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Abstract Activated fibroblasts are thought to play important roles in the progression of many solid tumors,
but little is known about the mechanisms responsible for the recruitment of fibroblasts in tumors.
Using several methods, we identified platelet-derived growth factor A (PDGFA) as the major
fibroblast chemoattractant and mitogen from conditioned medium generated by the Calu-6 lung
carcinoma cell line. In addition, we showed that Calu-6 tumors express significant levels of
PDGFC, and that the levels of expression of these two PDGFRa ligands correlate strongly with
the degree of stromal fibroblast infiltration into the tumor mass. The most intense expression
of PDGFRa was observed in fibroblasts in the tumor outer rim.We subsequently showed that
disrupting PDGFRa-mediated signaling results in significant inhibition of tumor growth in vivo.
Furthermore, analysis of a compendium of microarray data revealed significant expression of
PDGFA, PDGFC, and PDGFRa in human lung tumors.We propose that therapies targeting this
stromal cell type may be effective in treating certain types of solid tumors.

It has become apparent that the microenvironment in which
tumor cells develop profoundly influences many steps of tumor
progression. The tumor microenvironment consists of a stroma,
which is composed of immune and inflammatory cells,
endothelial cells and fibroblasts, a variety of growth factors
and cytokines, and an insoluble extracellular matrix. In various
experimental tumor models, each of the stromal cell types has
been shown to influence the efficiency of tumor formation, the
rate of tumor growth, the extent of invasiveness, and the ability
of the tumor cells to metastasize (1–3).
Much attention has been focused on the role of

endothelial cells in tumor angiogenesis; however, there is
accumulating evidence that in many solid tumor types, the
influence of the microenvironment is mediated in large part
by paracrine signaling between the tumor epithelium and
neighboring stromal fibroblasts (4). Fibroblasts are the
major constituent of the stroma in many solid tumors, and
in some cases, the fibroblast stroma comprises >90% of the
tumor mass. These tumor-associated fibroblasts often exist in
a constitutively activated state and often exhibit biological

markers consistent with those found at the sites of normal
wound healing (3).
In the normal wound repair process, fibroblasts are recruited

from the surrounding tissue. However, cancer cells are capable
of recruiting fibroblasts from the surrounding environment and
inducing their activation to the myofibroblast phenotype
directly (3). In addition to their presence in the tumor mass,
myofibroblasts are often found at the invasive fronts of a
number of solid tumors, where they have been shown to affect
the growth, invasion, and metastasis of the tumors through
their increased synthesis of extracellular matrix components
and the increased production of proteases, growth, and
angiogenic factors (4).
The growth of solid tumors requires the formation of new

blood vessels through angiogenesis, the sprouting of new blood
vessels from preexisting ones, although more recent evidence
indicates that recruitment of bone marrow–derived angiogenic
cells contributes to the development of a neovascular supply
(5, 6). Although a number of angiogenic factors have been
identified, vascular endothelial growth factor A (VEGF-A) is
probably the most ubiquitous, and much experimental evidence
implicates this factor in the regulation of both physiologic
and pathologic angiogenesis (7, 8). Administration of an anti-
VEGF-A humanized monoclonal antibody (mAb; bevacizumab)
in combination with chemotherapy results in increased survival
relative to chemotherapy alone in patients with previously
untreated metastatic colorectal cancer (9). In several experimen-
tal systems, inactivation of the VEGF-A gene indicates that
tumor-derived VEGF is important for tumor angiogenesis and
growth (10, 11). However, other studies have detected significant
levels of VEGF in the stromal compartment, suggesting a
significant role for stromal fibroblast-derived VEGF (12, 13).
Members of the platelet-derived growth factor (PDGF) family

have been shown to be potent mitogens and chemoattractants
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for a wide variety of cell types of mesenchymal origin (14). In
both human and mouse, the PDGF family consists of four
members (PDGFA, PDGFB, PDGFC, and PDGFD), which exert
their biological effects by binding to two receptor tyrosine
kinases (PDGFRa and PDGFRh). PDGFAA, PDGFAB, PDGFBB,
and PDGFCC dimers bind to PDGFRa with high affinity,
whereas PDGFBB and PDGFDD dimers bind PDGFRh prefer-
entially. PDGF signaling is critical for proper embryonic
development, whereas in the adult, it plays a role in wound
healing and in the control of interstitial fluid pressure (14).
Aberrant PDGF signaling is a hallmark of a number of solid

tumors, and studies of breast, lung, and colon cancers have
shown a tight correlation between deregulated paracrine PDGF
signaling and cancer progression (15–17). Furthermore, in
gliomas, fibrosarcomas, and osteosarcomas, coexpression of the
PDGF ligands and their cognate receptors by the tumor cells
leads to an autocrine mechanism that drives carcinogenesis
(18–20). Unlike the other members of its family, PDGFAA
exhibits a weak transforming activity, and thus far, most of the
studies have focused on its role in embryonic development (21).
Many studies have focused upon the role of tumor-derived

factors, such as PDGFB, basic fibroblast growth factor, and
transforming growth factor h-1 in the induction of the myofibro-
blast phenotype and the angiogenic process (22–24). However,
attempts to identify bona fide tumor-derived stromal fibroblast
recruitment factors are rare, despite the fact that intuitively, this
precedes fibroblast activation (25–27). In addition, using a
dominant-negative strategy, Shao et al. showed that the expression
of several PDGF family members was responsible for a desmo-
plastic response in mammary gland tumor xenografts (28).
Recently, using fibrosarcomas derived from VEGF null mouse

embryonic fibroblasts, Dong et al. showed a crucial role for
PDGFA in the recruitment of a stroma capable of mediating
tumor angiogenesis in the absence of tumor-derived VEGF (29).
However, the relevance of these findings to human tumors
remained unknown. To investigate the mechanisms of stromal
recruitment in a model of human lung carcinoma, we used the
Calu-6 cell line that is characterized by its ability to elicit a
significant host stromal response in vivo. Using chromatograph-
ic and immunologic methods, we identified PDGFAA as the
major chemotactic and mitogenic activity whose levels correlate
positively with the Calu-6 tumor’s ability to elicit a significant
stromal response in vivo . Adenoviral delivery of selective anta-
gonists of PDGF signaling showed that disrupting PDGFRa
signaling inhibits tumor growth in vivo. To validate these
findings, we analyzed the GeneExpress compendium of micro-
array data and confirmed the significant expression of PDGFA
and PDGFC as well as their cognate receptor PDGFRa in human
lung tumor samples. Thus, inhibition of signaling through
PDGFRa may prove to be an effective method of affecting the
growth and development of certain human solid tumors by
targeting recruitment of the stromal fibroblasts.

Materials andMethods

Cell lines. The human lung carcinoma cell line Calu-6 cell line and
the mouse fibroblast cell line NIH3T3 (American Type Culture
Collection, Manassas, VA) were cultured routinely in growth medium
[Ham’s F12 50%, low-glucose DMEM 50% supplemented with 10% v/v
fetal bovine serum, 1% v/v penicillin/streptomycin, 2 mmol/L
L-glutamine, and 1 Ag/mL Fungizone (Invitrogen, Carlsbad, CA)]. Cells

were incubated at 37jC in an atmosphere of 95% air/5% CO2. The
human embryonic kidney 293 cell line (American Type Culture
Collection), used to generate the adenovirus used in these experiments,
was typically grown using high-glucose DMEM supplemented with 10%
v/v fetal bovine serum, 1% v/v penicillin/streptomycin, 2 mmol/L
L-glutamine, and 1 Ag/mL Fungizone (Invitrogen).

