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Abstract Tumor angiogenesis is essential for tumor
growth and metastasis formation. Luminex methodolo-
gy was used to measure the levels of four angiogenic
cytokines in cell culture medium and in the plasma of
mice bearing human tumors. We obtained plasma and
conditioned culture medium from 12 different human
tumor cell lines. Tumor necrosis factor-alpha (TNF-a),
basic fibroblast growth factor (bFGF), vascular endo-
thelial growth factor (VEGF), and transforming growth
factor-beta (TGF-b) were determined by the Luminex
FlowMetrix assay. VEGF, TNF-a, and bFGF were
undetectable in non-tumor-bearing animals. HS746T
gastric cancer and Caki-1 renal cell cancer cells in cul-
ture produced high levels of VEGF (1000 and
450 pg/106 cells, respectively). High levels of TGF-b
were produced by HS746T gastric carcinoma and Calu-6
non-small-cell lung carcinoma (3000 and 1000 pg/
106 cells, respectively). Caki-1 renal cell carcinoma and
Calu-6 non-small-cell lung carcinoma cells in culture
produced high levels of bFGF (42 and 10 pg/106 cells,
respectively). Caki-1, SW2 SCLC, HCT-116 and HT-29
colon tumors produced high plasma levels of VEGF
(200, 220, 42, and 151 pg/ml, respectively) and TGF-b
(31, 36, 45, 32 pg/ml, respectively). A positive linear
correlation was seen between tumor volume and VEGF
in SW2 (r=0.87) and Caki-1 (r=0.47) tumors, and a
moderate correlation in HCT116 tumors (r=0.3). An-
giogenic profiles in the plasma of nude mice bearing
human tumors may be useful to identify appropriate
biomarkers for antiangiogenic therapy, as diagnostic

and prognostic tools, and to monitor the responses of
individual tumors to antiangiogenic therapy.
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Introduction

Angiogenesis plays an important role in the process of
growth and metastasis of solid tumors. Tumor angio-
genesis is essential for tumor growth and metastasis for-
mation [1, 2, 3]. Numerous angiogenic factors that
regulate this complex process have been identified. Vas-
cular endothelial growth factor (VEGF) which is also
known as vascular permeability factor, is a potent, mul-
tifunctional and endothelial cell-specific growth factor. It
stimulates vasodilation and cell proliferation, increases
permeability and migration, and promotes endothelial
cell survival through binding of the Flk1/KDR and Flt-1
receptors on endothelial cells [4, 5]. Other cytokines
shown to regulate angiogenesis positively include trans-
forming growth factor-b (TGF-b), tumor necrosis factor-
a (TNF-a) and basic fibroblast growth factor (bFGF) [6].

Studies have been performed to profile these growth
factors in patients with local and metastatic disease [7, 8,
9, 10]. Such profiles could provide diagnostic and
prognostic parameters at initial presentation, assist in
determining response to therapy and indicate recurrence
in asymptomatic patients. Human tumor xenograft
models could be useful in the design of antiangiogenic
therapies and to understand the biology of malignant
disease processes. The use of Luminex technology offers
the advantage of measuring several cytokines within the
same sample using a small sample volume. In the present
study, the secretion of the angiogenic cytokines VEGF,
TNF-a, bFGF, and TGF-b by numerous human tumor
cell lines in culture and in the plasma of nude mice
bearing human tumor xenografts, and their relationship
to tumor burden, were examined.
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Materials and methods

Cell culture

The SW2 human small-cell lung carcinoma cell line originated from
the pleural fluid of a patient with small-cell lung cancer in 1979 [11].
Human umbilical vein endothelial cells (HUVEC) were purchased
from Bio-Whittaker Technologies (Walkersville, Md.). All other
cell lines were purchased from American Type Culture Collection
(Manassas, Va.). SW2 cells were maintained in RPMI-1640 with
10% fetal bovine serum (FBS) and 2 g/l sodium bicarbonate.
HUVEC were maintained in endothelial growth medium (EGM;
Bio-Whittaker Technologies). Caki-1 human renal cell carcinoma
cells were maintained in McCoy’s medium with 10% FBS. HS746T
human gastric cancer cells, NIH3T3 murine fibroblasts, and SW480
human colon carcinoma cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% FBS. Hep3B hepatocellular
carcinoma cells were maintained in minimum essential medium
with 10% FBS. MDA-MB468 and MX-1 breast carcinoma cells,
Calu-6 and H460 non-small-cell lung carcinoma cells, H82 small-
cell lung cancer cells, GC-3, HCT116, and HT29 colon carcinoma
cells were maintained in RPMI-1640 with 10% FBS. Cells were
grown to 80% confluency and the medium was replaced with se-
rum-free medium for 24 h. After 24 h, the medium was collected
for multiplex analysis and stored at )80�C until analysis.

