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Our objective was to compare '"In-labeled human epidermal
growth factor (hEGF), a 53-amino acid peptide with anti-
epidermal growth factor receptor (EGFR) monoclonal antibody
(MAb) 528 (lgGa,) for imaging EGFR-positive breast cancer.
Methods: hEGF and MAb 528 were derivatized with diethylene-
triamine pentaacetic acid (DTPA) and labeled with '''In acetate.
Receptor binding assays were conducted in vitro against MDA-
MB-468 human breast cancer cells. Biodistribution and tumor
imaging studies were conducted after intravenous injection of the
radiopharmaceuticals in athymic mice bearing subcutaneous
MCF-7, MDA-MB-231, or MDA-MB-468 human breast cancer
xenografts or in severe combined immunodeficiency mice im-
planted with a breast cancer metastasis (JW-97 cells). MCF-7,
MDA-MB-231, JW-97, and MDA-MB-468 cells expressed 1.5 X
104, 1.3 X 105, 2.7 X 105, and 1.3 X 108 EGFR/cell, respectively
in vitro. Results: "In-DTPA-hEGF and ''In-DTPA-MAb 528
bound with high affinity to MDA-MB-468 cells (K, of 7.5 X 108 and
1.2 X 108 L/mol, respectively). '"'In-DTPA-hEGF was eliminated
rapidly from the blood with < 0.2% injected dose/g (%|D/g)
circulating at 72 h after injection, whereas '"'In-DTPA-MAb 528
was cleared more slowly (3 %ID/g in the blood at 72 h). Maximum
localization of "In-DTPA-hEGF in MDA-MB-468 tumors (2.2
%|D/g) was 10-fold lower than with '"'In-DTPA-MAb 528 (21.6
%I\D/g). There was high uptake in the liver and kidneys for both
radiopharmaceuticals. Tumor-to-blood ratios were greater for
"in-labeled hEGF than for MAb 528 (12:1 versus 6:1), but all
other tumor-to-normal tissue ratios were higher for MAb 528.
MDA-MB-468 and JW-97 tumors were imaged successfully with
both radiopharmaceuticals, but tumors were more easily visual-
ized using "In-labeled MAb 528. There was no direct quantita-
tive relationship between EGFR expression on breast cancer cell
lines in vitro, and tumor uptake of the radiopharmaceuticals in
vivo, but control studies showed that tumor uptake was receptor
mediated. Conclusion: Our results suggest that the tumor
uptake in vivo of receptor-binding radiopharmaceuticals is con-
trolled to a greater extent by their elimination rate from the biood
than by the level of receptor expression on the cancer cells.
Radiolabeled anti-EGFR MAbs would be more effective for tumor
imaging in cancer patients than peptide-based radiopharmaceu-
ticals such as hEGF, because they exhibit higher tumor uptake at
only moderately lower tumor-to-blood ratios.
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rI‘he overexpression of cell surface receptors for peptide
growth factors is believed to be one process whereby cancer
cells acquire the ability to escape normal growth regulatory
mechanisms. The presence of the epidermal growth factor
receptor (EGFR) at levels up to 100 times higher than on
most normal epithelial tissues (<10* receptors/cell) has been
observed in 30%—-60% of human breast cancers (/). EGFR
overexpression in breast cancer is inversely correlated with
estrogen receptor (ER) expression and is directly correlated
with a lack of response to hormonal therapy with tamoxifen.
Several studies have associated this cellular phenotype
with poor long-term survival [studies reviewed by Klijn et
al. ()].

Patients with disseminated, hormone-resistant breast can-
cer are candidates for systemic chemotherapy. In addition,
new drugs are currently under development that would
specifically target the high levels of EGFR expression
commonly observed in such malignancies. These drugs
include monoclonal antibodies (MAbs) that block the bind-
ing of epidermal growth factor (EGF) to the receptor (2),
tyrosine kinase inhibitors (tyrphostins) that can interfere
with the intracellular signaling pathways (3), and EGF-
conjugated toxins that specifically deliver highly potent
inhibitors of protein synthesis into the cytoplasm of the
cancer cells (4). A logical extension of this strategy, cur-
rently being explored in our laboratory (5) and by others (6),
would be to develop novel radiotherapeutic agents that could
deliver high doses of radiation specifically to EGFR-positive
cancer cells.