Generation and fractionation of conditioned medium. Calu-6 cells

were allowed to grow to confluency in the presence of growth medium

on gelatin-coated 500-cm2 dishes. The medium was then replaced with

serum-free DMEM/Ham’s F12 medium, and the cells were incubated for

an additional 72 hours, at which time the media (total of 6 liters) was

harvested and concentrated 5-fold using a Filtron Ultrasette tangential

flow device with 10K membrane (Filtron Technology Corp., North-

borough, MA). All fractionation procedures described were done using

an AKTA Explorer chromatography system (GE Healthcare Bio-Sciences

Corp., Piscataway, NJ).
Cation-exchange column chromatography. The concentrated medium

was dialyzed against 25 mmol/L sodium phosphate (pH 6) and applied
on a 5-mL HiTrapS Sepharose column (Amersham Pharmacia Biotech),
which had been equilibrated with the same buffer. After a low salt
wash, the column was eluted with 1 mol/L NaCl.

Size exclusion column chromatography. Bioactive 1 mol/L NaCl
fractions generated using cation-exchange chromatography were
pooled, and 5-mL aliquots were loaded onto a TSK3000 column
(21.5 � 30 cm; Tosoh Biosep LC, Montgomeryville, PA) that had been
equilibrated in 20 mmol/L Tris (pH 7.5), 2 mol/L NaCl, and 0.02%
Tween 20. The flow rate was 3 mL/min, 3-mL fractions were collected,
and aliquots were tested for bioactivity.

Reverse-phase column chromatography. Bioactive fractions generated
using size exclusion chromatography were pooled, diluted 5-fold in
water containing 0.1% trifluoroacetic acid and loaded onto a C4 4000A
column (4.6 � 100 mm). The column was eluted using a linear gradient
of 15% to 50% acetonitrile (120 minutes) in 0.1% (v/v) trifluoroacetic
acid at the flow rate of 0.6 mL/min. Fractions of 0.6 mL were collected
and tested for bioactivity.

Proliferation assays. NIH3T3 cells were seeded on 96-well plates
(BD Biosciences, Bedford, MA) at a density of 3,000 in a 100 AL final

volume. Following overnight incubation, the medium was replaced
with starvation media (0.1% w/v bovine serum albumin in DMEM/

Ham’s F12 medium) supplemented with 2 to 10 AL of each fraction to
be tested, to a final volume of 100 AL. Following overnight

incubation, 1 ACi of 3H-methyl thymidine was added to each well,
and the cells incubated for 6 hours before harvesting. Cellular DNA

was harvested using a Filtermate 196 Harvester (Perkin Elmer,
Wellesley, MA) and Unifilter-96, GF/C plates (part no. 6005174;
Perkin-Elmer, Wellesley, MA). Incorporation of 3H-methyl thymidine

was detected using a TopCount Microplate Scintillation Counter
(Packard Bioscience). The data were plotted as total cpm of

incorporated over the fraction number. Inhibition assays were done
as described above, except that soluble PDGFRa or PDGFRh was

included in the assay mixtures at a final concentration of 1 Ag/mL
(>30 nmol/L). The samples were then processed as described. To rule
out the possibility that the effects of the soluble PDGFRs were

nonspecific, we tested the ability of such soluble receptors to inhibit
the effects of a variety of unrelated growth factors, including basic

fibroblast growth factor, epidermal growth factor, hepatocyte growth
factor, PDGFA, and PDGFB, on fibroblast proliferation and found no

inhibitory effects at the concentrations used to affect the bioactivity
present in the Calu-6 conditioned medium.

To assess Calu-6 proliferation, the Calu-6 cells were seeded in a final
volume of 1 mL in growth medium at a density of 3,000 per well in a
24-well plate (BD Biosciences, Bedford, MA). Following overnight
incubation, the medium was replaced with assay medium (0.5% v/v
fetal bovine serum in DMEM/Ham’s F12 medium) that included either
soluble PDGFRa or PDGFRh at concentrations of 1 or 5 Ag/mL (30 and
150 nmol/L, respectively). As controls, the cells were grown in assay
media supplemented with basic fibroblast growth factor, epidermal
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growth factor, PDGFAA, or PDGFBB at final concentrations of 20 Ag/
mL or in the presence of complete 50:50 media (10% fetal bovine
serum). Following a 5-day incubation, the cells were trypsinized and
counted using a Coulter Counter (Beckman Coulter, Miami, FL). The
results are presented as total cell numbers over treatment.

Migration assays. A modified Boyden chamber migration assay was
done using 24 transwell Fluoroblok migration plates (HTS Fluoroblock
Multiwell Insert System, BD Clontech, Mountain View, CA). The plates
(8 Am pore size) were precoated with 0.1% w/v gelatin. A 700-AL final
volume of starving media incorporating 10 to 20 AL samples of the
fractions to be tested were placed on the lower chamber of the
chemotaxis plates. Alternatively, a negative buffer-only control and
controls containing either PDGFAA or PDGFBB at a final concentration
of 20 ng/mL was used. Subsequently, 40,000 NIH3T3 cells were plated
in a final volume of 200 AL onto the upper chamber. Following
overnight incubation at 37jC in an atmosphere of 95% air/5% CO2,
the medium in the both upper and lower chambers was aspirated, and
the cells were fixed in cold methanol for 20 minutes at 4jC. The
methanol was removed, and the plates were dried at room temperature
before staining in a final concentration of 1 mmol/L YoPro-1
(Invitrogen, Eugene, OR) in PBS. Migration was assessed fluorimetri-
cally using a CytoFluor Multiwell Plate Reader and CytoFluor Software
(Series 4000; Applied Biosystems, Foster City, CA). Results are
presented as relative fluorescence units over fraction number. Inhibi-
tion assays were done as described above, except that soluble PDGFRa
or PDGFRh was included in the assay mixtures at a final concentration
of 1 Ag/mL (>30 nmol/L). The samples were then treated as described.

ELISA. Fractions were assayed for human PDGFAA, PDGFAB, and

PDGFBB using the Quantikine (DAA00, DHD00B, and DB00; R&D
Systems, Minneapolis, MN). Tumor lysates were assayed using a human

VEGF-specific ELISA (DVE00; R&D Systems). The concentration of

murine VEGF was determined using an ELISA developed at Genentech
(South San Francisco, CA). Briefly, goat anti-mouse VEGF antibody

(R&D Systems) was diluted to 1 Ag/mL in coating buffer [50 mmol/L

sodium carbonate (pH 9.6)] and used to coat a Maxisorp 96-well plate
(100 AL/well; Nunc, Rochester, NY). Following overnight incubation at

4jC, the plate was washed thrice (0.05% v/v Tween 20 in PBS), 150 AL
blocking buffer [0.05% w/v bovine serum albumin, 10 ppm Proclin

300 (Sigma-Aldricht, St. Louis, MO) in PBS] added and incubated for 1
hour at room temperature. The plate was washed six times, and murine

VEGF standards (3.2-500 pg/mL) and the samples were diluted using

assay buffer [0.05% w/v bovine serum albumin, 0.2% w/v bovine
g-globulin, 0.25% w/v CHAPS, 5 mmol/L EDTA, 0.35 mol/L NaCl,

