
he insulinlike growth factor (IGF) system has 3 compo
nents: ligands, receptors, and binding proteins. Two ligands,
IGF-I and IGF-ll, have been identified (1). Circulating IGF-I
and IGF-ll are produced mainly in the liver, and they act on
distant targets through an endocrine pathway (2). Other
tissues, including various tumors, also produce IGFs, but
these act locally through paracnne or autocrine pathways
(3,4). These IGFs play an important role in the physical
development of humans and animals (2,5). They are critical
also in stimulating cell growth, differentiation, and prolifera
tion (6â€”10).Moreover, the rnitogeic and tumorigeic roles
of IGFs on neoplastic cells have been well documented
(11â€”13).

At least 2 receptors exist for IGFs: type I IGF receptor
(IGF-IR) and type II IGF receptor (IGF-IIR). These recep
tors are present not only in normal cell lines but also in many
neoplastic cells, in which they are overexpressed (14â€”17).
Thesemembranereceptorsmediatethe intracellularactions
of IGFs. The IGF-IR is a heterotetramer with 2 a subunits,
which bind these ligands and are entirely extracellular, and 2
13subunits,whichspanthemembrane.

To date, 6 IGF binding proteins (IGFBPs) have been
cloned and their cDNA sequenced (18â€”20).These IGFBPs
areproducedlocallybymosttissues,includingmanytumors
(21â€”23).They are present in the blood, extracellular fluids,
and cell culture media and can inhibit or augment the actions
of IGF at the membrane receptor level.

All 3 components of the IGF system are involved in the
initiation, growth, and regulation of various tumors. Hence,
methods to diagnose or treat tumors could be developed by
altering any part of this complicated loop. In a previous
study, we investigated the possibility of using a radiolabeled
des(lâ€”3)IGF-I(a truncated IGF-I) to detect tumors in nude
mice bearing a tumor xenograft (24). In the present investi
gation, we evaluated the biodistribution of WI-labeled IGF-I
in nude mice bearing NWTc43 tumor xenografts, which
overexpressIGF receptors.TheradiolabeledIGF-I was
incubated in serum and plasma from rats and nude mice to
define any difference in binding to the IGFBPs as well as
differences between the 2 species. The samples were ana

This study evaluatedthe biodistributionand tumor targeting
ability of radiolabeled insulinlike growth factor (IGF)-I. Because
IGF bindingproteins(IGFBPs)playa criticalrolein modulating
IGFactivity,thebindingpropertiesof1@l-labeIedIGF-Ito IGFBPs
wereinvestigatedinvitroandinvivo.Becausea largeamountof
the IGF-lwascatabolizedinvivo,we alsostudiedthecatabolism
of IGF-l by tumor cells in vitro. Methods: 1@l-labeled-IGF-lwas
prepared using the chloramineT method.The biodistnbutionof
125l-labeled-IGF-Iin tumor-bearing nude mice was compared
between groups injected with 125l@b@IedIGF-I alone or coin
jected with unlabeled peptide. In vftro and in vivo chromatogra
phy studies were performed to evaluate the binding profile to
IGFBPsandthedegreeofcatabolitesinserumas wellas urine.
Results:DataindicatedthatthebindingofradiolabeledIGF-lto
IGFBPs in vitrowas dose dependent.However,there was a
differencein complexformationbetweenthe serum and the
hepannized plasma. In hepannized plasma, the radioactivity
shifted from a 30- to 50-kDacomplexto a 150-kDacomplexand
to a free ligand, because the binding of heparin with IGFBPs
decreasedits affinityfor IGF-I. In plasmapreparedwith acid
citrate dextrose a binding pattern identical to that of serum was
observed. Moreover, there was a binding difference between
mouseand rat.The â€˜@I-labeledIGF-I catabolizedvery quickly
when incubated at 37Â°Cbut not at all at 4Â°C.In tumor-bearing
nude mice, the uptake of radioactivity in normal tissues de
creasedquickly,particulartyin the kidneys.In micecoinjected
with unlabeled earner, the radioactivity in most normal tissues
waslowerandthetumoruptakehigherthaninthemicewithout
carrier.ConclusIon:Thesedataconfirmthat1@I-labeledIGF-Iis
avidly bound to IGFBPs, both in vitro and in vivo. By partially
saturating this binding with unlabeled peptides, a favorable
biodistnbution was achieved, including faster clearance from
normaltissueandhighertumoruptake,whichresultedin better
tumor-to-nontumor ratios. Nevertheless, the rapid catabolism
and release of the radiolabel from tumor tissue result in a
suboptimaltargetingagent.
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lyzed by size-exclusion chromatography. Formation of corn
plexes of IGF-I and IGFBPs in serum samples obtained in
vivo was also studied by high-performance liquid chrornatog
raphy (HPLC). The internalization and catabolism of@
labeled IGF-I also was studied by in vitro incubation with
tumor cells.