The effectiveness of new therapeutic agents targeted to
the EGFR will depend on the ability to detect and character-
ize EGFR-expressing metastatic lesions throughout the
body. ER status is commonly measured in biopsies of
primary breast cancer lesions at the time of staging to select
patients for hormonal therapy. EGFR expression in meta-
static disease could be inferred from the inverse correlation
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between ER and EGFR expression in breast cancer. This
approach may be limited, however, by potential differences
in EGFR/ER positivity between the primary tumor and
metastases, heterogeneity in receptor expression by the
tumor cells, temporal changes in ER/EGFR expression that
can occur as a result of treatment (7), and the inability to
directly evaluate EGFR expression in individual lesions. A
survey of the whole body with vy scintigraphy using radiophar-
maceuticals specifically targeted to the EGFR would be
useful to detect breast cancer lesions and characterize the
level of EGFR expression at these sites to appropriately
select patients for novel anti-EGFR therapies.

It has been proposed that peptide-based radiopharmaceu-
ticals, such as radiolabeled growth factors, may be more
effective for imaging tumors than radiolabeled MAbs (8),
because of more rapid elimination from the blood and higher
tumor-to-blood ratios at early time points. The objective of
this study therefore was to directly compare human EGF
(hEGF), a 53-amino acid peptide ligand for the EGFR, with
antiEGFR MADb 528 (9) labeled with '''In for imaging
EGFR-positive human breast cancer.

MATERIALS AND METHODS

Breast Cancer Cells

MDA-MB-468 and MDA-MB-231 human breast cancer cells
were obtained from the American Type Culture Collection (ATCC,
Rockville, MD) and were cultured in L-15 medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf serum (FCS).
MCEF-7 breast cancer cells were obtained from Dr. A. Marks at the
Banting and Best Department of Medical Research, University of
Toronto (Toronto, Ontario, Canada) and were cultured in minimal
essential medium ([MEM], Sigma) supplemented with 10% FCS,
nonessential amino acids, and glutamine (Gibco-BRL, Life Tech-
nologies, Burlington, Ontario, Canada). S1 breast cancer cells are a
subclone of the MDA-MB-468 breast cancer cell line and express a
lower number of EGFR molecules on their surface (10). S1 cells
were obtained from Dr. R. Buick at the Ontario Cancer Institute
(Toronto, Ontario, Canada) and were cultured in L-15 medium
supplemented with 10% FCS and 100 nmol/L nEGF. JW-97 human
breast cancer cells were obtained by trypsinization of a skeletal
metastasis from a patient with advanced disease and then passaged
in severe combined immunodeficiency (scid) mice. JW-97 cells
were cultured in RPMI 1640 medium (Sigma) supplemented with
10% FCS.

Radiolabeling of EGF

hEGF (Upstate Biotechnology, Lake Placid, NY) was deriva-
tized with diethylenetriamine pentaacetic acid (DTPA) using the
bicyclic anhydride of DTPA (Sigma) as previously described (/1).
DTPA-derivatized hEGF showed a single band with an apparent
molecular weight (M) of 6 kDa by sodium dodecylsulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) on a tris-Tricine gel
(BioRad, Mississauga, Ontario, Canada), indicating no apparent
cross-linking of hEGF molecules after reaction with the bicyclic
DTPA anhydride. DTPA-conjugated hEGF (25-50 pg) was radiola-
beled with "In-acetate to a specific activity of 3.7-7.4 MBg/pg
(22,200-44,400 MBg/umol). !!'In-acetate was prepared by mixing
equal volumes of '''In-chloride (>7,400 MBg/mL; MDS-Nordion,
Kanata, Ontario, Canada) and 1 mol/L acetate buffer pH 6.

