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Chemokine production by tumors is a well-known
phenomenon, but its role in tumor biology remains
debatable. Although intratumoral injection of granu-
locyte chemotactic protein-2 (GCP-2) had no effect on
tumor parameters, needle-free stable expression of
the chemokine resulted in enhanced tumor growth. It
is shown here that tumors that express a potent form
of GCP-2 induce a strong influx and activation of
tumor-associated neutrophils. The production of
GCP-2 leads to intratumoral expression of gelatinase
B and advantage for tumor growth by increased an-
giogenesis. These results are in line with the counter-
current principle of chemokine action and support
the notion that paraneoplastic expression of ELR-pos-
itive CXC chemokines has to be blocked rather than
stimulated in cancer therapy. (Am J Pathol 2001,
159:1405–1414)

Chemokines have been associated with tumor biology for
a long time. In fact, many chemokines have first been
purified from tumor cells.1–5 The production of chemo-
kines by tumor cells may be a paraneoplastic coinci-
dence and either help the host to eliminate the tumor by
immunosurveillance mechanisms6 or give an advantage
to cancer progression. The latter is called the counter-
current principle and includes various biological effects
by which the chemoattracted cells may help the tumor.7

The advantages of chemokine production for the tumor
are multiple.8 First, tumor cell invasion and metastasis
may be enhanced because the chemoattracted cells
may degrade basement membranes and connective tis-
sues when they arrive in the tumor from the nearest
vessels. Thus chemokines may pave the way for invasion
and metastasis. Second, the chemoattracted cells may
provide trophic factors to the environment to enhance the
tumor growth. Third, specific chemokines are angiogenic
and not only may help to establish a better oxygen and
nutrient supply for tumor growth, but they may also bring
the blood or lymph vessels closer to the tumor.9

Recently, the chemokines have been classified on the
basis of structural elements in two large cytokine families,
the CC or CXC ligands (CCLs or CXCLs), and two smaller
groups (XCLs and CX3CL1). Accordingly, the receptors
for these molecules are abbreviated10 as CCRs, CXCRs,
XCRs, and CX3CR1. Further to the gross dichotomy, in
which CXCLs mainly attract polymorphonuclear cells,
whereas CCLs chemoattract predominantly mononuclear
cells, additional branching in the CXCL family of mole-
cules is based on the presence or absence of the ELR
motif. This three amino-acid motif, which is in front of the
CXC, is critical for the granulocyte chemotactic activi-
ty11–13 and is also a crucial feature for the CXCR2 rec-
ognition and the angiogenic activity of the chemo-
kines.9,14,15 In general, ELR� CXC chemokines16–18 are
angiogenic, whereas ELR� CXC ligands are angiosta-
tic.14,15 Prototypic members of the ELR� CXC chemo-
kines in the human species are interleukin-8 (IL-8),4, 13

and granulocyte chemotactic protein-2 (GCP-2).16

Whereas IL-8 does not exist in the mouse, a homologue
of GCP-2 has been identified as one of the most potent
murine neutrophil attracting chemokines.17,18 To evaluate
the countercurrent principle in vivo, we studied the effects
of intratumoral injection of GCP-2 and, using gene trans-
fer technology, the needle-free GCP-2 supplied by the
tumor itself in a xenotransplant model.