MATERIALSAND METhODS

Cell Line and IGF Llgand
The NWTc43 cell line (a National Institutes of Health (NIH)-

3T3 mouse fibroblast) was used for in vivo and in vitro studies.
This cell line was genetically engineered by transfecting NIH-3T3
cellswitha cDNAinsertthatencodestheIGF-LRgene(25).The
cells were routinely maintainedin Dulbecco's modified Eagle's
medium (DMEM) (Biofluids Inc., Rockville, MD) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2 mmol/L glutamine, and 500 jig/mL G418 (GIBCO,
GrandIsland,NY) in a humidifiedatmosphereof 95% airand5%
Co2at 37Â°C.HumanrecombinantIGF-I(receptorgrade)was
purchased from GroPep Pty. Ltd. (Adelaide, Australia).

Radlolodinatlonof GrowthPeptide
The IGF-I was labeled with carrier-free Na'2@I(Amersham,

Arlington Heights, IL) by the chloramine-T method (24). These
radiolabeled ligands were purified by elution through a human
serumalbumin(HSA)-treatedPD-lOcolumn(PharmaciaBiotech
AB, Uppsala, Sweden). The specific activity of â€˜@I-labeledIGF-I
was 2.22-3.33 GBq/mg. The radiochemical purity of the ligand
was >95% as determined by a combination of 2 paper chromatog
raphy systems (Whatman 1 paper developed with 85% methanol in
0.05 mol/L phosphate-buffered saline [PBS], pH 6.2; and Whatman
1 paper pretreated with 5% HSA, developed with 0.05 mol/L PBS,
pH 6.2) and size-exclusion HPLC, using a TSK 020005W column
(Tosa Hans, Philadelphia, PA; 0.067 mol/L sodium PBS with â€”0.1
mol/L KCI, pH 6.8, 0.5 mL/min) and an on-line radioactivity
detector.

Receptor-BInding Assays
The IGF-Ibindingto NWTc43 cells was evaluatedby competi

tive receptor-binding assays and saturation-binding assays, as
repoi@tedpreviously (24). Briefly, NWTc43 cells were seeded in
triplicate and cultured overnight in 12-wellculture plates with
250,000cells in eachwell.Confluentcellswerewashedwith 1mL
binding buffer (0.1 molIL N-[2-hydroxyethl]piperazine-N'-[2-
ethane sulfonic acid], 0.12 molIL NaCl, 1.2 mmol/L MgSO4, 2.5
minol/L KC1, 10 mmol/L glucose, 10 mg/mL radioimmunoassay
grade bovine semm albumin [BSA]; pH 8.0) and incubated in 1mL
binding buffer containing 25,000 cpm (80 pmol) â€˜@-â€˜I-labeledIGF-I
and various concentrations of cold ligands ranging from 1.4 X
10-11 to l0@ mol/L at 4Â°Cfor 6 h. After incubation, the cells were

washed twice with cold PBS to remove the nonbound activity. The
cellsweredissolvedin 1mL0.2N NaOHandtransferredtotubes,
and the radioactivity was counted in a @ycounter (Packard
Auto-Gamma, Meriden, CT). Scatchard analysis was perfonned
using the program LIGAND (26).

Saturation-binding studies were perfonned using radiolabeled
IGF-I (0.2â€”0.25ng) with cell numbersrangingfrom 0.25 to 6 X
l0@per well, seeded in 6-well plates. After 6 h of incubation at 4Â°C,
the cells were washed, harvested, and counted as described above.
The nonspecific binding was evaluatedwith a 2500-fold excess of
coldIGF-Iin1well.

CatabolIsm Study
The catabolism of radiolabeled IGF-I by NWTc43 cells was

evaluated in vitro, as deSCribedelsewhere (24). Briefly, 1 X l0@
NWTc43 cells per well were seeded and cultured in 6-well culture
plates for 12 h. After washing with ice-cold binding buffer, the
radiolabeled IGF-I (9.25 kBq, 0.75 nmol/L) was added to the cells
in a volume ofO.6 mL and incubated at 4Â°Cfor 6 h to allow binding
to the receptors. The cells were washed twice with 1 mL cold PBS
to remove nonâ€”cell-boundactivity. The cells (triplicate wells) were
diluted with 1mL DMEM and then incubated at 37 Â°Cor at 4Â°Cfor
various lengths of time ranging from 0 to 26 h. The culture media
were aspirated and saved in test tubes and then assayed further by
trichloroacetic acid (TCA) precipitation. The cells were solubilized
(dissolved) in 0.2 N NaOH and collected. The radioactivity in the
TCA precipitate(containingintactradiolabeledligands), nonprec
ipitable supematant (containing catabolic products), and cell
lysates was measured in a well y counter.

