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Abstract
Platelet-derived growth factor receptor A (PDGFRA) is a
type III receptor tyrosine kinase that is expressed on a
variety of tumor types. A neutralizing monoclonal antibody
to human PDGFRA, which did not cross-react with the h
form of the receptor, was generated. The fully human
antibody, termed 3G3, has a K d of 40 pmol/L and blocks
both PDGF-AA and PDGF-BB ligands from binding to
PDGFRA. In addition to blocking ligand-induced cell mitogenesis and receptor autophosphorylation, 3G3 inhibited
phosphorylation of the downstream signaling molecules
Akt and mitogen-activated protein kinase. This inhibition
was seen in both transfected and tumor cell lines expressing PDGFRA. The in vivo antitumor activity of 3G3 was
tested in human glioblastoma (U118) and leiomyosarcoma
(SKLMS-1) xenograft tumor models in athymic nude mice.
Antibody 3G3 significantly inhibited the growth of U118
(P = 0.0004) and SKLMS-1 (P < 0.0001) tumors relative
to control. These data suggest that 3G3 may be useful for
the treatment of tumors that express PDGFRA. [Mol Cancer
Ther 2005;4(3):369 – 79]

Introduction
Platelet-derived growth factor receptor a (PDGFRa) is a
receptor tyrosine kinase that can be activated by PDGF-AA,
PDGF-AB, PDGF-BB, and PDGF-CC (1, 2). These growth
factors are dimeric molecules composed of disulfide-linked
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polypeptide chains that bind to two receptors simultaneously and induce receptor dimerization, autophosphorylation, and intracellular signaling. PDGFRa can form
homodimers as well as heterodimers with the structurally
similar PDGFRh. Given that PDGFRh does not bind the
PDGF-A chain with high affinity, PDGF-AA activates only
aa receptor dimers, PDGF-AB and PDGF-CC activates aa
and ah receptor dimers, and PDGF-BB activates all three
combinations of receptor dimers.
A critical role for PDGFRa during early development is
evident by the fact that mice homozygous for a null mutation
die during embryogenesis. The homozygotes exhibit cranial
malformations and a deficiency in myotome formation (3).
At later stages of development, PDGFRa is expressed in
many mesenchymal structures, whereas adjacent epithelial
cells produce PDGFs (reviewed in ref. 4). In the adult,
PDGFs function in wound healing by activating mitogenesis,
chemotaxis, and protein synthesis of PDGFR-positive
fibroblasts and smooth muscle cells (5). Although these
mesenchymal cells are considered to be the ‘‘classic’’ targets
for PDGFs, tumor cells have also been shown to express
PDGFRs. Tumors reported to express PDGFRa include but
are not limited to ovarian (6), prostate (7), breast (8), lung (9),
glioma (10), melanoma (11), and bone (12). Coexpression of
PDGFs and PDGFRa in certain tumor types (e.g., ref. 6),
consistent with autocrine growth, and overexpression of
PDGFRa in certain cancer cells (13) provide evidence for the
involvement of this receptor in tumorigenesis.
The recently approved drug Herceptin has validated the
approach of targeting receptor tyrosine kinases present on
tumor cells in the treatment of cancer (14). Indeed, Gleevec
inhibits PDGFRs and is being tested in clinical trials as a
treatment for PDGFRa-expressing prostate tumors (15).
Neutralizing antibodies to PDGFRa have been reported
previously (16, 17) and shown to inhibit the growth of
cancer cells in vitro (16).
This study focuses on generating an antibody to PDGFRa
that blocks ligand activation and testing its affect on tumor
growth in vivo. A neutralizing antibody, designated 3G3,
was shown to have antimitogenic activity on tumor cells
in vitro and antitumor growth activity on human xenografts
in vivo. The potential for treating a malignancy with an
antibody targeting PDGFRa-expressing tumor and/or stromal cells will be discussed.

Materials and Methods
Reagents and Cell Lines
Human PDGFRa extracellular domain (ECD) and a
neutralizing mouse monoclonal antibody (mAb) to human
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PDGFRa were purchased from R&D Systems (Minneapolis,
MN). Human PDGF-AA and PDGF-BB were from Austral
Biologicals (San Ramon, CA). [125I]PDGF-AA (specific
activity of 4,500 Ci/mmol) and [125I]PDGF-BB (specific
activity of 1,400 Ci/mmol) were purchased from Biomedical
Technologies (Stoughton, MA) and Perkin-Elmer (Boston,
MA), respectively. PDGF-AA was also iodinated to a specific
activity of 1,500 Ci/mmol with iodo-beads from Pierce
(Rockford, IL) and 125I (specific activity of 17.4 Ci/mg) from
Perkin-Elmer. [3H]Thymidine was from ICN (Irvine, CA).
Antibodies to phosphotyrosine were from Calbiochem (San
Diego, CA) and a polyclonal anti-PDGFR-A/B antibody was
purchased from Upstate Biotechnology (Lake Placid, NY).
Antibodies to phospho-p44/p42 mitogen-activated protein
kinase (MAPK) and p44/p42 MAPK were from Cell
Signaling (Beverly, MA). An antibody to phospho-Akt
(pSer472/473/474) was from BD Biosciences (San Diego, CA).
Peroxidase-conjugated protein A was purchased from Calbiochem. Dr. C-H. Heldin (Ludwig Institute for Cancer Research,
Uppsala, Sweden) provided porcine aortic endothelial cells
stably expressing PDGFRa (PAE Ra; ref. 18). This line
was grown in F-12 medium with 10% fetal bovine serum and
0.1 mg/mL G418. U118 and SKLMS-1 cells were obtained
from the American Type Culture Collection (Rockville, MD)
and grown in DMEM plus 10% fetal bovine serum.
Antibody Production
Transgenic mice coding for fully human antibodies
(Medarex, Inc., Sunnyvale, CA) were immunized i.p. with
3  107 PAE Ra cells. After 4 weeks, mice were boosted s.c.
with 50 Ag PDGFRa ECD in complete Freund’s adjuvant
plus 3  107 PAE Ra cells given i.p. Mice were boosted two
more times, 3 weeks apart, with 25 Ag PDGFRa ECD in
incomplete Freund’s adjuvant. Splenocytes from mice with
high serum binding and blocking titers (see Receptor
Binding and Ligand Blocking Assays) were isolated and
fused with myeloma cells by standard procedures (19).
Sixty percent of the supernatants from 1,294 hybridoma
cultures showed PDGFRa binding activity and 3.4% (n =
44) blocked ligand binding the receptor to background
levels in the blocking assay. Hybridoma cultures displaying
blocking activity were subcloned and antibodies from these
hybridomas were purified by protein G chromatography.