0.05% v/v Tween 20 in PBS (pH 7.4)] were added (100 AL/well).
Following a 2-hour incubation at room temperature, the plate was
washed six times, and a biotinylated goat anti-mouse VEGF antibody

was added (100 AL/well). After a 1-hour incubation at room tem-

perature, the plates were washed six times, and streptavidin-horseradish
peroxidase (GE Healthcare Bio-Sciences, Piscataway, NJ), made in assay

buffer, was added (100 AL/well). The plate was incubated for 1 hour at

room temperature and washed six times, and 100 AL of biotinyl-

tyramide from the ELAST Amplification kit (Perkin-Elmer Life Sciences,
Inc., Wellesley, MA) was added to each well. Following a 15-minute

incubation at room temperature, the plate was washed six times and

incubated with streptavidin-horseradish peroxidase (100 AL/well) for
30 minutes and washed six times, and 100 AL of TMB (Kirkegaard and

Perry Laboratories, Gaithersburg, MD) was added to each well. The

color was allowed to develop for 2 to 3 minutes at room temperature
and stopped by adding 100 AL of 1 mol/L H3PO4 to each well. The

absorbance was read at 450/650 nm using a SpectraMax 250 microplate

reader (Molecular Devices Corp., Sunnyvale, CA).
Western blotting for fibronectin. Fractions generated from size

exclusion chromatography of Calu-6 conditioned medium were
concentrated 4-fold using Microcon YM-3 columns (Millipore Corp.,
Billerica, MA) and separated using a 4% to 20% gradient SDS-PAGE
(Invitrogen). Following electrophoretic transfer to a polyvinylidene
difluoride membrane, the blot was probed overnight using a mAb

against human-fibronectin (MAB1934, Chemicon, Temecula, CA)
diluted to a concentration of 5 Ag/mL in blocking buffer (PBST, 0.1%
v/v Tween 20 in PBS and 5% w/v skim milk powder). The blot was
washed thrice using wash buffer (0.2% w/v skim milk powder in PBST)
and probed with a horseradish peroxidase–conjugated goat anti-mouse
IgG (Pierce Chemical, Rockford, IL) diluted 1:20,000 in blocking
buffer. Following three washes, the blot was developed using the
enhanced chemiluminescence plus Western Blotting Detection System
(RPM2132; GE Healthcare Bio-Sciences, Piscataway, NJ).

Quantitative reverse transcription-PCR analysis. Primers specific for

human PDGF chains A, B, C, D and glyceraldehyde-3-phosphate

dehydrogenase or RPL19 ; murine VEGF-A and glyceraldehyde-3-

phosphate dehydrogenase ; and an oligonucleotide probe labeled with a

reported fluorescent dye (FAM) at the 5Vend and a quencher fluorescent
dye (TAMRA) at the 3V end were designed using the ABI PRISM

PrimerExpress version 1.5 software (PE Applied Biosystems, Foster City,

CA). The quantitative reverse transcription-PCR (RT-PCR) primer

sequences are provided in Table 1. Total RNA was isolated from

xenografted tumor samples or monolayer by homogenization in the

presence of Tri Reagent and BCP phase separation reagent (Molecular

Research Center, Cincinnati, OH) according to the manufacturer’s

protocol. The RNA was subsequently cleaned using the RNeasy Protect

Midi kit (Qiagen, Valencia, CA). Total RNA (50 ng) was added to a 50

AL RT-PCR reaction mixture according to the manufacturer’s protocol

(Roche Molecular Systems, Pleasanton, CA). The thermal cycling

conditions included one cycle at 48jC for 30 minutes, one cycle at

95jC for 10 minutes, 40 cycles at 95jC for 15 seconds, annealing at

60jC for 1 minute, and a final hold at 25jC for 2 minutes. These

reactions were done in MicroAmp Optical 96-well reaction plates and

run on an ABI PRISM 7700 Sequence Detector (PE Applied Biosystems).

Standard curves for the expression of each gene were generated by serial

dilution of a standard preparation of total RNA from the human glioma

cell line G55, or normal human lung (BD Clontech).
Analysis of normal and tumor human lung samples. The expression of

members of the PDGF family were analyzed in GeneExpress (Genelogic,
Gaithersburg, MD), a compendium of microarray gene expression data
from thousands of clinical samples. Using this database, 138 normal
human lung and 159 human lung tumor samples were examined using
probes specific for each member of the PDGF family. Signal intensity
(arbitrary units) was computed using Affymetrix MAS 5 software
(Affymetrix, Inc., Santa Clara, CA). Normal samples are shown in green
above the respective lines for each PDGF, whereas tumor samples
are shown in red; t statistics and their corresponding two-tailed Ps
were calculated using the R program for statistical computing (http://
www.r-project.org), assuming unequal variance in the normal and
tumor groups. P < 0.0001 was considered statistically significant.

Generation of adenoviral constructs. cDNA encoding the b-galacto-
sidase gene, a region encoding the first three immunoglobulin-like
domains of murine VEGFR1 fused to the Fc portion of murine IgG1
[mFlt(1-3)-IgG], and the extracellular domain that includes the first
three immunoglobulin domains of either PDGFRa or PDGFRh fused to
the Fc portion of human IgG1 (PDGFRa-IgG and PDGFRh-IgG) were
cloned into the cytomegalovirus shuttle vector using NotI and HindIII
sites, and recombinant virus was produced using the AdEasy system
according to the manufacturer’s directions (Stratagene, La Jolla, CA).
Virus was purified by using the Megakit from Virapur (BD Clontech)
and titered by conventional methods.

Mouse xenograft experiments. Briefly, Calu-6 cells suspended at a
concentration of 5 � 106 per mL Matrigel were injected s.c. into the
dorsal flank region of beige nude XID mice (Harlan Sprague-Dawley,
Indianapolis, IN). Five days after tumor cell inoculation, when the
xenografts were established and had reached a volume of 50 to 100
mm3, i.p. treatment with mAb A.4.6.1 (30) was initiated, at a dose of 10
mg/kg. Thereafter, the mice were treated twice weekly. mFlt(1-3)-IgG,
also designated as mFlt-IgG, was administered i.p. every day at a dose of
25mg/kg. Tumor volumes were calculated every second day using the
ellipsoid volume formulas (6 � L � W � H , where L = length, W =
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width, and H = height; ref. 31). For statistical analysis of differences
between groups, a one-way ANOVA followed by a Tukey HSD pairwise
analysis was done using JMP software (SAS Institute, Inc., Cary, NC).
P < 0.001 was considered significant.

Calu-6 cells were resuspended in Matrigel (BD Clontech) at a
concentration of 1 � 108 cells/mL and injected (100 AL/mouse) s.c.
into the dorsal flank regions of Beige XID mice (Harlan Sprague-
Dawley) using a 28-gauge needle and 0.5-mL tuberculin syringe.
Following a 24-hour incubation, the mice were separated into groups of
six, and the tumor volumes were determined by measurement along
their length � width � height using vernier calipers (32). The mice were
then injected i.t. with 1 � 109 plaque-forming units of each adenovirus
in 100 AL volume. Treatment was done once per week for a period of 4
weeks, at which time the tumors were measured, excised, and weighed,
and portions were snap-frozen in liquid nitrogen for RNA extraction or
fixed in 10% v/v formalin for subsequent analysis. Data are presented as
the mean F SE of six mice per group. For statistical analysis of
differences between groups, a one-way ANOVA followed by a Tukey
HSD pairwise analysis was done using JMP software (SAS Institute).
P < 0.001 was considered significant.