IGF-IBIndIngto IGFBPsInVitro
To evaluate the binding of the peptide to IGFBPs and to

determine the appropriate amounts ofunlabeled IGF-I for use in the
saturation study in tumor-bearing nude mice, â€˜251-labeledIGF-I
was incubated in serum and analyzed by HPLC. Radiolabeled
IGF-I (1.5 ng, 100,000 cpm) was mixed with unlabeled ligand in a
volume of 10 pJ.@andaddedto 100 @iLserum(prewarmedto 37Â°C)
to reachfinalconcentrationsof 13â€”6830ng/mLserum.The serum
samples were incubated at 37Â°Cfor 15 mm and applied immedi
ately to a TSK 020005W column, equipped with an on-line Na! â€˜y
detector (Gamma RAM, IN/US Systems, Inc., Pine Brook, NJ).
The column thenwas elutedwith 0.067 mol/L sodiumPBS and0.1
mollL KCI, pH 6.8 (0.5 mLimin). Markers of known molecular
weight (Mr) were used to calibrate the column: vitamin B12(Mr,
1,350), equine myoglobin (Mr. 17,000), chicken ovalbumin (Mr,
44,000), bovine gammaglobulin (Me, 158,000), and thyroglobulin
(@r, 670,000) (Bio-RBd Laboratories, Hercules, CA).

Previous studies characterizing the effect of IGFBPs have used
either serum or plasma, predominantly in rats, and have not
characterized well the differences related to these parameters. To
assess the possible difference in binding to the IGFBPs in serum
and plasma, as well as among animal species, and to allow
comparisons with other studies in the literature, radiolabeled IGF-I
was incubated in freshly prepared serum and plasma from rats and
nude mice and analyzed by HPLC. For preparation of the serum,
blood samples from normal rats or nude mice were collected by
cardiac puncture after the animals had been killed by CO2
inhalation. These samples were allowed to clot at room temperature
for 15 atm and then were centrifuged at 2000 rpm for 5 mm. Two
methods were used to prepare plasma samples. After blood was
drawn by syringe, it was immediately transferred to sterile tubes
pretreated with heparin or acid citrate dextrose (ACD). The
samples were kept at room temperature for 30 mm and then
centrifuged. Ten microliters radiolabeled IGF-I (with a final
concentration of 50 ng/mL) were incubated with 100 jiL serum or
plasma at 37Â°Cfor 15 mm and then analyzed by HPLC. To explore
further the effect of heparin on IGF-I and IGFBPs, separate serum
samples were mixed with different concentrations of heparin and
labeled â€˜@I-labeledIGF-I. These mixtures were incubated and
analyzed as described. A mixture of heparin and IGF-I was also
incubated in PBS and studied by HPLC.
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Time37Â°C4Â°C(h)TCA-precipitableTCA-solubleCell-boundTCA-precipitableTCA-solubleCell-bound02.0

Â±0.80.7 Â±0.297.4 Â±1.02.0 Â±0.80.7 Â±0.297.4 Â±1.00.2510.8
Â±0.53.3 Â±0.385.9 Â±0.58.7 Â±0.52.2 Â±0.289.1 Â±0.70.7521.6
Â±0.613.5 Â±1.164.8 Â±1.69.7 Â±0.52.4 Â±0.287.8 Â±0.71.529.6
Â±0.732.0 Â±1.538.4 Â±1.99.7 Â±0.42.3 Â±0.288.1 Â±0.63.031.2
Â±1.054.0 Â±0.414.8 Â±0.613.6 Â±1.02.7 Â±0.183.7 Â±1.16.029.0
Â±0.563.4 Â±0.37.5 Â±0.819.1 Â±1.13.9 Â±0.277.0 Â±1.01823.7
Â±0.471.6 Â±0.64.8 Â±0.334.6 Â±1.54.4 Â±0.161.0 Â±1.42619.9
Â±0.275.0 Â±0.25.1 Â±0.439.6 Â±0.76.8 Â±0.353.6 Â±0.9Data

are expressed as percentageoftotal activityrecoveredfrom3 fractions(meanÂ±SD,n = 3 perpoint).

IGF-IBindingto IGFBPsIn Vivo
Todeterminethedegreeofbinding ofIGF-I to theIGFBPsin the

circulation, sera from nude mice were analyzed by size-exclusion
HPLC after intravenous administration of radiolabeled IGF-I. Five
groups of 3 mice each were injected intravenously with 152â€”163
kBq radiolabeled IGF-I in 100 @iLPBS. Blood samples were
collected by cardiac puncture from each mouse at 15, 45, 90, 180,
and 360 mm after injection. Serum was separated by centrifugation
from the clotted blood. A volume of 100â€”150pL of serum was
added to an HPLC with a TSK G2000 column that was eluted with
0.067 molIL sodium PBS and 0. 1 mol/L KC1, pH 6.8, at 0.5
mL/min. The elution profile was measured with an on-line radioac
tivity detector. The percentage injected dose per gram (%ID/g) of
blood was determined, and the components of radioactivity that
were associated with ligandâ€”IGFBPcomplex, intact ligand, and
cataboliteswerequantitated.

