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Abstract: Angiogenesis is a critical component of tu-
mor biology. In recent years newer techniques of cell
and molecular biology have led to important advances
in our understanding of this process. The regulation of
angiogenesis depends on a balance between the activ-
ity of local factors that promote (angiogenic factors)
or inhibit (angiostatic factors) neovascularization. No-
where is this paradigm of a balance more apparent
than in the study of tumor-associated angiogenesis.
Tumors promote angiogenesis through a combination
of overexpression of angiogenic factors and local inhi-
bition of angiostatic factors. This strategy leads to an
angiogenic environment that promotes tumor growth
and metastases. Our laboratory has focused studies on
the role of the CXC chemokine family in the regula-
tion of angiogenesis by non-small cell lung cancer
(NSCLC). In this article, we review our findings that
the CXC chemokine family is composed of members
that are either angiogenic or angiostatic. We have
found that in NSCLC an imbalance exists in the ex-
pression of these factors that favors tumor-derived
angiogenesis, and therefore tumor growth and me-
tastases. Furthermore, when this imbalance is cor-
rected to reduce the presence of angiogenic factors or
increase the presence of angiostatic factors, tumor
growth and metastases are reduced. J. Leukoc. Biol.
62: 554-562; 1997.
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INTRODUCTION

Angiogenesis is an essential biological event [1-7]. Embry-
onic development, wound healing, chronic inflammation,
and the growth of malignant solid tumors represent pro-
cesses that are strictly dependent on neovascularization.
The rate of normal capillary endothelial cell turnover in
adults is typically measured in months or years [8, 9].
However, during wound repair, resting endothelial cells
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become activated, which leads to matrix proteolysis, mi-
gration, proliferation, and development of new capillaries
within days [1]. An important feature of wound-associated
angiogenesis is that it is strictly controlled and transient.
As rapidly as neovascularization occurs, these new vessels
virtually disappear, returning the tissue vasculature to ho-
meostasis. This abrupt termination of the angiogenic re-
sponse in the context of resolving wound repair suggests
two possible mechanisms of control. First, there is proba-
bly a marked reduction in the synthesis and/or release of
angiogenic mediators. Second, a simultaneous increase oc-
curs in the levels of angiostatic factors [10]. In contrast to
the precise regulation of wound-associated angiogenesis,
tumor angiogenesis is characterized by an imbalance fa-
voring over-expression of angiogenic factors and under-
expression of angiostatic factors. Several lines of evidence
support this contention. First, a salient feature of all solid
tumor growth is the presence of neovascularization [3, 5,
10, 11]. Second, in the absence of local capillary prolifera-
tion, neoplasms cannot grow beyond the size of 2 mm?
[12]. Finally, the magnitude of tumor-derived angiogenesis
correlates directly with the risk of metastasis of melanoma,
prostate cancer, breast cancer, and non-small cell lung
cancer (NSCLC) [13-19].

The complement of positive and negative regulators of
angiogenesis may vary among different physiological and
pathological settings. However, recognition of this dual
mechanism of control is critical in order to gain insight
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TABLE 1. Representative Examples of Angiogenic and Angiostatic Factors

Angiogenic promoters

Angiogenic inhibitors

Growth factors
Acidic fibroblast growth factor (aFGF)
Basic fibroblast growth factor (bFGF)
Epidermal growth factor (EGF)
Interleukin-1 (IL-1)
Interleukin-2 (IL-2)
Scatter factor/hepatocyte growth factor (SF/HGF)
Transforming growth factor a (TGF-a)
Transforming growth factor g (TGF-B)
Tumor necrosis factor a (TNF-a)
Vascular endothelial growth factor (VEGF)
Carbohydrates and lipids
12(R)-hydroxyeicosatrienoic acid (Compound D)
Hyaluronan fragments
Lactic acid
Monobutyrin
Prostaglandins E, and E,
Other proteins and peptides
Angiogenin
Angiotensin II
Ceruloplasm
Fibrin
Soluble E-selectin
ELR-CXC chemokines
Plasminogen activator
Polyamines
Substance P
Urokinase
Others
Adenosine
Angiotropin
Copper
Heparin
Nicatinamide
ESAF