Phage display library – derived antibodies were
obtained by selection of a human naive phage display
Fab library (20) on recombinant PDGFRa ECD protein
following a protocol described previously (21). A total of
three round selections were carried out on immobilized
receptor protein: 53 of 93 (57%) randomly picked clones
after the second round selection and 84 of 93 (90%) clones
after the third round selection showed PDGFRa binding
activity. Among these binders, 40 (29%) clones also showed
various activities in blocking the PDGF/PDGFRa interaction (defined as z50% inhibition of ligand binding to
receptor). DNA fingerprinting and sequencing analysis of
these 40 blockers revealed 11 unique antibody sequences.
Two best blockers, 2D1 and 3H9, after being converted into
full-length IgG format, showed receptor binding affinity of
2.7 and 0.26 nmol/L as determined by BIAcore analysis,
respectively. Further affinity maturation of 3H9 via a chainshuffling approach (22) led to the identification of clone F12
with much enhanced binding affinity (70 pmol/L) and
blocking activity (see Table 1; Figs. 1 and 2).
Phage-derived Fabs were made into full-length IgGs
and expressed in COS or NS0 cells as described (23). Fulllength IgG1 antibody was purified by protein A affinity
chromatography (Poros A, PerSeptive Biosystems, Inc.,
Foster City, CA).
Receptor-Binding and Ligand-Blocking Assays
Fabs and IgGs were evaluated for binding to PDGFRa in
a direct binding assay. Specifically, PDGFRa ECD in PBS
was immobilized onto a 96-well plate (100 ng/well). Plates
were then washed with PBST (PBS + 0.05% Tween 20) and
blocked with PBSM (3% milk in PBS, 200 AL/well) for 2
hours at 25jC. Fabs or IgGs were diluted in PBSM and
transferred to the 96-well plate. After a 1-hour incubation at
25jC, the plates were washed with PBST and the secondary
antibody (1:5,000 diluted in PBSM) was added for 1 hour at
25jC. The secondary antibody was a goat F(abV)2 antihuman IgG-horseradish peroxidase conjugate (BioSource
International, Camarillo, CA). After plates were washed
with PBST, a TMB peroxidase substrate (KPL, Gaithersburg, MD) was added and the reaction was stopped with
100 AL of 1 mol/L H2SO4. Plates were read at A 450 nm using
a microplate reader (Molecular Devices, Sunnyvale, CA).

Table 1. PDGFRA binding analysis of anti-PDGFRA mAbs
mAb

3G3
7C3
7G11
16G5
F12

PDGF blockingc

PDGFRa binding*
(ED50, nmol/L)

0.06
0.22
0.25
1.08
0.06

Binding kineticsb

Solid phase
(IC50, nmol/L)

Cell based
(IC50, nmol/L)

K on
(105 mol/L 1 s 1)

K off
(10 4 s 1)

Kd
(10 9 mol/L)

0.24
0.28
0.68
0.91
0.16

0.58
0.88
3.04
4.97
0.51

11.50
3.21
8.16
1.28
59.20

0.47
0.79
0.95
2.08
4.00

0.04
0.25
0.12
1.62
0.07

*Determined by direct binding ELISA. Numbers represent mAb concentrations that give 50% of maximum binding (see also Fig. 1A).
cNumbers represent mAb concentrations that give 50% inhibition of PDGF-AA binding to immobilized and cell-surface receptor (see also Fig. 1B and C).

bDetermined by BIAcore analysis.

Mol Cancer Ther 2005;4(3). March 2005

Downloaded from mct.aacrjournals.org on January 19, 2022. © 2005 American Association for Cancer
Research.

Molecular Cancer Therapeutics

Figure 2. Specific inhibition of PDGFRa phosphorylation and that of
downstream-effector molecules by mAbs. A, PAE Ra cells were rendered
quiescent, treated with mAbs, and then stimulated with either PDGF-AA
or PDGF-BB (1 and 3 nmol/L, respectively) for 10 min. Afterward, cell
lysates were analyzed by SDS-PAGE and Western blotting with antiphosphotyrosine, anti-phospho-MAPK, and anti-phospho-Akt antibodies.
An equal amount of loaded sample per gel lane was determined by
probing for PDGFRa. Gleevec and a neutralizing mouse mAb were
included in these experiments as positive control inhibitors. B, titration of
the inhibitory affect for mAb 3G3 on PDGFRa autophosphorylation and
its EC50 (3G3 molar concentration required for 50% inhibition of receptor
phosphorylation).