"n-DTPA-hEGF was purified from free '''In by size-exclusion
chromatography on a P-2 mini-column (BioRad), then analyzed for
radiochemical purity by silica gel instant thin-layer chromatogra-
phy ([ITLC-SG]; Gelman, Ann Arbor, MI) in 100 mmol/L sodium
citrate pH 5. The radiolabeling efficiency was ~80%. The radio-
chemical purity of '"'In-DTPA-hEGF was routinely between 95%
and 98%.

hEGF was radioiodinated to a specific activity of 1.5-2.2
MBg/pg (8,880-13,320 mCi/pumol) by incubating 10 pg hEGF with
18.5-37 MBq !#I-sodium iodide (Nycomed-Amersham, Oakville,
Ontario, Canada) and 20 pg chloramine-T (Sigma) for 30 s in a
glass tube at room temperature. After addition of sodium metabisul-
fite (40 pg), the radioiodinated hEGF was purified on a P-2
mini-column. The radiolabeling efficiency was ~70%. The radio-
chemical purity of 'ZI-hEGF was >95%, as determined by paper
chromatography (Whatman, Maidstone, UK) in 85% methanol.

Production and Radiolabeling of MAb 528

HB 8509 hybridoma cells secreting anti-EGFR MAb 528
(I1gG,,) were obtained from ATCC and were cultured in RPMI 1640
supplemented with 20% FCS. BALB/c mice were injected intraper-
itoneally with 1 mL Pristane (2,6,10,14-tetramethylpentadecane;
Sigma), followed 3—4 d later with an intraperitoneal injection of
107 HB 8509 hybridoma cells in culture medium. After 2 wk, the
ascites fluid was removed from the peritoneal cavity, and anti-
EGFR MAD 528 was purified from the ascites fluid on a Protein G
column (Pierce, Rockford, IL). The purified MAb 528 was desalted
on a Sephadex G-25 column (PD-10; Pharmacia, Uppsula, Swe-
den), concentrated on a Centricon-30 ultrafiltration device (Ami-
con, Beverly, MA) and diluted to a concentration of 10 mg/mL in
50 mmol/L sodium bicarbonate buffer pH 7.5. The purity of the
MAD 528 preparation was assessed by SDS-PAGE under nonreduc-
ing conditions on a 4%-20% tris-glycine gel (BioRad). The protein
preparation resulted in a single band migrating with an apparent M,
of 150 kDa. Approximately 2 mg MAb 528 were obtained per
milliliter of ascites fluid.

MAD 528 (0.5-1 mg), 10 mg/mL in trace-metal free 50 mmol/L
sodium bicarbonate buffer pH 7.5 were derivatized with DTPA,
using the bicyclic anhydride of DTPA ([cDTPAA]; Sigma) at a
molar ratio ((DTPAA:MADb 528) of 10:1 as previously described
(12). DTPA-MAD 528 was purified by size-exclusion chromatogra-
phy on a Sephadex G-50 (Pharmacia) mini-column eluted with 50
mmoVl/L sodium bicarbonate buffer pH 7.5 followed by ultrafiltra-
tion through a Centricon-30 device. Analysis of DTPA-MAb 528
by SDS-PAGE under nonreducing conditions on a 4%-20%
tris-glycine gel showed a predominant band with an apparent M, of
150 kDa and a minor band with apparent M; of 300 kDa, indicating
a small proportion (<10%) of MAb 528 molecules cross-linked
through cDTPAA. DTPA-MAD 528 (250-500 pg) was radiolabeled
to a specific activity of 0.07-0.14 MBg/pg (11,100-22,200 MBg/
umol) with "'In-acetate (37 MBq) and purified from free !!'In on a
Sephadex G-50 mini-column eluted with 150 mmol/L sodium
chloride. The radiolabeling efficiency of DTPA-MAb 528 was
~85%. The radiochemical purity of !''In-DTPA-MADb 528 was
routinely >95% determined by ITLC-SG developed in 100 mmol/L
sodium citrate pH 5. A nonspecific murine IgG,, (product no.
M-9144; Sigma) was derivatized with cDTPAA and radiolabeled
with !"'In-acetate in an identical manner to MAb 528.