Materials and Methods

Preparation and Purification of Recombinant
Murine GCP-2

Mouse GCP-2 cDNA was cloned from MO murine fibro-
blasts.17 Confluent cell monolayers were obtained in
Eagle’s Minimal Essential Medium (MEM) (Life Technol-
ogies, Gibco BRL, Paisley, Scotland) supplemented with
10% fetal calf serum (Life Technologies, Gibco BRL) and
induced for 72 hours in medium containing 2% fetal calf
serum supplemented with lipopolysaccharide (10 �g/ml)
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plus double-stranded RNA poly(rI:rC) (50 �g/ml). Total
RNA was extracted with the RNeasy Mini Kit (Qiagen
GmbH, Hilden, Germany) and quantified spectrophoto-
metrically. One �g total RNA was reverse transcribed in
1� reverse transcriptase buffer (0.14 mol/L KCl, 8
mmol/L MgCl2, 50 mmol/L Tris-HCl, pH 8.1), 25 mmol/L
dithiothreitol, 0.15 mmol/L dNTPs (Amersham Pharmacia
Biotech, Rainham, UK), 1 �g random hexamer primers
(Life Technologies, Gibco BRL), 50 U human placental
ribonuclease inhibitor and 4 U RAV-2 reverse transcrip-
tase (both from Amersham Pharmacia Biotech) up to a
final volume of 50 �l. The reverse transcriptase mixture
was incubated for 80 minutes at 42°C, followed by dena-
turation of the enzyme for 5 minutes at 95°C. The sub-
sequent polymerase chain reaction (PCR) was done on
2.5 �l of the reverse transcriptase mixture in a total
volume of 50 �l, containing 1� ULTMA buffer (Applied
Biosystems, Foster City, CA), 100 �mol/L dNTPs, 2
mmol/L MgCl2, and 10 pmol of each primer. The two
specific primers used were 5�-TACCATGGCCACG-
GAGCTGCGTTGTGTTTGC-3� (forward) and 5�-
TACTCGAGTTATCAAGCTTTCTTTTTGTCACTGCC-3�
(backward) (respective NcoI and XhoI sites are in ital-
ics), amplifying a 210-bp cDNA fragment,18 encoding
the murine GCP-2(9-78) protein. After 5 minutes of de-
naturation, 0.5 U ULTMA DNA polymerase (Perkin Elmer)
was added and 35 cycles of PCR were performed (95°C
for 35 seconds, 60°C for 50 seconds, 72°C for 35 sec-
onds) followed by a final extension of 10 minutes at 72°C.
The PCR reaction product was gel-purified, restriction-
digested with NcoI and XhoI, and ligated into the corre-
sponding sites of the pHEN1 expression vector.19 Verifi-
cation of the sequence of pHEN1 mGCP-2(9-78) was
done on both strands by the dideoxynucleotide chain
termination method with the use of thermosequenase
(Amersham Pharmacia Biotech) and fluorescent-labeled
forward and reverse primers on an automated laser fluo-
rescence sequencer (Amersham Pharmacia Biotech).
Recombinant protein was expressed in JM83 Escherichia
coli cells in the same way20 as described previously for
recombinant human MCP-2.

The recombinant murine GCP-2(9-78) was, in a first
step, purified by heparin-Sepharose affinity chromatog-
raphy and analyzed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and silver
staining as described before.20 The relative molecular
mass (Mr) markers used were: ovalbumin (Mr 43,000),
carbonic anhydrase (Mr 29,000), �-lactoglobulin (Mr

18,400), lysozyme (Mr 14,300), and bovine trypsin inhib-
itor (Mr 6200). The fractions that contained the highest
amount of �6.5-kd protein on SDS-PAGE were dialyzed
against 50 mmol/L formiate, 0.01% Tween 20, pH 4.0,
and further purified by cation-exchange fast protein liquid
chromatography. The purity and relative molecular
masses of the proteins in the eluted fractions were deter-
mined by SDS-PAGE and silver-staining analysis. As a
final purification step, fractions that contained the recom-
binant protein were purified by reverse phase-high pres-
sure-liquid chromotography (HPLC) on a C-8 Aquapore
RP-300 column. Proteins derived from reverse phase-
HPLC were analyzed by mass spectrometry on an Es-

quire Electrospray ion trap mass spectrometer (Esquire,
Bruker, Bremen, Germany) and analyzed for endotoxin
contamination by the Limulus amebocyte lysate test (Bio-
Whittaker, Walkersville, MD).

Intratumoral Injection of Bowes Melanoma
Tumors with Recombinant Murine GCP-2(9-78)

Human Bowes melanoma cells (ATCC CRL 9607) were
cultured in Eagle’s MEM supplemented with 10% fetal
calf serum. Confluent monolayers were trypsinized, cells
were washed twice with MEM and resuspended at a
concentration of 2.5 � 107 cells/ml. Eight-week-old fe-
male athymic nu/nu mice (NMRI background) were in-
jected intradermally with 5 � 106 melanoma cells resus-
pended in 200 �l of MEM. On day 3 and every Monday,
Wednesday, and Friday onwards, animals were injected
at the tumor site with 20 �l of sample, containing 500 ng
of recombinant murine GCP-2(9-78) (prepared and puri-
fied as described above) diluted in 0.25% human serum
albumin (endotoxin � 0.1 ng/ml) (Sigma, St. Louis, MO) in
saline (endotoxin-free 0.9% NaCl) (Baxter, Lessines, Bel-
gium). The dosage of 500 ng per injection site was de-
rived from published data with other chemokines,4 pre-
liminary experiments with various dosages of GCP-2 and
calculation of in vivo obtainable levels in small-sized tu-
mors. The latter were calculated from data on in vitro
cellular GCP-2 production yields. In the control mice, the
tumors were injected with diluent. All animals were ob-
served twice a week and tumor size was estimated (in
square millimeters) using the formula 3.14 � (a � b)/4,
with a as the largest diameter and b as the smaller
diameter.