Figure 1. Binding of human antibodies to the human PDGFRa. A, direct
binding of mAbs to immobilized PDGFRa. Binding curve for the F12
antibody is not shown (see Table 1 for ED50). B, inhibition of [125I]PDGFAA binding to immobilized PDGFRa by mAbs. mAbs were preincubated
with well-coated PDGFRa after which [125I]PDGF-AA was added and its
binding was measured. Specific binding was obtained by subtracting
nonspecific binding ([125I]PDGF-AA binding to the well in the absence of
coated receptor, f300 cpm) from total binding of each sample. Points,
average of duplicate samples; bars, SD. C, inhibition of [125I]PDGF-AA
binding to cell-surface PDGFRa. Binding of [125I]PDGF-AA to PAE Ra cells
incubated at 0jC was determined in the presence of increasing amounts of
mAbs. Binding in the absence of mAbs was set at 100%. Same legend
symbols for B and C. Anti – epidermal growth factor receptor antibody
C225 (ImClone Systems, Inc., New York, NY) serves as a negative control
for experiments done throughout the study.

Phage were also screened for PDGFRa binding in this assay
modified by (a) preincubating the phage in PBSM for 2
hours to block nonspecific binding and (b) using an anti –
M13 phage-horseradish peroxidase conjugate (Amersham
Biosciences, Piscataway, NJ) as the secondary antibody.
A solid-phase PDGF blocking assay was adapted from
Duan et al. (24). Specifically, PDGFRa ECD was diluted in
PBS and coated on 96-well microtiter plates. Plates were
made with Immulon 2HB flat-bottomed 1  12 Removawell
strips of irradiated protein binding polystyrene (Dynex
Technologies, Chantilly, VA). Each well was coated with 60
ng PDGFRa for 3 hours at 25jC in a total volume of 100 AL.
Plates were then washed twice and blocked overnight at
4jC with 25 mmol/L HEPES (pH 7.45), 0.5% gelatin, 100
mmol/L NaCl, and 0.1% Tween 20. Plates were then
warmed to 25jC for 20 minutes and washed once with
binding buffer [25 mmol/L HEPES (pH 7.45), 0.3% gelatin,
100 mmol/L NaCl, 0.01% Tween 20]. Fifty microliters of
phage, Fabs, or IgGs were added to each well and
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incubated at 25jC for 30 minutes. Iodinated PDGF was
diluted in binding buffer and added (50 AL of a 1 nmol/L
solution) to each well. Plates were incubated for 2 hours at
25jC and then washed five times with binding buffer. Each
well was counted in a gamma counter. A cell-based
blocking assay was done as described (25).
BIAcore Analysis
The binding kinetics of antibodies to PDGFRa was
measured using a BIAcore 3000 instrument (BIAcore, Inc.,
Piscataway, NJ). PDGFRa ECD was immobilized onto a
sensor chip and antibody was injected at various
concentrations. Sensograms were obtained at each concentration and evaluated using the BIA Evaluation 2.0
program to determine the rate constants. The affinity
constant, K d, was calculated from the ratio of rate
constants K off/K on.
Antimitogenic Assay
Cells were seeded in 96-well tissue culture plates (1  104
cells per well) and grown overnight in 100 AL medium per
well. The wells were then rinsed with serum-free medium
and cells were serum starved overnight with 75 AL serumfree medium added to each well. IgGs were added (25 AL/
well) and the plates were incubated for 30 minutes at 37jC.
PDGF-AA or PDGF-BB (25 AL/well) was then added and
plates were incubated for 18 to 20 hours at 37jC. Plates
were incubated for an additional 4 hours after each well
received 0.25 ACi [3H]thymidine (25 AL/well). Antibodies,
PDGF, and [3H]thymidine were all diluted in serum-free
medium. Cells were then washed with PBS plus 1% bovine
serum albumin and detached by treatment with trypsin
(100 AL/well). The cells were collected onto a filter and
washed thrice with double-distilled water using a MACH
III cell harvester (Tomtec, Inc., Hamden, CT). After
processing the filter, DNA incorporated radioactivity was
determined on a scintillation counter (Wallac Microbeta,
model 1450).
Phosphorylation Assays
Receptor and downstream signaling molecule phosphorylation assays were done as described (24). Briefly,
cells were seeded in six-well Falcon tissue culture plates
(250,000 cells per well) and allowed to grow overnight.
Wells were then rinsed and incubated in serum-free
medium. After an overnight incubation to render cells
quiescent, the cells were treated with antibodies for 30
minutes at 37jC followed by adding PDGF-AA or PDGFBB and incubating for an additional 10 minutes at 37jC.
Cells were then detached and lysed in 200 AL lysis buffer
[50 mmol/L Tris-HCl (pH 8.0), 1% Triton X-100, 150 mmol/
L NaCl, 1 mmol/L EDTA, 0.1% SDS, 1 mmol/L sodium
orthovanadate, and protease inhibitors (Complete Mini,
Roche, Mannheim, Germany)]. Cell lysates were analyzed
by SDS-PAGE and Western blotting using enhanced
chemiluminescence reagents and Hyperfilm (Amersham
Biosciences).
Flow Cytometry
Adherent tumor and normal cells were grown to near
confluence and released using cell dissociation buffer
(Sigma, St. Louis, MO). Cells were then washed in PBS,

