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Abstract Although many multiple myeloma (MM)
patients initially respond to cytotoxic therapy, most
eventually relapse. Novel therapeutic strategies
employing a combination of chemotherapy with tar-
geted biologics may signiWcantly enhance the response
of tumor cells to treatment. We tested a fully human
anti-IGF-IR antibody (A12) against MM, and showed
speciWc inhibition of IGF-I or serum -induced IGF-IR
signaling in MM cells in vitro. The A12 as a single
agent was demonstrated to exert modest to signiWcant
inhibition of tumor growth in vivo in various subcuta-
neous xenograft MM models. The A12 was also evalu-
ated in a disseminated xenograft MM.1S NOD/SCID
model as monotherapy or in combination with other
drugs (bortezomib, melphalan) currently in clinical
use. The tumor burden, as determined by luciferase
bioimaging, was sharply decreased, and overall survival
signiWcantly prolonged when the therapies were com-
bined. Immunohistochemical analysis demonstrated
that the A12 treated tumors had signiWcantly decreased
vascularization compared to control tumors. Further-
more, most MM lines constitutively secreted signiWcant
quantities of VEGF, and this was enhanced following
IGF-I treatment. Inhibition of IGF-IR by the A12 in
vitro suppressed both constitutive and IGF-I-induced

secretion of VEGF, indicating that a putative anti-
angiogenic mechanism associated with the A12 treat-
ment may contribute to its anti-tumor eVect.
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Introduction

Multiple myeloma (MM) is a progressive B-lineage
neoplasia characterized by the accumulation of malig-
nant plasma cells in the bone marrow associated with
extensive osteolytic bone destruction, renal failure,
anemia, and hypercalcemia [1–3]. In spite of extensive
research and the development of novel therapies, the
MM remains an incurable malignancy. In addition to
standard chemotherapy, high-dose chemotherapy with
autologous stem cell transplantation improved survival
[4]. However, all patients eventually relapse. In the
past years, major advances have been made with the
use of thalidomide and the arrival of promising novel
approaches such as bortezomib against MM, however,
65% of patients with relapsed refractory disease do not
respond to these agents [5].

The insulin-like growth factor I (IGF-I) has been
implicated in carcinogenesis, promoting growth, migra-
tion, and survival of cancer cells in a wide range of
human tumors [6]. Expression of the IGF-I receptor
(IGF-IR) has been reported in a broad panel of tumor
types, including the MM, colon, prostate, breast, ovar-
ian, and pancreatic cancer [6–11]. The physiological
ligands IGF-I/IGF-II are potent mitogens for diverse
cancer cell lines in vitro [12–15]. High levels of IGF-I
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and IGF-II expression have been noted in tumors and
associated stromal cells and may stimulate cancer cell
growth in an autocrine or paracrine manner [6, 16].
Epidemiological studies have correlated high plasma
levels of IGF-I with increased risk for prostate, colon,
lung, and breast cancer [17–20]. In addition to its role
in proliferation of cancer cells, signaling through IGF-
IR protects cells from apoptosis caused by growth fac-
tor deprivation, anchorage independence, or cytotoxic
drug treatment [21, 22].

The IGF-IR signaling has been extensively studied
in MM cells [23–31]. Freund et al. [23] reported that
the MM cell lines expressed more insulin receptors
(IRs) and IGF-IRs than did Burkitt lymphoma and B
lymphoblastoid lines. In concert with the MM growth
factor IL-6, the IGF-I stimulated MM cell prolifera-
tion, prolonged cell survival, and protected against
apoptosis [24–26]. Tucci et al. observed a correlation
between levels of serum IGF-I secreted from a co-
existing pituitary macroadenoma in a patient with
MGUS, to progression of the monoclonal gammopathy
to overt MM [27]. The IGF-IR signal transduction ini-
tiates from the binding of high-aYnity ligands (IGF-I/
IGF-II) to extracellular �-subunits of IGF-IR, which
results in trans-autophosphorylation of speciWc tyro-
sine residues in the �-subunits of IGF-IR. Activated
IGF-IR phosphorylates its substrates which in turn
activate downstream signaling pathways, including the
mitogen activated protein kinase (MAPK) and phos-
phatidylinositol-3-kinase (PI3-K) pathways [22, 28, 29].
In addition, the IGF-I is also implicated in chemotaxis
of human MM cells mediated via activation of PI3-K/
AKT and �-integrin [30] or protein kinase D/protein
kinase C micro (PKD/PKCmicro) and RhoA associ-
ated kinase [31].

The fully human monoclonal antibody A12 is a selec-
tive antagonist of the IGF-IR, that acts as an antagonist
of ligand binding and signaling and is further capable of
facilitating the degradation of the IGF-IR after uptake
and internalization, leading to a reduction in surface
receptor density on treated tumor cells [32]. The goal
of the present study was to test the anti-tumor activity
of this potent antagonistic anti-IGF-IR antibody on
MM in vitro and in vivo. We demonstrated that
antibody A12 is a potent inhibitor of exogenous IGF-
I-induced, serum-stimulated, or autocrine mediated
proliferation and survival in MM cell lines in vitro.
Treatment with A12, either alone or in combination
with other antitumor agents, inhibited the growth of
subcutaneous and disseminated human MM xenografts
in NOD/SCID mice and eVected enhanced survival
when administered in combination with conventional
cytotoxic drug (Melphalan) or with proteasome inhibitor

(bortezomib). The antibody exhibited strong anti-
tumor activity in vitro and in vivo, indicating its poten-
tial as a candidate for clinical therapy of MM.