MAD 528 (25-50 pg) was radioiodinated to a specific activity of
0.18-0.37 MBg/pg (27,750-55,500 MBg/umol) by incubation with
18.5 MBq !ZI-sodium iodide in a glass tube precoated with 20 pg

904  THE JOURNAL OF NUCLEAR MEDICINE * Vol. 41 * No. 5 * May 2000



1,3,4,6-tetrachloro-3a,6a-diphenylglycouril (Sigma) at room tem-
perature. Radioiodinated MAb 528 was purified on a Sephadex
G-50 mini-column. The radiolabeling efficiency was ~70%. The
radiochemical purity of '2I-MADb 528 was >95% as determined by
paper chromatography (Whatman No. 1) in 85% methanol.

Measurement of Receptor Binding In Vitro

The binding of radiolabeled hEGF or MAb 528 to its receptor on
MDA-MB-468, S1, MDA-MB-231, MCF-7, or JW-97 human
breast cancer cells was measured using a direct binding assay.
Briefly, aliquots of either radiolabeled hEGF (0.25-80 ng) or MAb
528 (6 ng—4 pg) were dispensed into 35-mm multiwell culture
dishes containing 1.5-7 X 10° breast cancer cells in 1 mL of 150
mmol/L sodium chloride containing 0.2% weight/volume human
serum albumin. After incubation of the dishes at 37°C for 30 min,
the cells were transferred to tubes and centrifuged to separate the
bound radioactivity (B) in the cell pellet from the free radioactivity
(F) in the supernatant. The cell pellet and supernatant were counted
in a <y scintillation counter (Packard Auto Gamma 5650; Packard
Instruments, Downer’s Grove, IL). Nonspecific binding was deter-
mined by conducting the assay in the presence of 100 nmol/L hREGF
or MADb 528. The affinity constant (K,) and number of receptors/
cell (B,x) were determined from a nonlinear fitting of the binding
data (13).

The receptor-binding fraction (RBF) at infinite receptor excess
was determined by incubating 0.5-1 ng !''In-DTPA-hEGF or
10-20 ng ""In-DTPA-MADb 528 with increasing concentrations of
MDA-MB-468 breast cancer cells (1-20 X 10° cells/mL) for 30
min at 37°C and determining the fraction of radioactivity bound.
The RBF at infinite receptor excess was obtained from the intercept
on the ordinate (1/RBF) of a plot of total/bound counts versus 1/cell
concentration, as previously described by Lindmo et al. (/4).

Biodistribution and Tumor imaging Studies

Female, Swiss athymic (nu/nu) mice (4-6 wk old; Charles River
Laboratories, Montreal, Quebec, Canada) were injected subcutane-
ously in the right hind leg with 5 X 10°-107 MDA-MB-468,
MDA-MB-231, or MCF-7 human breast cancer cells in growth
medium. Mice inoculated with MCF-7 cells also received estradiol
supplementation with biweekly subcutaneous injections of 0.5 mg
conjugated estrogens (Premarin; Wyeth-Ayerst, St. Laurent, Que-
bec, Canada), which are required for MCF-7 cells to form tumor
xenografts. A freshly obtained biopsy of a skeletal metastasis from
a patient with advanced breast cancer (JW-97 cells) was implanted
in the left hind leg of scid mice (Samuel Lunenfeld Research
Institute). A dose of 1.85-3.7 MBq !"'In-DTPA-hEGF (0.5-1 pug) or
Mn-DTPA-MAD 528 (25-50 pg) was injected intravenously into
mice when the tumors reached a diameter of 0.25-0.5 cm (1-2 cm
for JW-97 tumors). One group of control mice received a dose of

1.85-3.7 MBq "'In-DTPA (DraxImage, Dorval, Quebec, Canada).
An '"In-labeled nonspecific murine IgG,, was injected into a
second group of control mice, whereas '"'In-DTPA-hEGF pre-
mixed with 500 pg nonradioactive hEGF (ratio of nonradioactive
hEGF-to-'"'In-DTPA-hEGF = 1000:1) was injected intravenously
into a third group of control mice.