Serum samples from other groups of mice (n = 3 mice) that
were coinjected with carrier-added â€˜@-â€˜I-labeledIGF-I were also
analyzed by HPLC at 90 mm after injection. The procedures for
serum preparation and HPLC analysis were the same as described.

Urine samples also were collected from mice at various times
after injection with radiolabeled IGF-I. These samples were
analyzed by HPLC.

BlodistrIbution Study
All animal studies were approved by the Animal Care and Use

Committee of the Clinical Center at NIH. Biodistribution studies
were performed on nude mice bearing NWTc43 tumor xenografts.
Female athymic nude mice (nu/nu), 4â€”6wk old and weighing
15-20 g, were obtained from Harlan-Sprague-Dawley (Frederick,
MD). The mice were inoculated subcutaneously in the right thigh
with 1 X 10@(100 pL) NWTc43 cells. Experiments were performed
approximately 5 wk later, when the tumors weighed 1.0â€”2.0g.
Before injection, the purified, radiolabeled IGF-I product was
diluted with 0. 1mollL PBS (pH, 7.4; 1% BSA) and filtered through
a 0.22-jim filter (Millipore, Bedford, MA). Three groups of 5
tumor-bearing nude mice were injected intravenously with 0.15â€”
0.16 MBq/100 jiI@â€œ-SI-labeledIGF-I (33â€”44ng/20 g body weight)
through the tail vein. At 15, 45, and 90 mm after injection, the
animals were killed by CO2 inhalation and exsanguinated by
cardiac puncture. Organs were removed and weighed, and the
radioactivity was counted in a well @ycounter. The radioactivity in
organs was expressed as %ID/g tissue and normalized to a body

weight of 20 g. At the time of the biodistribution studies, the mice
weight ranged from 20.5 to 29.3 g (mean Â±SD, 25.2 Â±2.5 g).

Weevaluatedtheeffectof cold carrieron the biodistributionof
radiolabeled IGF-I in normal tissues as well as in tumor tissue. Five
tumor-bearing nude mice were injected with a mixture of 125!..
labeled IGF-I (167â€”181kBq) and a 50-fold excess of unlabeled
IGF-I (2200â€”2800ng/20 g). Mice were killed at 90 mm after
injection. The uptake of â€˜@I-labeledIGF-I by normal organs and by
thetumorwasdetermined.Thebiodistributiondatawerecompared
with data from the mice that received the radiolabeled ligand alone.

StatIstics
NonpairedStudentt testswereperformedto comparethe mean

values from the carrier-free and carrier-added groups. Probability
values 0.05 were considered statistically significant.

RESULTS
Receptor-BIndIngAssays

A range of 7.5â€”7.7X 10@receptor sites per cell was found
in the NWTc43 cell line, based on the competitive receptor
binding assay. The K@for IGF-I with NWTc43 cells was
7.1â€”7.9x 10-10 mollL. The maximum binding of radiola
beled IGF-I to NWTc43 was 70%â€”75%as calculated from
the saturation binding assays.

CatabolIsm Study
Table 1 shows the catabolism of radiolabeled IGF-I by

NWTc43 cells incubated at 37Â°Cor at 4Â°Cfor up to 26 h.
Initially, when the cells were incubated at 37Â°C,most of the
radioactivity was bound to the cells. This cell-bound activity
fell very rapidly to only 38% at 90 mm and to 5% at 26 h.
However, the radioactivity in the catabolite fraction (TCA
soluble) continuously increased, suggesting that the IGF-I
was quickly catabolized by the NWTc43 cells, thereby
releasingthe catabolitesinto the medium.The TCA
precipitable fraction (intact ligand) reached 31% at 3 h. Its
retention was much higher than that of WI-labeled des
IGF-I (24). Its more rapid release from the cell-bound
fraction suggests that IGF-I was released from the cell and
possibly bound to the IGFBPs in the FBS used in the culture
medium.

TABLEI
Catabolism of 1251-LabeledIGF-I by NWTc43 Cells In Vitro Incubation at 37Â°Cand 4Â°C
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When cells were incubated at 4Â°C,most of the radiola
beled IGF-I remained cell-bound, either on cell surfaces or
internalized (Table 1). This cell-bound activity was released
more slowly into the culture medium at 4Â°Cthan at 37Â°C.In
addition, the greater part of the activity released into the
culture medium was TCA precipitable, indicating that the
radiolabeled ligands were not catabolized as quickly at 4Â°C
as at 37Â°C.The cataholite fraction was much lower at 4Â°C
than at 37Â°C.