Peptides
Angiostatin
Endostatin
Eosinophilic major basic protein
High-molecular-weight hyaluronan
Interferon-a
Interferon-p
Interferon-y
non-ELR-CXC chemokines
Interleukin-1
Interleukin-4
Interleukin-12
Laminin & fibronectin peptides
Placental RNase (angiogenin) inhibitor
Somatostatin
Substance P
Thrombospondin 1
Tissue inhibitor of metalloproteinases (TIMPs)
Lipids
Angiostatic steroids
Retinoids
Vitamin A
Others
Nitric oxide
Vitreous fluids
Prostaglandin synthetase inhibitor

into this complex process and understand the regulation of
angiogenesis. The list of factors that can regulate the an-
giogenic balance is ever-increasing and includes proteins,
lipid products, hormones, and other natural or synthetic
factors (Table 1). In particular, we have found that the
CXC chemokine family is composed of potent regulators of
angiogenesis [20].

CXC CHEMOKINES

The human CXC chemokine family are cytokines that in
their monomeric forms are less than 10 kDa and are char-
acteristically basic heparin-binding proteins (Table 2).
This family displays four highly conserved cysteine amino
acid residues, with the first two cysteines separated by one
non-conserved amino acid residue [21-27]. In general,
these cytokines appear to have specific chemotactic activ-
ity for neutrophils.

Over the last decade several human CXC chemokines
have been identified, including platelet factor 4 (PF4),
NHj,-terminal truncated forms of platelet basic protein

[PBP; connective tissue activating protein-I1II (CTAP-11I), 8-
thromboglobulin (8-TG), and neutrophil activating protein-2
(NAP-2)], interleukin-8 (IL-8), growth-related oncogene
(GRO-a), GRO-B, GRO-y, interferon-y-inducible protein-10
(IP-10), monokine induced by interferon-y (MIG), epithe-
lial neutrophil activating protein-78 (ENA-78), granulocyte
chemotactic protein-2 (GCP-2), and stromal cell-derived
factor-1 (SDF-1) [21-32]. The NHj-terminal truncated
forms of PBP are generated when this protein is released
from platelet a-granules and undergoes proteolytic cleav-
age by monocyte-derived proteases [33]. PF4 was origi-
nally identified for its ability to bind to heparin, leading to
inactivation of heparin’s anticoagulant function [34]. Both
IP-10 and MIG are interferon-inducible chemokines [31,
35-39]. GRO-a, GRO-B, and GRO-y, are closely related
CXC chemokines, with GRO-a originally described for its
melanoma growth stimulatory activity [40-42]. IL-8,
ENA-78, and GCP-2 were all initially identified on the ba-
sis of their ability to induce neutrophil activation and che-
motaxis [21-27, 43, 44]. SDF-1 has been recently de-
scribed for its ability to induce lymphocyte migration and
prevent infection of T cells by lymphotropic strains of
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TABLE 2. The CXC Chemokines

TABLE 3. NHj-Terminal Alignment of CXC Chemokines

ELR*
Interleukin-8 (IL-8)
Epithelial neutrophil activating protein-78 (ENA-78)
Growth-related oncogene a (GRO-a, GRO-B, and GRO-y)
Granulocyte chemotactic protein-2 (GCP-2)
Platelet basic protein (PBP)
Connective tissue activating protein-IIT (CTAP-III)
B-Thromboglobulin (B-TG)
Neutrophil activating protein-2 (NAP-2)
ELR-
Platelet factor-4 (PF4)
Interferon-y-inducible protein (IP-10)
Monokine induced by interferon-y (MIG)
Stromal cell-derived factor-1 (SDF-1)

HIV-1 [28-30, 32]. Although numerous investigations
have shown the importance of CXC chemokines in acute
inflammation as chemotactic/activating factors for neutro-
phils and mononuclear cells, only recently has it become
apparent that these CXC chemokines may be important in
the regulation of angiogenesis.