At 24, 48, and 72 h after injection, groups of mice were killed by
cervical dislocation, and the tumor and samples of normal tissues
were removed to measure levels of radioactivity. Tissue samples
were weighed and counted along with a standard of the injected
radiopharmaceutical in a vy counter (Packard Auto Gamma 5650;
Packard Instruments) using a window (150-270 keV) to include
the 2 -y photopeaks of ''In (172 and 247 keV). The uptake of each
radiopharmaceutical by the tumor and normal tissue was expressed
as percentage injected dose per gram (%ID/g) of tissue and as
tumor-to-normal tissue ratios (T/NT). At 72 h after injection,
posterior images of the mice implanted with the MDA-MB-468,
JW-97, or MCF-7 human breast cancer xenografts were obtained
with a Siemens ZLC-3700 y camera (Siemens, Knoxville, TN)
fitted with a medium-energy, pinhole collimator and interfaced to a
General Electric Star 4000i computer (General Electric, Milwau-
kee, WI). Images were acquired for 10 min using a 20% window
centered over the 172 and 247 keV photopeaks of '!''In. Animal
studies were conducted under an approved Animal Care Protocol
(#94-036) at The Toronto Hospital and following the Canadian
Council on Animal Care (CCAC) guidelines.

Statistical Analysis
Statistical comparisons were perfomed by ANOVA (F-test, P <
0.05) and Student ¢ test (P < 0.05).

RESULTS

Binding of Radiolabeled hEGF and MADb 528 to Breast
Cancer Cells In Vitro

Mn-DTPA-hEGF and !"'In-DTPA-MADb 528 bound with
high affinity and specificity in vitro to MDA-MB-468 human
breast cancer cells (Table 1). K, was ~6-fold higher for
n-DTPA-hEGF than for ''In-DTPA-MAb 528. There
was no significant difference in binding affinity between
In- and corresponding '*I-labeled analogs, suggesting
that the conjugation of the DTPA chelator to amino groups
and their radiolabeling with !''In did not adversely effect the
binding of the resulting radiopharmaceutical to the EGFR.
The number of binding sites recognized on the MDA-MB-
468 cells (B,,x) Was similar for all 4 radiolabeled ligands.
There was no significant difference (P = 0.0847) in the

TABLE 1
Comparison of Binding of 'In- and '25|-Labeled hEGF or MAb 528 to MDA-MB-468 Human Breast Cancer Cells
Characteristic MIn-DTPA-hEGF 125|-hEGF Min-DTPA-MAD 528 125.MAb 528
No. of experiments 6 5 4
Ka (L/mol)* 75+ 3.8 x 108 7.3 +3.6 X 108 1.2+ 0.6 x 108 9.4 +20x 107
Bmax (sites/cell)t 1.3 +0.3 x 108 7.2 +0.3 % 10% 9.0 + 45 x 105 7.0+ 38 x 10°

*Affinity constant mean + SD.
tMaximum number of binding sites/cell (mean + SD).

IMAGING OF BREAST CANCER XENOGRAFTS * Reilly et al.
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fraction of radiolabeled molecules able to bind to EGFRs on
MDA-MB-468 cells under conditions of infinite receptor
excess for '""In-DTPA-hEGF (0.73 * 0.17; n = 3) and
MIn-DTPA-MAD 528 (0.50 = 0.04; n = 3).

