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Angiogenesis is fundamental to a variety of physiological and pathological processes.
While a number of factors have been identified that induce neovascularization, it is becoming
increasingly apparent that endogenous angiostatic factors may play an important role in the
regulation of angiogenesis during wound repair, chronic inflammation, and growth of solid
tumors. In this study, we demonstrate the novel finding that IP-10, a member of the C-X-C
chemokine family, is a potent inhibitor of both IL.-8 and bFGF-induced angiogenic activity using in
vitro and in vive assays of angiogenesis. These findings support the contention that IP-10 may
be a pivotal cytokine in the regulation of neovascularization. ¢ 1995 academic Press, nc.

Angiogenesis is an essential biological event encountered in a number of physiological and
pathological processes including, embryonic development, formation of inflammatory granulation
tissue during wound healing, chronic inflammation, and growth of malignant solid tumors (1,2).
Among the most extensively studied of these angiogenesis-dependent physiological processes is
wound repair (3). An important feature of wound-associated angiogenesis is that it is locally
transient and tightly controlled. The abrupt termination of angiogenesis that accompanies the
resolution of the wound response suggests two possible mechanisms of control, neither of which
are mutually exclusive. First, there is probably a marked reduction in angiogenic mediators.
Second, a simultaneous increase occurs in the level of angiostatic factors that inhibit new vessel
growth (4). Although a number of investigations studying angiogenesis have focused on the
identification and mechanism of action of angiogenic factors, recent evidence suggests that
angiostatic factors may play an equally important role in the control of neovascularization (4-13).

Recently, interleukin-8 (IL-8), a member of the C-X-C chemokine family, has been found
to be a potent mediator of angiogenesis (14-16). In contrast, platelet factor 4 (PF4), another
member of the C-X-C chemokine family, has been shown to have angiostatic properties (17). The
major difference between IL-8 and PF4 is the presence of the N-terminal ELR (Glu-Leu-Arg) motif

1Corresponding Author. FAX:(313) 764-4556.

0006-291X/95 $5.00
Copyright © 1995 by Academic Press, Inc.
51 All rights of reproduction in any form reserved.



Vol. 210, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

that precedes the first cysteine amino acid residue of IL-8, and is important in ligand/receptor
interactions on neutrophils (18,19). We hypothesize that members of the C-X-C chemokine family

that lack the ELR motif may function as inhibitors of angiogenesis, in a similar manner as PF4.
In this study, we demonstrate that interferon y-inducible protein 10 (IP-10), another

member of the C-X-C chemokine family that lacks the N-terminal ELR motif (20), is a potent
inhibitor of angiogenesis. IP-10 was found in a dose-dependent manner to inhibit both IL.-8 and

basic fibroblast growth factor (bFGF)-induced endothelial chemotaxis in vitro and corneal
neovascularization in vivo. These findings support the notion that C-X-C chemokines may play an
important role in the regulation of angiogenesis by acting as either angiogenic or angiostatic

factors.

Materials and Methods

Reagents: Human recombinant IL-8 and IP-10 were purchased from Pepro Tech Inc. (Rocky Hill,
NJ). bFGF was purchased from R&D Systems Inc. (Minneapolis, MN).

Endothelial cell chemotaxis: Endothelial cell chemotaxis was performed in 48-well chemotaxis
chambers (Nucleopore Corp.) as previously described (14,16). Briefly, bovine adrenal gland
capillary endothelial cells (BCE) were suspended at a concentration of 106 cells/ml in DME with
0.1% BSA and placed into each of the bottom wells (25ul). Nucleopore chemotaxis membranes (5
micron pore size) were coated with 0.1 mg/ml gelatin. The membranes were placed over the wells,
chambers sealed, inverted, and incubated for 2 hours to allow cells to adhere to the membrane.
The chambers were then reinverted, 50 pl test media was dispensed into the top wells and
reincubated for an additional 2 hours. Membranes were then fixed and stained with Diff-Quick
staining kit (American Scientific Products) and cells which had migrated through the membrane
were counted in ten high power fields (HPF; 400X). Results were expressed as the number of
endothelial cells that migrated per HPF. Each sample was assessed in triplicate. Experiments were
repeated at least three times.

Corneal micropocket model of angiogenesis: In vivo angiogenic activity was assayed in the
avascular cornea of Long Evans rat eyes, as previously described (14-16). Briefly, cytokines were
combined with sterile Hydron (Interferon Sciences Inc.) casting solution, and 5 ul aliquots were
air-dried on the surface of polypropylene tubes. Prior to implantation, pellets were rehydrated with
normal saline. Animals were anesthetized i.p. with ketamine (150mg/kg) and atropine (250ug/kg).
Rat corneas were anesthetized with 0.5% proparacaine hydrochloride ophthalmic solution followed
by implantation of the Hydron pellet into an intracorneal pocket (1 to 2 mm from the limbus). Six
days after implantation, animals were pretreated i.p. with 1000 Units of heparin, anesthetized with
ketamine (150mg/Kg), and perfused with 10 mis of colloidal carbon via the left ventricle. Corneas
were harvested and photographed. Positive neovascularization responses were recorded only if
sustained directional ingrowth of capillary sprouts and hairpin loops towards the implant were
observed. Negative responses were recorded when either no growth was observed or when only
an occasional sprout or hairpin loop displaying no evidence of sustained growth was detected.
Statistical analysis: Data are expressed as meanstSEM. Data that appeared to be statistically
significant were compared by Student’s - test and considered significant if p<0.05.

