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Prostate cancer is the second leading cause of malig-
nancy-related mortality in males in the United States.
As a solid tumor, clinically significant tumor growth
and metastasis are dependent on nutrients and oxy-
gen supplied by tumor-associated neovasculature. As
such, there is a selective tumorigenic advantage for
those neoplasms that can produce angiogenic media-
tors. We show here that human prostate cancer cell
lines can constitutively produce angiogenic CXC che-
mokines. Tumorigenesis of PC-3 prostate cancer cells
was shown to be attributable, in part, to the produc-
tion of the angiogenic CXC chemokine, interleukin
(IL)-8. Neutralizing antisera to IL-8 inhibits PC-3 tu-
mor growth in a human prostate cancer/SCID mouse
model. Furthermore, angiogenic activity in PC-3 tu-
mor homogenates was attributable to IL-8. In con-
trast, the Du145 prostate cancer cell line uses a dif-
ferent angiogenic CXC chemokine, GRO-a , to mediate
tumorigenicity. Neutralizing antisera to GRO-a but
not IL-8 reduced tumor growth in vivo and reduced
the angiogenic activity in tumor homogenates. Thus,
prostate cancer cell lines can use distinct CXC chemo-
kines to mediate their tumorigenicity. (Am J Pathol
1999, 154:1503–1512)

Prostate cancer is the second leading cause of malig-
nancy-related mortality in males in the United States.1

Whereas prostate carcinogenesis is a complex process
that involves multiple stages of initiation, promotion, and
neoplastic transformation, clinically significant prostate
tumor growth is dependent on the delivery of oxygen and
nutrients via tumor-associated neovasculature.2,3 Fur-
thermore, metastasis of prostate cancer has been linked
with primary tumor-derived angiogenesis. While auto-
crine and/or paracrine angiogenic factors must be
present to induce tumor-associated angiogenesis, spe-
cific angiogenic factors in prostate cancer remain to be
elucidated.

CXC chemokines are cytokines whose expression can
be induced by inflammatory stimuli in all nucleated cells
in the body,4–9 and these molecules have recently been
shown to modulate angiogenesis. Based on the presence
or absence of the ‘ELR’ motif (Glu-Leu-Arg) preceding
the first conserved cysteine amino acid in the NH2 termi-
nus, this family can be divided into two groups. The first
group of CXC chemokines contains the ELR motif and is
angiogenic. These include interleukin-8 (IL-8), epithelial-
neutrophil activating protein (ENA-78), growth-related
genes (GRO-a, GRO-b, and GRO-g), granulocyte che-
motactic protein (GCP-2), and NH2-terminal truncations
of platelet basic protein (connective tissue activating pro-
tein (CTAP-III), b-thromboglobulin, and neutrophil activat-
ing protein (NAP-2)).10,11 The second group of CXC che-
mokines, which lack the ELR motif, include interferon-g-
inducible protein (IP-10), monokine induced by
g-interferon (MIG), platelet factor 4 (PF4), and stromal
derived factor (SDF-1).10,11 Interestingly, these ELR-neg-
ative CXC chemokines, in general, have been shown to
antagonize the angiogenic activities of the ELR-positive
CXC chemokines as well as basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF).10

IL-8, an angiogenic CXC chemokine, is significantly
elevated in non-small cell lung cancer (NSCLC).12,13 In
addition, IL-8 is a significant angiogenic factor contribut-
ing to overall tumor-derived angiogenic activity in
NSCLC.13 Furthermore, human gastric carcinomas ex-
press high levels of IL-8.14 The levels of IL-8 in these
neoplasms strongly correlate with their vascularity, sug-
gesting that IL-8 produced by gastric tumor cells may
regulate neovascularization of gastric carcinoma. Sur-
vival of nude mice injected with ovarian carcinomas have
been shown to be inversely correlated with the produc-
tion of IL-8 by the ovarian cancers.15 Similarly, recent
reports indicate that significant levels of IL-8 are present
immunohistochemically in prostate cancer specimens
but not in benign prostate hyperplasia or normal prostate
cells.16 In a similar manner, GRO-a over-expression has
been reported in melanoma lesions.17 These neoplasms
show the expression of the putative receptor for GRO-a,
CXCR2, on both the melanoma cells and tumor-infiltrating
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endothelial cells. Stable transfection of the human GRO-a
gene into the murine melan-a-melanocyte line resulted in
significantly enhanced tumorigenicity that, in part, was
related to their enhanced angiogenic phenotype.17 Al-
though these studies certainly support the hypothesis
that CXC chemokines can mediate tumor-associated an-
giogenesis, it remains to be elucidated whether their
angiogenic behavior is universal to all solid tumors or
whether successful anti-tumor therapies can be estab-
lished by antagonizing the effects of particular angio-
genic CXC chemokines. For these reasons, we have
analyzed the role CXC chemokines play in mediating
tumorigenesis in association with prostate cancer.