EGFR expression varied considerably among the 5 breast
cancer cell lines tested (Table 2). The highest expression
(>10% EGFR/cell) was observed on MDA-MB-468 cells,
which have an amplified EGFR gene (10). MCF-7 and S1
cells exhibited the lowest expression (<10* EGFR/cell).
MCF-7 is an ER-positive cell line, expected to have low
EGFR expression, and the cell line S1 represents a subclone
of the MDA-MB-468 cell line, in which the expression of
the EGFR gene is downregulated (10). JW-97 cells, origi-
nally obtained from a biopsy of a skeletal metastasis in a
patient with advanced disease, exhibited intermediate levels
of EGFR expression, similar to the levels on the MDA-MB-
231 breast cancer cell line (1-3 X 10° receptors/cell) but
almost 30-fold higher than on most normal epithelial tissues
(<10* EGFR/cell).

Biodistribution and Tumor Imaging Studies

The biodistribution of ''In-DTPA-hEGF and !!'In-DTPA-
MAD 528 at selected times after an intravenous (tail vein)
injection in athymic mice bearing subcutaneous MDA-MB-
468 human breast cancer xenografts is shown in Figure 1.
The blood levels of ''In-DTPA-hEGF (Fig. 1A) decreased
rapidly with <0.8 %ID/g present in the blood at 24 h after
injection, decreasing to <0.2 %ID/g at 72 h. Assuming a
blood volume of ~2.5 mL for a mouse weighing 25 g, the
concentration of '''In-DTPA-hEGF in the blood corre-
sponded to about 1.7%-2.5% of the injected dose of the
radiopharmaceutical at 24 h and <0.5% at 72 h. In contrast,
the blood levels of '"In-DTPA-MAb 528 (Fig. 1B) de-
creased more slowly with ~9 %ID/g present in the blood at
24 h after injection, decreasing to 3 %ID/g at 72 h. The
concentration of ''In-DTPA-MADb 528 in the blood corre-
sponded to about 21%—-25% of the injected dose of the
radiopharmaceutical circulating at 24 h after injection,

The normal tissues that accumulated the highest concen-
trations of the radiopharmaceuticals were the liver and
kidneys (Fig. 1). Liver uptake of !''In-DTPA-hEGF (Fig.
1A) was relatively constant, ranging from 8 to 10 %ID/g.
The concentration of !''In-DTPA-hEGF in the kidneys
increased slightly from about 11 %ID/g at 24 h to 14 %ID/g
at 72 h after injection. Approximately 11%-14% of the
injected dose of '''In-DTPA-hEGF localized in the liver and
4%-5% in the kidneys, assuming organ weights of 1.4 and
0.36 g, respectively. For !''In-DTPA-MAb 528 (Fig. 1B),
liver accumulation ranged from 6 to 8 %ID/g and uptake in
the kidneys was 12-17 %ID/g over the time period of 24-72
h after injection. The liver sequestered ~8%—11% of the
injected dose of '''In-DTPA-MADb 528, and the kidneys
accumulated 4%—6%. There were no significant differences
in the concentrations of the 2 radiopharmaceuticals in the
liver or kidneys at 72 h.

Maximum localization of !''In-DTPA-hEGF in the MDA-
MB-468 human breast cancer xenografts occurred at 72 h
after injection (2.2 %ID/g) and was up to 10-fold lower than
that observed for !''In-DTPA-MADb 528 (Fig. 1). Maximum
tumor uptake of !''In-DTPA-MADb 528 occurred at 24 h after
injection (21.6 %ID/g), then decreased to 11-15 %ID/g at
48-72 h after injection. The mean uptake of !''In-DTPA-
hEGF in the MDA-MB-468 breast cancer xenografts at 72 h
after injection was decreased more than S-fold by co-
administering 500 pg of unlabeled hEGF (0.40 * 0.15
%ID/g), suggesting that tumor uptake was a receptor-
mediated event. Similarly, the uptake of nonspecific !''In-
labeled IgG,, into MDA-MB-468 breast cancer xenografts
at 72 h after injection (9.13 * 1.92 %ID/g) was 2-fold lower
than that observed for !!'In-DTPA-MADb 528, suggesting that
uptake of MAb 528 by tumor cells was also receptor
mediated. The mean tumor uptake of ''In-DTPA at 72 h
after injection was 0.07 * 0.01 %ID/g.