Generation of tumor lysates. Tumor lysates were prepared by
homogenization in cold modified radioimmunoprecipitation assay
buffer [50 mmol/L Tris-HCl (pH 7.2), 100 mmol/L sodium chloride,
1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1% v/v
Triton X-100, 0.5% w/v sodium deoxycholic acid, 0.1% w/v SDS,
1 mmol/L sodium orthovanadate, 1 mmol/L sodium fluoride]
supplemented with 1 Complete protease inhibitor cocktail tablet
(Roche Diagnostics, Indianapolis, IN) per 50 mL of buffer. Tissue and
cell debris was removed by centrifugation. Protein concentration was
determined with a modified bicinchoninic acid protein assay (Pierce
Chemical) as per the manufacturer’s instructions.

In situ analyses of xenografted tumor samples. All tissues were fixed
in 10% (v/v) formalin and paraffin embedded. Sections 5-Am thick
were deparaffinized, deproteinated in 4 Ag/mL of proteinase K for
30 minutes at 37jC, and further processed for in situ hybridization as
previously described (33, 34). 33P-UTP labeled sense and antisense
probes were hybridized to the sections at 55jC overnight. Unhybridized

probe was removed by incubation in 20 Ag/mL RNase A for 30 minutes
at 37jC followed by a high stringency wash at 55jC in 0.1 � SSC for 2
hours and dehydration through graded ethanol. The slides were dipped
in NBT2 nuclear track emulsion (Eastman Kodak, Rochester, NY),
exposed in sealed plastic slide boxes containing desiccant for 4 to 6
weeks at 4jC, developed, and counterstained with H&E. The following
probe templates were PCR amplified using the primers described below.
Upper primers and lower primers for murine VEGF exon 3, murine
PDGFA , and murine PDGFB had 27 nucleotide extensions appended to
the 5V ends encoding T7 RNA polymerase and T3 RNA polymerase
promoters, respectively, for generation of sense and antisense tran-
scripts. mVEGF exon 3 probe: 193 nucleotides corresponding to
nucleotides 202-394 of NM_009505, upper primer, 5V-TGATCAAGTT-
CATGGACGTCTACC-3V and lower primer, 5V-ATGGTGATGTTGC-
TCTCTGACG-3V. Murine PDGFA probe: 571 nucleotides
corresponding to nucleotides 192-762 of NM_008808, upper primer,
5V-TGGGCTTGCCTGCTGCTCCT-3V and lower primer, 5V-CTGT-
CTCCTCCTCCCGATGGTCT-3V. Murine PDGFB probe: 653 nucleotides
corresponding to nucleotides 1082-1734 of NM_011057, upper primer,
5V-CACTCCATCCGCTCCTTTGA-3V and lower primer, 5V-AAATAA-
CCCTGCCCACACTCTTG-3V. Two templates were generated for murine
PDGFRa, PDGFRb, human PDGFA , and human PDGFB with T7 RNA
polymerase promoters appended to the 5V end of either the upper
primer for sense transcripts or the lower primer for antisense transcripts.
mPDGFRa probe: length 799 nucleotides corresponding to nucleotides
268-1066 of NM_011058, upper primer, 5V-TTACCCTCTATCCTCC-
CAAACGA-3Vand lower primer, 5V-GGGCAGCACATTCATACTCTCC-3V.
mPDGFRb probe: 742 nucleotides corresponding to nucleotides 574-
1315 of NM_008809, upper primer, 5V-ATTCCGTGCCGAGTGACA-
GACCC-3V and lower primer, 5V-AGTAGCCCGCTTCTGACACCTT-3V.
Human PDGFA probe: 578 nucleotides corresponding to nucleotides
844-1421 of NM_002607, upper primer, 5V-GACCTTGGCTTGC-
CTGCTGCTCC-3Vand lower primer, 5V-TTCCCGTGTCCTCTTCCCGA-
TAA-3V. Human PDGFB probe: 621 nucleotides corresponding to
nucleotides 1037-1657 of NM_002608, upper primer, 5V-GGCGCT-
CTTCCTGTCTCTCTGCT-3V and lower primer, 5V-GTCCGAATGGT-
CACCCGAGTTTG-3V.

Table1. Quantitative RT-PCR primer sequences used in these experiments

Primer Sequence Orientation Gene

187486 5-CCTTTCCTGGGACATGGA-3 Forward PDGFA
187487 5-GCACACTGGCAATAAAGCA-3 Reverse PDGFA
187488 5-TACATGGCGTGTTACATTCCTGAACCTACT-3 Probe PDGFA
166036 5-CGATCCGCTCCTTTGATGAT-3 Forward PDGFB
166037 5-TCCAACTCGGCCCCATCT-3 Reverse PDGFB
166038 5-CTGCACGGAGACCCCGGAGAGG-3 Probe PDGFB
166039 5-GCCTCTTCGGGCTTCTCC-3 Forward PDGFC
166040 5-TTACTACTCAGGTTGGATTCCGC-3 Reverse PDGFC
166041 5-CTGACATCTGCCCTGGCCGGC-3 Probe PDGFC
166042 5-CAGTAACGGATCCCACTCTGATT-3 Forward PDGFD
166043 5-TTGAGCAGATCTTCCACTGTATCAA-3 Reverse PDGFD
166044 5-CGGATGCTCTGGACAAAAAAATTGCAGAA-3 Probe PDGFD
124570 5-ATGAAGCCCTGGAGTGCGT-3 Forward VEGF
124571 5-AGGTTTGATCCGCATGATCTG-3 Reverse VEGF
124572 5-CCCACGTCAGAGAGCAACATCACCAT-3 Probe VEGF
201073 5-TGGGCTACACTGAGCACCAG-3 Forward GAPDH
201074 5-CAGCGTCAAAGGTGGAGGAG-3 Reverse GAPDH
201075 5-TCTCCTCTGACTTCAACAGCGACACCC-3 Probe GAPDH
209729 5-AGCGGATTCTCATGGAACA-3 Forward RPL19
209730 5-CTGGTCAGCCAGGAGCTT-3 Reverse RPL19
209731 5-TCCACAAGCTGAAGGCAGACAAGG-3 Probe RPL19
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Immunohistochemical analyses of xenografted tumor samples. Tumors
were fixed in neutral-buffered formalin for 24 hours before paraffin
embedding. H&E staining and immunohistochemistry were done as
described previously (33). Immunohistochemical staining was done
using the antigen retrieval systems and appropriate antibodies listed
in Table 2. Each was detected sequentially using the appropriate
biotinylated secondary antibody, Vectastain Avidin-Biotin Complex
Peroxidase Elite and Vectastain Elite, or streptavidin-alkaline phos-
phatase (Vector Laboratories, Burlingame, CA). Reaction product was
generated using metal-enhanced 3,3V-diaminobenzidine (Pierce Chem-
ical) or Vector Blue (Vector Laboratories) as appropriate. Sections were
lightly counterstained with hematoxylin, dehydrated, and cover-
slipped.