Plasma collection

Nude mice of the same sex as the origin of the tumor were irra-
diated with 450 rad TBI. Human tumor cells (5·106) were sus-
pended in 1:1 medium/Matrigel, and injected subcutaneously into
the hind leg of the mouse. Tumor measurements were recorded
twice weekly. To obtain plasma mice, were killed with CO2 and
blood was collected through cardiac puncture and placed into
EDTA tubes on ice. The blood samples were centrifuged at
800 rpm for 30 min at 4�C, followed by 10 min at 3000 rpm. The
plasma was collected and stored at )80�C until analysis.

Multiplex assay

A Multiplex kit was purchased from R&D Systems (Minneapolis,
Minn.). Each 96-well filter plate (Millipore) was blocked with
100 ll blocking buffer for 30 min, followed by filtration under a
vacuum at 2 psi. The 25· bead mix was vortexed for 1 min and
sonicated for 30 s prior to diluting. The bead mix was diluted in
wash buffer, and 50 ll was immediately added to each well. Wash
buffer was vacuum-filtered. The standard was dissolved in medium
supplied in the kit. The standards and samples were added to the
filter plates containing bead mix in 50 ll in triplicate (plasma
samples were diluted 1:2 with diluent provided in the kit). To
measure TGF-b in cell culture, a 250-ll sample was acidified with
50 ll 1 N HCl and incubated for 10 min, then neutralized with
50 ll 1.2 N NaOH/0.5 M HEPES, and diluted with RD6 M for a
1:4 dilution. To measure TGF-b in plasma, a 10-ll sample was
acidified with 10 ll 2.5 N acetic acid/10 M HEPES and incubated
for 10 min, then neutralized with 10 ll 2.7 N NaOH/1 M HEPES,
and diluted with 170 ll RD6 M for a 1:20 dilution. The bead mix is
light sensitive and was thus stored in the dark. The plates were
placed on a shaker at 4�C overnight to allow binding of growth
factors to antibody-bound beads. The following day, the medium
was vacuum-filtered, and 50 ll detection antibody was added to
each well. The wells were washed four times with 100 ll wash
buffer. The plates were incubated on a shaker at room temperature
for 1 h in the dark. The plates were washed four times with 100 ll
wash buffer. Streptavidin-PE (50 ll) was added to each well. The
plate was shaken for 15 min at room temperature in the dark. The
wells were washed four times with 100 ll wash buffer. The beads
were resuspended in 150 ll wash buffer for analysis. Immediately

prior to analysis the plates were shaken to resuspend the beads.
Plates were read on a FACScan Luminex 100 (Luminex Corpo-
ration, Austin, Tx.). Data for 100 beads per cytokine were collected
for each standard and sample dilution.

Statistical analysis

The correlation coefficient test was used for statistical analysis of
both in vitro and in vivo data.

Results

VEGF production

VEGF, TNF-a, bFGF, and TGF-b secreted into the
culture medium supernatant by human tumor cell lines
and by normal cells found within tumor tissue were
measured. TNF-a was undetectable in all the tumor cell
line and the normal cell cultures tested. VEGF was se-
creted in the tumor cell line cultures studied (Fig. 1).
In vitro VEGF levels were in the range 0–1064 pg/
106 cells, with the highest levels secreted by HS746T
gastric carcinoma cells (1064 pg/106 cells) and Caki-1
renal cell cancer cells (452 pg/106 cells). Those produc-
ing the lowest amount of VEGF into the cell culture
medium were GC3 colon, SW480 colon, and SW2 SCLC
cells (25 pg/106 cells).