IGF-I Binding to IGFBPs In VItro
Radiolabeled IGF-I was incubated in vitro in nude mouse

serum at different specific activities to evaluate its binding to
the IGFBPs. The sera were incubated with radiolabeled
IGF-I and various concentrations of unlabeled peptide and
analyzed by size-exclusion HPLC. Two complex peaks of
different molecular weights were observed: 1 at approxi
mately 150 kDa and another at 30 to 50 kDa (Fig. 1). The
formation of ligandâ€”IGFBP complexes was not seen when
the concentration of ligand was >1000 ng/mL. However, as
the ligand concentration was reduced, the complexes quickly
increased from 13% at 580 ng/mL to 76% at 13 ng/rnL,
whereas free IGF-I decreased from 79% to 20% (Fig. 1).

Thebindingof IGF-I totheIGFBPsin serumandplasma
was studied in vitro by HPLC (Fig. 2). In nude mouse serum,
the radioactivity was mainly associated with the peak of 30
to 50 kDa, which in turn was composed of 2 smaller peaks
(Fig. 2A). The ACD-prepared plasma had a binding pattern
identical to that of the serum (Fig. 2B). However, in
heparinized plasma, the 150-kDa complex became dominant
(Fig. 2C), leaving a smaller 30- to 50-kDa peak and an
increased intact IGF-I peak, each larger than those of the
serum and ACD-prepared plasma samples. We then evalu

FIGURE1. HPLCanalysisof nudemouseseraincubatedin
vitro with 125I-IabeledIGF-I (1.5 ng) in presence of increasing
amountsofunlabeledIGF-l.Percentagesofradioactivitypresent
inhigh-molecular-weight(150-kDa)complex(0),inlow-molecu
lar weight (30â€”50kDa) complex (A), and as free IGF-I fraction
(U) are shown. IGF-l concentrations represent combined total of
radiolabeledligand plus unlabeled ligand as representedby the
1@l-label.

A

Elutlen Time (miii)

B
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*

FIGURE2. RadiolabeledIGF-l (finalconcentration,50 ng/mL)
wasincubatedinnudemouseserum(A),ACD-preparedplasma
(B), or hepannizedplasma(C) at 37Â°Cfor 15 mmandanalyzed
byHPLC.

IGF-I Concentration (ng/ml)

ated the relationships among heparin, IGF-I, and IGFBP by
mixing serum with various amounts of heparin. Interest
ingly, the serum then showed a radioactivity-distribution
pattern similar to that observed with the heparinized plasma,
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SerumPlasmaComplex

1Complex 2Complex IComplex2Animal(150
kDa)(30â€”50 kDa)IGF-l(150 kDa)(30â€”50kDa)IGF-lMouse10.30

Â±1.2981.91 Â±2.406.70 Â±0.6538.82 Â±1.1234.69 Â±3.3623.93 Â±4.32Rat25.00
Â±0.0321.49 Â±0.2451.50 Â±0.7042.02 Â±0.5111.57 Â±0.0543.71 Â±0.80Data

are expressed as percentage ofradioactivityineachelutionfraction(meanÂ±SD;n = 2 animalspergroup).

50-kDa complex, whereas in rat serum only 21% appeared
in this complex (Table 2). In rat serum, more than 50% of
radioactivity was found associated with intact free ligand
compared with only 7% for mouse serum, indicating much
less binding of IGF-I to IGFBPs in rat serum. In the plasma,
the shifting of radioactivity from the smaller to the larger
complex was seen in both mice and rats. Considerable
amounts of activity also appeared in the free IGF-I peak in
mouse plasma. However, the percentage of radioactivity in
the intact IGF-I peak of rat plasma did not differ much from
that of rat serum (Table 2).

IGF-I Binding to IGFBPs In Vivo
To study the binding of circulating ligands to the IGFBPs

in vivo, size-exclusion chromatography of mouse serum was
performed after the injection of radiolabeled IGF-I. Nude
mice were injected intravenously with radiolabeled ligand,
blood was drawn at 15, 45, 90, 180, and 360 mm, and sera
were prepared. The results (Table 3) indicate that radiola
beled IGF-I was either bound to IGFBPs in the circulation or
catabolized to smaller-molecular-weight â€˜@I-labeledprod
ucts (less than 1 kDa). There was no activity at the position
of labeled IGF-I. At 15 mm, 52% of the activity was
associated with the smaller IGFâ€”IGFBP complex, 30â€”50
kDa. This percentage declined gradually with time to 13% at
6 h. However, the percentage ofradioactivity in the 150-kDa

peak increased from 35% at 15 miii to 53% at 90 mm and
remained ashigh as44% for up to 6 h. A continuous increase
in radioactivity in the small-molecular-weight catabolites
was observed, from 12% at 15 mm to 43% at 6 h.

The amount of radioactivity associated with different
molecularweightpeaksis shownin Table3.As theblood
level decreased with time, the radioactivity in complex 2
(30â€”50kDa) also quickly diminished. However, the activity
in complex 1 (150 kDa) was nearly constant from 15 to 90
mm but then decreased slowly (Table 3). The activity in the
catabolite peak remained unchanged from 15 mm to 3 h but
declined later because of excretion of the catabolites into the
gastrointestinal tract.