Results

Stromal cell recruitment correlates with the resistance to
antihuman VEGF therapy in a xenograft model. To examine
the influence of the stroma on the response of these tumors to
anti-VEGF therapy, we made use of a human tumor cell line,
Calu-6, which is characterized by its ability to induce a strong
host stromal response in vivo . In several experiments, Calu-6
tumor growth was minimally inhibited by treatment with mAb
A4.6.1, an antibody recognizing human VEGF (30). Figure 1A
illustrates a representative experiment in which only 5%
inhibition was achieved. However, treatment of these tumors
with mFlt(1-3)-IgG, a soluble form of VEGFR1 that binds and
sequesters both tumor- and host-derived VEGF, resulted in
growth inhibition of >90% (35). In contrast, the A673
rhabdomyosarcoma cell line, which results in a more modest
stromal recruitment in vivo relative to Calu-6 cells, was shown
in previous studies to be inhibited z80% by treatment with
mAb A4.6.1 (36).
To assess the relative contributions of tumor and stroma to the

resistance of Calu-6 tumors to treatment with mAb A4.6.1,
the levels of tumor- and host-derived VEGF were examined. In
the Calu-6 tumors, both the tumor and stromal cells produce
nearly equivalent levels of VEGF [52.2% and 47.8 F 7.1% (SE),
respectively]. In contrast, a majority of the VEGF detected in the
A673 tumors is generated by the tumor cells [97.6 F 0.7% (SE)].
Next, the tumors were examined histologically to assess the

correlation between the level of stromal-derived VEGF and the
degree of stromal cell incorporation into the tumor. Although
the Calu-6 tumor cells were surrounded by spindle-like stromal
cells that displayed fibroblast morphology and smooth muscle

actin immunoreactivity (Fig. 1B), the A673 tumors almost
completely comprised sheets of tumor cells with little stromal
infiltration (Fig. 1C).

Calu-6 cells secrete a potent fibroblast bioactive factor. The
extensive incorporation of stromal fibroblasts into the Calu-6
tumor mass (Fig. 1B) suggested that these tumor cells could be
a source of stromal mitogens and chemoattractants. Therefore,
Calu-6 conditioned medium was generated and subjected to
column chromatography. Both mitogenic and chemotactic
activities were monitored using the NIH3T3 fibroblast cell line,
which was used as a stromal fibroblast cell model because it has
proven to be a more robust cell type than primary stromal cell
cultures (data not shown). This was important given the harsh
nature of some of the buffers used in the purification protocol.
Calu-6 conditioned medium was subjected to cation-exchange
chromatography, and fractions 4 to 8 were found to contain
potent mitogenic and chemotactic activities (Fig. 2A and B,
respectively). These fractions were pooled and subjected to size
exclusion chromatography. Fractions 30 to 32, corresponding
to an M r of 20 to 45 kDa, contained a potent mitogenic
(Fig. 2C) and chemotactic (Fig. 2D) activity. These fractions
were pooled and purified further by reverse-phase chromatog-
raphy. Again, prominent mitogenic and chemotactic activities
(Fig. 2E and F, respectively) coeluted in fractions 15 to 22,
which corresponded to 25% to 35% acetonitrile.

Calu-6 cells express significant levels of PDGFA and PDGFC.
Previous studies aimed at characterizing novel fibroblast
chemoattractants identified fibronectin as the major bioactive
factor (25–27). Therefore, a number of size-excluded fractions
ranging in size from 15 to 670 kDa were examined for the
presence of fibronectin by Western blotting. Fibronectin is
present in the fractions of molecular weight of >158 kDa
(Fig. 3A), which represent a minor portion of the total
chemotactic activity in Calu-6 conditioned medium and were
subsequently excluded from further purification. A candidate
approach was then taken to try to identify the factors present in
the major peaks of bioactivity. Because members of the PDGF
family are the most potent fibroblast mitogens and chemo-
attractants, the fractions were initially tested for PDGFBB or
PDGFAB, and their levels were determined to be below the
limits of detection by ELISA (<31.25 pg/mL). In contrast,
significant amounts of PDGFAA (>30 ng/mL per fraction) were
found to coelute with the major peak of activity in the size-
excluded fractions (Fig. 3B). The bioactive fractions generated

Table 2. Summary of antibodies and reagents

Antibody Source Primary antibody Primary
antibody
(Mg/mL)

Antigen
retrieval

Secondary antibody Secondary
antibody
(Mg/mL)

PDGFRa R&DSystems Goat polyclonal AF1062 1 Target,
High pH

Rabbit anti-goat,
biotinylated

7.5

PDGFRh R&DSystems Goat polyclonal AF1062 1 Trilogy Rabbit anti-goat,
biotinylated

7.5

aSMA DAKO, Indianapolis, IN Mousemonoclonal1A4 0.1 None Goat anti-mouse,
biotinylated

5

MECA-32 (PVLAP
endothelial antigen)

PharMingen/
BDBiosciences

Rat monoclonal 2 Target Rabbit anti-rat
biotinylated

2.5
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by cation-exchange or reverse-phase column chromatography
were also tested and found to contain considerable amounts of
PDGFAA (data not shown).
We also tested for the presence of PDGFAA and PDGFBB in

the conditioned medium generated from a variety of human
cancer cell lines whose respective tumors are associated with
substantial amounts of stroma (Table 3). The results show
considerable expression of PDGFAA by these tumor cell lines. In
contrast, PDGFBB was undetectable. Because there is a paucity of
effective antibody reagents to test for the presence of either
PDGFCC or PDGFDD, we used quantitative RT-PCR to assess the
levels of the various PDGF family members in RNA isolated from
Calu-6 cells using human PDGF-specific primers. Calu-6 cells
express considerable levels of PDGFA and C, whereas PDGFB
and PDGFD are virtually undetectable (Fig. 3C).
To assess the physiologic relevance of the results derived

using the Calu-6 tumor model, we examined RNA isolated from
tumors derived from a human pancreatic adenocarcinoma cell
line HPAC, which is associated with a significant stromal
response in vivo (37). Similarly to the Calu-6 tumors, HPAC
tumors expressed significant levels of PDGFA and PDGFC,
whereas the levels of PDGFB or PDGFD were barely detectable
(Fig. 3D). ELISA done on the conditioned medium of this cell
line indicated the presence of PDGFAA (0.608 ng/mL) at levels
that were comparable with the levels detected in the Calu-6
conditioned medium (0.893 ng/mL). In contrast, A673
conditioned medium contains little PDGFAA (0.062 ng/mL).
In all conditioned media, PDGFBB was undetectable (Table 3).
We also assessed the relative expression of each human PDGF

in the Calu-6 and A673 tumors using quantitative RT-PCR. The
results show significant expression of PDGFA and PDGFC by
the Calu-6 tumors in contrast to the considerably lower levels
detected in the A673 tumors. In both tumors, the levels of
PDGFB were significantly lower, whereas the levels of PDGFD
were barely detectable (Fig. 3E). ELISA was used to confirm the
relative levels of PDGFAA and PDGFBB in Calu-6 tumor lysates.
Although Calu-6 tumors contain significant levels of PDGFAA
[267 F 55 pg/mg total protein (SE)], the levels of PDGFBB are
�3-fold lower [93.7 F 24.9 pg/mg total protein (SE)]. Similar
results were obtained in an independent experiment (data not
shown).
To complement these studies, we analyzed the expression of

the PDGFs and their cognate receptors using GeneExpress, a
compendium of microarray gene expression data containing
thousands of clinical samples. This analysis, which included
138 normal samples and 159 tumor samples, showed
considerable PDGFA expression in the normal lung and the
tumor samples. However, a subset of lung tumor samples (20
of 159), classified predominantly as adenocarcinomas,
contained significantly higher levels of PDGFA (Fig. 3F).
Interestingly, the overall levels of PDGFC were found to be
higher in the tumor samples compared with the normal
samples (mean signal intensities of 1,486 and 1,174 arbitrary
units, respectively; P < 0.0001). In contrast, both PDGFB and
PDGFD are expressed at lower levels overall, and no differences
in expression were found in the normal compared with the
tumor samples. The considerable expression of both PDGFRa
and PDGFRh detected in both normal and tumor samples
coupled with the predominant expression of PDGFA and C
suggests that this axis of PDGF signaling may be an important
part in the development of lung cancer.