Results

IP-10 inhibits IL-8-induced angiogenic activity. To assess the affect of IP-10 on angiogenic
activity, we began our evaluation by utilizing endothelial cell chemotaxis in the presence or absence
of IL-8 (80ng/ml) with or without varying concentrations of IP-10 (0.4ng/ml to 80ng/ml) (Figure
II). IL-8 alone (89+10 cells per HPF) resulted in maximal endothelial chemotaxis, as compared to
either media (control; 7.5%1.5 cells per HPF) or IP-10 (8+4 cells per HPF) alone. However,
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when IL-8 (80ng/ml) was combined in the presence of varying concentrations of IP-10 (0.4ng/ml
1o 80ng/mi), [P-10 was found to significantly attenuate 1L-8 induced chemotactic activity by 46%

to 93%, respectively. The inhibitory potency of IP-10 for IL-8-induced endothelial chemotaxis

was similar to that of PF4 (data not shown). To determine the affect of IP-10 on
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Figure 1. D endothelial cell chemotaxis in the presence or absence of IL-8 with or without IP-
10. Control is media alone. II) rat corneal micropocket assay of neovascularization. A is control
pellet alone, B is pellet containing IL-8 (80ng), Cis pellet containing IP-10 (80ng}, and D is pellet
containing combined IL-8 (80ng) and IP-10 (80ng). All photomicrographs are at 50X

magnification.

53



Vol. 210, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

neovascularization in vivo, we next evaluated the affect of this chemokine on IL-8-induced
angiogenesis utilizing the previously well characterized rat corneal micropocket model (14-16). As
shown in Figure 111, Hydron pellets alone or incorporated with either IP-10 (80ng), IL-8 (80ng),
or IL-8 (80ng) combined with IP-10 (80ng) were embedded into the normally avascular rat cornea.
IL-8 induced positive corneal angiogenic responses in >90% of the corneas (n=6) without evidence
for neutrophilic infiltration. In contrast, Hydron pellets alone (n=6) or incorporated with IP-10
(n=6) resulted in a positive neovascular response in <17% of the corneas. Moreover, when [P-10
was added to Hydron pellets incorporated with IL-8, IP-10 significantly abrogated IL-8-induced
angiogenic activity in >83% of the corneas (n=6). These findings support the notion that members
of the C-X-C chemokine family may be acting as either angiogenic or angiostatic factors, and the
net biological balance of these C-X-C chemokines may play an important role in modulating
neovascularization.

IP-10 inhibits bFGF-induced angiogenic activity. While the above findings provided evidence that
IP-10 could inhibit the angiogenic activity of IL-8 in both in vitro and in vivo assays of
angiogenesis, we next determined whether IP-10 could attenuate the angiogenic activity of bFGF,
a well studied angiogenic factor and a non-chemokine (1-4). Using endothelial cell chemotaxis in
the presence or absence of bFGF (50ng/ml) with or without varying concentrations of IP-10
(0.4ng/ml to 80ng/ml) (Figure 2I). bFGF alone induced maximal endothelial chemotaxis (8515
cells per HPF), as compared to either media (control; 612 cells per HPF) or IP-10 (814 cells per
HPF) alone. However, IP-10 in a dose-dependent manner (4ng/ml to 80ng/ml) was found to
significantly inhibit bFGF-induced endothelial chemotaxis by 33% to 76%, respectively. These
findings were similar to the affect of IP-10 on IL-8 angiogenic activity. Since our findings
demonstrated that IP-10 inhibited bFGF-induced endothelial cell chemotaxis in vitro, we extended
our studies to assess the affect of IP-10 on bFGF-induced neovascularization in vivo. Hydron
pellets incorporated with either IP-10 (80ng), bFGF (50ng), or bFGF (50ng) combined with IP-10
(80ng) were embedded into rat corneas (Figure 2II). bFGF induced positive corneal angiogenic
responses in 100% of the corneas (n=6). In contrast, the addition of IP-10 into Hydron pellets
incorporated with bFGF (n=6) resulted in a significant reduction of bFGF-induced
neovascularization within the corneas, <20% of the corneas were positive. These results
demonstrate that IP-10 may play an important role in regulating neovascularization induced by
either a C-X-C chemokine or non-chemokine angiogenic factor.