To determine the effect of carrier on the binding of IGF-I
to the circulating binding proteins, mice were coinjected
with the unlabeled ligand, and serum was analyzed by HPLC
90 mm after injection. When comparing the serum HPLC

profiles from the carrier-free mice with those from the
carrier-added mice, remarkable differences were observed in

A

B
ElutlenTime(mlii)

15 20

Ehidon TI@n)

FIGURE 3. HPLC profiles of nude mouse serum incubated at
37Â°Cfor 15 mmwithmixtureof heparinand radiolabeledIGF-I
(finalconcentration,50 ng/mL).(A) 4.5 U/mL hepann.(B) 45
U/mLhepann.

i.e., a shift of radioactivity from the 30- to 50-kDa peak to
the 150-kDa peak and to the intact IGF-I peak in a
dose-dependent manner (Fig. 3). When mixing the heparin
and radiolabeled IGF-I in PBS, we observed only 1 intact
IGF-I peak and no evidence of binding of heparin to IGF-I.

The differences in binding properties of IGF-I to IGFBPs
between species were evaluated with serum and plasma
samples from nude mice and rats. In mouse serum samples,
82% of radiolabeled IGF-I was associated with a 30- to

TABLE 2
HPLCAnalysisof 125l-IGF-IIncubatedin Serumand PlasmafromMice and Rats
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%Activity*%lD/gtTime

Complex 1 Complex2 Complex 1 Complex2(mm)
(150 kDa) (30.-SO kDa) Catabolite (150 kDa) (30â€”50kDa)Catabolite15

35.1 Â±4.6 51.7 Â±3.3 11.5 Â±1.2 6.5 Â±0.9 9.6 Â±0.62.1 Â±0.245
46.5 Â±3.5 33.6Â±1.7 19.1Â±2.2 6.2 Â±0.5 4.5 Â±0.22.6 Â±0.390
53.3 Â±7.1 26.1 Â±2.8 20.3 Â±7.1 6.1 Â±0.1 3.0 Â±0.52.4 Â±1.2180
43.3 Â±2.2 21.4 Â±2.7 35.1 Â±3.9 3.3 Â±0.7 1.6Â±0.32.7 Â±1.1360
44.3 Â±0.6 13.0 Â±2.1 42.7 Â±2.7 1.7 Â±0.1 0.5 Â±0.11.6 Â±0.0*Data

are expressed as percentage of radioactivity in each elution fraction (mean Â±SD, n = 3 mice per group).
tData areexpressedas%lD/gserumnormalizedto bodyweightof2Og.Sumof3 fractionsisequaltototal activityinserum.

15 mmafter
injection;

Organ carrier (â€”)45

mmafter
injection;

carrier(â€”)mm

afterinjectionCarrier

(â€”)Carrier(+)

*P< 0.0001.
tP< 0.05.
tP< 0.005.
Radioactivitywasexpressedas%lD/gtissue(meanÂ±SD,n = 5

micepergroup).

TABLE3
HPLCAnalysisof Nude MouseSerumAfter Injectionof 125I-LabeledIGF-I

the percentage of radioactivity associated with the 3 peaks
(Fig. 4). The radioactivity in complexes 1 and 2 was lower in
carrier-added mice (27% and 19%, respectively) than in
carrier-free mice (53% and 26%, respectively), reflecting the
partial saturation of binding sites in the carrier-added mice.
The unbound IGF-I was catabolized in the kidneys, and the
catabolic products were quickly released back into the
circulation, producing a considerable rise in the catabolite
peak to 53% for carrier-added mice versus 20% for carrier
free mice.

To assess the excretion of radiolabeled ligands, urine
samples were collected and analyzed by HPLC. The urine
HPLC profile showed only 1 catabolite peak at all time
points, suggesting that the radiolabeled ligands were com
pletely metabolized in vivo (data not shown). Nevertheless,
because of limitations in resolution, this method does not
allow a determination of how many different catabolite
products were present. The metabolites were either expelled

into urine or released back into the circulation and eventu
ally excreted into the gastrointestinal tract.

Blodistributlon Study
Table 4 summarizes the biodistribution results of radiola

beled IGF-I in tumor-bearing nude mice. In the carrier-free
mice,thehighestuptakeof radioactivityin all thenormal
tissues occurred 15 mm after injection and then decreased
with time, except in the stomach, where it doubled with
time. The kidneys showed a much faster clearance than other
tissues. The tumor uptake decreased with time.