CXC CHEMOKINES AS REGULATORS
OF ANGIOGENESIS

Our laboratory and others have previously found that IL-8
can induce angiogenic activity independent of inflamma-
tion [45-47]. The angiogenic activity of IL-8 is equivalent
on a molar basis to other potent angiogenic factors, such as
basic fibroblast growth factor (bFGF) and vascular endo-
thelial cell growth factor (VEGF). IL-8 is a significant an-
giogenic factor present in freshly isolated human NSCLC
[45-48]. It is interesting to note that PF4, another CXC
chemokine, is angiostatic [49, 50], and can attenuate tu-
mor growth [51].

Several lines of evidence led our laboratory to speculate
that members of the CXC chemokine family may exert dis-
parate effects in mediating angiogenesis as a function of
the presence or absence of the ELR motif. First, members
of the CXC chemokine family that display binding and ac-
tivation of neutrophils share the highly conserved ELR
motif that immediately precedes the first cysteine amino
acid residue, whereas PF4, IP-10, MIG, and SDF-1 lack
this motif and do not bind to neutrophils (Table 3) [52,
53]. Second, IL-8 contains the ELR motif and is an angio-
genic factor [45-47]. In contrast, PF4 lacks the ELR motif
and is an angiostatic factor [49, 50], which attenuates
growth of tumors in vivo [51]. Third, interferons (IFN-a,
IFN-B, and IFN-y) are inhibitors of wound repair, espe-
cially angiogenesis [4, 5, 54, 55], and up-regulate IP-10
and MIG (non-ELR) from a variety of cells [27, 31, 35, 36,
38, 56]. In contrast, we and others have found that IFN-a,
IFN-B, and IFN-y are potent inhibitors of the production
of monocyte-derived IL-8, GRO-a, and ENA-78 [57, 58].
These data suggest that interferons may shift the biological
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ELR-CXC chemokines (angiogenic)

IL-8 S-A-K-E-L-R-C-Q-C
ENA-78 V-L-R-E-L-R-C-V-C
GRO«a V-A-T-E-L-R-C-Q-C
GROB L-A-T-E-L-R-C-Q-C
GROy V-V-T-E-L-R-C-Q-C
Non-ELR-CXC chemokines (angiostatic)

PF4 E-D-G-D-L-Q-C-L-C
IP-10 L-S-R-T-¥V-R-C-T-C
MIG V-V-R-K-G-R-C-S-C
SDF-1 V-S-L-S-Y-R-C-P-C

balance toward a preponderance of non-ELR CXC che-
mokines (Table 4). If this ELR motif were found to be im-
portant in chemokine-mediated angiogenic activity, this
would represent a possible mechanism for interferon-
dependent inhibition of angiogenesis.

To evaluate this hypothesis, we assessed the endothelial
cell chemotactic potential of IL-8, ENA-78, PF4, and IP-
10 in varying concentrations. Both IL-8 and ENA-78 dem-
onstrated a dose-dependent increase in endothelial migra-
tion that was significantly greater than control [59]. In
contrast, neither PF4, IP-10, nor MIG induced significant
endothelial cell chemotaxis [59]. We tested other ELR-
CXC chemokines for their ability to induce endothelial cell
chemotaxis, including GCP-2, GRO-a, -B, and -y, PBP,
CTAP-III, and NAP-2. In a similar fashion to IL-8 or ENA-
78, all of the ELR-CXC chemokines induced significant
endothelial cell chemotaxis over the background control
[59].

We then postulated that the non-ELR CXC chemokines
PF4, IP-10, and MIG may be inhibitors of angiogenesis. To
test this notion, endothelial cell chemotaxis was per-
formed, as above, in the presence of IL-8, ENA-78, or
bFGF with or without varying concentrations of PF4, IP-
10, or MIG. In a dose-dependent fashion, the non-ELR
CXC chemokines (PF4, IP-10, and MIG) individually in-
hibited the endothelial cell migration induced by IL-8,
ENA-78, or bFGF [59] (Table 5).