T/NTs at selected times after administration of the radio-
pharmaceuticals are shown in Figure 2. Tumor-to-blood
ratios increased rapidly for '"'In-DTPA-hEGF (Fig. 2A),

decreasing to about 7%—8% at 72 h. reaching values of 2.6:1 at 24 h and increasing to 12:1
TABLE 2
Tumor Localization of 1"'In-DTPA-hEGF and "'Iin-DTPA-MADb 528 at 72 Hours After Injection as Function
of EGFR Expression
Tumor uptake*
(%ID/g)
Breast cancer EGFR expressiont
xenograftt (receptors/ cell X 105) Min-DTPA-hEGF Mn-DTPA-MAD 528

MCF-7 0.15 = 0.07 1.95 * 0.56 8.40 = 1.60
MDA-MB-231 1.33 + 0.85 1.46 + 0.89 18.03 = 7.87
JW-97 2.71 £ 0.83 0.70 = 0.07 4.90 = 1.08
MDA-MB-468 12.80 = 2.99 2.24 + 0.32 15.35 = 2.49

*Mean = SEM of 3—6 animals per experiment.

1MCF-7, MDA-MB-231, and MDA-MB-468 xenografts were hosted in athymic mice. JW-97 xenografts were hosted in scid mice.
$EGFR expression determined in vitro with 1"'in-DTPA-hEGF. Mean =* SD of 3-10 experiments.
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at 72 h after injection. Tumor-to-blood ratios for !''In-DTPA-
MAD 528 (Fig. 2B) increased more slowly, from 2.5:1 at 24
h to about 6:1 at 72 h after injection. T/NTs for !!'In-DTPA-
hEGF were >2:1 for blood, heart, lungs, stomach, and
intestine up to 72 h after injection but were <1:1 for the
liver and kidneys as a result of high accumulation of
radiopharmaceutical in these normal tissues. Except for the
blood, all other T/NTs for !''In-DTPA-MADb 528 were higher
than those for !''In-DTPA-hEGF (Fig. 2B). Tumor-to-liver
ratios for !'''In-DTPA-MADb 528 (1.4:1-3.3:1) were 5- to
11-fold higher than those observed for !!'In-DTPA-hEGEF,
and tumor-to-kidney ratios were 3- to 10-fold greater
(0.7:1-1.8:1).

Biodistribution studies in athymic or scid mice bearing
subcutaneous MDA-MB-468, MDA-MB-231, JW-97, or
MCF-7 human breast cancer xenografts at 72 h after
injection of '"In-DTPA-hEGF or '''In-DTPA-MAb 528
showed no direct correlation between the level of tumor
uptake of the radiopharmaceuticals and the level of EGFR
expression on these cell lines measured in vitro (Table 2).
For example, there were no significant differences in the
level of accumulation of !''In-DTPA-hEGF (or !''In-DTPA-
MADb 528) in MCF-7 or MDA-MB-468 breast cancer
xenografts, despite a 100-fold difference in receptor expres-
sion (P = 0.6408 and P = 0.0957, respectively). Similarly,

IMAGING OF BREAST CANCER XENOGRAFTS °* Reilly et al.

there were no significant differences in the level of accumu-
lation of "'In-DTPA-hEGF (or ''In-DTPA-MAb 528) in
MDA-MB-231 and MDA-MB-468 breast cancer xeno-
grafts, despite a 10-fold difference in receptor expression
(P = 0.3955 and P = 0.6838, respectively). Nevertheless,
the tumor uptake of !''In-DTPA-MAD 528 was 4- to 12-fold
higher than that of !''In-DTPA-hEGF in all cases. The
localization of either !!'In-DTPA-hEGF or !''In-DTPA-MAb
528 was significantly lower in JW-97 tumors than in the
MDA-MB-468 breast cancer xenografts (P = 0.0041 and
P = 0.0260, respectively). There was no significant differ-
ence in the tumor uptake of '"'In-DTPA-hEGF in MDA-MB-
231 breast cancer xenografts compared with the JW-97
tumors (P = 0.427). Similarly, there was no significant
difference in the tumor uptake of !''In-DTPA-MAb 528
between the MDA-MB-231 or JW-97 tumor xenografts
(P = 0.684).