We also determined the plasma levels of VEGF in
mice bearing human tumor xenografts of the same tu-
mor lines as in the cell cultures. Non-tumor-bearing
nude mice did not show detectable plasma levels of
VEGF. In vivo implantation of each tumor resulted in
plasma VEGF levels ranging from 5 to 200 pg/ml,
except MDA-MB468 breast carcinoma. The highest
plasma VEGF levels were obtained in animals bearing
Caki-1 renal cell, SW2 SCLC, HT-29 and HCT116
colon tumors. These data suggest there is no direct
correlation between in vitro and in vivo tumor-induced
VEGF expression (r=)0.0056).

bFGF production

bFGF was measured in the same plasma and cell culture
samples as VEGF and TNF-a. In vivo bFGF was not
detectable in the plasma of non-tumor-bearing control
animals. The levels of bFGF secreted into culture were
much lower than VEGF levels in the same cultures. All
human tumor cell lines secreted detectable levels of
bFGF from 0.5 to 42 pg/106 cells (Fig. 2). The highest
bFGF levels were produced by Caki-1 renal cells (42
pg/106 cells), and Calu-6 NSCLC cells (10 pg/106 cells).

In the plasma of tumor-bearing animals, bFGF levels
were measurable in mice bearing each human tumor
except H82 SCLC, with levels in the range 1–100 pg/ml.
The highest bFGF plasma levels in vivo were found in
HT29 and SW480 colon tumor-bearing animals and
reached 80–100 pg/ml. Again there was no direct cor-
relation between in vitro and in vivo data (r=0.24), nor
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was there a correlation between VEGF expression and
bFGF expression.

TGF-b production

TGF-b levels, both in culture medium and in plasma
were much higher than those of VEGF and bFGF
(Fig. 3). In vitro, TGF-b was secreted by all of the cells
studied except HT-29 colon carcinoma cells. TGF-b
levels were in the range 0–2961 pg/106 cells, with the
highest levels secreted by HS746T gastric carcinoma
(2961 pg/106 cells) and Calu-6 NSCLC cells
(1053 pg/106 cells) cells. Non-tumor-bearing animals
had plasma TGF-b levels in the range 6–20 ng/ml. All
tumor-bearing animals produced plasma levels equal to
or greater than non-tumor-bearing controls. High plas-
ma levels of TGF-b occurred in nude mice bearing SW2
SCLC (4–72 ng/ml), Caki-1 renal cell (4–72 ng/ml), and
HCT116 colon carcinoma (7–87 ng/ml) cells. Again there
was no direct correlation between in vitro and in vivo
data, nor was there a correlation between TGF-b ex-
pression and bFGF production or VEGF production in
the plasma. However, a correlation was found between
VEGF and TGF-b secretion in cell culture (r=0.80).

To determine the contribution of normal cells found
in the tumor tissue to angiogenic growth factor pro-
duction, we examined the secretion of the four growth

factors by murine RAW264.7 macrophages, NIH3T3
fibroblasts and HUVEC into cell culture medium. As
with the tumor lines, none of these normal cell types
secreted detectable levels of TNF-a. In contrast to the
tumor lines, the normal cells examined produced no
detectable levels of VEGF (Fig. 4). This suggests that
the high VEGF levels found in the circulation of tumor-
bearing mice result from secretion of the cytokine by the
tumor cells. Only HUVEC secreted measurable levels of
bFGF into the culture medium. All three normal cell
lines secreted TGF-b at levels similar to or above those
detected in the culture medium with most of the tumor
cell lines.

We were also interested in examining the relationship
between tumor burden and cytokine levels in the plasma
of mice bearing these human tumors. We observed a
linear correlation between plasma VEGF levels and tu-
mor volume. As shown in Fig. 5, plasma VEGF levels
increased with tumor volume for five tumor lines which
produced varying plasma levels of VEGF: SW2 SCLC,
HCT116 colon tumor, Caki-1 renal cell tumor, Calu-6
NSCLC, and HS746T gastric carcinoma (r=0.87, 0.30,
0.47, 0.56, and 0.50, respectively). We also found a
correlation between tumor burden and TGF-b in GC3
colon carcinoma, HS746T gastric carcinoma, and MX-1
breast carcinoma (r=0.83, 0.50, and 0.75, respectively;
Fig. 6). We did not find a relationship between tumor
volume and bFGF. We also found that in many of the

Fig. 1 A Mean levels of VEGF
secretion by human tumor cell
lines into the cell culture
medium. B Mean plasma levels
of VEGF from nude mice
bearing human tumors. The
numbers indicate the sample size
analyzed for each group. The
bars represent the means+SEM
from three individual
experiments
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tumors studied, VEGF was not detectable in plasma
until the tumor volume reached 1000 mm3.