We demonstrate here that the human prostate cancer
cell lines, PC-3 and Du145, constitutively over-express
angiogenic CXC chemokines and that each cell line uses
unique CXC chemokines to mediate their tumor growth.
Using a human prostate cancer/SCID mouse chimera
system, we demonstrate that IL-8 is a major positive
regulator of neovascularization and tumorigenesis asso-
ciated with the growth of PC-3 tumors. In contrast, the
Du145 cell line primarily uses a different ELR-CXC che-
mokine, GRO-a, in a paracrine manner to support an
angiogenic environment during tumorigenesis. These
data further support the hypothesis that individual CXC
chemokines can regulate tumor-associated angiogene-
sis and demonstrate that anti-CXC chemokine therapy
directed at one particular chemokine may not be entirely
beneficial even within the same tumor type.

Materials and Methods

Cell Culture

The prostate cancer cell lines were maintained in sterile
150 mm2 tissue culture flasks in appropriate media as
defined by American Type Culture Collection (Rockville,
MD). PC-3 cells grow in Ham’s F12K media, Du145 cells
in EMEM, and LNCaP cells in RPMI 1640 (Whitaker Bio-
medical Products, Whitaker, CA) supplemented with 1
mmol/L glutamine, 25 mmol/L HEPES buffer, 100 units/ml
penicillin, 100 ng/ml streptomycin (Whitaker Biomedical
Products), and 10% fetal calf serum (Harlan, Indianap-
olis, IN). Cells were cultured and passaged at 37°C in
5% CO2.

In Vitro Enzyme-Linked Immunosorbent Assay
(ELISA) Characterization

Approximately 2 3 106 prostate cancer cells were plated
in 60-mm2 culture plates in appropriate media. The next
day, the media was replaced with fresh growth media,
and cell-free supernatants were collected from replicate
plates at 24-, 48-, 72-, and 96-hour intervals. Total anti-
genic levels of CXC chemokines in culture supernatants
were assessed by specific ELISAs as previously de-
scribed.18,19

Neutralizing Antibodies

The goat anti-human IL-8 antibody was generated
against an N-terminal IL-8 peptide by a modification of
the previously described protocol to generate rabbit anti-
human IL-8 antibodies (Abs).13,20,21 The rabbit anti-hu-
man GRO-a neutralizing antisera was generated as pre-
viously described by injecting female New Zealand White
rabbits in multiple intradermal sites with recombinant
GRO-a in complete Freund’s adjuvant with subsequent
boosts given in incomplete adjuvant. The anti-GRO-a and
anti-IL-8 antisera each neutralize 30 ng of their respective
chemokine at a dilution of 1:1000 without cross-reactivity.
These Abs have each been shown to be specific for their
respective chemokines and do not cross-react with the
murine homologues of these chemokines.

In Vitro Proliferation Assays

5000 PC-3 or Du145 cells were cultured in 96-well flat-
bottomed tissue culture plates in their respective media.
To the media was added 1, 10, or 100 ng/ml recombinant
IL-8 or GROa or vehicle control. In addition, PC-3 and
Du145 cells were cultured in the presence of 1:10 or
1:100 dilutions of the neutralizing anti-IL-8 or anti-GROa
antisera as well as the same dilutions of a normal preim-
mune serum control. Final volumes were 200 ml per well.
Cells were cultured under these conditions for 24 or 48
hours before 1 mCi of 3-H thymidine was added for 16
hours. Plates were harvested on a Brandel cell harvester
and filters were counted in a Beckman LS-1801 b
counter. Data in Table 1 represent at least six replicate
wells plated for each condition and each time point.

Human Prostate Cancer/SCID Mouse Model

Male SCID mice between ages 4 to 6 weeks were used.
A cohort group of SCID mice were injected with 1 3 106

prostate cancer cells in 100 ml of serum free media into
each flank region (bilateral). All SCID mice were moni-
tored daily for evidence of illness. Measurement of tumor
size by a Thorpe engineer’s caliper (Biomedical Re-

Table 1. The Addition or Neutralization of Angiogenic CXC
Chemokines Does Not Change the Growth of PC-3
or Du145 Cells in Vitro

PC-3 Du 145

Vehicle 13,596 6 321 14,910 6 464
1IL-8 (100 ng/ml) 13,520 6 443 16,836 6 256
1GRO-a (100 ng/ml) 14,585 6 533 15,192 6 1485
1anti-IL-8 Ab (1:10) 11,438 6 368 11,786 6 270
1anti-GRO-a (1:10) 14,912 6 850 13,998 6 1232
1NRS (1:10) 15,047 6 2032 15,278 6 660