resuspended in buffer A (PBS + 1% bovine serum
albumin), and filtered. Test tubes received 1  106 cells
in 100 AL buffer A and were stained with a mouse antihuman PDGFRa antibody at a concentration of 2.5 Ag/
mL. After a 1-hour incubation on ice, cells were washed in
buffer A and incubated with a goat anti-mouse IgGfluorescein conjugate (BioSource International) in 100 AL
buffer A at 7 Ag/mL for 1 hour on ice. Control samples
were stained only with this secondary antibody. All
samples were analyzed using a FACSvantage SE flow
cytometer (BD Biosciences).
Direct Binding of 125I-Labeled Antibody to PDGFRaExpressingTumor Cells and Scatchard Plot Analysis
mAb 3G3 was radiolabeled with 125I as described for
PDGF-AA (see above) and retained the same PDGFRa
binding activity as unlabeled 3G3 in a solid-phase assay
(data not shown). U118 and SKLMS-1 cells were seeded in
12-well Costar plates (100,000 cells per well) and incubated
with 2-fold serial dilutions of [125I]3G3 starting at 66 ng/
mL. Incubations were done for 2 hours at 4jC. As a control
for nonspecific cell association of radioactivity, cell binding
was done in the presence of a 200-fold excess of unlabeled
3G3. Data were analyzed using Sigma Plot version 8.02
software to obtain the K and an estimate of the maximal
number of mAbs bound per cell.
Treatment of Subcutaneous Xenografts in Nude Mice
All animal studies were conducted according to U.S.
Department of Agriculture and NIH guidelines and
approved by an Institutional Animal Care and Use
Committee. S.c. tumor xenografts were established by
injecting 10  106 SKLMS-1 or U118 cells mixed in
Matrigel (Collaborative Research Biochemicals, Bedford,
MA) into female athymic nude mice (Crl:NU/NU-nuBR,
Charles River Laboratories, Wilmington, MA). Tumors
were allowed to reach a mean tumor volume (k / 6 
longest length  perpendicular width2) of f400 mm3
and mice were randomized into five groups (n = 12).
Mice were then treated by i.p. injection twice weekly for
the duration of the study. Group 1 mice were treated
with vehicle control (0.9% NaCl, USP for Irrigation, B/
Braun). Groups 2 to 4 mice were treated with 6, 20, and
60 mg/kg 3G3, respectively. Group 5 mice were treated
with 60 mg/kg human IgG (Sigma). Groups treated with
6, 20, or 60 mg/kg 3G3 or human IgG were given 21.4,
71.4, and 214 mg/kg loading doses, respectively. Loading
doses were predicted to bring the plasma concentration
to steady state with the first dose using single-dose
pharmacokinetic values for 3G3 (elimination half-life, 7
days) and a dosing regimen of twice weekly. Tumor
volumes were evaluated twice weekly. Tumor growth in
the treatment groups was compared with a repeatedmeasures ANOVA.
For H&E staining, resected tumors were fixed in QDL
fixative at 4jC for 24 hours. After paraffin embedding and
sectioning at 4 Am, formalin-fixed sections were stained
with Mayer’s H&E (Richard Allen, Kalamazoo, MI).
For experiments examining the level of receptor
phosphorylation in vivo, mice with established U118
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Figure 3. Inhibition of PDGF-AA-stimulated [3H]thymidine incorporation in PAE Ra cells by mAbs. PAE Ra cells (1  104 per well) were
plated into 96-well tissue culture plates and rendered quiescent.
Following a 30-min preincubation with mAbs, cells were stimulated
with 1 nmol/L PDGF-AA. After a 20-h incubation, 0.25 ACi [3H]thymimidine was added to each well and incubated for an additional 4 h.
DNA incorporated radioactivity was determined with a scintillation
counter. Points, mean of duplicate samples; bars, SD. Molar concentration of mAb for half-maximal inhibition of [3H]thymidine incorporation
induced by PDGF-AA was calculated using the program Prism
(bottom ).

tumors (500 mm3) were treated with a 214 mg/kg loading
dose followed 72 hours later by a 60 mg/kg maintenance
dose of antibody. Tumors were harvested 1 week
(168 hours) after the first injection of antibody and
homogenized in phosphorylation assay lysis buffer (see
above). The lysates were centrifuged twice at 14,000 rpm
and the protein concentration for the collected supernatant was determined (Bio-Rad protein assay, Bio-Rad,
Hercules, CA). Lysate (4 mg) from each sample was
subject to immunoprecipitation using 3G3. Immunoprecipitated human PDGFRa was then immunoblotted as
described above (see Phosphorylation Assays).

Results
Binding and Blocking Activity of mAbs
Human mAbs to the extracellular region of PDGFRa
were derived from mouse transgenic (IgGs; 3G3, 7C3,
16G5, and 7G11) and phage display (IgG; F12) systems
(see Materials and Methods). These mAbs were tested for
binding to PDGFRa in a direct binding ELISA and on a
BIAcore instrument (Table 1; Fig. 1A). Figure 1A shows
dose-dependent binding of the mAbs to immobilized
PDGFRa ECD in the ELISA. The antibody concentrations
required for 50% maximum binding to PDGFRa ECD
ranged from 0.06 to 1.08 nmol/L (Table 1). These ED50s are
consistent with the K ds for the antibodies as determined by
surface plasmon resonance on a BIAcore instrument
(Table 1, compare 0.06 nmol/L ED50 versus 0.04 nmol/L
K d for mAb 3G3). Fluorescence-activated cell sorting
analysis showed that all mAbs were able to bind cellsurface receptors expressed on transfected PAE Ra cells
(data not shown).