Materials and methods

Reagents and cell lines

Human recombinant insulin-like growth factor I (IGF-I)
and monoclonal anti-human IGF-IR-Xuorescein were
purchased from R&D Systems Inc. A fully human
monoclonal antibody (A12) to IGF-IR was obtained
from ImClone Systems Incorporated [32]. Melphalan
and Bortezomib were obtained from Glaxo Smith
Kline and Millennium Pharmaceuticals Incorporated,
respectively. All other chemicals were purchased from
Sigma (St. Louis, MO, USA) unless otherwise speci-
Wed. DNA modifying or restriction enzymes were from
NEB (Beverly, MA, USA). Fetal calf serum (FCS) was
obtained from HyClone (Logan, UT, USA). The
myeloma MM.1S line was a generous gift from Dr.
Nancy L. Krett (Robert H. Lurie Comprehensive Can-
cer Center, Northwestern University). The CAG cell
line was kindly provided by Dr. J. Epstein (Myeloma
Institute for Research and Therapy, University of
Arkansas). The human bone marrow stroma-depen-
dent cell line MOLP-5 was obtained from Dr. Yoshin-
obu Matsuo (Hayashibara Biochemical Labs, Inc.,
Japan). All other myeloma cell lines used in this study
were purchased from American Type Culture Collec-
tion (Manassas, VA, USA). The cells were cultured in
RPMI1640 medium (InVitrogen) supplemented with
10% FCS and 2 mM glutamine, or QBSF medium
(Quality Biological, Inc.) and maintained in humidiWed
incubators at 37°C in 5% CO2.

Fluorescence-activated cell sorting (FACS)

The FACS analysis was performed on cells cultured for
24 h in RPMI1640 medium supplement with 2% FCS
and 2 mM glutamine. Cells were washed twice with
cold PBS, and resuspended in 2% bovine serum albu-
min/PBS, and incubated with monoclonal anti-IGF-IR
Xuorescein following manufacturer’s instructions.
Monoclonal anti-mouse IgG1 Xuorescein was used as
an isotype control (R&D Systems). NonspeciWc bind-
ing to Fc receptors was blocked by treatment with anti-
Fc antibodies for 15 min at 4°C. Cells were incubated
with antibodies at 4°C for 45 min. All FACS analyses
were performed on a FACSCalibur (Becton Dickin-
son) and data were analyzed using FlowJo (Tree Star,
Inc.). Results are expressed as the mean Xuorescence
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intensity ratio of positive versus isotype control. Cells
expressing eGFP were sorted on a MoFlo (DakoCyto-
mation).

Western blotting and immunoprecipitation

Receptor phosphorylation experiments were per-
formed as described previously [32]. BrieXy, RPMI
8226 cells were serum-deprived for 24 h, followed by
2 h incubation with A12 or anti-KLH control antibody
(ImClone Systems, New York, NY, USA). Cells were
pulsed with IGF-I for 10 min and lysates prepared.
Total IGF-IR was immunoprecipitated using the alpha
subunit antibody 7B1 (ImClone Systems, New York,
NY, USA). Western blots of the resulting immunopre-
cipitate were Wrst probed with an anti-phospho-
tyrosine antibody, stripped and reprobed with a C-20
(Santa Cruz Biotech, Santa Cruz, CA, USA) monoclo-
nal against IGF-IR-� subunit. Western blot analysis of
Akt and MAPK (ERK 1, 2) signaling was performed as
described previously [32] using antibodies directed
against phospho Akt (Upstate Cell Signaling Solutions,
Charlottesville, VA, USA), total Akt (Cell Signaling
Technology, Beverly, MA, USA), phospho-ERK 1, 2
(Upstate Cell Signaling Solutions), and total ERK 1, 2
(Cell Signalling Technology). For analysis of antibody-
mediated receptor degradation, cells were washed and
then fed with serum-depleted medium and incubated
with either A12 or IGF-I for the times indicated.
Radioimmunoprecipitation (RIPA) lysates were elec-
trophoresed on 4–12% Bis-Tris polyacrylamide gels,
transferred to a nitrocellulose membrane and IGF-IR
detected using antibody C-20. Quantitation of relative
band intensity was performed using an Alpha Imager
system and supporting software (Alpha Innotech, San
Leandro, CA, USA).

XTT assay

Cell proliferation and viability measurements were
assessed by a color i metric assay using sodium
39-(phenylaminocarbonyl)-3,4-tetrazolium-bis (4-meth-
oxy-6-nitro) benzene sulfonic acid hydrate (XTT), and
phenazine methosulphate (PMS). After serum starva-
tion for 16 h, cells from indicated lines were plated at
5»10 £ 103/well in 96 well plates in the presence of
diVerent concentration of compounds for 52 h. Then
50 �L of XTT/PMS mixture was added to each well
and incubated for an additional 20 h at 37°C. Plate
absorbance was measured directly at optical density of
490 nm (reference wavelength at 650 nm) in an ELISA
reader (Thermo Max Microplate Reader, Molecular
Devices, CA, USA). The data were expressed as the

mean of readings obtained in treated wells with sub-
traction of the control reading.

Lentiviral vectors construction, production, 
and transduction

To construct a lentiviral vector to express a fusion pro-
tein of enhanced green Xuorescent protein (eGFP) and
WreXy luciferase (Luc), the eGFP–Luc fusion gene was
removed from pEGFPLuc vector (BD Clontech labo-
ratories, Palo Alto, CA, USA) with Eco47III and HpaI
and ligated into the EcoRV site of pEF1/myc-HisB
(InVitrogen, Carlsbad, CA, USA). The fragment of
EF1� and EF-GL was excised with NruI and NotI and
ligated into the Eco47III and XbaI sites of the lentivi-
ral vector FUGW (a generous gift from Dr. D. Balti-
more, California Institute of Technology) to produce
F/EFGL, which constitutively expresses both eGFP
and luciferase driven by the EF1� promoter. Recombi-
nant lentiviruses were produced by transient transfec-
tion of the 293 T cells with the transducing vector and
two packaging vectors: pVSVg, a plasmid expressing
the VSVg envelope gene, and p�8.9, a plasmid
expressing the HIV-1 gag/pol gene. The supernatants
were collected after 48 h transfection. Multiple
myeloma cell lines MM.1S, RPMI-8226, and CAG
were transduced with the virus supernatant in the pres-
ence of 8 �g/ml polybrene, and transduced cells were
identiWed by expression of eGFP and sorted by FACS.