To determine whether IP-10 or MIG could inhibit in
vivo angiogenic activity, the rat corneal micropocket
(CMP) assay of neovascularization was used [59]. Cytokine-
containing pellets (IL-8, ENA-78, GRO-a, GCP-2, bFGF,
or VEGF, either alone or in combination with IP-10 or

TABLE 4. Disparate Regulation of
ELR- (IL-8, ENA-78, GRO-a) Versus Non-ELR
(IP-10 and MIG)CXC Chemokines by Various Stimuli

Stimulus
Chemokines LPS TNF IL-1 IFN-y
IL-8 ++++ ++++ ++++ —_——
ENA-78 +++ +++ +++ _—
GRO-a +++ +++ +++ —-_———
IP-10 + + + +++
MIG - - - +++




TABLE 5. ICsg of PF4, IP-10, and MIG for the Inhibition of
Endothelial Cell Chemotaxis by the Agonists IL-8, ENA-78, and bFGF

Inhibitor IL-8 (10 nM) ENA-78 (10 nM) bFGF (5 nM)
PF4 5x10-1'M 5X10°1'M 1x10-°M
IP-10 5x10-1'M 5X10°1'M 1x107M
MIG 5X10-1°M 5X10°M 1x10°M

MIG) were implanted into the cornea. Neither IP-10 nor
MIG induced angiogenic responses in the cornea. How-
ever, when combined with the ELR-CXC chemokines (IL-8,
ENA-78, GRO-a, or GCP-2), bFGF, or VEGF, IP-10, and
MIG significantly inhibited the angiogenic activity of each
of these factors. Furthermore, similar to IP-10, MIG and
SDF-1 inhibited corneal neovascularization induced by
the same factors.

THE ROLE OF THE ELR MOTIF IN CXC
CHEMOKINE-INDUCED ANGIOGENESIS

To establish whether the ELR motif is the critical struc-
tural/functional domain that dictates angiogenic activity
for members of the CXC chemokine family, mutant pro-
teins were constructed by site-directed mutagenesis of IL-8
that contained either TVR (from IP-10) or DLQ (from
PF4) amino acid residue substitutions for the ELR motif,
and a mutant of MIG was constructed that contained the

ELR motif immediately adjacent to the first cysteine amino-

acid residue of the primary structure of MIG [59]. In
endothelial cell chemotaxis assays the TVR-IL-8 or DLQ-
IL-8 muteins alone failed to induce endothelial cell che-
motactic activity, whereas these muteins inhibited the
maximal endothelial chemotactic activity of wild-type IL-8
[59]. Using the in vivo CMP assay of neovascularization,
neither the TVR-IL-8 nor the DLQ-IL-8 muteins alone in-
duced a neovascular response. However, both TVR-IL-8
and DLQ-IL-8 muteins inhibited the angiogenic response
of either wild-type IL-8 or ENA-78 [59]. Moreover, the an-
giostatic activity of the TVR-IL-8 and DLQ-IL-8 muteins
were not unique to the inhibition of ELR-CXC chemokine-
induced angiogenic activity because both IL-8 mutants in-
hibited bFGF-induced endothelial cell chemotaxis and
corneal neovascularization. In addition, when a mutant of
MIG was produced containing the ELR motif (ELR-MIG),
this molecule induced a significant angiogenic response
compared with wild-type MIG [59]. It is interesting to note
that wild-type MIG inhibited the angiogenic response of
the ELR-MIG mutant in both endothelial migration and
CMP assays. Although these studies support the conten-
tion that the ELR motif is important in dictating the angio-
genic activity of ELR-CXC chemokines, a strategy of scan-
ning mutagenesis was used to investigate the importance of
each of the amino acid residues of the ELR motif in angio-
genesis. Substitution of the amino acid residue (arginine —

alanine) of the ELR motif of wild-type GRO-a completely
attenuated its ability to induce angiogenic activity in the
CMP assay. Furthermore, this mutant inhibited the angio-
genic activity of wild-type GRO-a, as well as bFGF and
VEGF. These data further support the importance of the
ELR motif, specifically the arginine amino acid residue, as
a structural domain that dictates the angiogenic activity of
these CXC chemokines.