Fig. 1. Response of Calu-6 tumors to anti-VEGF therapy. A, growth curves of
control untreated Calu-6 lung carcinoma ^ derived xenografted tumors, tumors
treated with mAb A4.6.1, or tumors treated with mFlt-IgG.Tumor volume (mm3)
over time in days.B andC, sections of the Calu-6 orA673 tumorswere stainedwith
antibodies to the endothelial cell marker PVLAP (triangles) and aSMA (arrows).
*, tumor cells. Images were taken using differential interference contrast microscopy
to visualize the tumor (asterisk) and stromal (arrows) constituents.B, Calu-6 tumors
exhibit significant infiltration by stromal cells (arrows) and substantial acellular
matrix. Anti-PLVAP staining was used to highlight the vasculature (triangles).
C, A673 tumors almost completely comprised primitive skeletal muscle cells
(asterisk) with minimal stromal infiltration.
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PDGF/PDGFR signaling is critical to tumor growth in vivo.
To discern whether the activities in the various fractions exerted
their effects by signaling through PDGFRa or PDGFRh, the size-
excluded fractions were retested in the presence of neutralizing
recombinant human PDGF receptors. Soluble PDGFRa, which
primarily inhibits PDGFAA and PDGFCC signaling, abrogated
the mitogenic (Fig. 4A) and chemotactic (Fig. 4B) activities
detected in the size-excluded fractions. In contrast, the presence
of soluble PDFGRh, which primarily inhibits PDGFB and
PDGFD signaling, did not affect either activity.
To further characterize the different bioactivities, we used of

reverse-phase column chromatography. Once again, the prom-
inent peak of mitogenic and chemotactic activity was found to
coincide with the elution of PDGFAA (data not shown).
Given the significant levels of PDGFAA and PDGFCC

expressed by the tumors and the effects of blocking PDGFRa
signaling in vitro , we examined the effects of inhibiting
PDGFRa signaling on tumor growth in vivo. A xenograft
experiment was done, in which Calu-6 cells were injected s.c.
into the rear flanks of immune-deficient mice. Beginning 24
hours later, the mice were treated i.t. with adenovirus encoding
LacZ (Ad-LacZ), Flt-IgG (Ad-mFlt-IgG), or soluble forms of
PDGFRa (Ad-PDFGRa-IgG) or PDGFRb (Ad-PDGFRh-IgG),
and their effect on tumor growth was assessed. Compared with
the Ad-LacZ-treated tumors, all of the treatments significantly
affected the rate (P < 0.01; Fig. 4C) and the extent (P < 0.001;
Fig. 4D) of tumor growth. Notably, Ad-PDGFRa treatment was
as effective as treatment with Ad-mFlt-IgG (Fig. 4C and D). In
representative histologic sections of treated tumors (n = 6 or 7
per group in each of two separate experiments), the areas of
tumor necrosis, estimated visually, was similar in control
Ad-LacZ-treated samples (19 F 13%, n = 12) and Ad-PDGFRh-
treated samples (23 F 14%, n = 13; P versus control = 0.47). In
contrast, relative to Ad-LacZ controls, tumor necrosis was
increased in Ad-Flt tumors (36 F 26%, n = 12; P = 0.055 versus
controls) and Ad-PDGFRa-treated tumors (43 F 24%, n = 12;
P = 0.006 versus controls). The extent of necrosis was not
significantly different between Ad-Flt- and Ad-PDGFRa-treated
groups (P = 0.47). We also tested the effects of the adenoviral
constructs on the growth of established tumors. As single
agents, the soluble PDGF receptors and mFlt-IgG effectively
inhibited the growth of established tumors of an average size of
�150 mm3 (data not shown).
PDGFRa autocrine signaling has been described in gliomas

and sarcomas but not in carcinomas (18, 38). However, it was
important to show that the antitumor effects observed resulted
from effects upon the host stromal cells rather than anti-
proliferative effects on the tumor cells caused by disruption of
an existing autocrine loop. Therefore, we tested the effects of
the soluble PDGF receptors on Calu-6 proliferation in vitro .
Calu-6 cell proliferation was unaffected by either receptor (Fig.
4E), even at levels 5-fold greater than those used to inhibit
NIH3T3 fibroblast proliferation and migration (Fig. 4A and B).

Additionally, Calu-6 cells failed to respond to several recom-
binant growth factors tested, including PDGFAA and BB; yet,
they proliferated readily in complete medium (10% fetal
bovine serum).

Expression of PDGFRa+ is highest in fibroblasts in the tumor
outer rim. To dissect the mechanisms underlying the antitumor
effects observed, in situ hybridization analysis was done on Calu-
6 tumor sections using probes for human and murine PDGFA
and PDGFB and the murine PDGFRa and PDGFRb (Fig. 5). As
the adenoviral treatments did not affect host expression of any of
the genes examined, only the Ad-LacZ-treated controls are
provided. Human PDGFA is abundantly expressed throughout
the tumor mass with particularly intense regions around areas of
necrosis (Fig. 5A). In contrast, no signal was detected in the sense
control. PDGFB was more weakly expressed throughout the
tumor mass, with modest increases in intensity around necrotic
regions. To assess the host’s contribution of these factors, probes
specific to murine PDGFA and PDGFB were used. PDGFA signal
was weak and scattered throughout the tumor mass, whereas
the PDGFB signal detected was associated with blood vessels
(Fig. 5B). These results suggested that the majority of the PDGFA
were produced by the tumor epithelium. To confirm these
results, quantitative RT-PCR was done using primers that recog-
nize both human and murine forms of PDGFA. When compared
with the results obtained using primers specific for human
PDGFA the results, normalized to glyceraldehyde-3-phosphate
dehydrogenase, indicated that the preponderance of PDGFA in
the tumors is produced by the tumor cells themselves and not
host cells (data not shown). In situ hybridization revealed that
the most intense expression of PDGFRa was localized to stromal
fibroblasts at the tumor periphery (Fig. 5C). Alternatively,
PDGFRb displayed a punctuate pattern of expression, associated
with discrete stromal cell clusters throughout the tumor. Because
members of the PDGF family have been shown to affect the
angiogenic process, there was a possibility that Ad-PDGFR-IgG
treatment affected the expression of VEGF.
A VEGF-specific probe displays a modest signal from the

fibroblasts within the stroma, with the highest intensity
associated with the tumor cells at the periphery of the necrotic
regions (Fig. 5D). The significant cross-reactivity of the probe
for the human and murine VEGF transcripts made it difficult to
discern any significant changes in VEGF expression resulting
from the adenoviral treatments. Taqman analysis of tumor RNA
using primers specific for murine VEGF-A indicated that
treatment with Ad-PDGFRa resulted in an f40% reduction
in expression relative to Ad-LacZ (Supplementary Fig. S1).