Establishment of subcutaneous and disseminated 
myeloma xenografts and therapy

Nonobese diabetic/severe combined immunodeWcient
(NOD/SCID) mice (Jackson Laboratories, Bar
Harbor, ME, USA) were housed and maintained in
laminar Xow cabinets under speciWc pathogen-free con-
ditions in facilities under an institute-approved animal
protocol. For the subcutaneous xenograft MM
RPMI8226 mouse model, 10 to 12-week-old female
mice were sublethally irradiated with 3 cGy from a
Cesium �-radiation source and inoculated with
10 £ 106 tumor cells in the right Xank. When tumor
volumes approached 100 mm3, mice were divided into
experimental cohorts of 8 to 10 mice each. Intraperito-
neal (i.p.) injections of A12 antibody (40 mg/kg, three
times per week) were administered for a total of
4 weeks. Control mice were treated with human immu-
noglobulin with the same protocol. For a second subcu-
taneous CAG mouse model, intraperitoneal injections
of PBS or A12 alone, and bortezomib (0.25 mg/kg, iv,
three times per week), and combinations were also
given for a total of 4 weeks. Mice weight and tumor
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measurements were obtained three times weekly.
Tumor volume was calculated using the formula
mm3 = 4/3r3, where r = (l + w)/4 using the two largest
perpendicular axes of the tumor (l indicates length; w,
width). Both lines were transduced with the eGFP–luc
fusion gene to alternatively assess tumor burden by
bioluminescence imaging. Mice were sacriWced when
moribund or when one-dimensional tumor diameter
exceeded 2.0 cm (according to the guidelines of the
animal core facilities). Xenograft experiments were
repeated at least twice. For establishing a disseminated
xenograft NOD/SCID mouse model, 10 £ 106 MM.1S
cells stably expressing the eGFP–luciferase fusion pro-
tein were injected intravenously via tail vein. The
tumor distribution was followed by serial whole-body
noninvasive imaging of visible light emitted by lucifer-
ase-expressing MM cells upon injection of mice with
luciferin. After day 9 post-tumor injection, a group of
NOD/SCID mice with established disseminated MM
lesion was divided into six cohorts, with statistically
equivalent tumor burden between cohorts (as evalu-
ated by bioluminescence imaging). Cohorts were
treated with A12 alone (12 injections of 40 mg/kg each,
i.p. three times per week), melphalan alone (single
injection of 5 mg/kg each, i.p.), bortezomib alone (6
injections of 0.5 mg/kg each, i.v., 2 times per week),
A12 plus melphalan, and A12 plus bortezomib, versus
human immunoglubin-treated control mice.

Bioluminescence imaging (BLI)

Mice were given retro-obital injections of 75 mg/kg
D-luciferin (Xenogen) in PBS, and bioluminescence
imaging with a charge-coupled device (CCD) camera
(IVIS, Xenogen, Alameda, CA, USA) was initiated
2 min after injection of luciferin. Bioluminescence
images were obtained with a 15-cm Weld of view, bin-
ning (resolution) factor of 8, 1/f stop, and open Wlter.
Imaging times were 1 to 60 s, depending on the quan-
tum of luciferase activity. Bioluminescence from the
region of interest (ROI) was quantiWed by Living
Image R 2.20 software (Igor pro 4.06A, WaveMetrics,
Inc, OR, USA) and Paint Shop Pro (Version 5.03, Jasc
Software, Inc), and data were expressed as photon
emission (photons/s/cm2/steradian). Background pho-
ton emission was deWned from a ROI drawn over a
healthy mouse with injection of luciferin.

Immunohistochemical staining of tumor 
xenograft tissues

Tumor-bearing mice were sacriWced at the end of
treatment. Subcutaneous RPMI8226 MM xenografts

recovered at necropsy were evaluated by immunohis-
tochemistry after Wxation in 10% formalin-and-
paraYn embedding. Four-micron-thick sections were
stained with hematoxylin and eosin (H&E) and
Giemsa for histologic examination. Tumor microves-
sel density (MVD) was evaluated by immunohisto-
chemical staining of tissues using antibodies against
mouse endothelial cells CD31 (1:200; Santa Cruz Bio-
technology, Santa Cruz, CA, USA), and Flk-1 (1:200;
PharMingen, San Diego, CA, USA). For determina-
tion of CD31 expression, the whole tumor tissue sec-
tion was photographed using MetaMorph (Molecular
Devices Corporation, Downingtown, PA, USA) Zeiss
Axiovert 200 M (Carl Zeiss, Inc.) imaging system.
Then positive pixels (CD31) and whole section pixels
were quantiWed using MetaMorph OVline software
followed by quantiWcation of positive pixels and the
total section pixels (MetaMorph OVline software,
Version 6.2r6, Molecular Devices Corp., PA, USA).
The results were expressed as percentage of positive
pixels versus total section pixels. Evaluation of tissue
proliferation rates was performed with the monoclo-
nal NCL-Ki67p antibody (1:200; Novocastra Labora-
tories Ltd., UK), and mitotic rates with the polyclonal
anti-phospho-Histone H3 antibody (1:200; Upstate
Biotechnology, NY, USA) using antigen retrieval.
The number of Ki-67 and Phospho-Histone H3 posi-
tive cells was assessed in three areas containing the
highest positive cell expression using a Zeiss Axio-
plan 2 light microscope. Apoptotic cells were identi-
Wed by use of standard terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL)
assay.