Mammalian Expression Vector Construction

A 399-bp cDNA fragment, encoding the full-size murine
GCP-2 protein [signal peptide (40 AA) � mature protein
(92 AA) � stop codon], was amplified by PCR from cDNA
of lipopolysaccharide-stimulated MO murine fibroblasts,
prepared as described above. The murine GCP-2-spe-
cific primers used were 5�-TACTCGAGATGAGCCTC-
CAGCTCCGCAGCTCC-3� (forward) and 5�-TACTC-
GAGCTATTGAACACTGGCCGTTCTTTCC-3� (backward)
(XhoI site is in italics). The specific PCR product was
gel-purified, digested with XhoI, and cloned into the cor-
responding site of the pLXIN vector (Clontech Laborato-
ries, Palo Alto, CA). Verification of the sequences of the
sense (pLXIN-mGCP-2) and antisense (pLXIN-mGCP-2-
REV) was done by the dideoxynucleotide chain termina-
tion method as described above.

Transfection of Bowes Melanoma Cells and
Selection of Transfected Cell Lines

Aliquots of 20 �g of the constructs pLXIN-mGCP-2 and
pLXIN-mGCP-2-REV were linearized with AccI (Roche
Diagnostics GmbH, Mannheim, Germany) and gel-puri-
fied. One day before transfection, confluent monolayers
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of human Bowes melanoma cells, grown in Eagle’s MEM
supplemented with 10% fetal calf serum, were plated in
24-well dishes at a density of 5 � 104 cells/well. Cells
were transfected with (1, 2, or 3 �l) Fugene6 (Roche
Diagnostics, GmbH) in combination with the linearized
plasmid DNA (300, 600, or 900 ng). The procedure was
performed as described by the manufacturer. Three days
after transfection, cells were grown in the presence of 1
mg/ml G418 (Life Technologies, Gibco BRL). G418-resis-
tant colonies were isolated and expanded. To verify
whether the cell lines expressed human chemokines,
subclones were tested17 by specific enzyme-linked im-
munosorbent assay (ELISA) for the expression of human
IL-8 and human GCP-2. For the human GCP-2 sandwich
ELISA, microtiter plates were coated with 0.2 �g/ml of
polyclonal anti-human GCP-2 antibody (PeproTech,
Rocky Hill, NJ) and the antigen was captured with 0.25
�g/ml monoclonal anti-human GCP-2 antibody (R&D Sys-
tems, Abingdon, UK).

Analysis of Murine GCP-2 Expression by
Northern and Western Blot

To analyze the murine GCP-2 mRNA (sense or antisense)
levels of the individual transfected cell lines, monolayers
of parental Bowes cells and transfectants were grown to
confluency and total RNA was prepared with the use of
the RNeasy Mini Kit (Qiagen). Samples of 10 �g of RNA
were separated on a formaldehyde/agarose gel and blot-
ted onto a nylon membrane. The membrane was hybrid-
ized with a murine GCP-2 probe (399-bp cDNA fragment,
excised with XhoI from pLXIN-mGCP-2) using the Ex-
pressHyb hybridization solution (Clontech Laboratories)
at the highest stringency. Probe labeling was by random
priming in the presence of [�-32P]dCTP (Amersham Phar-
macia Biotech). Control of sample preparation and han-
dling was done by ethidium bromide staining of the RNA
after electrophoresis in the agarose gel. To test the
GCP-2 protein expression by the individual Bowes mela-
noma cell subclones, cells were grown to confluency and
the growth medium was replaced by medium without
serum. The cell culture supernatants were collected 24
hours later and subjected to Western blot analysis. Su-
pernatants (7.5 �l) were loaded on a 16.5% Tris-tricine
Ready Gel (Bio-Rad, Hercules, CA) and subjected to
SDS-PAGE. As a positive control, purified natural murine
GCP-2 was loaded.17 Proteins were transferred to a poly-
vinylidene difluoride membrane by electroblotting and
the blot was blocked in 2% casein in NT-buffer (10
mmol/L Tris-HCl, pH 7.4, 100 mmol/L NaCl). After three
wash steps in wash buffer (NT-buffer and 0.1% Tween-
20), the blot was incubated for 2 hours with 1 �g of
biotinylated anti-mouse LIX/GCP-2 antibody (R&D Sys-
tems) diluted in 5 ml of wash buffer and 0.1% casein. The
blot was washed three times for 5 minutes and subse-
quently incubated for 1 hour with streptavidin-horserad-
ish peroxidase (Jackson ImmunoResearch, West Grove,
PA) at a 1:10,000 dilution in wash buffer and 0.1% casein.
The blot was again washed (five times for 5 minutes) and
protein was visualized after incubation of the blot in en-