The two antibodies with the highest affinity for PDGFRa
also showed the best blocking activity in both solid-phase
and cell-based ligand binding assays. Specifically, mAbs
3G3 and F12 inhibited [125I]PDGF-AA binding to immobilized receptor with IC50s of 0.24 and 0.16 nmol/L,
respectively (Fig. 1B). In the cell-based assay, 3G3 and F12
inhibited [125I]PDGF-AA binding to PAE Ra-expressing
cells with IC50s of 0.58 and 0.51, respectively (Table 1;
Fig. 1C). All mAbs also blocked [125I]PDGF-BB binding to
immobilized receptor, with 3G3 and F12 having the
lowest IC50s of 0.43 and 0.55 nmol/L, respectively (data
not shown). Given that the binding sites for PDGF-AA
and PDGF-BB on PDGFRa are not structurally coincident
(26), data suggest that the epitopes for 3G3 and F12
spatially overlap the two growth factor binding sites.
mAbs Inhibit Receptor Phosphorylation and Activation of Downstream-Effector Molecules
The effects on PDGF-induced intracellular signaling by
the anti-PDGFRa antibodies were determined using PAE
Ra cells. An early event in the signaling process is receptor
autophosphorylation; therefore, all mAbs were tested for
their ability to inhibit ligand-induced receptor tyrosine
phosphorylation. PDGF-AA and PDGF-BB increase
PDGFRa tyrosine phosphorylation f5-fold at 1 and 3
nmol/L concentrations, respectively. Higher concentrations of ligand (10 nmol/L) resulted in less phosphorylated receptor possibly due to ligand-induced degradation
(data not shown). Although all antibodies showed some
inhibition, mAb 3G3 inhibited PDGF-BB-induced receptor
phosphorylation to near background levels (Fig. 2A,
top row). Similar data were obtained using PDGF-AA to
induce receptor phosphorylation (data not shown).
PDGFs transduce mitogenic signals and exert antiapoptotic effects on receptor-expressing cells. Phosphorylations of
MAPKs p44/p42 and Akt are necessary steps in cell growth
and antiapoptotic pathways, respectively, and are downstream of ligand-induced receptor phosphorylation (1). All
mAbs were therefore tested for their ability to inhibit the
activation of these downstream-effector molecules. As can
be seen in Fig. 2A, mAb 3G3 was the best inhibitor of the
antibodies at lowering the phosphorylation state for both
MAPKs and Akt in response to PDGF-BB. mAb 3G3 was
equally as effective at inhibiting downstream-effector
molecule phosphorylation when the cells were stimulated
with PDGF-AA (data not shown). Inhibition of PDGFRa
phosphorylation by 3G3 was dose dependent, with 50%
inhibition achieved at 0.25 nmol/L (Fig. 2B).
mAbs Inhibit Ligand-Induced Cell Mitogenesis
All mAbs were tested for their ability to block PDGFAA-induced mitogenesis of PAE Ra cells. When mAbs
were added to serum-starved PAE Ra cells, PDGF-AAinduced thymidine incorporation was specifically
inhibited (Fig. 3). The best antagonist was 3G3 with an
EC50 (i.e., the antibody concentration that inhibited 50%
of PDGF-AA-stimulated mitogenesis for PAE Ra cells) of
8.3 nmol/L. mAb 3G3 also inhibited the 3 nmol/L PDGFBB-induced mitogenesis of PAE Ra cells with an EC50 of
1.25 nmol/L (data not shown).
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Figure 4. A, flow cytometric analysis of cells stained for surface expression of human PDGFRa. Control cell line expressing PDGFRa; PAE Ra cells. Control
cell line not expressing human PDGFRa; NIH3T3 mouse fibroblasts. Tumor cell lines positive for PDGFRa expression; U118 and SKLMS-1. X axis, a measure
of fluorescence intensity; Y axis, number of cells; MFIR, mean fluorescence intensity ratio [(mean fluorescence intensity of primary antibody + secondary
antibody signal) / (mean fluorescence intensity of secondary antibody signal)], a relative measurement of receptor levels; RTL, response to ligand in a
mitogenic assay. PDGF-AA concentration used to achieve the response is shown inside parentheses. NIH3T3 cells respond to ligand by virtue of expressing
the mouse PDGFRa. B, PDGFR expression on cell lines. Cell lysates were probed for PDGFR expression by Western blotting. Pr stromal, prostate stromal
cells. C, binding of 125I-labeled 3G3 to U118 and SKLMS-1 cells. r, number of antibody molecules bound to one cell at a given dilution; A, molar
concentration of total antibody; x, molar concentration of bound antibody; A-x, molar concentration of the free antibody. Slope of the binding curve gives the
K (mol/L). Intersection point between the binding curve and X axis gives the maximum number of 3G3 molecules that can be bound to a single cell.