Production of human VEGF in tumor cells 
under serum starvation conditions

Human vascular endothelial growth factor (VEGF)
levels in MM culture supernatants were measured by a
quantitative sandwich enzyme-linked immunoassay
technique (ELISA) according to the manufacturer’s
instructions (Human VEGF Immunoassay, R&D sys-
tems, MN, USA). The MM cells were incubated in a 24
well plate (1»2 £ 105/1 ml) with serum-free RPMI
1640 medium for 24 h. The supernatant was collected
and subjected to human VEGF ELISA assay with
intensity of the color measured on an ELISA reader
(Thermo Max, Molecular Devices, CA, USA) at
450 nm with a reference wavelength to 650 nm. The
results were then plotted against the standard curve to
provide the actual concentrations. Samples were plated
in triplicate wells and experiments were repeated three
times.
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Statistical analysis

All analyses were done using Stata 7.0 statistical soft-
ware (Stata Corporation, College Station, TX, USA),
with P < 0.05 considered to be signiWcant. For compar-
ing tumor-associated parameters, the nonpaired
Student’s t test was used. Log–rank tests were used to
calculate the statistical signiWcance of diVerence of
Kaplan–Meier survival curves. The overall survival of mice
was deWned as the time between i.v. injection of tumor
cells and sacriWce or death, and was compared across
diVerent treatment groups with Kaplan–Meier survival
analysis.

Results

Expression of IGF-IR on the surface of human MM 
cell lines

For systemically administered anti-IGF-IR antibodies
to inhibit malignant growth, tumor cells must express
surface IGF-IR accessible for antibody binding. Flow
cytometry analysis of a panel of human MM cell lines
was performed either using anti-IGF-IR antibody

conjugated to Xuorescent dyes or by the sandwich
methods using antibody A12 against IGF-IR. As
shown in Fig. 1, all myeloma cell lines screened
expressed IGF-IR on the cell surface, but relative
expression level varied considerably between cell lines.
However, if results were expressed as the mean Xuo-
rescence intensity ratio indicated in Fig. 1, the expres-
sion of IGF-IR is rather homogeneous except for a low
expresser in CAG line and a high in U266 line.

Inhibition of IGF-IR signaling by A12

Monoclonal antibody A12 is a selective antagonist of
the human IGF-IR. It has been previously shown that
the A12 could inhibit IGF-I-dependent mitogenesis
of RPMI8226 tumor cells in vitro [32]. Here, we sought
to assess receptor and downstream eVector molecule
phosphorylation to determine the extent to which
ligand-dependent signaling was inhibited in MM cells
by A12. As shown in Fig. 2a, the A12 signiWcantly
inhibited tyrosine phosphorylation of the IGF-IR in
response to exogenous IGF-I. Furthermore, activation
of downstream signaling pathways was also sup-
pressed, as demonstrated by inhibition of ligand-
dependent phosphory la tion of Akt and ERK1, 2

Fig. 1 Screening of IGF-IR 
expression on human MM cell 
lines by Xow cytometric analy-
sis. Results are representative 
of the lines tested and of anal-
yses with two diVerent anti-
IGF-IR-speciWc monoclonal 
antibodies (R&D systems 
anti-IGF-IR-FITC and Im-
Clone A12). Both antibodies 
generated comparable results 
for IGF-IR expression. White 
peaks correspond to isotype-
matched control, and shaded 
peaks as IGF-IR. The number 
in the histograms represents 
the mean Xuorescence inten-
sity ratio of positive versus 
isotype control
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(Fig. 2a). The A12 has further been shown to suppress
IGF-IR signaling by eVecting rapid internalization and
lysosomal-mediated receptor degradation following
speciWc binding to surface IGF-IR [32]. RPMI8226
cells were treated with either A12 or IGF-I for up to
24 h. As shown in Fig. 2b, the A12 treatment caused a
signiWcant reduction in total cellular IGF-IR within 1 h,
reaching 70% reduction of total cellular IGF-IR levels
for the duration of analysis. In contrast, exposure to
ligand did not alter the steady-state levels of receptor.
Exposure to A12 therefore inhibited IGF-IR signaling
by blocking the binding of ligand to the receptor and,
further, by eVecting a reduction in receptor density
within the tumor cells.

A12 inhibition of serum or IGF-I stimulated MM cell 
growth in vitro

Expression of the IGF-IR was identiWed in many MM
cell lines (Fig. 1). It was, therefore, important to deter-
mine whether this activation was biologically signiW-
cant in terms of tumor cell growth. To address this
question, we analyzed the proliferative eVect of IGF-I
on MM cell growth in vitro by XTT tetrazonium assay.
Compared to controls, IGF-I at 50 ng/ml stimulated a
twofold to 3.5-fold increase in viable cells recovered in
4 of 6 lines tested (Fig. 3a), with the greatest response
seen with H929 and OPM-2 cells which had an inter-
mediate level of surface IGF-IR expression (Fig. 1).

To evaluate the degree to which inhibition of IGF-
IR function can suppress the ability of serum (which
contains IGFs) to stimulate an increase in viable MM
cells, we undertook in vitro sequential quantitation of
H929 cell viability after speciWc inhibition of serum-
induced IGF-IR activation by A12. After serum starva-
tion for 16 h, H929 cells were plated in the absence or
presence of 2% FCS alone, or 2% FCS plus 200 nM
A12 for 24, 48 and 72 h, followed by XTT assay as
described previously. Typically, cells were incubated
Wrst with A12 for about 30 min to 2 h and then treated
with serum. After 3 days of growth, A12 treatment
caused up to 60% inhibition of the serum-stimulated
proliferation and survival of H929 cells, implicating the
essential role of IGF-I as an MM growth factor present
in serum (Fig. 3b, P < 0.01). The A12 inhibited the
serum-stimulated proliferation of H929 cell line in the
presence of several diVerent batches of serum and over
a range of concentrations (1.25–6% FCS; data not
shown).