hanced chemiluminescence solution according to the
protocol of the manufacturer (Amersham Pharmacia Bio-
tech), and exposure to a BioMax MR-2 film (Kodak, Roch-
ester, NY).

Injection of Stably Transfected Melanoma Cell
Lines in nu/nu Mice and Histology

The in vivo study protocols were approved by the local
ethical committee (National certification LA1210243, Bel-
gium). Eight-week-old female athymic nu/nu mice (NMRI
background) were injected intradermally at the left ab-
dominal side with 2 � 106 or 5 � 106 exponentially
growing parental or transfected human Bowes melanoma
cells resuspended in 200 �l of MEM. Tumor diameters
were measured once a week and the size was calculated
as described above. For histological analysis, from each
group of animals (parental, antisense, and sense trans-
fectants) and from both developmental stages of the
tumor (early tumors, late tumors) mice were killed and
analyzed individually in two independent experiments.
Biopsies from the primary tumor, brain, lung, and inter-
costal tissue were excised and fixed in Bouin’s fixative.
Standard paraffin embedding, sectioning, and staining
with hematoxylin and eosin (H&E) were performed for
microscopic examination. S-100 staining for melanoma
tumors was performed to analyze the presence of tumor
metastases in different organs. To distinguish infiltrated
neutrophils from tumor cells, paraffin-embedded sections
of the tumors were subjected to myeloperoxidase (MPO)
staining. Neutrophils were counted in 20 fields (magnifi-
cation of �400) of nonnecrotic tumor tissue in end-stage
(9 weeks) or early (9 days) tumors. Results, scored by
two independent researchers for whom the tumor sample
labels were covered, were expressed as the mean �
SEM. Tumor tissue was also frozen at �70°C and frozen
sections were immunostained for CD31 using the MEC
13.3 anti-CD31 monoclonal antibody (BD Pharmingen,
San Diego, CA).

Preparation of Tumor Extracts and Analysis

Tumor tissue was homogenized in 9 volumes of phos-
phate-buffered saline and Complete (1 tablet/50 ml
buffer) (Roche Diagnostics, GmbH) and cell debris was
removed by centrifugation. Total protein content was de-
termined by Bradford analysis using bovine serum albu-
min as a standard protein.21 Murine GCP-2 was detected
with a sandwich ELISA, using recombinant murine GCP-
2(9-78) as a standard. In this test, coating of the plate
was done with 1 �g/ml of anti-mouse LIX/GCP-2 antibody
(R&D Systems) and capturing of the antigen was with 0.1
�g/ml of biotinylated anti-mouse LIX/GCP-2 antibody
(R&D Systems). The detection limit for the muGCP-2
ELISA was 0.1 ng/ml. Gelatinase B/MMP9 activity in the
tumor extracts was determined by SDS-PAGE gelatin
zymography as described previously.22
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Results

Expression and Purification of Recombinant
Murine GCP-2(9-78)

Because it had been shown previously23 that the amino-
and carboxy-terminally truncated natural isoform GCP-
2(9-78) is more potent than intact murine GCP-2(1-92),
the recombinant GCP-2(9-78) form was expressed in E.
coli and purified to homogeneity. Recombinant mouse
GCP-2(9-78) possessed the expected size (�6.2 kd on
SDS-PAGE; 7626.8 d by electrospray mass spectrome-
try) and was resuspended in saline at a concentration of
100 �g/ml (Figure 1). This preparation possessed in vitro
neutrophil chemotactic activity and its endotoxin level
was �25 pg/ml.