Discussion

The C-X-C chemokine family of cytokines appear to have proinflammatory and reparative
activities (21-24). These cytokines are basic heparin-binding proteins less than 10kD, and have
four highly conserved cysteine amino acid residues with the first two cysteines separated by one

Figure 2, I) endothelial cell chemotaxis in the presence or absence of bFGF with or without IP-
10. Control is media alone. II) rat corneal micropocket assay of neovascularization. A and B are
the same pellet containing -8 (80ng) at 25X and 50X magnification, respectively. C and D are
the same pellet containing IP-10 (80ng) at 25X and 50X magnification, respectively. E and F are
the same pellet containing combined IL-8 (80ng) and IP-10 (80ng) at 25X and 50X magnification,
respectively.
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non-conserved amino acid residue. These chemokines are all clustered on human chromosome 4,
and exhibit between 20% to 50% homology on the amino acid level (21-24). Twelve different C-
X-C chemokines have been identified and include PF4, NHp-terminal truncated forms of platelet
basic protein [PBP; connective tissue activating protein-III (CTAP-1I1), beta-thromboglobulin
(BTG), and neutrophil activating protein-2 (NAP-2)], IL-8, growth-related oncogene (GROw),
GROB, GROy, IP-10, monokine induced by gamma-interferon (MIG), epithelial neutrophil
activating protein-78 (ENA-78), and granulocyte chemotactic protein-2 (GCP-2) (21-27). PF4,
the first member of the C-X-C chemokine family to be described, was originally identified for its
ability to bind to heparin, leading to inactivation of heparin's anticoagulation function. Both IP-10
and MIG are interferon-inducible C-X-C chemokines (20,25,28). While IFNy induces the
production of IP-10 and MIG, it attenuates the expression of IL-8 (29).

Our laboratory and others have found that IL-8 is a potent angiogenic factor (14-16).
Recombinant IL-8 mediates both endothelial cell chemotactic and proliferative activity in vitro and
angiogenic activity in vivo (14). In contrast, PF4 has been shown to have angiostatic properties
(17), and attenuates growth of tumors in vivo (30). While the angiostatic activity of PF4 was
initially felt to be due to its heparin binding domain (COOH-terminus) (17,30), recent studies have
shown that a PF4 mutant lacking both the heparin-binding domain and functional heparin binding,
is equipotent to native PF4 for the attenuation of tumor growth (31). Although it remains unclear
whether the COOH-terminus of these chemokines dictates their biological role in angiogenesis, the
difference in C-X-C chemokine function could also be explained by other structural domains. A
salient amino acid sequence has been identified in the primary structure of the C-X-C chemokine
family that appears, in part, to account for the ability of these chemokines to bind and activate
neutrophils. These amino acids are Glu-Leu-Arg, the ELR motif, which is absent in certain
members of the C-X-C chemokine family (PF4, IP-10, and MIG) that display markedly reduced
ability to bind and activate neutrophils. In addition, when the ELLR motif was introduced into PF4,
this chemokine gained 1000-fold potency in mediating neutrophil chemotaxis (19). Thus, these
structural differences, in part, may explain the disparity of angiogenic activity of the C-X-C
chemokine family and support the hypothesis that the expression of angiogenic and angiostatic C-
X-C chemokines may play a significant role in the regulation of neovascularization.

In this study, we demonstrated a novel finding that IP-10, a member of the C-X-C
chemokine family of cytokines, behaves as an angiostatic regulator of neovascularization. IP-10
was found in a dose-dependent manner to attenuate the in vitro and in vivo angiogenic activity of
both IL-8 and bFGF in bioassays of angiogenesis. These findings support the contention that the
members of the C-X-C chemokine family may exert disparate effects in mediating angiogenesis for
primarily four reasons. First, members of the C-X-C chemokine family that display binding and
activation of neutrophils share the same N-terminal ELR motif homology that immediately precedes
the first cysteine amino acid residue, whereas, PF4, 1P-10, and MIG lack this motif (18,19).
Second, IL-8 (contains ELR motif) is angiogenic, while PF4 and IP-10 that lack the ELR motif are
angiostatic (14-17). Third, the interferons (IFNa, IFNB, and IFNy) are known inhibitors of
angiogenesis (32-35). While the interferons down-regulate the expression of the angiogenic
factor, IL-8 from monocytes (33), they induce the expression of IP-10 from a number of cells,
including keratinocytes, fibroblasts, endothelial cells, and mononuclear phagocytes (20,28). The
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IP-10 produced by these cells may act in an autocrine and paracrine manner as a pivotal angiostatic

factor that regulates angiogenesis during wound repair, chronic inflammation, and

neovascularization associated with tumorigenesis. Thus, the balance in expression of C-X-C

chemokines under conditions of neovascularization may be important in regulating net

angiogenesis.
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