PC-3 or Du145 cells were cultured for 24 hours in the presence or
absence of the indicated concentrations of recombinant angiogenic
CXC chemokines or a 1:10 dilution of the neutralizing rabbit anti-murine
CXC chemokine antisera before being pulsed with 3-H thymidine for 16
hours. Data were similar when 1 and 10 ng/ml chemokine were added
or when the neutralizing antisera was used at a 1:100 dilution.
Furthermore, data were similar when cultured for 48 hours prior to
pulsing. Data shown represent the mean CPM 6 SEM of at least six
wells per experimental group.
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search Instruments, Rockville, MD) was done on a weekly
basis. Tumor volume was calculated using the formula,
volume 5 (d1 3 d2 3 d3) 3 0.5236, in which dn repre-
sents the three orthogonal diameter measurements. A
portion of the tumor was fixed in 4% paraformaldehyde
for histological analysis and immunohistochemistry. In
the experiments using neutralizing antibodies in vivo,
prostate cancer bearing SCID mice received intraperito-
neal (i.p.) injections of 0.5 ml of either neutralizing anti-
sera or appropriate control (preimmune) rabbit or goat
serum at the time of cell innoculum and every 48 hours
thereafter for the duration of the study.

In Vivo Analysis of CXC Chemokines

Two random punch biopsies of each tumor were taken
and immediately snap-frozen in liquid nitrogen. Tumor
tissue was further processed by homogenization and
sonication in an anti-protease “cocktail” of 2 mmol/L phe-
nyl methyl sulfonyl fluoride, and 1 mg/ml each of antipain,
aprotinin, leupeptin, and pepstatin A. Samples were then
analyzed for antigenic CXC chemokine levels by specific
ELISA and normalized to total protein (as measured by
the BCA assay, Pierce Chemicals, Rockford, IL) as pre-
viously described.18,19

Corneal Micropocket Model of Angiogenesis

In vivo angiogenic activity of human tumors was assayed
in the avascular cornea of Long Evans rat eyes as previ-
ously described.10,12,13,19 Briefly, equal volumes of ly-
ophilized tumor specimens normalized to total protein
were combined with sterile Hydron (Interferon Sciences
Inc.) casting solution. Five-ml aliquots were pipetted onto
the flat surface of an inverted sterile polypropylene spec-
imen container and were polymerized overnight under
UV light in a laminar flow hood. Before implantation,
pellets were rehydrated in normal saline. Animals were
given i.p. ketamine (150 mg/kg) and atropine (250 mg/kg)
for anesthesia. Rat corneas were anesthetized with 0.5%
proparracaine hydrochloride ophthalmic solution fol-
lowed by implantation of the Hydron pellet into an intra-
corneal pocket (1 to 2 mm from the limbus). Six days after
implantation, animals received heparin (1000 U) and ket-
amine (150 mg/kg) i.p. followed by perfusion with 10 ml of
colloidal carbon via the left ventricle. Corneas were har-
vested and photographed. Positive neovascularization
responses were defined as sustained directional in-
growth of capillary sprouts and hairpin loops toward the
implant. Negative responses were defined as either no
growth or only an occasional sprout or hairpin loop dis-
playing no evidence of sustained growth.

Quantification of Vessel Density

Endothelial cells in tumor specimens were enumerated
by FACS analysis of PECAM (CD31). Tumor samples
were digested to single cell suspensions via mincing
followed by enzymatic digestion and agitation (2 hours,
37°C) in Dispase (Collaborative Biomedical Products,

Bedford, MA). Cells were then stained and analyzed by
flow cytometry for PECAM (CD31) (PharMingen, San Di-
ego, CA) expression using a modification as previously
described.19 The vascularity index was generated by
multiplying the percentage of CD31-positive cells (endo-
thelial cells as assessed by flow cytometry) by the tumor
volume.

FACS Analysis for CXCR1 and CXCR2
Expression

CXCR1 and CXCR2 receptor expression was analyzed
on PC-3 and Du145 cells as well as on normal human
peripheral blood neutrophils. The Abs used were from
Pharmingen (San Diego, CA). The anti-CXCR1 Ab is
clone 5A12, which we used fluorescein isothiocyanate
conjugated. The anti-CXCR2 Ab is clone 6C6, which we
used PE-conjugated. Samples were analyzed on a Bec-
ton-Dickinson FACScan.

Statistical Analysis

The animal studies involved a minimum of 12 human
prostate tumors or six SCID mice at each time point or for
each manipulation. Data that appeared statistically sig-
nificant were compared by the Mann-Whitney U test.
Data were considered significant if P values were less
than 0.05. Results are presented as means 6 SEM. Data
were analyzed by a Macintosh IIfx computer using the
software package InStat for Macintosh (GraphPad Soft-
ware Co.). R values for correlations were generated using
Statview 4.5 (Abacus Concepts Inc., Berkely, CA).