We then explored if cells that were stimulated with
IGF-I could also be inhibited in their proliferation and
survival by co-incubation with the blocking antibody
A12. Recombinant IGF-I stimulated proliferation of a
number of MM cell lines following 16 h of serum depri-
vation, and this eVect was almost completely inhibited
in the presence of A12 (Fig. 3c).

Antitumor activity of A12 in subcutaneous xenograft 
MM tumor models

The A12 has exhibited strong inhibitory activity on
IGF-dependent mitogenesis and proliferation of MM
cells in vitro. To assess its activity on MM tumor
growth in vivo, subcutaneous xenograft tumor models
in NOD/SCID mice were established. Two cell lines,
RPMI8226 and CAG, were selected for tumor inhibi-
tion study. Dose–response analysis of A12 has been
performed previously in the MCF7 breast cancer

Fig. 2 Antibody-mediated inhibition of ligand-dependent recep-
tor auto-phosphorylation and degradation. a RPMI8226 cells
were pretreated with A12 (100 nM) or control antibody (100 nM
anti-KLH) prior to addition of IGF-I (10 nM). Total receptor was
immunoprecipitated (IP) from total cell lysate and a western blot
of the IGF-IR IP probed for tyrosine phosphorylation. For detec-
tion of phosphorylated downstream signaling molecules, western
blots of total lysate were probed for phospho-Akt and phospho-
MAPK (pERK1, 2), then stripped and reprobed for total Akt
and ERK 1, 2. Band intensity was determined by densitometric
analysis using an Alphaimager (AlphaInnotech), normalized to
total protein, and plotted relative to control values (100%)
b RPMI8226 cells were treated with A12 (100 nM) or IGF-I
(100 nM) in culture and lysates generated at various time points
post-treatment. IGF-IR was detected by western blot for assess-
ment of antibody-mediated receptor degradation
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model using doses of 0.01, 0.1, and 1 mg at 3-day inter-
vals, showing that 1 mg per mouse (40 mg/kg) was the
optimal therapeutic dosage for treatment [32]. The
40 mg/kg dose and schedule was therefore employed
throughout these studies. To evaluate the combination
eVects of A12 with other anti-myeloma agents, we
included Bortezomib, a proteasome inhibitor in the
study. As shown in Fig. 4a, b, the animals treated with
A12 alone exhibited inhibition of RPMI8226 tumor
cell growth. The tumor growth measured by tumor vol-
ume showed that single-agent A12 treatment produced
> 60% inhibition of RPMI8226 tumor growth
(P = 0.025, day 27, A12 vs. control) but less (»30%)

inhibition of tumor growth in the CAG tumor model, a
MM line with reduced expression of IGF-IR (Fig. 4a, c).
In the CAG model, single agent A12 controlled tumor
growth as eVectively as the proteasome inhibitor bort-
ezomib (P < 0.05, day 27, single agent vs. control), but
there was no enhanced beneWt when the drugs were
given in combination (Fig. 4c). However, quantitation
of tumor burden by BLI, which compared favorably to
tumor diameter measurement, suggested a modest
beneWt of combination therapy, and may be a poten-
tially more sensitive method for determining tumor
burden (Fig. 4d). In none of the studies was any obvi-
ously treatment-related toxicity or change in body

Fig. 3 EVect of IGF-I and antibody A12 on in vitro proliferation
of MM cells. a EVect of IGF-I on in vitro proliferation of MM
cells. After serum starvation for 16 h, cells from indicated lines
were plated at 5 £ 103/well in 96 well plates in the presence (solid
bar) or absence (open bar) of 50 ng/ml of IGF-I for 52 h in the ab-
sence of serum. The cell proliferation was measured by XTT tet-
razonium assay using a 20-h incubation with XTT salt and PMS.
IGF-I-induced cell proliferation is presented as the fold increase
calculated by dividing the mean value of the untreated wells by
that of IGF-I-stimulated counterpart. Data represent average val-
ues of triplicate samples from three separated experiments. b In
vitro sequential quantiWcation of H929 cell survival after speciWc
inhibition of serum-triggered IGF-IR activation by XTT tetrazo-
nium assay. After serum starvation for 16 h, myeloma H929 cells

were plated at 5 £ 103/well in 96 well plates in the absence (open
bar), presence of 2% FCS (black bar), and 2%FCS plus 200 nM
A12 (grey bar) for 4, 28 and 52 h, followed by XTT assay as de-
scribed previously. Data represent average values of triplicate
samples from three separate experiments (*P < 0.01). c In vitro
quantiWcation of myeloma cell survival after speciWc inhibition of
IGF-I triggered IGF-IR activation in the XTT tetrazonium assay.
After serum starvation for 16 h, cells from indicated lines were
plated at 5 £ 103/well in 96 well plates in the absence (open bar),
presence of 10 ng/ml IGF-I (black bar), and 10 ng/ml IGF-I plus
200 nM A12 (grey bar) for 52 h, followed by XTT assay as de-
scribed previously. Data represent average values of triplicate
samples from three separate experiments (#P < 0.01)
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weight noted when compared to the saline-treated con-
trol animals. Wherein the anti-tumor eVect of A12 on
MM can be attributed to its eVect on inhibiting signal-
ing via the IGF-IR, because it is an IgG1 antibody, the
possible contribution of immune eVector functions,
including ADCC, to the anti-tumor activity of this anti-
body cannot be excluded.