POTENTIAL ENDOTHELIAL RECEPTORS
FOR CXC CHEMOKINE-MEDIATED CONTROL
OF ANGIOGENESIS

Luster and colleagues have found that IP-10 binds to a
specific cell surface site on endothelial cells that is shared
by PF-4. This receptor appears to be a heparan sulfate pro-
teoglycan because binding could be inhibited by hepara-
nase pretreatment of the endothelial cells [60]. This bind-
ing site is specific for IP-10 and PF4 because neither ELR
containing CXC chemokines nor various CC chemokines
compete for binding on endothelial cells. Furthermore,
these investigators found that binding of IP-10 to endothe-
lial cells inhibited proliferation. This inhibition was inde-
pendent of calcium flux and apoptosis, and dependent on
reversible cell cycle arrest. Although it is not clear that this
receptor represents the recently identified receptors for IP-
10/MIG (CXCR3) or SDF-1 (CXCR4) expressed on T cells
[29, 32, 61], these findings suggest that IP-10, PF4, and
potentially MIG and SDF-1 may share a heparan sulfate
proteoglycan component of their receptor that accounts for
their binding to endothelial cells and subsequent angio-
static activity.

In contrast to the recently described specific proteogly-
can receptor for IP-10 and PF4 on endothelial cells, a spe-
cific endothelial receptor(s) has not been established for
the activity of ELR-CXC chemokine-induced angiogenesis.
However, evidence would suggest that the endothelial re-
ceptor for ELR-CXC chemokines is the CXC chemokine
receptor, CXCR2. In support of this contention are the fol-
lowing. (1) Although expression of mRNA for IL-8 recep-
tor A (CXCR1) has been identified in endothelial cells by
reverse transcriptase-polymerase chain reaction, this same
study found that IL-8 and NAP-2 could compete for bind-
ing on endothelial cells [62]. However, CXCR1 binds only
IL-8 and not NAP-2 [63]. (2) CXCR2 on neutrophils binds
all ELR-CXC chemokines [63, 64], and all ELR-CXC che-
mokines are angiogenic [59]. (3) Although the Duffy anti-
gen receptor for chemokines (DARC) has been identified
on post-capillary venule endothelial cells [65], this recep-
tor binds not only ELR-CXC chemokines, but also CC che-
mokines, which to date have not been implicated in the
control of angiogenesis [66]. (4) Healing human burn
wounds express CXCR2 in association with capillary en-
dothelial cells in areas of neovascularization [67]. Never-
theless, further studies will be required to delineate the
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specific endothelial cell receptor(s) for the angiogenic ac-
tivities of the ELR-CXC chemokines.