Local Injection of Recombinant Murine GCP-
2(9-78) Has No Effect on Tumor Growth

The influence of murine GCP-2(9-78) on the growth of
human Bowes melanoma cells in vivo was evaluated by

intratumoral injection. Nude mice were subcutaneously
xenografted with 5 � 106 Bowes melanoma cells at the
abdominal side. From day 3 onwards (when small tumors
appeared) and for a period of 3 weeks, 500 ng of
muGCP-2(9-78) or diluent were injected into the tumors
three times per week. In two independent experiments
(each with two groups of 10 animals) no differences were
observed in tumor growth, nor were effects detectable in
the host. From the pooled data (Figure 2), it was con-
cluded that intratumoral administration of muGCP-2(9-78)
did not alter the growth of melanoma tumors significantly.
It is difficult to obtain a homogeneous distribution of the
injected GCP-2 to target the complete tumor tissue. Be-
cause we anticipated that it would be better to have a
more continuous, needle-free, and homogeneous supply
of GCP-2 to evaluate the effect on tumor growth, stably
muGCP-2-transfected Bowes melanoma cell lines were
generated and used.

Mouse GCP-2 Gene Transfer Enhances the
Development of Bowes Melanoma Tumors

Sense and antisense transfectants of the murine GCP-2
cDNA in Bowes melanoma cells were generated. To test
the mRNA production levels in the individual transfected
subclones, Northern blot analysis was performed (Figure
3A). Total RNA of the parental melanoma cells was used
as a negative control. Several clones, which produced
relatively high levels of sense or antisense muGCP-2
mRNA were selected and further tested for the produc-
tion of muGCP-2 protein by Western blot analysis (Figure
3B). The Western blot analysis showed the presence of
multiple bands that co-migrated with those present in the

Figure 1. Biochemical characterization of recombinant muGCP-2(9-78). A:
The silver-stained SDS-PAGE gel of reverse phase-HPLC-purified recombi-
nant muGCP-2(9-78). The sample (S) is compared with a mixture of protein
standards (M) of which the molecular sizes are indicated on the left in kd.
Different fractions of reverse phase-HPLC purified recombinant muGCP-2(9-
78) were subjected to electrospray mass spectrometry analysis. The unproc-
essed (B) and charge-deconvoluted (C) spectra are shown. Fractions con-
taining pure 7626.8 d muGCP-2(9-78) were pooled and used for further
studies.

Figure 2. Intratumoral administration of murine GCP-2 in melanoma tumors.
Parental human Bowes melanoma cells (5 � 106) were inoculated subcuta-
neously into the left abdominal side in nude mice. From 2 days after
inoculation onwards, 500 ng of recombinant murine GCP-2(9-78) or diluent
alone (control) was administered three times a week into the tumor. Tumor
diameters were monitored and the tumor size was calculated. Pooled data
(means and standard errors of the mean) from two independent experi-
ments, in which each group consisted of 10 animals, are shown.
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natural mouse GCP-2. These bands correspond to the
various truncation variants by amino- and carboxytermi-
nal processing, as previously described.23 The sub-
clones GB�3 (sense, based on protein expression) and

GB-8 (antisense) were selected and expanded for further
in vivo studies. At several time intervals, throughout a
period of more than 12 months, the supernatants were
tested for murine GCP-2 production to provide evidence
that the expression was constitutive and stable. The sub-
clones (with a human cell line origin) were also tested for
human IL-8 and human GCP-2 expression by specific
ELISAs and scored negative in both tests (data not
shown).

The effects of muGCP-2 sense and antisense gene
transfection in the subclones were assessed and com-
pared with those of parental (untransfected) Bowes mel-
anoma cells. In several independent experiments, nude
mice were subcutaneously injected with the various tu-
mor cell lines and tumor growth was monitored. From
week 8 onwards, the tumor sizes of the GB�3 tumors
were clearly larger than those of GB-8 (antisense control)
and parental Bowes tumors (Figure 4, A and B). To as-
sess whether the increase in tumor size was caused by a
direct effect of muGCP-2 on tumor cell growth, the in vitro
proliferation of Bowes melanoma cells was determined in
the presence of recombinant murine GCP-2(9-78). Mu-
rine GCP-2(9-78) (50 ng/ml) was added to Bowes mela-
noma cells and cell numbers were determined after 3
days. Murine GCP-2 did not have an influence on the in
vitro proliferation rate of the tumor cell lines GB�3, GB-8,
and parental Bowes cells (data not shown).

All tumors (Figure 4A) were photographed at week 8
and a representative tumor of each group is shown in
Figure 4C. Obviously, not only the size of the sense
(GB�3) tumors differed from that of the parental and
antisense (GB-8) controls, but also the GB�3 tumors
had a dark bluish color that was not observed in the
others.