To determine the effect of carrier on the biodistribution of
the IGF-I, tumor-bearing nude mice received a coinfusion of
radiolabeled IGF-I and homologous unlabeled ligand. The
radioactivity uptake in most of the normal tissues was lower
in the carrier-added mice than in the carrier-free mice
(Table 4). The tumor uptake in carrier-added mice was
significantly higher than that in carrier-free mice (P <

TABLE 4
Biodistnbution of 125I-LabeledIGF-l in NWTC43

Tumor-BearingNude Mice80

70

60

50 Blood18.3 Â±0.613.3 Â±0.210.7 Â±1.86.4 Â±1.1Kidney60.3
Â±6.017.3 Â±2.48.9 Â±1.77.3 Â±1.6Liver11.4
Â±1.56.1 Â±0.34.2 Â±0.53.1 Â±0.6tSpleen7.1
Â±0.94.7 Â±0.23.4 Â±0.73.1 Â±0.6Stomach15.3
Â±3.324.1 Â±5.132.1 Â±7.743.6 Â±9.5Intestine6.8
Â±0.74.9 Â±0.33.2 Â±0.62.7 Â±0.5Bone3.8
Â±0.42.9 Â±0.22.3 Â±0.42.8 Â±0.5Thyroid9.5
Â±0.89.0 Â±1.87.0 Â±1.58.6 Â±3.9Heart7.7
Â±0.55.8 Â±0.44.8 Â±1.03.4 Â±O.7tLung13.6
Â±1.09.7 Â±0.76.6 Â±1.16.0 Â±1.8Tumor6.5
Â±0.75.9 Â±0.53.9 Â±0.87.6 Â±1.7@

40
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0
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FIGURE4. Size-exclusionHPLCanalysisof nudemouse
serum after injectionof radiolabeledIGF-I with unlabeled ligand
(whitebars)orwithoutunlabeledligand(blackbars).Serumwas
prepared90 mm after injection. Data are expressedas percent
age of radioactivity associated with fractions of complex I,
complex2, and catabolites(mean Â±SD; n = 3; *@Q< 0.05).
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IFIGURE5. Tumor-to-normaltissueratios
in nude mice bearingNWTC43tumor xeno
grafts after injection of radiolabeled IGF-I
with (black bars) or without (white bars)
unlabeled peptides. Animals were killed
90 mm after injection (mean Â±SD; n = 5;
*P< 0.05, **@<@ ***@< 0.0001).

Blood Kidney Liver SpleenStOmachIntestineMuscle Bone Thyroid Heart Lung

0.005), resulting in significantly higher

tissueratios(Fig.5).

DISCUSSION

The use of radiolabeled IGF-I for tumor imaging is
influenced by many factors. The action of IGF-I is modu
lated through its interaction with its receptors on the
membrane of target cells. The existence of IGFBPs in the
circulation complicates this situation. By binding to the
IGFBPs, less free IGF-I is available for its receptors, and this
contributes to a high background, because the complexes
stay in the circulation longer than the free ligand. To deal
with this problem, 3 approaches have been considered: using
des-IGF-I, which showed low affinity for IGFBPs; saturat
ing the binding sites of IGFBPs with unlabeled peptide; and
blocking the IGF-IGFBP complex formation with other
reagents.We reportedour resultswith the first approach
elsewhere (24). The second approach is discussed exten
sively in this article, whereas the last approach was ad
dressedonly in vitro.

Avid binding of IGF-I to the IGFBPs has been well
documented (27â€”30),whereas des(lâ€”3)IGF-I showed very
little binding to the IGFBPs in vitro (24). The marked
binding of IGF-I was observed in our current experiments
both in vitro and in vivo. The amount of radioactivity
associated with the 150-kDa and 30- to 50-kDa complexes
was different in serum from that in heparimzed plasma. In
serum, more labeled IGF-I was bound to the IGFBPs, and
this was primarily associated with 30- to 50-kDa complexes.
In hepariized plasma, the activity that appeared in the
small-complex peak was low; correspondingly, the intact
free-ligand peak was increased, as was the 150-kDa com
plex peak. This change was not found in ACD-prepared
plasma, which gave a pattern of radioactivity distribution
essentiallyidentical to that seenin serumsamples,suggest
ing that the binding to IGFBPs in the heparinized plasma

tumor-to-normal was reduced. Reports have shown that all forms of IGFBPs,
except for IGFBP-4, have at least 1 putative heparin-binding
domain (31â€”33).Hepann binding to these regions resulted
in a conlormational change in IGFBPs, which lowered their
affinity for IGF-I. This was also confirmed by our results.
When the heparmn was added to serum, we observed a
binding pattern resembling that of hepariized plasma
(Fig. 3). The binding of heparin with IGFBPs could improve
tumor targeting using IGF-I. Obviously, the formation of
IGFâ€”IGFBPcomplexes lowers the amount of free IGF-I for
its cellular receptors. Therefore, partial or complete blocking
of IGFâ€”IGFBPcomplex formation with heparmnor heparin
like glycosaminoglycans, such as heparan sulfate, dermatan
sulfate, dextran sulfate, or pentosan polysulfate, could
improve tumor targeting (34â€”37).Animal studies in the
literature have often failed to address the issue of the effect
of hepariized plasma.