Results

Prostate Cancer Cell Lines Constitutively
Express Angiogenic CXC Chemokines

PC-3,22 Du145,23 and LNCaP24 are human prostate can-
cer cell lines derived from prostate cancer patients. PC-3
was originally derived from a prostatic adenocarcinoma
metastatic to bone. Du145 was derived from a prostatic
adenocarcinoma metastatic to brain, and LNCaP was
derived from a needle biopsy of the supraclavical lymph
node of a patient with metastatic prostate cancer. These
cell lines were grown to confluence in 60-mm2 tissue
culture dishes, the media was changed, and cell-free
supernatants were collected at 24, 48, 72, and 96 hours
to evaluate constitutive production of angiogenic CXC
chemokines. This conditioned media was analyzed for
the presence of IL-8, ENA-78, GRO-a, and GRO-g by
specific ELISA. Figure 1 represents the ELISA results
obtained from the 96-hour conditioned media. Both PC-3
and Du145 prostate cancer cell lines constitutively pro-
duced significant levels of angiogenic CXC chemokines.
In contrast, LNCaP cells expressed 150- and 25-fold less
IL-8 than PC-3 and Du145 cells, respectively. In addition,
LNCaP cells expressed 82- and 14-fold less GRO-a than
PC-3 and Du145 cells, respectively. Furthermore, the
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remainder of the angiogenic CXC chemokines were re-
duced from LNCaP cells. Based on the previous obser-
vations that these members of the CXC chemokine family
are angiogenic, we hypothesized that the PC-3 and
Du145 cell lines would display an angiogenic phenotype.

PC-3 and Du145 Cells Are More Tumorigenic
than LNCaP Cells

To determine whether the over-expression of angiogenic
CXC chemokines by the PC-3 and Du145 cell lines in vitro
correlated with their tumorigenicity in vivo, 1 3 106 human
prostate cancer cells were injected into each flank of
male SCID mice. These mice were then carefully moni-
tored for tumor growth for a period of 9 weeks. The
experiments were terminated at 9 weeks because of
morbidity noted secondary to tumor burden in the ani-
mals injected with PC-3 cells. The PC-3 and Du145 cell
lines produced easily discernible tumors by week 3,
which grew progressively over the 9 weeks of the study

(Figure 2). In contrast, the LNCaP line showed no dis-
cernible tumor growth beyond the original injection site.
In addition, metastatic lesions were seen histologically in
the lungs of both the PC-3 and Du145 tumor-bearing
animals at week 8 (data not shown).

Production of Specific Angiogenic CXC
Chemokines During Tumorigenesis of Human
Prostate Cancer in SCID Mice Directly
Correlates with Tumor Growth

To ascertain whether angiogenic CXC chemokine ex-
pression directly correlated with human prostate cancer
tumorigenesis in vivo, we xenografted 1 3 106 PC-3 or
Du145 cells subcutaneously into the flanks of a large
cohort of male SCID mice. The above studies suggested
that the angiogenic CXC chemokines were constitutively
produced at moderate to high levels by PC-3 and Du145
cells in vitro, therefore we postulated that these angio-
genic chemokines may be acting in vivo to induce neo-
vascularization and support tumorigenesis. To test this
hypothesis, PC-3 or Du145 tumor-bearing mice were sac-
rificed weekly beginning 1 week after injection, and the
level of angiogenic ELR-CXC chemokines in the tumors
was measured by ELISA. Figure 3 demonstrates the cor-
relations between tumor volume and angiogenic CXC
chemokine production in vivo in PC-3 tumor-bearing
mice. There is a positive correlation between the produc-
tion of IL-8 and tumor volume (Figure 3A, r 5 0.723 for
weeks 1 through 6). This increase in IL-8 also correlated
with an increase in tumor mass. In addition, in vivo pro-
duction of ENA-78 seemed to correlate with the exponen-
tial tumor growth seen during weeks 6 to 8 (Figure 3C,
r 5 0.973). However, there was apparently no correlation
between PC-3 tumor growth and tumor-derived produc-
tion of GRO-a (Figure 3B, r 5 0.238) or GRO-g (Figure
3D, r 5 20.787).

Similar analyses were carried out on Du145 tumor-
bearing animals. Figure 4A demonstrates a positive cor-
relation between tumor-derived IL-8 production and tu-

Figure 1. PC-3 and Du145 cells constitutively express significant levels of
angiogenic CXC chemokines. ELISA measurements of 96-hour conditioned
media from PC-3, Du145, and LNCaP cell lines.

