophils and CXCL8/IL-8-/CXCL6-/GCP-
2-stimulated human neutrophils (Fig. 4C). Under these same con-
ditions, the capacity of PMA to stimulate the release of VEGF-A
by both human or murine neutrophils (Fig. 4C), as well as the
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FIGURE 4. CXCL1/MIP-2 fails to induce the release of VEGF-A by
neutrophils isolated from hck™/~fgr =/~ mice. Wild-type and hck~/~fgr =/~
neutrophils were cultured for 21 h with 50 nM CXCL1/MIP-2 or 50 ng/ml
PMA. Cell-free supernatants were then harvested and quantified for
VEGF-A (A) and lactoferrin (B) content by ELISA. Values represent the
means = SEM of duplicated determinations calculated from six indepen-
dent experiments. C, Neutrophils isolated from wild-type mice or neutro-
phils from human donors were pretreated for 20 min at 37°C with or with-
out 10 uM PP2 and then stimulated with either 50 nM CXCL-1/MIP-2, 10
nM CXCLS8/IL-8, 10 nM CXCL6/G-CP2, or 50 ng/ml PMA as indicated.
After incubation for 21 h, cell-free supernatants were harvested and pro-
cessed for VEGF-A measurement. Bars indicate the inhibitory effect of
PP2 (in percentage) on agonist-induced VEGF-A released expressed as
means = SEM (n = 3).
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release of MMP-9 by CXCL1/MIP-2-stimulated neutrophils (data
not shown), was not affected by PP2, thus excluding any aspecific
toxicity of PP2.

Neutralizing Abs to VEGF-A block the angiogenic response to
CXCLUMIP-2 in wild-type mice

The above findings suggested that the defective angiogenic re-
sponse to CXCLUMIP-2 in hek™/~fgr '~ mice could be due to
their inability of CXCL1/MIP-2-recruited neutrophils to release
VEGF-A. To unequivocally demonstrate this, we tested the ability
of blocking anti-VEGF-A Abs to interfere with the angiogenesis
induced by either CXCL1/MIP-2 or VTH (as a positive control) in
the Matrigel sponge model in wild-type mice. The anti-VEGF-A
Abs, but not isotype-matched control Abs, completely suppressed
both CXCLL/MIP-2- and VTH-induced neovascularization of the
gels (Fig. 5A). Histological examination of the Matrigel pellets
confirmed that the cellular infiltrates in pellets containing CXCL 1/
MIP-2 in the presence or absence of anti-VEGF-A Abs were es-
sentially similar (Fig. 5B), indicating that the anti-VEGF-A Abs
were blocking the extensive angiogenesis (indicated by arrows)
induced by the chemokine, without interfering with chemokine-
mediated neutrophil recruitment. Similar results were obtained by
using a different angiogenesis assay, the chick embryo CAM assay
(Fig. 6). In the latter, not only did CXCLL/MIP-2 induce a signif-
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FIGURE 5. Effect of neutralizing Abs to VEGF-A on CXCLUMIP-2-
induced angiogenesis. A, Matrigel sponges containing either 80 ng/ml
CXCLYMIP-2 or VTH, in the presence or absence of 16 ng/ml anti-
VEGF-A Abs or isotype-matched goat 1gG, as indicated, were s.c. injected
into the flanks of wild-type mice. The extent of neovascularization was
evaluated by measurement of hemoglobin content in the Matrigel implants
at day 4. The data were pooled from three independent experiments;
means + SEM are shown. The asterisks indicate a significant inhibition of
CXCLYMIP-2-induced angiogenesis by neutralizing Abs to VEGF-A:
#%%, p < 0.001 (Student’s t test). B, Histological analyses of the Matrigel
pellets performed with H& E (X 400).
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FIGURE 6. Effect of neutralizing anti-VEGF-A Ab on CXCL1Y/MIP-2-
induced neovascularization of the CAM. Chick embryo CAMs were im-
planted with gelatin sponges treated with anti-VEGF-A Abs, CXCL1/
MIP-2, or both (al at 200 ng per embryo) at day 9 of development. At day
11, macroscopic blood vessels infiltrating the sponge were counted under
a stereomicroscope. Data are the mean = SD. =x, Statistically different
from CXCLYMIP-2, (p < 0.01, Student’st test).

icant angiogenic response, but this response was fully abolished by
neutralizing anti-VEGF-A Abs. No effect was instead exerted by
the anti-VEGF-A Abs on vehicle control CAMs (Fig. 6).