Tumor Cell Lines Expressing PDGFRa
a as Determined
by Flow Cytometry and Response to Ligand Stimulation
Human tumor cell lines expressing PDGFRa were tested
to determine the affects these mAbs have on inhibiting
malignant growth in in vitro and in vivo systems. PDGFRaexpressing lines derived from glial tumors and sarcomas
mostly have been reported (27, 28). Figure 4A shows two
such tumor cell lines that express PDGFRa as seen by
flow cytometry: SKLMS-1 (leiomyosarcoma) and U118
(glioblastoma). These cell lines also respond to ligand in
mitogenic assays (Fig. 4A). Five other human tumor cell
lines that were reported to express PDGFRa are Daoy
(medulloblastoma), A549 (lung carcinoma), HOS (osteosarcoma), Hep3B, and SK-HEP-1 (liver carcinoma; refs. 9,
29, 30).1 These cell lines were negative for receptor

1

S.P.S. Monga, personal communication.

expression by flow cytometric analysis (data not shown).
However, flow cytometry is not as sensitive as other
methods (RNA analysis, immunoblotting, etc.) at detecting expression. Indeed, Daoy, HOS, and Hep3B cells
were shown to express PDGFRs when screened by
immunoblotting (Fig. 4B). Daoy and HOS cells did not
respond to ligand in a mitogenic assay at concentrations
as high as 30 nmol/L (data not shown). This lack of
response could be due to a low level of expressed
receptor or that PDGF-induced downstream pathways
are not functional in these particular cell lines. Because
SKLMS-1 and U118 cells form tumors in mice and
respond to PDGF stimulation, they were chosen for
further study. It should be noted that mRNA for PDGFAA was detected in both SKLMS-1 and U118 cells and
PDGF-BB mRNA was detected in only U118 cells (27, 28).
However, only SKLMS-1 was shown to express PDGFAA protein when grown in culture (data not shown)
using a quantitative sandwich enzyme immunoassay
Mol Cancer Ther 2005;4(3). March 2005

Downloaded from mct.aacrjournals.org on January 19, 2022. © 2005 American Association for Cancer
Research.

Molecular Cancer Therapeutics

technique (R&D Systems). Specifically, 106 pg/mL PDGFAA were detected in the supernatant of nearly confluent
SKLMS-1 cells with a limit of detection at f10 pg/mL
for ligands PDGF-AA, PDGF-BB, and PDGF-AB. Thus,
SKLMS-1 has the potential for not only paracrine but also
autocrine stimulation.
Antibody Avidity and Number of Available Epitopes
on PDGFRA-ExpressingTumor Cells
A Scatchard plot analysis of direct binding for radiolabeled 3G3 to U118 and SKLMS-1 cells was done (Fig. 4C).
Equilibrium constants of 3.8  10 11 and 4.1  10 11 mol/L
were determined for 3G3 to U118 and SKLMS-1 cells,
respectively. The results indicate that mAb 3G3 binds to
U118 and SKLMS-1 cells with very similar avidity and that
the Ks determined agree with the K ds obtained by BIAcore
analysis (Table 1). The number of antibody molecules
bound per U118 and SKLMS-1 cells was estimated to be
1,740 and 340, respectively, at antibody saturation. Because
3G3 is bivalent, the average number of PDGFRa molecules
on these cells is likely to be 1- to 2-fold greater than the
antibody number. Thus, the results indicate that there is f5fold less receptor on SKLMS-1 compared with U118 cells.
mAbs Inhibit Ligand-Induced Phosphorylation and
Mitogenesis of Tumor Cell Lines
To determine if the anti-PDGFRa antibodies could inhibit
PDGF-induced signaling in tumor cells, the phosphorylation state of downstream-effector molecules Akt and
MAPKs p44/p42 was tested in their presence and absence
before exogenous ligand stimulation (Fig. 5). As can be seen
in Fig. 5A, mAb 3G3 was the best antagonist of the antibodies
at inhibiting the phosphorylation of both Akt and MAPKs in
response to PDGF-AA stimulation of SKLMS-1 cells.
Comparing 3G3 with the phage-derived antibody F12 and
the commercially available mouse mAb shows 3G3 to be the
better inhibitor of downstream signaling in U118 cells
(Fig. 5B). The inhibition of Akt phosphorylation by 3G3
was 100% and that of MAPKs was f80% (see Fig. 5, columns
for percentage inhibition for all mAbs).
mAbs 3G3 and F12 were next tested for their ability
to block ligand-induced mitogenesis of tumor cells.
When mAbs were added to serum-starved U118 cells,
PDGF-AA-induced thymidine incorporation was specifically inhibited (Fig. 6A). The best antagonist was 3G3
with an EC50 of 3.4 nmol/L. mAb 3G3 has also been
proven to have the greatest antagonist activity for the
PDGF-AA-induced mitogenic response of SKLMS-1 cells
with a 5 nmol/L EC50 (Fig. 6B). All mitogenic and
phosphorylation data indicated 3G3 to be the best PDGFRa
neutralizing antibody; therefore, it was solely used in the
remaining experiments. SKLMS-1 cells have been reported
to express only PDGFRa and not PDGFRh (27) and this was
confirmed by flow cytometric analysis (data not shown).
Predictably, 3G3 inhibited PDGF-BB from stimulating DNA
synthesis in SKLMS-1 cells (Fig. 6C). However, flow
cytometric analysis of U118 cells showed expression of
PDGFRh in addition to PDGFRa (data not shown). mAb
3G3 was shown not to cross-react with PDGFRh in a solidphase ELISA and cell-based phosphorylation assay (data

not shown). PDGFRh can respond to PDGF-BB stimulation
and that explains why only partial inhibition (40% at 66
nmol/L 3G3) is given by mAb 3G3 on U118 cells stimulated
with PDGF-BB (Fig. 6D).
In vivo Efficacy of 3G3 and Inhibition of Tumor Xenograft Growth
The in vivo effects of 3G3 were tested in glioblastoma
(U118) and leiomyosarcoma (SKLMS-1) s.c. xenograft