Figure 2. PC-3 and Du145 cells grow progressively in SCID mice. Male SCID
mice were injected bilaterally in the rear flank with 1 3 106 PC-3, Du145, or
LNCaP cells. Tumors were measured weekly with digital engineer’s calipers.
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mor volume (r 5 0.955). In addition, Figure 4B
demonstrates a positive correlation between Du145 tu-
mor growth and tumor-derived GRO-a (r 5 0.879). As
can be seen in Figures 4C and 4D however, there is no
clear evidence that ENA-78 (r 5 20.478) and GRO-g
(r 5 20.568) are correlated with Du145 tumorigenicity.

These data suggested that IL-8 was a common factor
expressed by both PC-3 and Du145 cells both in vitro and
in vivo, which may contribute to their tumorigenicity. To
determine whether IL-8 in vitro was an autocrine growth
factor for these cell lines, PC-3 and Du145 cells were
cultured in the presence or absence of recombinant IL-8
or neutralizing Abs to IL-8 for 24 and 48 hours. The
presence of exogenous IL-8 or depletion of endogenous
IL-8 did not significantly alter PC-3 or Du145 cell prolif-
eration (Table 1), suggesting that this factor supports
tumor growth through a paracrine (angiogenic) mecha-
nism rather than as an autocrine (mitogenic) mechanism.

Inhibition of IL-8 in Vivo Reduces PC-3
Tumorigenicity but Fails to Reduce Du145
Tumorigenicity

Having established that IL-8 was a common factor ex-
pressed by the PC-3 and Du145 cell lines both in vitro and

in vivo, we wanted to determine whether IL-8 was directly
contributing to the tumorigenicity of these cells in vivo. To
do this, two groups of male SCID mice were injected
bilaterally as before with either 1 3 106 PC-3 or Du145
cells in the rear flanks. Starting at time of tumor cell
innoculum, half the animals in each group were given an
i.p. injection of a neutralizing polyclonal goat anti-human
IL-8 antisera (0.5 ml). The other half of the mice were
given an 0.5 ml i.p. injection of normal preimmune goat
serum (NGS) as a control. The injections were repeated
every 48 hours for the duration of the study, and tumors
were measured weekly. Figure 5 demonstrates the result-
ing tumor growth (as indicated by tumor volume) in the
anti-IL-8- versus NGS-treated animals. Figure 5A demon-
strates that anti-IL-8 treatment clearly blocked tumor pro-
gression in PC-3 tumor bearing mice. The mean tumor
volume in the NGS-treated PC-3 tumor-bearing mice at
week 7 was 1492 6 211 mm3. The mean volume in the
anti-IL-8 treated PC-3 tumor-bearing mice was 736 6 166
mm3. This change represents a greater than 49% inhibi-
tion (P 5 0.01). Similarly, the vascularity index was 3.3-
fold less in the PC-3 tumor-bearing animals treated with
anti-IL-8 (23,749 6 4640) than in the PC-3 animals
treated with NGS (77,218 6 17,528). Furthermore, when
tumor homogenates from the NGS- and anti-IL-8-treated

Figure 3. PC-3 tumor growth correlates with the in vivo production of IL-8 and ENA-78. A cohort of male SCID mice were injected with 1 3 106 PC-3 cells in the
rear flanks bilaterally at day 0. Mice were measured weekly for tumor size. Each week, six mice were sacrificed and tumor biopsies were analyzed by ELISA for
specific angiogenic CXC chemokines. Graphs show comparisons between weekly tumor growth and in vivo production of specific angiogenic CXC chemokines.
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PC-3 tumor-bearing mice were concentrated, normalized
to total protein, embedded into a hydron pellet, and im-
planted into the avascular cornea of a Long Evans rat (the
rat corneal micropocket assay; CMP), six of six corneas
tested with the NGS-treated homogenates gave positive
neovascular responses (Figure 6A), whereas in the anti-
IL-8-treated tumor homogenates tested, five of six were
negative or weakly positive, giving an occasional loop as
depicted in Figure 6B, and one of six corneas tested was
positive.

Contrary to what was seen in the anti-IL-8-treated PC-3
tumor-bearing animals, Du145 tumor-bearing animals
treated with either NGS or neutralizing anti-IL-8 showed
no statistical difference in tumor progression as mea-
sured by tumor volume (Figure 5B), nor did they show
any histological differences (data not shown). In an effort
to confirm that the dose of anti-IL-8 given was sufficient to
neutralize the IL-8 being produced by the Du145 tumors
in vivo, tumor homogenates from tumor-bearing mice
were processed and analyzed by specific ELISA for the
expression of the angiogenic CXC chemokines. The pro-
duction of IL-8 by these Du145 tumor cells was signifi-