Species differences in the binding of IGF-I to IGFBPs
have been reported (38). We also found this in our experi
ments with serum and plasma samples from nude mice and
rats (Table 2). The uncomplexed IGF-I was much higher in
rat serum than in mouse serum, suggesting a lower binding
capacity in the rat. In the mouse, heparin inhibited IGF-I
binding by markedly reducing the radioligands in the 30- to
50-kDa complex and increasing the percentage of free
ligand in the 150-kDa complex. Although heparin lowered
the radioactivity associated with the small complex in the
rat, the radioligands shifted to the larger complex, but the
percentage of free ligand remained unchanged.

The saturation of the binding sites of IGFBPs with
unlabeled ligand subsequently lowered the formation of
complexes, both in vitro and in vivo. Our in vitro studies
revealed a remarkable shift of radiolabeled IGF-I from the
free form to the complexed form as the concentrations of
unlabeled IGF-I in the serum decreased, suggesting satura
tion of the binding sites within IGFBPs. At the lowest
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concentration, almost 80% of the radioactivity was found in
IGF-Iâ€”IGFBP complexes (Fig. 1), whereas at the higher
concentration, almost all the radiolabeled IGF-I was free,
available for binding to its cellular receptors. If clinical
imaging studies are performed with any radiolabeled IGF
reagent, the issue of dose dependency on biodistribution will
need to be addressed.

For in vivo studies, we saturated the binding sites of
IGFBPs in the circulation with coinjections of radiolabeled
and unlabeled IGF-I. With an excess of cold peptides, the
formation of IGF-Iâ€”IGFBP complexes in the serum was
inhibited as a result of the saturation of IGFBPs by the
unlabeled ligands. Although the HPLC profiles did not show
a free IGF-I peak, the higher catabolite fraction observed in
carrier-added mice suggested that more radiolabeled IGF-I
was metabolized in these mice by tumor or by other tissues,
becauseonlyfreeligandscouldbindtothereceptors.These
catabolites were quickly excreted into the urine or gastroin
testinal tract. This was confirmed by the higher stomach
uptake of radioactivity in carrier-added mice compared with
carrier-free mice. Added carrier hastened the clearance of
â€˜251-labeledIGF-I from the blood and lowered nonspecific
uptake in other organs (Table 4). At the same time, tumor
uptake in carrier-added mice was increased because of the
greater availability of free â€˜@I-labeledIGF-I, resulting in
better tumor-to-nontumor ratios (Fig. 5). We previously
observed a similar improvement in tumor-to-nontumor con
centration ratios with â€˜@I-labeleddes-IGF-I (24).

An in vitro endocytosis assay showed the internalization
of IGF-I receptors after the binding of â€˜25I-labeledIGF-I.
This was also observed by other investigators (39â€”40)and in
our previous study with des-IGF-I (24). As the incubation
time approached 26 h, the radioactivity associated with the
TCA-soluble proportion continuously increased, indicating
the catabolism of endocytosed IGF-I by the cells. Similar
catabolism likely occurred in vivo, consistent with the
decrease in tumor uptake and the increase in the circulatory
catabolites (Table 3). The high stomach uptake of 1251was
presumably iodide (Table 4). Because of its size (7.5 kDa),
IGF-I is highly concentrated in renal tubular cells and
catabolizes quickly, like most low-molecular-weight pro
teins.Highradioactivityin thestomachwasobservedfrom
reabsorbed iodide; HPLC analysis of urine samples revealed
a single peak with a retention time consistent with iodide.

CONCLUSION

The use of radiolabeled IGF-I for tumor targeting has
many potential advantages: many tumors overexpress IGF-IR
or IGF-IIR; IGFs are natural, endogenous materials that will
not cause adverse effects in humans; immunogenicity will
not be a problem because of their small molecular weight;
and IGFs penetrate into tumor cells quickly because of their
low molecular weight. However, the existence of IGFBPs in
serum not only elevates the background activity but also
reducesthe amountof free IGF-I availablefor the tumor
tissue,resultingin low tumor-to-nontumorratios. The

combination of approachesâ€”using an IGF analog with less
affinity for IGFBPs, saturating the binding sites of IGFBPs
with unlabeled ligands, and possibly inhibiting IGF binding
to IGFBPs with heparinlike glycosaminoglycans or other
binding agentsâ€”will likely improve tumor localization.
Further progress can probably be achieved by developing
IGF-I analogs with even less affinity for IGFBPs, such as
Long R3IGF-I (38), and analogs with slower catabolic rates.
The rapid catabolism and loss of the radiolabel from tumors
when using â€˜251-labeledIGF-I is suboptimal. Radiolabeling
theseanalogswith â€œInor otherradioelementsthattendto
remain intracellular in tumor cells should also be tried,
because these radioelements are not as prompfly released
from cells as is radioiodide.
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