A12 inhibition of myeloma cell VEGF production

The data presented earlier demonstrate the existence
of active IGF-I signaling pathways in most MM cells,
and that suppression of IGF-I/IGF-IR signaling can
eVectively inhibit tumor growth both in vitro and in
vivo. We have previously seen a marked increase in
apoptotic tumor cells in A12-treated subcutaneous

breast and prostate cancer mouse models [32, 33]. To
address this in MM tumors, we analyzed subcutaneous
RPMI8226 tumor tissues at the end of A12 treatment.
Tumor specimens from representative animals were
resected, Wxed and processed for immunohistochemical
staining. In this model, treatment with A12 eVected a
marked reduction in the number of proliferating cells
(Fig. 5a) as demonstrated by a reduction in Ki-67 and
phospho-Histone H3 positive tumor cells. However,
TUNEL analysis of tumor tissue did not reXect an
increase in apoptosis due to A12 treatment, but rather
signiWcant necrosis, as evidenced by large acellular
regions throughout the tumor tissue (Fig. 5a). Strik-
ingly, the A12 treated tumor had signiWcantly
decreased vascularization of up to tenfold compared to
control tumors as determined by anti-mouse CD31

Fig. 4 Anti-tumor activities of human anti-IGF-IR monoclonal
antibody (A12) or in combination with other anti-myeloma
agents in subcutaneous NOD/SCID MM mouse models. a Sup-
pression of growth of RPMI8226 MM xenografts in a subcutane-
ous mouse model by antibody A12. Established RPMI8226
xenografts (100 mm3) were treated with A12. The A12 was
administered intraperitonealy (i.p., 40 mg/kg per mouse) three
times a week for a total of 4 weeks of treatment. Control mice
were treated with human immunoglobulin using the same proto-
col as A12. Data plotted are mean § SEM for tumor volume.
b QuantiWcation of dorsal tumor burden of RPMI8226 model
by bioluminescence imaging at day 28. Data plotted are
mean § SEM for photon emission (P < 0.05). c Suppression of

growth of CAG MM xenografts in subcutaneous mouse model by
A12 alone, bortezomib alone, or in combination of both agents.
Established CAG xenografts (100 mm3) were treated with A12
(12 injections of 40 mg/kg each, i.p. three times per week), bort-
ezomib alone (12 injections of 0.25 mg/kg each, i.v., three times
per week), or in combination. Control mice were treated with
human immunoglobulin using the same protocol as A12. Data
plotted are mean § SEM for tumor volume. d QuantiWcation of
dorsal tumor burden of CAG model by bioluminescence imaging
at day 28. Data plotted are mean § SEM for photon emission
(compared to control, P > 0.05 for A12 alone; P < 0.05 for bort-
ezomib alone; P < 0.01 for combination)
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staining of murine endothelium (Fig. 5b). Since human
VEGF can trigger mouse angiogenesis, we evaluated
VEGF production by the MM lines using ELISA
assay. We determined that most MM lines secreted a
signiWcant quantum of VEGF (Fig. 6a), and further
that the A12 could prevent IGF-mediated induction of
VEGF secretion in MM cells in vitro (Fig. 6b). Inter-
estingly, upon challenge with A12 in serum-free
medium, constitutive secretion of VEGF from MM
cells was markedly reduced by as little as 67 nM anti-
body (Fig. 6c, d). This eVect may be due to suppression
of autocrine stimulation of IGF-IR signaling or per-
haps due to feedback from IGF-IR receptor down-
modulation in treated cells. These data collectively
indicate that treatment of myeloma cells in culture can
suppress VEGF production, and suggest a putative
anti-angiogenic mechanism associated with IGF-I
receptor antibody antagonism.

Combination A12 with anti-myeloma agents 
in a disseminated xenograft tumor model

The in vivo preclinical testing of investigational thera-
pies for MM is hampered by the fact that most human
MM tumor xenograft mouse models fail to recapitulate
the extensive marrow tumor inWltration and develop-
ment of diVuse skeletal lesions of the human disease
even after intravenously (i.v.) injections of tumor cells.
Furthermore, it has proven diYcult to monitor the
exact site(s) of tumor growth or reliably quantify dis-
seminated tumor mass. We therefore utilized an in vivo
MM model in NOD/SCID mice in which diVuse MM
lesions developed after tail vein i.v. injection of human
MM.1S cells stably transfected with eGFP–Luciferase.
This system enables whole-body real-time BLI to
detect luciferase positive MM cells and monitor the
development and progression of disseminated MM

Fig. 5 Histological analysis of tumor sections from antibody A12
treated RPMI8226 xenografts in a subcutaneous myeloma model.
a After termination of the treatment, tumor specimens from
representative animals were resected, Wxed and processed for
immunohistochemical staining. Antibodies against nuclear anti-
gen Ki-67 for proliferating cells, and phospho-Histone-H3 for
dividing cells were used. Terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) assay was performed for
cell apoptosis examination (magniWcation 20£). B. The whole

tumor sections stained with anti-mouse CD31/PECAM-1 for
identiWcation of mouse endothelial cells were photographed us-
ing MetaMorph Zeiss Axiovert 200 M (Inverted Stand) imaging
system. The positive pixels (CD31) and the whole section pixels
were quantiWed using MetaMorph OVline software. At least three
sections were evaluated in each specimen (magniWcation 60£).
The result was expressed as the average percentage of positive
pixels versus the total section pixels (P < 0.001 for A12 vs control)
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disease [38]. We used this in vivo model to test the bio-
logical activity of A12 therapy on disseminated MM
disease alone and in combination with conventional
therapeutic agents for MM. Mice (n = 10 per group)
were treated with A12 alone, a single dose of melpha-
lan alone (that was half the dose that produced > 95%
tumor regression of subcutaneous tumor), or a combi-
nation of the two agents. We also treated mice with
bortezomib alone, or bortezomib plus A12. At the end
of 4 weeks treatment, the tumor burden in A12
(Fig. 7a) was qualitatively reduced in comparison to
control, but the change total body burden was not sta-
tistically signiWcant (Fig. 7b, Table 1). However, tumor
burden in the combination of A12 and melphalan was
signiWcant in comparison to control or either single