Figure 5. mAbs inhibit PDGF-AA-induced downstream-effector molecule activation. SKLMS-1 (A) and U118 (B) cells were pretreated with
mAbs before stimulation with PDGF-AA. Inhibition of Akt and MAPK
phosphorylation was determined by examining cell lysates through
Western blotting with antibodies specific for phospho-Akt and phosphoMAPK. Percentage inhibition was calculated by {1 [(band intensity from
mAb-treated cell
band intensity from uninduced cell) / (band intensity
from induced cell band intensity from uninduced cell)]}  100. Columns
showing percentage inhibition are aligned with corresponding gel lanes.
Equal loading of gel lanes was determined by Western blotting with an
antibody to MAPK.
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Figure 6. Inhibition of PDGF-AA-stimulated [3H]thymidine incorporation in U118 (A) and SKLMS-1 (B) cells by mAbs. Tumor cells (1  104 per well)
were plated into 96-well tissue culture plates and rendered quiescent. Following a 30-min preincubation with the mAbs, the cells were stimulated with
PDGF-AA. After a 20-h incubation, 0.25 ACi [3H]thymidine was added to each well and incubated for an additional 4 h. DNA incorporated radioactivity was
determined with a scintillation counter. Points, mean of duplicate samples; bars, SD. Molar concentration of mAb for half-maximal inhibition of
[3H]thymidine incorporation induced by PDGF-AA was calculated using the program Prism (bottom ). Inhibition of PDGF-BB-stimulated [3H]thymidine
incorporation in SKLMS-1 (C) and U118 (D) cells by mAb 3G3. A 3 nmol/L concentration of PDGF-BB was used to stimulate the cells.

models in athymic nude mice. Mice with established
tumors (400 mm3) were treated with 3G3, human IgG, or
saline twice weekly. As shown in Fig. 7A, human IgG had
no effect on glioblastoma growth compared with salinetreated mice (P = 0.74), whereas 3G3 significantly inhibited
tumor growth at 6 (P = 0.06), 20 (P = 0.03), and 60 (P =
0.0004) mg/kg doses. At the end of the U118 study, the
%T/C [(average tumor volume for the 3G3-treated group at
conclusion of study / average tumor volume at beginning
of treatment) / (average tumor volume for control-treated
group at conclusion of study / average tumor volume at
beginning of treatment)  100] values were 67%, 63%, and
35% for 6, 20, and 60 mg/kg 3G3-treated dose groups,
respectively. Remarkably, there were 4 of 12, 5 of 11, and 10
of 12 regressions in the 6, 20, and 60 mg/kg 3G3-treated
groups, respectively, and no regressions in either control
group. Figure 7B shows that leiomyosarcoma growth was
also significantly inhibited by 3G3 treatment at 6 (P = 0.02),

20 (P = 0.003), and 60 (P < 0.0001) mg/kg. The final %T/C
values were 66%, 57%, and 31% for the 6, 20, and 60 mg/kg
3G3-treated dose groups, respectively. There were no
tumor regressions in this study. It should be noted that
3G3 shows no cross-reactivity to the mouse PDGFRa as
determined in ELISA, mitogenic, and phosphorylation
assays (data not shown). Given that 3G3 is specific to
human PDGFRa, no toxicity was expected and none was
observed in treated mice. Toxicity was assessed by
observing for weight loss, death, and cage side observations for general health of the mice.
Histologic examination of xenografts at the end of
treatment showed marked differences in tumors from
animals given 3G3 compared with tumors from animals
receiving control therapy. In the 60 mg/kg 3G3-treated
U118 group, fewer viable tumor cells were found and there
were substantially more cell-sparse regions compared with
the saline-control group (Fig. 7C). SKLMS-1 xenografts at
Mol Cancer Ther 2005;4(3). March 2005

Downloaded from mct.aacrjournals.org on January 19, 2022. © 2005 American Association for Cancer
Research.

Molecular Cancer Therapeutics

Figure 7. Growth inhibition of U118
(glioblastoma) and SKLMS-1 (leiomyosarcoma) tumor xenografts in nude
mice. Dose-dependent effects for treatment of established U118 ( A) and
SKLMS-1 (B) tumors treated with 3G3
on a twice weekly schedule (see Materials and Methods for corresponding loading doses). Histologic examination of
U118 (C) and SKLMS-1 ( D) tumor
xenografts (day 33 for U118 study and
day 25 for SKLMS-1 study) stained with
H&E. Bar , 20 Am.

day 25 also showed a reduction in the amount of viable
tumor cells and cellular packing in the 60 mg/kg 3G3treated group compared with the saline-control group
(Fig. 7D).
mAb 3G3 Inhibits PDGFRa Stimulation in Glioblastomas
To determine whether 3G3 could modulate the activation
of PDGFRa in vivo, the level of receptor phosphotyrosine
in ‘U118 tumors was evaluated 1 week after beginning 3G3
or human IgG treatment. Tumors were harvested from
mice 1 week (168 hours) after the first antibody injection
because this is before tumor regression is observed on
average (see Fig. 7A). Human PDGFRa was immunoprecipitated from tumor extracts and immunoblotted with
either an anti-PDGFR or anti-phosphotyrosine antibody.
The immunoblots reveal that 3G3 treatment lowers
PDGFRa phosphotyrosine levels relative to a human IgG
control in these tumors (Fig. 8), thereby showing the
specificity of 3G3 for PDGFRa in vivo.