In Vivo Neutrophil Chemotaxis and Activation

At the end of the experiment (9 weeks), the animals were
autopsied. Macroscopically, the structures of the GB�3
tumors were totally different from the controls. Tumors of
GB-8 and parental Bowes melanoma cells were solid and
easy to distinguish from the surrounding tissue, whereas
the GB�3 tumors were soft, bloody, and connected with
the underlying tissue. Different organs (lung, brain, inter-
costal tissue, and liver) were inspected but macroscop-
ically no differences were observed between controls
(GB-8 and parental) and GB�3 tumors. Biopsies of the
primary tumors, the brains, lungs, and intercostal tissues,
were histologically analyzed. Staining for S-100 protein
showed microscopic lung metastases of the melanomas
in all three animal groups, whereas the other studied
tissues were not affected (data not shown). In the three
tumor groups, necrotic regions were reproducibly found
and distinguished from nonnecrotic tissue. Figure 5 (left)
represents tumor tissue of parental, GB-8 and GB�3
tumors after H&E staining. By staining for MPO, we
observed a neutrophil load in the nonnecrotic regions
of the tumor that was 7 to 10 times higher in the GB�3
compared to the GB-8 or parental tumors (Figure 5,
right, and Figure 6A). In necrotic regions, many neu-

Figure 3. mRNA and protein levels of murine GCP-2 in Bowes melanoma
transfectant cell lines. A: Northern blot analysis. Bowes melanoma cell clones
with sense (A�, B�, C�, F�, H�, K�, L�, O�, Q�, GB�1, GB�2, GB�3,
GB�4, GB�5, GB�6, D�, G�, I�, J�, M�, N�, P�, R�) or antisense (E�,
GB-7, GB-8) muGCP-2 constructs and parental Bowes melanoma cells were
tested for specific mRNA levels. Total RNA was extracted, purified, and
equivalent amounts of 10 �g were subjected to Northern blot analysis. The
membrane was hybridized with a muGCP-2-specific probe and the film was
exposed overnight. Size-standardization and analysis of the loading of equal
amounts of sample were by ethidium bromide-staining analysis after the
electrophoresis. The 28S and 18S ribosomal RNAs are indicated on the figure.
The arrows indicate the cell lines from several clones that were tested for
protein expression. B: Western blot analysis. Confluent monolayers of sub-
clones GB�3, C�, K� (sense), and GB-8 (antisense) and of the parental
Bowes melanoma cells were grown to confluency. Consecutively, the growth
medium was replaced with serum-free medium. After 24 hours, cell culture
supernatants were collected and 7.5-�l fractions were subjected to Western
blot analysis to visualize the muGCP-2 protein. Purified natural murine
GCP-2 (Nat. muGCP-2) was used as a positive control.

Tumor Angiogenesis by Granulocyte Chemotactic Protein-2 1409
AJP October 2001, Vol. 159, No. 4



trophils were present in all of the parental, GB-8, and
GB�3 tumors.

Individual tumors of each group, obtained from inde-
pendent experiments, were dissected, and frozen at

�70°C for further freeze-section analysis. Tumor extracts
were tested for the presence of mouse GCP-2 with the
use of a specific ELISA. In GB�3 tumor tissue, a level of
�25 ng muGCP-2 per mg total protein was detected,
which was two to three times higher than in the controls
(GB-8 and parental) tumors. This result, together with the
finding of 7 to 10 times more polymorphonuclear cells in
the nonnecrotic tumor tissue shows that the GB�3 trans-
fected Bowes melanoma tumor cells stably produce ac-
tive muGCP-2 protein.

Tumor Angiogenesis in Vivo by Mouse GCP-2

To determine whether tumor angiogenesis is a mecha-
nism by which muGCP-2 influenced Bowes melanoma
growth, the vascularity was assessed by immunohisto-
chemistry with CD31-specific antibodies on sections of
frozen tissues from 9-week-old tumors. No significant
differences in the numbers of cells staining positive for
CD31 in the three types of late-stage tumors were de-
tected. Similarly, no differences were observed when the
numbers of vessel transections were counted per micro-
scopic field (data not shown). To exclude that the angio-
genic effects of GCP-2 gene transfer in late stage tumors
were faded out by the necrosis and endogenous mouse
chemokine production, we also assessed growing tu-
mors at an early stage before necrosis was evident. Nude
mice were subcutaneously injected with 5 � 106 parental
or muGCP-2 transfected sense (GB�3) or antisense
(GB-8) Bowes melanoma cells. After 9 days, tumor tissue
was dissected and freeze-sections were prepared. After
MPO staining, the neutrophil load in the GB�3 tumor was
7 to 10 times higher than in the control tumors, which is in
agreement with the neutrophil load of nonnecrotic re-
gions of tumors at 9 weeks. Gelatinase B activity in such
tumor extracts was determined by SDS-PAGE zymogra-
phy (Figure 6B), and in the GB�3 (sense) tumors, found
to be at least three times higher than in the GB-8 and
parental tumors. This is in agreement with the finding that
in GB�3 tumors many more neutrophils are present, and
indicates that the in vivo chemotaxis was accompanied
by neutrophil activation.