agent treatment at 2 weeks, and exhibited a trend for
continued reduced tumor burden at 4 weeks (Table 1).
Combination treatment of A12 with the proteasome
inhibitor bortezomib also trended lower than single
agent, but was not statistically signiWcant in compari-
son to single agent bortezomib. Notably, however,
although overall survival was signiWcantly prolonged in
each single agent treatment group relative to control,
the combination groups showed signiWcantly greater
survival than single agent alone, including single agent
bortezomib. This demonstrated that inclusion of anti-
IGF-IR antibody with conventional therapy could
improve survival in a disseminated MM model (Fig. 7c,
P < 0.001). There was no diVerence in body weight
between treatment groups (P = 0.95) at 30 days and no

Fig. 6 Human VEGF secretion by MM cells in vitro and impact
of IGF-IR inhibition by antibody A12 on MM cells VEGF pro-
duction. a Autocrine production of VEGF in human MM cells
under serum-free conditions. After serum starvation for 16 h,
cells from indicated lines were plated at 2 £ 105/well in 24 well
plates in the absence of serum and cultured for 24 h. Supernatant
was harvested and subjected to VEGF165 assay by a commercial
available ELISA kit. The data are the average of two indepen-
dent results. b IGF-IR inhibition by A12 suppresses IGF-I stimu-
lated VEGF production by MM cells. Serum starved MM cells as

indicated were incubated in the presence of IGF-I (10 ng/ml)
alone or IGF-I plus A12 (200 nM) in either QBSF or RPMI1640
medium for 24 h. Supernatant was harvested and subjected to
VEGF165 assay. c, d IGF-IR inhibition by A12 suppresses the con-
stitutive secretion of VEGF by MM cells. Serum starved H929
and MM.1S cells were cultured with A12 at a concentration of 67,
100 and 200 nM for 24 h. Supernatant was harvested and sub-
jected to VEGF165 assay. The viability of MM cells was assessed
by trypan blue staining
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Fig. 7 Anti-tumor activity of A12 in a disseminated MM xeno-
graft model and quantiWcation of tumor burden by biolumines-
cence imaging. A disseminated myeloma xenograft model was
established in NOD/SCID mouse using intravenous injection of
transduced MM.1S cells. Tumor distribution was followed by se-
rial whole-body noninvasive imaging of visible light emitted by
luciferase-expressing MM cells upon injection of mice with lucif-
erin. Dorsal and ventral images were obtained at day 8 (week 2),
23 (week 4), 37, and 43. a Week 2 images from control and single
agent A12 groups, representative of MM tumor cell distribution
in vivo and inhibitory eVect of anti-IGF-IR therapy in this model.
b Quantitation of dorsal photon emission in treatment groups to

evaluate tumor burden. Photon emission was determined from
images obtained on week 0, 2 and 4 for all mice in each cohort and
mean +/¡ SEM plotted. Accompanying statistical analysis for
each group is listed in Table 1. Ventral image analysis for each
treatment group produced similar results. c Kaplan–Meier sur-
vival curve of single agent and combination therapy in the dissem-
inated MM model. A12 enhanced the in vivo antitumor eVect of
melphalan and bortezomib, as shown by the prolongation of over-
all survival of mice receiving the combination of the two agents
(log-rank test, *P < 0.02 for A12 alone treated cohort versus con-
trol; **P < 0.005 for A12 + melphalan and A12 + bortezomib
treated cohorts versus single drug alone treated cohorts)
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other signiWcant treatment-related toxicity discernible
by necropsy and histopathological evaluation (data not
shown). Taken together, these results demonstrate that
abrogation of IGF-I/IGF-IR signaling after cytotoxic
therapy may enhance the eYcacy of therapies that are
currently used in MM treatment.

Discussion

The high-aYnity fully human monoclonal antibody,
A12, has been shown to be a potent anti-tumor agent
in various xenograft models, including MM. The ubiq-
uitous expression of the IGF-IR receptor on MM cells
(Fig. 1), and the production of IGF ligands by stromal
cells, osteoblasts and endothelial cells in the bone mar-
row [34] suggests a role for IGF as a paracrine growth
stimulus for tumors. The IGFs are frequently overex-
pressed in human tumors, often in concert with IGF-IR
overexpression, to generate autocrine activation of the
IGF-IR signaling pathway [35]. Blocking autocrine or
paracrine signaling by both ligands is therefore likely
to be necessary for an antagonist antibody to be an
eVective therapeutic approach.

In this study, we have focused on MM, as a disease
that may be signiWcantly dependent on IGF-IR func-
tion [36]. We demonstrated an in vivo antitumor activ-
ity of the IGF-IR antibody A12 when used as a single
agent, or when combined with melphalan cytotoxic
chemotherapy or with bortezomib proteasome inhibi-
tor therapy in both subcutaneous and disseminated
mouse xenograft models without signiWcant treatment-
related toxicity. That combination therapy exhibited
more eVective antitumor activity is particular of
interest. Yee et al. [37] reported that when scFv–Fc (a
chimeric humanized single chain antibody against IGF-
IR) combined with tamoxifen, a selective estrogen
receptor modulator could signiWcantly enhance sup-
pression of tumor growth in a T61 human breast cancer
model. Recently, Mitsiades et al. [38] found that selec-
tive IGF-IR tyrosine kinase inhibitor NVP-ADW742

could increase the sensitivity of MM cells to various
cytotoxic chemotherapeutic agents in vitro. Our combi-
nation strategies with anti-IGF-IR antibody therapy in
mice with either subcutaneous or disseminated MM
xenografts exhibited enhanced antitumor activity and
prolonged overall survival, providing a framework for
the potential clinical applications of targeting IGF-IR
to enhance the eYcacy of conventional cytotoxic drug
or proteasome inhibitor by blocking key survival sig-
nals (Fig. 1).