IL-8 PROMOTES NEOVASCULARIZATION
IN LUNG CANCER

Our laboratory originally described the presence of ele-
vated levels of IL-8 in NSCLC and determined that I1L-8
significantly contributed to overall tumor-derived angio-
genic activity [48]. In this study, IL-8 accounted for 42—
80% of the angiogenic activity for each of the tumor speci-
mens, as determined by bioassays of angiogenesis [48].
The relative contribution of IL-8 to tumor-derived angio-
genic activity was compared with other known angiogenic
factors in NSCLC. Neutralizing antibodies to IL-8 resulted
in a significant reduction of endothelial cell chemotactic
activity in response to NSCLC tissue, with a decline to 75,
39, and 61% of the standard bioactivity for adenocarci-
noma and squamous carcinoma tissue samples, and A549
(adenocarcinoma) conditioned media, respectively [48]. In
contrast, anti-bFGF antibodies had no significant effect on
the endothelial cell chemotaxis in response to samples of
A549 (adenocarcinoma) cells or squamous cell carcinoma
tissue. However, anti-bFGF neutralizing antibodies re-
duced the endothelial cell chemotactic activity from ade-
nocarcinoma tissue by 35% [48]. It is interesting that the
neutralization of transforming growth factor-a (TGF-a)
had no significant effect on endothelial cell chemotaxis in
response to adenocarcinoma or to the A549 cell line.
However, these antibodies resulted in a significant reduc-
tion in the endothelial cell chemotactic response to squa-
mous cell carcinoma tissue [48]. Although bFGF and
TGF-a have been previously described as potential tumor-
angiogenic factors, our studies were the first to demon-
strate that a primary angiogenic signal for NSCLC neo-
vascularization was directly mediated by tumor-associated
IL-8.

To extend the above studies to an in vivo model system
of human tumorigenesis, we employed a human NSCLC/
SCID mouse chimera by injecting either the human
NSCLC cell lines A549 (adenocarcinoma) or Calu 1 (squa-
mous cell carcinoma) into SCID mice [68]. There was a
progressive increase in tumor size in A549-bearing ani-
mals beginning at week 2 through week 8. In contrast, an-
imals bearing Calu 1 tumors demonstrated little growth
until week 8. The production of IL-8 from A549 tumors
increased in direct correlation with tumor size. In contrast,
the production of IL-8 by Calu 1 tumors was delayed, yet
still correlated with tumor size (Fig. 1). A549 (adenocarci-
noma) tumors produced markedly greater levels of IL-8
and were 50-fold larger in size than Calu 1 (squamous cell
carcinoma) tumors by 8 weeks.

To delineate whether IL-8 contributed to tumorigenesis
of A549 cells in SCID mice, A549 (adenocarcinoma) tumor-
bearing animals were passively immunized with neutraliz-
ing 1L-8 antibodies, control antibodies, or were left un-
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Fig. 1. A549 and Calul NSCLC tumor growth and IL-8 production
in SCID mice. (A) Time course of A549 (adenocarcinoma) and Calu
1 (squamous cell carcinoma) tumor growth. (B) Time course of IL-8
expression (ng IL-8/mg total protein) in these tumors. Both Calu 1
(r = 0.87) and A549 (r = 0.95) tumor growth correlated highly with
IL-8 expression.

treated. A549 tumor-bearing animals treated with neutral-
izing antibodies to IL-8 demonstrated a >40% reduction
in tumor growth compared with animals that were either
untreated or treated with control antibodies [68]. There
was no difference in the leukocyte infiltration of the tu-
mors treated with anti-IL-8 or control antibody. SCID
mice treated with neutralizing antibodies to IL-8 demon-
strated a reduction in the number of metastatic cells to the
lung compared with control antibody-treated animals [68].

To further determine the mechanism of tumor growth
inhibition, ex vivo angiogenic activity was evaluated from
A549 tumors of animals that had been treated in vivo with
either control or neutralizing IL-8 antibodies. A549 tumor-
derived angiogenic activity, as assessed in the corneal mi-
cropocket assay, was significantly reduced in tumors from
mice treated with anti-IL-8 compared with controls. To
further confirm that decreased angiogenic activity corre-
lated with a reduction in tumor vascularity, vessel density
was quantified from A549 tumors of SCID mice treated
with either control or neutralizing IL-8 antibodies. Tumor
vessel density in animals treated with neutralizing IL-8 an-
tibodies was significantly lower than in tumors of animals
treated with control antibody. These studies demonstrated
that a primary angiogenic signal for A549 (adenocarci-
noma) tumor angiogenesis in vivo was directly mediated by
tumor-associated 1L-8.