CXCLYUMIP-2 activates Hck and Fgr in murine neutrophils

The data presented here suggest that CXCL1/MIP-2 activates Hck
and Fgr. This was definitively demonstrated with immunocomplex
kinase assays using Abs that specifically recognize Hck and Fgr.
Treatment of murine neutrophils with CXCL1/MIP-2 resulted in a
time dependent enhancement of the autophosphorylating activity
of both Hck and Fgr (Fig. 7).

Discussion

We have recently reported that the angiogenic activity of CXC-
ELR™ chemokinesin the Matrigel plug angiogenesis assay in vivo
is neutrophil-dependent, as neutrophil depletion of the animals
completely abrogated the angiogenic response to these agonists
(20). In this study, we have identified a mechanism through which
neutrophils exert this specific activity. Our dataindicates that stim-
ulation of neutrophils with CXCL1L/MIP-2 leads to their recruit-
ment and release of biologicaly active VEGF-A that in turn ini-
tiates an angiogenic cascade within the affected tissue.

The availability of hck™/~fgr—/~ mice offered an appropriate
experimental model to understand how neutrophils mediate neo-
vascularization in response to CXCL1/MIP-2. These mice were
chosen because their neutrophils exhibit compromised effector
functions under specific experimental conditionsand, at least in the
endotoxic shock model, were shown to display a reduced migra-
tion into inflamed tissues (12-15). Indeed, we observed that
hck™/~fgr ~/~ mice were unable to mount an angiogenic response
to CXCLLMIP-2, while retaining fully responsiveness to
VEGF-A, confirming normal endothelial function in these animals.
These results are in agreement with the observation that neutro-
phils play a major role in mediating the angiogenic response to
CXC-ELR™ chemokines (10), but not to VEGF-A (this paper) or
basic fibroblast growth factor (31), which are direct endothelial
cell motogens and mitogens. Histological examination of the
CXCL1/MIP-2-containing Matrigel implants isolated from the
hck ™/~ fgr ~/~ mice showed a neutrophil infiltrate similar in extent
to those found in wild-type mice, excluding that the absence of
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FIGURE 7. Activation of Fgr and Hck kinases by CXCLL/MIP-2 in
BMDN. Wild-type BMDN were stimulated with 50 nM CXCL1/MIP-2 at
37°C for the times indicated. Protein extracts were immunoprecipitated
with rabbit anti-Hck (A, upper panel) and anti-Fgr (B, upper panel) Absfor
in vitro autophosphorylation, as described in Materials and Methods. After
the decay of the radioactivity, the blot was incubated with goat anti-Hck (A,
lower panel) and rabbit anti-Fgr (B, lower panel) Abs to verify equa pro-
tein amount in the immunoprecipitate. Detection of the Fgr protein in the
immunoprecipitate was not possible due to its comigration with the rabbit
1gG H chain.

angiogenesis in response to CXCL1/MIP-2 was a consequence of
defective recruitment of neutrophils. Indeed, in vitro assays con-
firmed that neutrophils from hck™'~fgr ~/~ mice were fully capa-
ble of both chemotactic and chemoinvasion activities and to re-
lease gelatinase B (MMP-9) in response to CXCL1U/MIP-2. These
results are in line with other studies performed in hck ™/ fgr '~
lyn~/~ neutrophils, which were found to be chemotactic to a sim-
ilar extent as wild-type cells in in vitro assays and to accumulate
normally in the peritoneal cavity in an in vivo model of thiogly-
collate-induced peritonitis (32).

To identify putative biological defect/s that could be eventually
responsible for the impaired angiogenic response to CXCLL/
MIP-2 observed in hck™/~fgr =/~ animals, we explored whether
hck™/~fgr /= neutrophils were able to release VEGF-A upon
stimulation with CXCL1/MIP-2. Our data clearly showed that, un-
like normal cells, neutrophils from hck ™/~ fgr =/~ mice did not re-
lease VEGF-A when incubated with CXCL 1/MIP-2, whereas they
normally responded to PMA. In addition, we al so observed that the
specific src kinase inhibitor, PP2, completely blocked the capacity
of human or murine neutrophils to release VEGF-A after stimu-
lation with human CXCL8/IL-8 and CXCL6/GCP-2, or murine
CXCLLYMIP-2, respectively. Further, PP2 did not ater VEGF-A
release induced by PMA, supporting the notion that Hck and Fgr
areinvolved in the signaling pathway controlling VEGF-A release
by CXC-ELR™ chemokines.