Calu-6 tumors recruit PDGRFa+ stromal fibroblasts. To verify
these results, immunohistochemistry of the tumor samples was
done using antibodies to murine PDGFRa, PDGFRh, aSMA,
and MECA-32, an endothelial PLVAP-specific antibody (Fig. 6).
The most intense PDGFRa-specific staining localized to stromal
fibroblasts present at the periphery of the tumor (Fig. 6B).
Within the tumor mass, this stromal cell type seemed to exhibit

Fig. 2. Fractionation of Calu-6 conditioned medium. Column chromatography was used to enrich different bioactivities from Calu-6 conditioned medium. A, C, and E,
fractions generated were assayed for mitogenic activity on NIH3T3 cells. CPMincorporated over fraction number. B, D, and F, fractions were also tested for chemotactic
activity on NIH3T3 cells. Relative fluorescence units (RFU) over fraction number. Absorbance at 280 nmwas monitored during chromatographic procedures. Protein
molecular weight standards are presented as kDa. A and B, Calu-6 CMwas subjected to cation-exchange chromatography, as described in the text. Fractions 4 to 8 (eluted
with1mol/LNaCl) showed a peak of mitogenic and chemotactic activity.These fractions were pooled and further purified by size-exclusion chromatography. C and
D, fractions 29 to 32 (apparent molecular weight = 20-45 kDa) contained a major peak of bioactivity that was pooled and subjected to C4-reverse-phase chromatography.
E and F, fractions15 to 22 contain a major peak of bioactivity. Columns, mean; bars, SE.
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a decreased expression of PDGFRa. In the surrounding tissue,
expression of PDGFRh localized predominantly to the vascu-
lature (Fig. 6E). In addition, a low level of expression was
associated with a portion of the fibroblast cells. Within the
tumor mass, PDGFRh expression also localized to blood vessels
but was equivalently expressed in a major portion of the
stromal fibroblasts. MECA-32 staining was done to more clearly
identify blood vessels in the tumor periphery and in the tumor
mass (Fig. 6C-E). Staining for aSMA in the normal stroma was
strongly associated with vascular smooth muscle cells in a
manner similar to the results of PDGFRh staining (Fig. 6K).
Within the tumor mass, aSMA expression remained vascular,
but in addition, localized to nonvascular stromal cells in a
pattern that was most consistent with that observed for
PDGFRh expression (Fig. 6L).

Discussion

In previous studies, Dong et al. showed a VEGF-null murine
tumor’s ability to overcome the need for VEGF by recruiting the
host stroma, a significant contributor to tumor angiogenesis
and growth, in a PDGFAA-dependent manner (29). Here, we
show that this is also true of human tumor cells.
We initially focused on the response of Calu-6 tumors to

treatment using an anti-human VEGF antibody mAb A4.6.1.
These studies revealed a significant incorporation of host stromal
cells, displaying the spindle-like fibroblast phenotype, into the

Calu-6 tumor mass. The degree of stromal cell incorporation
correlated strongly with the host-stromal contribution of VEGF
and the ability of these tumors to resist treatment with mAb
4.6.1. In contrast, tumors without a substantial host-derived
stromal component, such as the A673 rhabdomyosarcoma, are
profoundly inhibited by mAb 4.6.1. These results suggest that
r e c ru i tmen t o f s t roma l f ib rob la s t s migh t p l ay
an important role in tumor angiogenesis, by providing addi-
tional VEGF. Alternatively, recent studies indicate that tumor
fibroblasts may contribute to angiogenesis through VEGF-
independent pathways. Orimo et al. have reported that cancer-
associated fibroblasts produce SDF-1, which in turn leads to
recruitment of bone marrow–derived endothelial progenitor
cells by the tumor vasculature (39). Thus, the elucidation of the
mechanisms of tumor stroma recruitment is potentially impor-
tant for our understanding of the development of resistance to
anti-VEGF therapies.
Surprisingly, few studies have attempted to identify tumor-

derived chemoattractants for stromal cells. Using conditioned
medium from a colon carcinoma cell line, Morimoto et al.
identified fibronectin fragments of 210 and 185 kDa as the
major fibroblast chemoattractants (18). Similarly, other groups
have identified fibronectin as a major fibroblast chemoattractant
in lung injury and renal fibrosis models (17, 19, 40, 41).
Although fibronectin was detected in the Calu-6 conditioned
medium and size-excluded fractions, it was determined to
represent a relatively minor portion of the chemotactic activity.

Fig. 3. PDGFAA is a major component of the bioactive fractions generated from Calu-6 conditioned medium. A, size-excluded fractions were concentrated 4-fold and
analyzed, along with the INPUT (Calu-6 conditioned medium) and bovine fibronectin (BFn) controls, for the presence of fibronectin byWestern blotting. B, size-excluded
fractions represented in Fig. 2C and Dwere analyzed for the presence of PDGFAA (solid gray columns).The correspondingmitogenic activity is also given for each fraction in
CPM.C,D, and E, quantitative RT-PCRanalysis was used to examine the transcript levels of the PDGFA, PDGFB, PDGFC, and PDGFD chains in RNA isolated fromCalu-6 (C)
or HPAC (D) cells grown inmonolayer as well as Calu-6-derived xenografted tumor RNA (E).The results were normalized to the levels obtained using probes specific for
human ribosomal protein L19 (RPL19). From three experiments. Columns, mean; bars, SE. F, the signal intensity (arbitrary units) for each of the PDGFs in138 normal lung
samples and159 lung tumor samples was computedusing theAffymetrix MAS 5 software. Normal samples are shown in green above the respective lines for each PDGF,
whereas tumor samples are shown in red; t statistics and their corresponding two-tailed Ps were calculatedusing the R-program for statistical computing, assuming unequal
variance in the normal and tumor groups.
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In contrast, we detected significant levels of PDGFAA protein
in the bioactive fractions generated from Calu-6 conditioned
medium and, additionally, in the conditioned medium of a
variety of cell lines whose tumors are associated with a

significant stromal response in vivo. The absence of detectable
levels of PDGFBB in these conditioned media was notable
given that it is the most potent and tumorigenic of the PDGF
family members (42, 43). Using quantitative RT-PCR and

Table 3. PDGF expression in the conditionedmedia of various human tumor cell lines

Tumor cell line PDGFAA (ng/mL) PDGFBB (ng/mL) Description Tissue source

Calu-6 0.893 ND Anaplastic carcinoma Lung
HPAC 0.608 ND Adenocarcinoma Pancreas
CRL1739 0.364 ND Gastic adenocarcinoma Stomach
MDA231 0.374 ND Breast adenocarcinoma Breast
HT1080 0.335 ND Fibrosarcoma Connective tissue
SK-MES-1 0.326 ND Squamous cell carcinoma Lung; pleural effusion
NLSLIM-6 0.274 ND Carcinoma Colon
A673 0.062 ND Rhabdomyosarcoma Muscle

NOTE: Below the limits of detection of the ELISA (<31.2 pg/mL).
Abbreviation: ND, not detected.