cantly neutralized by the administration of the anti-IL-8
Abs. Du145 tumor homogenates from NGS-treated ani-
mals produced 0.751 6 0.281 ng/ml IL-8, whereas ho-
mogenates from anti-IL-8-treated animals were reduced
more than 10-fold (0.70 6 0.01 ng/ml IL-8). Thus, this
cannot account for the inability of this anti-IL-8 antisera to
reduce Du145 tumorigenicity. There was no difference in
the production of other measured CXC chemokines be-
tween the anti-IL-8- and NGS-treated Du145 cell-injected
animals. Given this unexpected result, we hypothesized
that in vivo, Du145 cells use a different CXC chemokine to
regulate tumorigenicity. We reasoned, based on the cor-
relations of CXC chemokine expression with tumor
growth (Figure 4), that the most likely angiogenic CXC
chemokine candidate, other than IL-8, to be mediating
Du145 tumorigenicity would be GRO-a. As shown in Fig-
ure 4, GRO-a production positively correlated with Du145
tumor growth in vivo. However, production of ENA-78 and
GRO-g did not. Based on these observations and the
knowledge that IL-8 was not a contributing factor to
Du145 tumorigenesis, we hypothesized that Du145 cells

Figure 4. Du145 Tumor growth correlates with the in vivo production of IL-8 and GRO-a. A cohort of male SCID mice were injected with 1 3 106 Du145 cells
in the rear flanks bilaterally at day 0. Mice were measured weekly for tumor size. Each week, six mice were sacrificed, and tumor biopsies were analyzed by ELISA
for specific angiogenic CXC chemokines. Graphs show comparisons between weekly tumor growth and in vivo production of specific angiogenic CXC
chemokines.

1508 Moore et al
AJP May 1999, Vol. 154, No. 5



may use GRO-a to contribute to their tumorigenic phe-
notype in vivo.

Du145 Prostate Cancer Cells Tumorigenicity Is
Dependent on GRO-a not IL-8

To determine whether GRO-a production in vivo by Du145
cells was contributing to Du145 tumorigenesis, we again
used the strategy of a neutralizing antisera to GRO-a to
deplete Du145 GRO-a production in vivo. Male SCID
mice were injected subcutaneously with 1 3 106 Du145
cells on each rear flank. At time of cell innoculum, half of
the animals were given a 0.5-ml injection of a rabbit
polyclonal anti-human GRO-a antisera and half were
given a 0.5-ml injection of normal rabbit serum (NRS) as
a control. Animals received injections every 48 hours i.p.
for a 5-week period. The Du145 tumor-bearing mice
treated with anti-GRO-a antisera displayed a 62% reduc-
tion (P 5 0.03) in tumor volume as compared with NRS-
treated controls (Figure 7). The vascularity index for
Du145 tumors treated with NRS was 3503 6 1570 and for
Du145 tumors treated with anti-GRO-a, it was 1876 6
710, a 47% reduction. Because in vitro studies had dem-

Figure 5. IL-8 is a tumorigenic factor for PC-3 cells but not for Du145 cells.
Male SCID mice were injected with 1 3 106 PC-3 (A) or Du145 (B) cells
bilaterally in the rear flanks on day 0. Starting on day 0, animals received i.p.
injections of 0.5 ml of goat anti-human IL-8 neutralizing antisera or 0.5 ml of
NGS as a control. Antibody injections were given i.p. every 48 hours for the
duration of the study. Results presented represent weekly tumor measure-
ments.

Figure 6. Tumor homogenates from PC-3 tumor-bearing animals treated with
anti-IL-8 show less angiogenic activity than NGS-treated tumor homogenates.
PC-3 tumor-bearing mice that were treated with either goat anti-human IL-8
or NGS as a control were sacrificed, and tumor homogenates were analyzed
in the rat corneal micropocket assay. A demonstrates the neovascular re-
sponse seen in six of six eyes tested from the NGS-treated mice. B represents
the neovascular response seen when the anti-IL-8 treated tumor homoge-
nates were analyzed. In the anti-IL-8 treated mice, two of six eyes tested were
negative, three of six showed only an occasional loop as seen in B, and one
of six eyes tested was positive.

Figure 7. GRO-a is a tumorigenic factor for Du145 cells. Male SCID mice
were injected bilaterally in the rear flanks with 1 3 106 Du145 tumor cells on
day 0. Starting on day 0 animals were given 0.5-ml i.p. injections of either
rabbit anti-human GRO-a or NRS as a control. Graph represents weekly
tumor measurements.

Differential Chemokines in Angiogenesis 1509
AJP May 1999, Vol. 154, No. 5



onstrated that the addition of recombinant human GRO-a
or neutralizing antibodies to GRO-a failed to alter the
proliferative capacity of Du145 cells in vitro (Table 1), this
suggested that the neutralization of tumor-derived
GRO-a did not alter the proliferation of the tumor cells
directly but rather reduced the angiogenic potential of the
tumor microenvironment. These data clearly demonstrate
that Du145 cells use GRO-a, a distinctly different CXC
chemokine than IL-8, to regulate tumorigenicity in vivo.