It was beyond the scope of this report to investigate how these
src kinases control VEGF-A secretion. However, it has been pre-
viously shown that human neutrophils harbor, in their secondary
granules, anintracellular pool of VEGF-A that can be readily released
in response to appropriate stimuli (6, 7). It is important to note that
both Fgr (33) and Hck (34) were found to localize to neutrophil gran-
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ules and trandocate to the plasma membrane upon stimulation with
chemoattractants, suggesting their possible role in regulating degran-
ulation. Indeed, hck™~fgr =/~ and hck™'~fgr '~ lyn™/~ neutrophils
have been shown to be defective in release of the secondary granule
marker lactoferrin (13, 14), as confirmed here. Finally, we demon-
strate that CXCLI/MIP-2 stimulation of murine neutrophils resultsin
autophosphorylation of both Hck and Fgr, further suggesting that
these dgnal transduction molecules are involved in controlling
VEGF-A release.

Our demonstration that neutralizing anti-VEGF-A Abs com-
pletely inhibited the angiogenic response to CXCL1/MIP-2 in
wild-type animals represents a convincing indication that the in-
ability of hck™/~fgr~'~ neutrophils to release VEGF-A in re-
sponse to CXCL1/MIP-2 is critical for the lack of angiogenesisin
the Matrigel implants. We cannot exclude that other alterations of
hck~~fgr ~/~ neutrophils could contribute to the defective angio-
genic response to CXCL1/MIP-2. For instance, it is important to
note that defects related to the production of reactive oxygen in-
termediates (12) may aso contribute to inhibition of the angio-
genic response. However, the finding that CXCLLMIP-2 pro-
moted new vessel formation in a VEGF-A-dependent manner in
another angiogenesis assay, CAM, further support the importance
of this mechanism in neutrophil-mediated neovascularization. Fi-
nally, additional findings (our unpublished observations) suggest
that the release of VEGF-A by recruited neutrophils might be a
fundamental step not only for CXCL-1/MIP-2-induced angiogen-
esis, but, in general, for CXC-ELR™ chemokines-induced angio-
genesis. Accordingly, we found that the angiogenic response to
CXCLVKC isalso defective in hck™/~fgr ~/~ mice, and have also
observed that CXCL1/KC-induced angiogenesis was completely
inhibited by anti-VEGF-A Abs. In addition, the src kinase-depen-
dent, CXCL1/MIP-2-induced angiogenic response described in
this report appears to be independent of mononuclear phagocytes.
This is supported by the observation that with immunohisto-
chemical staining, we noted relatively few monocytes/macro-
phages infiltrating into the Matrigel implants both in wild-type and
hck ™/~ fgr ~/~ animals, either in the presence of CXCLLU/MIP-2 or
VEGF-A containing pellets. Furthermore, at least in vitro, mono-
nuclear phagocytes failed to produce VEGF-A in response to
CXCLYMIP-2 (P. Scapini and M. A. Cassatella, unpublished
observations).

Collectively, the data presented in this study confirm that neu-
trophils play akey rolein the angiogenic processinduced by CXC-
ELR™ chemokines, at least in these models. Indeed, a direct acti-
vation of endothelial cells by CXCL1/MIP-2 does not seem to be
involved in the angiogenic process induced by this ligand, as dem-
onstrated by the experiments with anti-VEGF-A Abs performed in
wild-type mice and in the CAM assay. In addition, not only appear
the Fgr and Hck kinases selectively expressed in myeloid cells (18)
and not in endothelial cells, but a src pathway impairment at the
endothelial cell level would have inhibited the angiogenic response
to VEGF-A, since the activity of src kinases has been previously
shown to be fundamental for the VEGF-A-induced neovascular-
ization (35). In contrast with our findings, other studies reported
that in the corneal micropocket assay, the angiogenic response to
CXC-ELR™ chemokines occurs in the absence of neutrophil in-
flammation, thus pointing to a possible direct interaction of these
ligands with endothelia cells (2, 3). These contrasting results
might be due to inherent differencesin the two models, particularly
in light of the immune privilege of ocular tissues (36). However, in
a typical inflammatory model of cornea neovascularization, like
that induced in response to Pseudomonas aeruginosa infection, the
resulting angiogenic response was shown to be associated with
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neutrophil infiltration and dependent on CXCL1/MIP-2 and
VEGF-A production (37).

CXC-ELR™ chemokines are known to be strongly up-regulated
during inflammatory or neoplastic conditions, which are patholog-
ical processes in which neutrophils, particularly at their initia
stages, may represent a prominent cellular component (38). Our
data suggest that, in contrast to current dogma, neutrophils might
represent the first and major sources of VEGF-A in such patho-
logical events and, as a consequence, would most likely contribute
to and facilitate the dysregulated angiogenic response to CXC-
ELR™ chemokines that often develop under these conditions.
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