Histopathology of tumors at a late stage (9 weeks)
indicated a considerable neutrophil influx in the GCP-2-
producing tumors (see Figure 5, MPO-staining) and,
macroscopically, these tumors were larger, shining blu-
ish through the skin and, when dissected, contained
hemorrhagic pus. Lacunar vessel growth was evidenced
by the softness and the fact that the red and white blood
cells leaked out of the GCP-2 transfected tumors,
whereas in the antisense-transfected and parental tu-
mors, this was not observed. To show these elements by
histopathology, we also dissected tumors at an early
stage (day 9). Figure 7 illustrates the growth character-
istics of these tumors as well as the microscopic peritu-
moral angiogenesis in the GCP-2 sense transfectant
GB�3. In parental and GCP-2 antisense-transfected tu-

Figure 4. Growth of murine GCP-2 Bowes melanoma transfectants in nude
mice. Nude mice were injected subcutaneously into the left abdominal side
with 2 � 106 (A) and 5 � 106 (B) parental or muGCP-2-transfected sense
(GB�3) or antisense (GB-8) Bowes melanoma cells. Tumor diameters were
monitored in groups of 10 animals and the tumor sizes were calculated
(means and standard errors). C: Photographs of a representative tumor of
each group from the first experiment, taken at week 8.
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mors, the solid tumors were confined and some CD31-
positive vessels were observed, mainly in coexistence
with normal tissue at the tumor front. As a contrast, in the
GCP-2-producing tumors (GB�3) an extensive vascular-
ization was observed at the tumor periphery. These ves-
sels were not penetrating into the tumor. Furthermore,
within the GB�3 neoplastic tissue, there was, already at
this early stage, evidence of necrosis mainly at the cen-

ter. When we counted the CD31-positive vessels (per
microscopic field) within the tumors, no significant differ-
ences were found between the parental, sense, and an-
tisense groups (data not shown). At the tumor perimeter
the vessel growth was significantly stimulated by GCP-2
expression (Figure 7). In conclusion, tumor-derived
GCP-2 induced peritumoral angiogenesis in vivo and as-
sisted in tumor progression.

Figure 5. Histological analysis of murine GCP-2-transfected tumors. Left: H&E staining of parental, GB-8, and GB�3 tumors in vivo. Right: MPO staining of
similar paraffin-embedded sections. Scale bars, �50 �m.
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Discussion

Many tumors produce chemokines, which may explain
the presence of tumor-associated leukocytes. However,
the role of these chemokines in tumor biology is not clear.
They may assist in immunosurveillance and help to elim-
inate the tumor.6 Alternatively, they may help the tumor
for its growth and invasion. We coined the latter “the
countercurrent principle”7 and recently reviewed three
key elements in this model: invasion promotion by en-
hancing the protease load of the tumor, tumor growth

promotion by provision of trophic factors, and angiogen-
esis.8 The control of angiogenesis has been defined as
an important function of chemokines.14,15,24 Recently, it
has also been shown that the expression of IL-8 regulates
angiogenesis and induces metastasis of specific tu-
mors.25,26

By using gene transfer technology, we here provide in
vivo proof that a solid tumor indeed may have an advan-
tage by producing a chemokine. For this, a tumor model
of human melanoma cells that were xenotransplanted in
nude mice was used. Evaluating the role of GCP-2 by
intratumoral injection of the recombinant protein, we did
not observe any significant effect on tumor parameters
including tumor growth and survival of the host (data not
shown). To evaluate the long-term effects in a needle-free
setting and to study whether the tumor itself may acquire
an advantage by the production of a chemokine, we
stably transfected the murine GCP-2 cDNA into a mela-
noma cell line and compared various parameters in vivo.
These included GCP-2 expression, tumor growth, neutro-
phil chemotaxis, gelatinase B degranulation from neutro-
phils, in vivo metastasis to the lungs, and tumor angio-
genesis. Evidence of the countercurrent principle was
found by the observation that GCP-2 expressing tumors,
already at an early stage, had a higher neutrophil influx
and showed a significantly increased angiogenesis. This
angiogenesis was peritumoral allowing for a larger tumor
size and a hemangioma-like macroscopic appearance to
develop.