IP-10 IS AN ENDOGENOUS ANGIOSTATIC
INNSCLC

To determine whether IP-10 protein was present in human
NSCLC in a similar manner as IL-8 above, freshly isolated
specimens of human NSCLC tumors were assessed by spe-
cific IP-10 enzyme-linked immunosorbent assay [69]. The
levels of IP-10 from tumor specimens were actually higher
than in normal lung tissue. To ascertain whether expres-
sion of IP-10 protein varied by histological tumor type, re-
sults were further subdivided by cell type (squamous cell
carcinoma vs. adenocarcinoma). The increase in IP-10
from NSCLC tissue was entirely attributable to the higher
levels of IP-10 present in squamous cell carcinoma com-
pared with adenocarcinoma. The observation of a marked
difference in the levels of IP-10 associated with squamous
cell carcinoma compared with adenocarcinoma is patho-
physiologically relevant and represents a possible mecha-
nism for the biological differences of these two cell types of
NSCLC. Patient survival and metastatic potential for
NSCLC are significantly different for these two cell types.
For example, patient survival is poorer and metastatic po-
tential is greater for adenocarcinoma compared with squa-
mous cell carcinoma of the lung [70, 71]. This difference
may be due, in part, to the greater IP-10-dependent angio-
static activity found in squamous cell carcinoma tumor
specimens. This is supported by the recent findings that
squamous cell carcinoma displays less vessel density than
adenocarcinoma of the lung [72]. The finding of higher
levels of IP-10 in freshly isolated specimens of squamous
cell carcinoma compared with adenocarcinoma demon-
strates a potential inverse relationship between IP-10 and
tumor vascularity, which may explain the behavioral dif-
ferences between these two cell types of NSCLC.

Although these experiments demonstrated that IP-10
levels were significantly elevated in specimens of freshly iso-
lated squamous cell carcinoma, we postulated that IP-10
may be acting in vivo to regulate tumor-derived angiogene-
sis [69]. To test this hypothesis, we preincubated specimens
of human squamous cell carcinoma in the presence of either
control or neutralizing antibodies to IP-10 and assessed
their angiogenic activity using either in vitro endothelial cell
chemotaxis or CMP assays. Inhibition of IP-10 in samples of
squamous cell carcinoma led to a significant increase in en-
dothelial cell chemotactic activity. These findings were fur-
ther confirmed using CMP assay, as squamous cell carci-
noma specimens preincubated with neutralizing antibodies
to IP-10, as compared to control antibodies, demonstrated
augmented neovascularization in the cornea.

The above findings suggested that IP-10 represented an
important endogenous angiostatic factor in squamous cell
carcinoma of the lung. However, to determine whether this
angiostatic activity was physiologically relevant during the
course of in vivo tumor growth, the human NSCLC/SCID
mouse model of tumorigenesis was employed. SCID mice
were inoculated with A549 (adenocarcinoma) or Calu 1
(squamous cell carcinoma) cells similar to the experiments

outlined above for assessing IL-8 [68, 69]. However, in
contrast to IL-8, we found the opposite phenomenon for
IP-10. The production of IP-10 in both A549 and Calu 1
tumors was inversely correlated with tumor growth. How-
ever, IP-10 levels were significantly higher in the Calu 1
(squamous cell carcinoma) tumors compared with A549
(adenocarcinoma) tumors (Fig. 2). Plasma levels of IP-10
paralleled those found in the primary tumors. Further-
more, the appearance of spontaneous lung metastases in
SCID mice bearing A549 tumors occurred when IP-10
levels (primary tumor and plasma) reached a nadir. To de-
termine whether IP-10 in vitro inhibited the proliferation
of these cell lines, A549 and Calu 1 cells were cultured in
the presence or absence of recombinant IP-10. The pres-
ence of exogenous IP-10 did not alter proliferation com-
pared with appropriate controls. These findings suggested
that IP-10 neither functions as an autocrine growth factor
nor an inhibitor of cellular proliferation of human NSCLC
cell lines.