Discussion
Several observations suggest that PDGFRa plays important roles in tumorigenesis and tumor progression. First,
PDGFRa-positive cells transform by an autocrine mechanism when the PDGF gene or its viral counterpart, v-sis,
is expressed (31). Coexpression of PDGFRa and PDGFs,
consistent with autocrine growth, has been reported in
various types of cancers (reviewed in ref. 5). Second, gene
amplification and activating mutations of PDGFRa have
been found in subsets of gliomas and gastrointestinal
stromal tumors, respectively (13, 32). Third, PDGFRa is upregulated in medulloblastoma metastatic tumors (29).
Metastasis may be increased by PDGFRa expression as
shown for the mouse 3LL Lewis lung tumor (33).
Additionally, paracrine stimulation of PDGFR-positive
stromal cells by PDGF-BB-expressing melanoma cells
enhanced xenograft growth, forming non-necrotizing

Figure 8. mAb 3G3 reduces PDGFRa phosphorylation in vivo . Human
PDGFRa from 3G3-treated or human IgG – treated U118 tumors was
immunoblotted for total and phosphorylated PDGFRa (arrows ). Data for
three tumors treated with human IgG and two tumors treated with 3G3.
Data for one 3G3-treated tumor are not shown because the extracted
material was less than the 4 mg required for immunoprecipitating the
receptor as determined by the Bio-Rad protein assay and visualizing total
extracted protein on anti-tubulin Western blots (data not shown). Scanned
values for total PDGFRa were divided by the highest scanned value and the
highest scanned value was then set to 1. These normalization factors were
multiplied by their corresponding scanned values for phosphorylated
PDGFRa to determine the normalized amount of phosphorylated PDGFRa
(bottom ). Scanned values for phosphorylated PDGFRa were each
adjusted for background because some parts of the film were darker.
OD, absorbance.
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tumors with a markedly rich tissue stroma (34). By
comparison, melanoma cells not directed to express
PDGF-BB formed necrotizing tumors with a weak tissue
stroma, thus indicating the potential importance of
PDGFR-activated stromal cells in facilitating tumor
formation. The individual contributions of PDGFRa and
PDGFRh were not evaluated in the study (34). Regardless, these observations justify testing cancer drugs that
specifically target PDGFRa.
Targeting PDGFRa on cancer cells has been proven
effective at inhibiting their proliferation in xenograft models.
mAb 3G3 was more effective at inhibiting tumor growth of
the U118 versus the SKLMS-1 xenografts (Fig. 7). Interestingly, U118 cells express more PDGFRa and have a greater
mitogenic response to ligand than SKLMS-1 cells (Fig. 4A
and C). Therefore, PDGFRa levels in xenografts may
indicate the response to antibody treatment. The SKLMS1 cells express PDGF-AA protein and thus may undergo
autocrine growth (28). Importantly, a neutralizing antibody
to PDGFRa has already been shown to inhibit autocrine
growth in culture of PDGFRa-positive cells transfected
with PDGF (16). This result may have been unexpected
given that PDGF forms a complex with PDGFR within the
endoplasmic reticulum of cells coexpressing both ligand
and receptor (35). However, the mitogenic signals were
only transmitted when the complex reached the plasma
membrane, thus being susceptible to neutralizing antibodies (36). Therefore, mAb 3G3 could work on a cancer
cell within a tumor by inhibiting its paracrine and autocrine
stimulation. Future studies need to address whether the
antibody has other effects on the cancer cell, such as the
mediation of antibody-dependent cell cytotoxicity and/or
receptor down-modulation. By down-modulating the
receptor, 3G3 may also be effective on tumors with
activating mutations in the intracellular domain of
PDGFRa, such as those found in GISTs (32). mAb 3G3
should also be tested in orthotopic xenografts for prostate,
ovarian, and pancreatic cancer because Gleevec has been
shown to inhibit both PDGFR activation in and tumor
growth of these models (37 – 39).
The stromal fibroblasts of many tumors, including
breast, prostate, and lung, express PDGFRa, whereas the
epithelial-derived carcinoma cells secrete PDGFs (7, 8,
40, 41). There are data indicating that PDGFs released by
carcinoma cells activate stromal cells to express proteins
important for tumor progression. For example, PDGF is
reported to activate myofibroblasts to synthesize collagen, a
major component of the stromal response in breast
carcinoma (42). In another example, matrix metalloproteinases are expressed by PDGF-stimulated fibroblasts (43). In
particular, proper matrix metalloproteinase-2 expression is
believed to be dependent on PDGFRa signaling as shown
in experiments examining the development of Patch
mutant mice that contain a deletion of the receptor (44).
Lastly, PDGF-BB-activated stromal cells promote the tumor
development of nontumorigenic keratinocytes apparently
by a paracrine mechanism (45) and melanoma cells by
mediating the formation of a connective tissue framework

(34). Future in vitro and in vivo studies using commingled
human stromal and tumor cells would help to determine if
3G3 inhibition of PDGFRa activation can lower the tumorpromoting activity of stromal cells. Such studies are needed
given that 3G3 does not cross-react with the mouse
PDGFRa.
In conclusion, a potent neutralizing antibody to PDGFRa
has been generated and shown to be effective at inhibiting
the growth of PDGFRa-expressing xenografts in nude mice.
In vitro studies showed the antibody can inhibit receptor
signaling in cancer cells. Future studies are needed to
determine what other effects 3G3 treatment has on cancer
and tumor stromal cells. In addition, this mAb should be
useful in distinguishing the contributions of PDGFRa and
PDGFRh in pericyte recruitment (46) and interstitial fluid
pressure homeostasis (47), as these processes have only
been investigated with small molecule inhibitors that target
both receptors.
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