To investigate if this resulted in an elevated protease
load, tumor extracts were subjected to zymography. No
significant differences in gelatinase B levels were de-
tected in extracts of large end-stage tumors with large
necrotic areas, when compared with parental Bowes mel-
anoma tumors and antisense transfected tumors (data
not shown). This may be the result of the strong inflam-
matory component. In line with this, we observed areas of
necrosis in the late-stage tumors with parental, sense-
and antisense-transfected Bowes cells. Microscopically,
these necrotic tumor areas contained in all instances pus.
In the early developmental stages of the tumor, however,
significantly higher levels of gelatinase B were observed
in GCP-2-expressing tumors.

Obviously, in this model the vasculature remained peri-
tumoral, which may imply that the high GCP-2 expression
levels (chemokines follow a bell-shaped dose-response
effect) prohibited vessel growth or that other factors play
a role at the tumor front to allow or prohibit the blood
vessels to grow into the tumor. Therefore, the model with
GB�3 melanoma cells may also become useful to define
and study molecules that allow the blood vessels to grow
into the tumor or substances that inhibit the GCP-2-
induced angiogenesis. The angiogenic effect of ELR-
positive CXC chemokines has been established in in-
flammation and obviously also plays a role in tumor
biology. This example of neutrophil chemotaxis and
activation to release gelatinase B into the tumor site
places the recent studies of potentiation of CXC che-

Figure 6. GCP-2 transfection induces neutrophil chemotaxis and activation
in vivo. Expression of MPO was used as a marker for neutrophils. To evaluate
the neutrophil chemotaxis in vivo, specific cell counts were done by histo-
morphometry. The MPO-positive cells were counted in 20 microscopic fields
of in vivo grown tumors and compared for the parental Bowes and the
antisense (GB-8) and sense (GB�3) transfectants (A). Data were expressed
as means and standard errors of the mean. Degranulation of gelatinase B
from neutrophils is induced by muGCP-2 in vivo. Tumor extracts of 9-day-old
melanoma tumors were subjected to Bradford analysis and equivalent
amounts of total protein (10 �g and 3 �g) were subsequently subjected to
SDS-PAGE zymography (B). Left: A molecular weight standardization in kd
is included, whereas the arrow at the right indicates the zymolysis zones
obtained by the action of mouse gelatinase B (112 kd).
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mokines by gelatinase B also central in tumor biolo-
gy.27 The role played by neutrophils may be studied by
neutrophil depletion, the latter of which also occurs in
patients under chemotherapy. However, we tried to
gain insights in the natural tumor evolution without
leukocyte depletion. Further studies with syngeneic
tumor models may be better to evaluate the roles
played by various leukocyte types.

Studies on skin carcinogenesis also show evidence
for the countercurrent model and the contribution of
leukocytes, as well as gelatinase B, in tumor progres-
sion.28 In addition, MGSA/GRO proteins (CXCL1 and
CXCL3) with melanocyte growth-promoting activity
also lead to tumor angiogenesis.29 Chemokines, che-
moattracted leukocytes, as well as induced metallopro-
teinases, are to be considered as important players in

Figure 7. GCP-2 gene transfection induces peritumoral angiogenesis in vivo. Tumor samples were collected at 9 days after inoculation of 5 � 106 cells and
processed as frozen sections. These were stained for mouse CD31 as a marker for endothelial cells. The left column shows low-power magnification of parental,
antisense GB-8, and sense GB�3 transfectants at the front of the tumors with the normal tissue. CD31-positive cells are stained in red. The right column shows
similar pictures of other sections at a higher magnification to visualize in more detail the peritumoral network of vessels formed in the GCP-2-expressing tumor
variant GB�3. Scale bars, �50 �m. The peritumoral vessel transection counts per microscopic field (original magnification, �400) in this specific experiment were
16.6 � 1.7 for GB�3, 1.8 � 0.2 for GB-8, and 2.8 � 0.6 for the parental Bowes cells (means � standard errors, n � 5).
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the control of tumor vessel growth,24,30 aside of other
well-known (lymph)angiogenic and angiostatic factors
in tumor biology.31–34
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