When tumor homogenates from the Du145-tumor-
bearing mice treated with either NRS or anti-GRO-a an-
tisera were tested in the CMP assay, three of five eyes
were positive in the Du145 1 NRS group. In contrast,
tumor homogenates from the Du145 1 anti- GRO-a
group resulted in a reduced neovascular response or a
negative response (Figure 8) in four of five corneas
tested.

Taken together, these data clearly indicate that the
prostate cancer cell lines PC-3 and Du145 express an-
giogenic activity both in vitro and in vivo. Angiogenic
activity of the PC-3 cell line can be inhibited by neutral-

izing Abs to IL-8, whereas Du145 angiogenic activity can
be diminshed by neutralizing antisera to GRO-a.

Discussion

Angiogenic CXC chemokines are present in several hu-
man tumors, however, proof that these molecules are
directly contributing to the tumorigenicity of the neo-
plasms has only been recently documented. In NSCLC,
IL-8 is a predominant angiogenic factor contributing to
the overall tumorigenicity in an animal model using a lung
adenocarcinoma cell line, A549.13 In addition, ENA-78
has been shown to be an angiogenic factor in NSCLC
using both the A549 cell line as well as a squamous cell
carcinoma cell line, Calu 1.25 In melanoma, GRO-a has
been shown to have both mitogenic and angiogenic ef-
fects on tumor growth.17 Whereas previous reports have
shown a correlation between IL-8 expression and meta-
static potential using in situ hybridization with PC-3 sub-
clones26 or shown IL-8 expression in human prostate
cancer specimens,16 we have now directly demonstrated
that human prostate cancer tumorigenicity is positively
regulated by distinct angiogenic CXC chemokines. It is
important to note that these experiments were carried out
in SCID mice, thus we have investigated the tumorigenic
potential of these molecules in the absence of immune
effector cell (T- and B-cell) infiltration. Because these
studies used whole Ig to neutralize the CXC chemokines
in vivo, one formal possibility to explain the reduced tumor
growth could be formation of immune complexes with
subsequent ADCC via nonimmune inflammatory cells
within the tumor microenviornment. However, a few ob-
servations make this hypothesis unlikely. The first is that
previous experiments comparing neutralizing or control
Ab-treated mice with untreated mice show no histological
or tumor volume differences between control Ab-treated
and untreated mice, suggesting that there was no obvi-
ous immune complex formation. Another observation is
that there is no prominent inflammatory cell infiltration
seen in these tumors histologically, again suggesting
there is no accumulation of ADCC effector cells in this
model system. Given that ELR-positive CXC chemokines
are known to be neutrophil chemoattractants, it is inter-
esting that there is no marked neutrophil influx in these
tumors histologically. This is perhaps explained by the
fact that these tumors are secreting high enough circu-
lating levels of these chemokines that the neutrophils are
desensitized and unable to sense a local chemotactic
gradient. This simulates the phenomenon recently de-
scribed in the IL-8 transgenic mouse.27

We have shown that the prostate cancer cell lines,
PC-3 and Du145 constitutively express higher levels of
angiogenic CXC chemokines than do LNCaP cells and
grow progressively in SCID mice. Furthermore, a normal
prostate epithelial cell line (PrEC) obtained from Clonet-
ics (San Diego, CA) cultured for 96 hours produced only
0.5 ng/ml IL-8 (25-fold less than PC-3). Futhermore, levels
of GRO-a, ENA-78, and GRO-g were all reduced by at
least 20-fold in PrEC as compared with PC-3, suggesting
that consitutive over-expression of angiogenic CXC che-

Figure 8. Du145 tumor homogenates from anti-GRO-a treated animals have
less angiogenic activity than NRS-treated animals. Tumors were excised from
antibody-treated Du145 tumor-bearing mice, homogenized, and analyzed in
the corneal micropocket assay. A represents the angiogenic response seen in
three of five eyes tested from the NRS-treated animals. B represents the
negative response seen in four of five eyes tested from the anti-GRO-a
treated animals.
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mokines may be a marker of neoplastic transformation. In
addition, we have demonstrated that these molecules
work as angiogenic factors for tumor neovascularization
and not as mitogenic factors for the tumor cells directly.
In contrast, the LNCaP prostate cancer cell line, which
does not express high levels of angiogenic CXC chemo-
kines, does not form subcutaneous tumors in SCID mice.
These observations suggest that CXC chemokine pro-
duction contributes to the overall tumorigenicity of pros-
tate cancer in this model. However, different prostate
cancer cell lines appear to use distinct angiogenic CXC
chemokines to modulate their tumorigenicity. The PC-3
cell line uses IL-8, whereas the Du145 cell line uses
GRO-a. Interestingly, the Du145 cell line expresses IL-8
at high levels constitutively in vitro but seems to express
GRO-a at higher levels in vivo. Furthermore, the PC-3 cell
line produces GRO-a and GRO-g both in vitro and in vivo,
however, these molecules fail to demonstrate a direct
correlation with tumor growth in vivo. These data suggest
that it may be difficult to determine by in vitro measure-
ments alone which angiogenic CXC chemokines may be
important in vivo. Furthermore, CXC chemokine expres-
sion alone may not dictate tumorigenic potential per se. It
is likely that other metastatic factors such as adhesion
molecules and matrix metalloproteinases must also be
expressed for successful tumor growth and metastases.