Because IP-10 was found to be a potent endogenous
angiostatic molecule in squamous cell carcinoma, the re-
duced expression of IP-10 in A549 (adenocarcinoma) tu-
mors, as compared to Calu 1 (squamous cell carcinoma)
tumors, may contribute to their more aggressive behavior.
We hypothesized that restoration of tumor-associated 1P-
10 in A549 tumors would lead to inhibition of tumorigene-
sis via an [P-10-dependent decrease in angiogenic activity.
SCID mice bearing A549 tumors were injected with re-
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Fig. 2. In vivo growth rate (A) and 1P-10 expression (pg/mg total
protein, B) of A549 and Calu 1 tumors. In contrast to IL-8, IP-10 ex-

pression by these tumors correlates inversely with tumor growth.
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combinant human IP-10 (1 pg intratumor) or an equimo-
lar concentration of an irrelevant human protein (human
serum albumin, HSA), every 48 h for a period of 8 weeks
beginning at the time of tumor cell inoculation. The intra-
tumor administration of IP-10 resulted in a 40 and 42%
reduction in tumor size and mass, respectively. To exclude
that IP-10 inhibited tumor growth by recruiting tumori-
cidal leukocytes, quantitation of tumor-infiltrating leuko-
cytes was performed by immunohistochemistry. A549 tumors
from IP-10-treated SCID mice revealed no evidence for in-
creased leukocyte infiltration compared with control tumors.

To determine the mechanism of growth inhibition by in-
tratumor administration of IP-10, we directly evaluated an-
giogenic activity in the CMP assay from A549 tumors of
animals that had been treated in vivo with IP-10. Nine of 12
AS549 tumor samples from IP-10-treated tumors induced
no significant neovascular response, with the remaining
three inducing only weak angiogenic activity. In contrast,
11 of 12 A549 tumor samples from control-treated tumors
induced positive angiogenic responses. To confirm that the
decreased angiogenic activity correlated with a reduction
in tumor vascularity, vessel density was assessed by FACS
analysis of Factor VIII-related antigen expressing endothe-
lial cells from the primary tumor. Tumor-derived Factor
VIII-related antigen expressing endothelial cells were
markedly reduced in primary tumors treated with IP-10,
supporting the notion that IP-10 reduced the neovascular-
ization of the experimental tumors, and is a potent endog-
enous angiostatic factor in NSCLC.

Lung sections from tumor-bearing SCID mice treated
with either intratumor IP-10 or HSA were examined for
evidence of spontaneous metastases [69]. The number of
metastases was significantly reduced in mice treated with
IP-10. In addition, the size (area) of the lung metastases
per section was also dramatically reduced in the IP-10-
treated group.

To further demonstrate the importance of endogenous
IP-10 in the regulation of human NSCLC (squamous cell
carcinoma) tumor growth, we passively immunized SCID
mice bearing Calu 1 tumors with either neutralizing rabbit
anti-human IP-10 or control antibodies. Recall that Calu 1
tumors expressed higher levels of IP-10 during tumor
growth and were slower growing when compared with
A549 (adenocarcinoma) tumors. Calu 1 tumors from ani-
mals that were passively immunized with neutralizing anti-
bodies to IP-10 demonstrated a 1.8- to 2.9-fold increase in
tumor size compared with animals that had received con-
trol antibodies. Therefore, the presence of increased levels
of IP-10 in Calu 1 (squamous cell) tumors relative to A549
(adenocarcinoma) tumors appears to contribute to differ-
ences in their behavior in SCID mice.

CONCLUSION

Angiogenesis is regulated by a dual, yet opposing, system
of angiogenic and angiostatic factors. The above studies
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using both in vitro and in vivo systems have demonstrated
that, as a family, the CXC chemokines behave as either an-
giogenic or angiostatic factors, depending on the presence
of the ELR motif. In the context of NSCLC and perhaps
other solid tumors, CXC chemokines are important endog-
enous factors that regulate tumor growth, tumor-derived
angiogenic activity, and potential for spontaneous me-
tastases. These findings provide new insights into the biol-
ogy of NSCLC, and present an opportunity to target new
therapies.
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