Discussion

Analysis of circulating angiogenic tumor markers may
play an important role in the evaluation of prognosis at
initial presentation as well as tumor metastasis, disease-
free and overall survival. Knowledge of circulating an-
giogenic factors may influence drug selection for
adjuvant chemotherapy, and aid in the understanding of
response to therapy. Many studies have evaluated the
clinical significance of increased angiogenic growth fac-
tor levels in patients with various cancers to be used as a
predictor for such indicators as outcome after adjuvant
therapy, metastasis, tumor size, and recurrence in as-
ymptomatic patients [8, 9, 12, 13]. In many of these
studies the focus was on plasma or serum cytokine lev-
els, while in others increases in tumor cytokine levels
were evaluated [10, 14, 15].

Studies in which the role of increased cytokine levels
in breast cancers has been evaluated have shown that
elevated tumor cytosolic content of VEGF is a possible
predictor of survival in patients with node-positive
breast cancer [14], disease-free interval and post-relapse
overall survival, poor rate of response compared with
patients with low tumor VEGF levels, and poor re-
sponse to tamoxifen and chemotherapy [15]. However,

in a recent review of surrogate markers for angiogenesis
in breast cancer [12], only in 5 of 12 studies were serum
VEGF levels found to correlate with overall survival,
while in 7 of these 12 trials serum VEGF was correlated
with relapse-free survival [12]. Serum bFGF was found
to correlate with relapse-free survival in only 1 of 10
studies, and overall survival in 2 of 10 studies [12]. When
evaluating the predictive value of serum TGF-b, higher
serum TGF-b levels have been found in patients with
more advanced TNM stages [13], while serum TGF-b
levels in breast cancer patients have been found not to
differ significantly from those in healthy women [16].

In colorectal carcinoma patients, high serum VEGF
levels have been found to correlate with advanced dis-
ease [17, 18, 19, 20], high risk of early aggressive me-
tastasis [17, 20], and a shorter survival period [17, 18,
19], and predict patients who would benefit from
adjuvant chemotherapy [17], or have a poor treatment
outcome [19]. In colorectal carcinoma patients, post-
operative levels of TGF-b have been found to be highly
predictive of liver metastasis after curative resection
[21].

In renal cell carcinoma patients, serum VEGF levels
have been found to be significantly correlated with tu-
mor stage and grade, and overall survival, but not with
progressive disease state [10]. Gene expression of VEGF
and bFGF has been found to be higher in the primary
tumors of patients with metastasis compared with the
primary tumors of disease-free patients at 48 months of

Fig. 2 A Mean levels of bFGF
secretion by human tumor cell
lines into the cell culture
medium. B Mean plasma levels
of bFGF from nude mice
bearing human tumors. The
numbers indicate the sample size
analyzed for each group. The
bars represent the means+SEM
from three individual
experiments
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follow-up [22]. TGF-b has also been found to be ele-
vated in pre- and postoperative renal cell carcinoma
patients compared with healthy patients [23].

In evaluating circulating cytokines in lung carcinoma
patients as predictors of response, significant changes
have been shown to occur in serum VEGF levels in lung
cancer patients who respond to therapy compared to
nonresponders [24]. Tumor VEGF expression has been
found to correlate with poor prognosis in non-small-cell
lung cancer [25]. However, in a similar study no prog-
nostic value of tumor VEGF expression in non-small-
cell lung cancer was shown [26]. Serum VEGF levels
have been found not to have potential for predicting

survival of patients with ovarian cancer [8, 27]. High
tumor VEGF expression [28] and high plasma VEGF
levels [29] have been found to correlate with poorer re-
sponse to therapy in gastric carcinoma patients than
lower levels of VEGF. In general, gastric cancer patients
with high plasma VEGF levels have been found to have
shorter overall survival, increased metastasis and disease
progression, poorer prognosis, and non-response to
therapy compared to patients with low VEGF expres-
sion.