We have now shown that different cancer cell lines
from the same general cancer type can use distinct an-
giogenic CXC chemokines. This difference in utilization
may severely limit the usefulness of antineovascular ther-
apies aimed at neutralizing angiogenic CXC chemokine
ligands (eg, neutralizing IL-8 Abs). Instead, these data
suggest that a better alternative for therapeutic interven-
tion may be to block the action of multiple angiogenic
CXC chemokines by using either receptor antagonists or
agents that directly inhibit angiogenesis. The receptor for
all angiogenic CXC chemokines appears to be CXCR2.
Interestingly, this receptor is present not only on tumor
cells but also tumor-associated endothelial cells in mel-
anoma.17 Furthermore, this receptor is associated with
head and neck cancers as well as breast cancer .28,29

Immunotherapy aimed at blocking CXCR2 is attractive
because it could potentially limit the angiogenic signal
from all angiogenic CXC chemokines. The only caveat to
this is that in humans there are two receptors for IL-8. The
second is CXCR1, a high affinity receptor for IL-8, which
is relatively specific for IL-8, and does not bind most other
ELR-positive angiogenic CXC chemokines.30 The contri-
bution of this receptor to IL-8-mediated tumorigenicity
cannot be modeled in mice because there is no CXCR1
homologue in mice.31 However, the angiogenic signaling
of the CXCR1 receptor is questionable because our pre-
liminary data has shown that aCXCR2 Ab blocks human
endothelial cell chemotaxis to IL-8 in vitro, whereas
aCXCR1 Ab does not (unpublished observation). Of in-
terest, the PC-3 and Du145 cell lines had undetectable
levels of CXCR1 and CXCR2 cell surface staining by
FACS analysis, whereas human neutrophils were strongly
positive for both receptors.

Another potential therapy for tumor-induced angiogen-
esis may be to block the action with angiostatic mole-

cules. In this regard, it is interesting that there are also
angiostatic members of the CXC chemokine family. The
angiogenic CXC chemokines all share the Glu-Leu-Arg
motif (the ELR motif) immediately preceding the first con-
served cysteine amino acid in the primary structure. All
CXC chemokine members which do not have the ELR
motif are, in fact, angiostatic.10 The angiostatic members
include the molecules PF4, IP-10, and MIG. Interestingly,
the PC-3 and Du145 cell lines show very low levels of
these molecules when analyzed either in vitro or in vivo
(data not shown). Furthermore, because the antichemo-
kine Ab treatment never diminished tumor growth com-
pletely, it is reasonable to assume that other, nonchemo-
kine, angiogenic factors may be present. IL-6 has been
documented to be a paracrine growth factor for LNCaP
cells and an autorcrine growth factor for both PC-3 and
Du145 cells, which express the IL-6 receptor.32,33 Be-
cause IL-6 is not an angiogenic factor, it is possible that
a combination therapy aimed at eliminating the mitogenic
effects of IL-6 as well as the angiogenic effects of the
CXC chemokines could be more efficacious. Further-
more, although the LNCaP cell line alone does not form
tumors in SCID mice when grown subcutaneously, other
investigators have reported significant androgen-depen-
dent LNCaP cell growth in 88% of nude mice when
LNCaP cells were injected subcutaneously with 0.25 ml
of Matrigel.34 It would be interesting to see which angio-
genic factors are predominating in this instance. Two
likely candidates may be VEGF and bFGF. In fact, VEGF
and bFGF have been demonstrated in both PC-3 and
Du145 cells previously,16,26,35 and LNCaP growth in Ma-
trigel has been shown to be augmented by bFGF.36

Interestingly, bFGF, but not VEGF, has been shown to be
expressed at higher levels in highly metastatic subclones
of prostate cancer cell lines.26 Using in situ hybridization
and immunohistochemistry, we have found that IL-8 is
present in a higher percentage of NSCLC tumor cells in a
metastatic lesion than in the primary lesion18 (unpub-
lished observation). It will be interesting to determine
whether this observation holds true for prostate cancer as
well. Taken together, these data would support the notion
that angiogenic CXC chemokines are important angio-
genic factors regulating both primary tumorigenesis as
well as metastasis and suggest that therapeutic strate-
gies aimed at antagonizing CXC chemokine action
should be beneficial in treating many solid tumors.
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