The IGF-IR signaling pathway has been implicated
as a causative factor in the development of mouse
plasmacytomas, with tumors showing up-regulated
IGF-IR expression and exhibiting a mitogenic
response to IGF-I [39]. Plasmacytoma induction by a
retrovirus containing oncogene raf/myc was associated
with either constitutively or IGF-I-dependent activa-
tion of the insulin receptor substrate 2/phosphatidyl-
inositol 3�-kinase/p70S6K pathway [40]. Furthermore,
expression of a dominant-negative mutant of IGF-IR
in plasmacytoma lines strongly suppressed tumorigene-
sis in vivo [39].

In addition to the established functions of the IGF-
IR listed above, our study also highlighted its role in
modulating tumor angiogenesis. Reinmuth et al. have
reported that IGF-I increases VEGF expression in
human colon carcinoma cells [41]. This observation is
of particular interest because the sites of colon cancer
growth express IGF-I constitutively. The organ with
the highest levels of IGF-I, the liver [42], is also the pri-
mary organ of colon cancer metastasis. In addition to a
paracrine eVect, IGF-I and IGF-II may also act in an
autocrine manner since colon mucosa and colon can-
cers themselves synthesize signiWcant quantities of
IGF-I [43]. In a spontaneous MM mouse model, the
MM cells were shown to produce large quantities of
VEGF in vitro after IGF-I stimulation [44]. This tumor
response appeared to involve activation of the MEK/
ERK pathway since it could be suppressed by addition
of the MEK inhibitor PD98059. Clinically, marked ele-
vation of tumor microvessel density (MVD) is seen in
MM bone marrow biopsies and the greater the MVD,
the poorer the prognosis [45]. Tumor-associated angio-
genesis as reXected by MVD is a biologically relevant
and important prognostic feature that can be targeted
by antiangiogeneic therapy, such as thalidomide, which
has remarkable antitumor activity in advanced and
refractory MM [46]. To evaluate the importance of
IGF-IR in human MM and its contribution to tumor
angiogenesis, we investigated autocrine VEGF produc-
tion by MM cells. We found that all myeloma cells
secrete signiWcant quantum of VEGF (up to 900 pg/ml/
2 £ 105 cells) under serum starvation condition in vitro.

Table 1 Statistical analysis of dorsal photon emission (n = 10)

Mel melphalan; Bort bortezomib

Groups P value 
at 2 weeks

P value 
at 4 weeks

Mel + A12 versus control 0.034 0.002
Mel + A12 versus A12 0.022 0.073
Mel + A12 versus Mel 0.041 0.091
Bort + A12 versus control 0.032 0.002
Bort + A12 versus Bort 0.230 0.106
Bort + A12 versus Mel + A12 0.008 0.028
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SpeciWc inhibition of IGF-IR signaling by A12 can
sharply decrease VEGF production by MM cells,
suggesting that IGF-IR signaling is involved in tumor
production of VEGF. This in turn facilitates tumor
angiogenesis by a paracrine stimulation of locally inva-
sive microvessels or recruitment of endothelial progen-
itors from the bone marrow [47, 48]. Furthermore, we
assessed MVD in whole tumor section of subcutaneous
xenografts of RPMI8226 tumor following immuno-
histochemical staining for mouse endothelial markers
CD31 and Flk-1. We showed a marked decrease in
tumor staining for these markers in the A12 treatment
group compared with controls, indicating that inhibi-
tion of tumor growth by A12 was associated with a pro-
found reduction in tumor vascularization. With a
reduced blood supply, tumor growth was inhibited in
association with greatly reduced mitotic activity and
increased tumor cell necrosis. Suppression of tumor
VEGF production may also inhibit tumor growth via
disruption of an autocrine pathway involving tumor
expression of VEGF and functional VEGF receptors
has been demonstrated in MM [49–51].

The studies we have reported are novel because
they are the Wrst to address the role of IGF-IR on
tumor angiogenesis in human MM both in vitro and in
vivo. The contribution of IGF-I-induced angiogenesis
may be even more important within the bone marrow
which provides a critical niche where MM cells interact
with IGF-I-expressing stroma, osteoblasts and micro-
vascular endothelium [52]. We postulate that when
IGF-I stimulates VEGF secretion by the MM cells in
the bone marrow, it results in paracrine stimulation of
endothelial cell growth and recruitment with enhanced
vascularization as well as an autocrine stimulation of
tumor growth. In addition, since IGF-IR expression on
MM cells is up-regulated after their contact with BM
endothelial cells [53] a vicious cycle is established in
which increased IGF-IR signaling increases VEGF
production which in turn increases tumor autocrine
proliferation and vascularization. This in turn induces
more IGF-IR expression and IGF-ligand production.

In conclusion, our data demonstrate the critical role
of IGF-IR function in MM cells at various stages in
tumor growth both in vitro and in vivo. SpeciWcally,
this report is the Wrst to demonstrate that IGF-I can
induce VEGF secretion in human MM cells, and inhi-
bition of IGF-IR function may be an indirect means of
inhibiting VEGF expression and angiogenesis. We also
provide evidence that anti-IGF-IR antibody-mediated
tumor inhibition is more eVective when combined
with either melphalan chemotherapy or bortezomib-
mediated proteasome inhibition—two agents that have
been shown to be particularly eVective in MM therapy.
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