Fig. 4. Antagonizing PDGFR-signaling inhibits Calu-6 tumor growth in vivo. A, size-excluded fractions were tested for mitogenic activity alone and in the presence of
recombinant soluble PDGFRaor PDGFRh.B, in a similar manner, amigration assaywas donewith these fractions alone and in thepresence of recombinant soluble PDGFRaor
PDGFRh.C, Calu-6 derived tumors were treatedwith adenovirus encoding h-galactosidase (LacZ), mFlt(1-3)-IgG, PDGFRa-IgG, or PDGFRh-IgG.Tumor volume (mm3) over
time in days for each of the treatment groups. Columns, mean of six mice per group; bars, SE. Differences between groups were assessed by one-wayANOVA followed by a
Tukey HSD pairwise analysis. P < 0.001was considered significant.D, net weights of the Calu-6 tumors at the end of the experiment are presented as wet tumor weight (g)
over adenoviral treatment. E, effects of soluble PDGFRa and PDGFRh on the proliferation Calu-6 cell were examined in vitro.Total cell number over treatment.
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ELISA, we showed that Calu-6 tumors express significant levels
of PDGFAA protein and PDGFC transcripts. In contrast, these
tumors contained comparably lower levels of PDGFB. We
showed that soluble PDGFRa but not PDGFRh abrogates the
chemotactic and mitogenic activities in the size-excluded
fractions, supporting the presence of PDGFAA. However, given
the lack of suitable antibody reagents, we are presently unable
to confirm the presence of PDGFCC in either the Calu-6
conditioned medium or the Calu-6 tumors. To address the
physiologic relevance of the results derived using the Calu-6
tumor model, we showed that tumors derived from a human
pancreatic adenocarcinoma cell line also express significant
levels of PDGFA and PDGFC. Similar to the Calu-6 tumors,
these pancreatic tumors are characterized by their capacity to
induce a significant stromal infiltration in vivo (37).
Interestingly, an earlier study (27) reported that PDGFA is

important to initiate a desmoplastic response in a ras-trans-
formed breast carcinoma cell line, in agreement with our
findings in a lung carcinoma model. However, the functional
significance of stromal recruitment was not explored in that
study.
Studies done in vitro and in vivo have shown that, like

PDGFA, PDGFC dimers signal primarily through PDGFRa to
stimulate fibroblast proliferation, collagen deposition, and
angiogenesis (44, 45). Our studies, along with those of others,
have shown that PDGFC is expressed in a wide variety of tumor
cell lines, indicating an active role for PDGFC in tumorigenesis
(46). Coupled with the data showing that expression of
PDGFC is significantly up-regulated in human lung tumors,
our results implicate PDGFRa signaling in the development or
progression of such types of solid tumors.
The high levels of PDGFA and PDGFC in the Calu-6 tumors

prompted us to examine the effect of antagonizing the PDGFRa

signaling pathway on tumor growth. Commonly used small-
molecule receptor tyrosine kinase inhibitors of PDGF display
characteristic nonspecific cross-reactivity with other receptor
tyrosine kinases, making it difficult to distinguish the effects of
targeting a single type of receptor on an individual class of
cells from targeting several receptor classes on various different
cell types (47). Therefore, we used adenovirus to maintain a
sustained and robust expression of neutralizing forms of the
PDGF receptors in vivo . We showed that disrupting PDGFRa
signaling inhibits tumor growth as efficiently as blocking
VEGF, and that this did not result from antiproliferative effects
on the tumor cells themselves. This latter result was consistent
with in vivo evidence showing the existence of PDGFRa
autocrine signaling in gliomas and sarcomas but not in
carcinomas (18, 38). The significant antitumor effects of
adenoviral treatment prompted us try to identify the
mechanism underlying these effects. The inhibitory effects of
Ad-PDGFRh are consistent with antivascular effects, such as
inhibition of pericyte recruitment. Furthermore, the localiza-
tion of PDGFRh in fibroblasts within the tumor mass suggests
that inhibition of stromal recruitment may also contribute to
the effect.
In situ hybridization of tumor samples revealed particularly

significant PDGFRa expression in the stromal fibroblasts at the
periphery of the tumors, and this was confirmed by immuno-
histochemistry, which also indicated a lower level of PDGFRa
expression in the cells that had become incorporated into the
tumor. This localization of PDGFRa is intriguing, considering
that several recent studies have emphasized that the tumor
periphery is a particularly dynamic area. Tumor growth and
resistance to vascular targeting agents are mediated by tumor
cell proliferation starting at the outer rim (48). Furthermore,
recruitment of bone marrow–derived endothelial progenitor

Fig. 5. In situ hybridization of Calu-6
tumors usingPDGFRa andPDGFRb probes.
Paraffin sections of Ad-LacZ-treated Calu-6
tumors were hybridized with [33P]-labeled
riboprobes specific for human andmurine
PDGFA and PDGFB and murine PDGFRa
and PDGFRb as indicated. In all cases,
control sense probe signal was found to be
negligible. Only representative results are
included. A, abundant expression human
PDGFA is evident throughout the tumor
mass, particularly around necrotic areas
(arrowheads), whereas the sense control
produces no signal.The human PDGFB
signal is generally weak in the viable tumor
with increased intensity around necrotic
regions (arrowheads). B, murine PDGFA
signal is weak and scattered throughout the
tumor mass, whereas PDGFB signal occurs
in discrete clusters consistent with
vasculature (arrows). C, murine PDGFRa
signal exhibits a stromal pattern with
increased intensity at the tumor periphery
(arrowheads) and in a region of infiltrating
stromal cells (arrows). In contrast, PDGFRb
displays a more focal pattern of expression
associated with discrete stromal cell clus-
ters.D, a probe generated from exon 3 of the
murineVEGF gene produces amodest signal
in both the tumor (arrowheads) and
stromal (arrows) compartments, whereas
the control sense probe produced no signal.
Parallel images were taken with dark-field or
bright-field illumination. Bar, 200,100, 50,
or 25 Am, depending onmagnification.
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cells first occurs at the tumor periphery (49). Studies are
ongoing to further characterize such PDGFRa-expressing cells.
The finding that Ad-PDGFRa administration resulted in a

reduced expression of mVEGF is consistent with the view that
decreased stromal-derived angiogenesis is, at least in part,
responsible for the antitumor effects.
Studies in a variety of solid tumors have shown that the

overexpression of PDGFAA and constitutively activated forms
of PDGFRa are associated with a poor prognosis (50–52). Our
results suggest that blocking the tumor-directed recruitment of
PDGFRa+ fibroblasts into the tumor mass underlies the
significant antitumor effects observed in our xenograft experi-
ments and may have implications for the treatment of these
types of tumors. Our in situ hybridization and immunohisto-
chemistry analyses revealed the appositional expression of
PDGFB and PDGFRh in the vasculature, consistent with a role

for stromal cell paracrine signaling in pericyte recruitment and
vessel maturation. This interaction has also been shown to be
critical to tumor growth (53–55). Given the shown expression
of PDGFRa and PDGFRh by the stromal fibroblasts and
pericytes, it is likely that the PDGF signaling pathways mediated
by PDGFRa and PDGFRh play distinct and complementary
roles in the tumorigenic process.
Our studies highlight the critical role played by PDGFRa

signaling and underscore the effect of targeting stromal
fibroblasts, in addition to the endothelial cells and pericytes.
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Fig. 6. Immunohistochemistry confirms
that Calu-6 stromal fibroblasts express
PDGFRa and PDGFRh. Closely adjacent
paraffin sections of Ad-LacZ-treated Calu-6
tumors were stained with antibodies to
aSMA, PDGFRa, PDGFRh, and PVLAPas
indicated. A to C, murine PDGFRa
expression localizes to cells with fibroblast
morphology with highest intensity in the
cells in the surrounding tissue (tumor edge,
A and B).D to F, in the tumor periphery,
PDGFRh staining localizes predominantly to
perivascular cells (arrowheads , compare
D-F withG-I).Within the tumor mass,
PDGFRh displays a stromal staining pattern
(arrows) and to a lesser extent associates
with perivascular cells (arrowheads).G to I,
MECA-32 murine PLVAP expression,
localized to vascular endothelial cells,
allowing correlation of vascular-specific
PDGFR expression. J to L, within the tumor
mass, aSMA displays a stromal pattern of
expression consistent with fibroblasts
(arrows, L), whereas its expression in the
surrounding tissue is more vascular
(arrowheads, K).
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