In the current study the secretion of four angiogenic
cytokines was evaluated in a variety of malignant and
normal cell types found in tumor tissue, both in cell
culture and in the plasma of mice bearing human tu-
mors. The four growth factor profiles evaluated were
VEGF, bFGF, TNF-a, and TGF-b. We used plasma
level as indicator of tumor-induced cytokine production
in tumor-bearing animals because of the simplicity in
obtaining plasma samples from cancer patients com-
pared with tumor biopsies. These studies focused on
identifying a relationship between cytokine production
and tumor burden, determining whether elevated cyto-
kine production relates to tissue type in human cancers,
as well as evaluating plasma cytokine production in
human tumor xenografts to identify tumor models for
the evaluation of antiangiogenic agents.

We observed no direct correlation between growth
factor levels in plasma of tumor-bearing nude mice and
conditioned medium of tumor cells in culture. This was
expected since the microenvironment in cell culture may

Fig. 3 A Mean levels of TGF-b
secretion by human tumor cell
lines into the cell culture
medium. B Mean plasma levels
of TGF-b from nude mice
bearing human tumors. The
numbers indicate the sample size
analyzed for each group. The
bars represent means+SEM
from three individual
experiments

Fig. 4 Mean angiogenic growth factor secretion by normal cell
types found in tumor tissue in cell culture medium. The bars
represent means+SEM from three individual experiments
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provide different signals for cytokine production from
those in the tumor microenvironment in vivo. All of the
12 tumor cell lines secreted VEGF into the culture me-
dium. However, in vivo, only 4 of 12 tumors resulted in
high plasma VEGF levels, while several had very low or
undetectable plasma VEGF levels (4 of 12). In cell cul-
ture Caki-1 renal cell carcinoma cells secreted very high
amounts of bFGF, but few Caki-1 tumor-bearing mice
had detectable amounts of plasma bFGF levels.

When evaluating the relationship of plasma cytokine
levels with tumor burden, we observed a positive linear
correlation between tumor volume and plasma VEGF
levels in animals bearing SW2 SCLC, HCT116 colon,
Caki-1 renal, HS746T gastric, and Calu-6 NSCLC tu-
mors. In most animals, VEGF was not detectable when
tumor volumes were below 800 mm3. There was also a
positive linear correlation with TGF-b and tumor vol-
ume in animals bearing GC3 colon, HS746T gastric and
MX-1 breast tumors. Side by side analysis of the TGF-b
ELISA and Luminex assays consistently revealed

threefold higher TGF-b levels in the Luminex assay
(data not shown). It is possible that there is a correlation
between those tumors producing high levels of VEGF
and those producing high levels of TGF-b. Plasma
VEGF levels continued to increase as the tumor grew. In
mice bearing bFGF-secreting tumors, plasma bFGF did
not appear to be dependent on tumor volume. None of
the tumors consistently resulted in high plasma bFGF
levels even in animals with a large tumor burden. All of
these determinations were made with human tumor xe-
nografts growing subcutaneously, it is possible that tu-
mors growing in the orthotopic tissue or in key sites for
metastasis would have different angiogenic profiles. For
this initial study, the subcutaneous site of implantation
allowed a head-to-head comparison of a variety of tu-
mor lines without the confounding effects of wound
healing from surgical orthotopic implantation.

In conclusion, there was a linear correlation between
plasma VEGF levels as well as TGF-b and tumor vol-
ume in some human tumor xenografts, in good agree-
ment with clinical studies suggesting a relationship
between these growth factors and tumor burden and
disease stage. However, this observation was tumor-
specific, not tissue type-specific, suggesting that VEGF
may not be a predictive tumor marker for all patients
with cancer of the same tissue type. This study identified
several human tumor lines that could be useful in future
studies as models for studying antiangiogenic therapies,
and the effects of those therapies on cytokine produc-
tion.
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