MDA-MB-468 and JW-97 human breast cancer xeno-
grafts expressing 1.3 X 106 or 2.7 X 10° EGFR/cell in vitro,
respectively, (Table 1) were successfully imaged with !''In-
DTPA-hEGF or '"'In-DTPA-MAD 528 at 72 h after injection
(Figs. 3 and 4). However, the greater tumor uptake of
Mn-DTPA-MADb 528 compared with !''In-DTPA-hEGF
resulted in an enhanced definition of the breast cancer
xenografts. The liver and kidneys were the major normal
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organs visualized on the images, but there was also some
uptake in the area of the submaxillary glands. The levels of
circulating radioactivity and whole-body radioactivity were
considerably lower on the images obtained using '''In-DTPA-
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FIGURE 3. Posterior whole-body images of athymic mouse
bearing subcutaneous MDA-MB-468 human breast cancer xeno-
graft at 72 h after injection of ""'In-DTPA-hEGF (A) or '"'In-DTPA-
MAD 528 (B). Tumor is visualized with either radiopharmaceutical
but is more clearly defined with ""'In-DTPA-MADb 528.
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hEGF than on those obtained with ''In-DTPA-MADb 528.
MCF-7 xenografts could not be visualized with either
n-DTPA-hEGF or !''In-DTPA-MAD 528 because of their
small size (<0.2 cm in diameter).
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FIGURE 4. Posterior whole-body images of scid mouse bear-
ing subcutaneous JW-97 human breast cancer xenograft at 72 h
after injection of '"'In-DTPA-hEGF (A) or "In-DTPA-MAb 528
(B). Tumor is visualized with either radiopharmaceutical but is
more clearly defined with 1'In-DTPA-MAb 528.
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DISCUSSION

Our objective was to compare a peptide-based radiophar-
maceutical and a MADb directed against the same cell-surface
receptor for imaging of human breast cancer. A systematic
evaluation of the localization profiles of these 2 different
radiopharmaceuticals was conducted in breast cancer xeno-
grafts expressing a broad range of EGFR levels. EGFR-
positive breast cancer xenografts hosted in immunocompro-
mised mice were successfully imaged using hEGF, a 53-
amino acid peptide ligand (M,, 6 kDa) for the receptor or
anti-EGFR MADb 528 (M,, 150 kDa) labeled with !!'In. The
tumor uptake observed with !''In-DTPA-MAD 528 was 7- to
10-fold higher than that observed for !''In-DTPA-hEGF. As
a result, the images of the breast cancer xenografts were
much clearer with '''In-DTPA-MADb 528, indicating that in
certain situations MAbs are more effective tumor-targeting
vehicles than are peptide growth factors for receptor imag-
ing of cancer. The higher tumor uptake observed with
MIn-DTPA-MAD 528 was likely the result of its slower
elimination from the blood, which permitted a greater
proportion of the injected dose of the radiopharmaceutical to
diffuse into the extravascular space and bind to receptors on
breast cancer cells. The higher accumulation of radioactivity
in the MDA-MB-468 breast cancer xenografts observed for
1In-DTPA-MAD 528 was not the result of a higher receptor
binding affinity, because cell-binding assays showed that the
affinity constant for !''In-DTPA-MAb 528 was actually
6-fold lower than that for !''In-DTPA-hEGF (K, = 1.2 X
108 versus 7.5 X 108 L/mol, respectively; Table 1).

n-DTPA-hEGF was rapidly eliminated from the blood
in the animals with <2%-3% of the injected dose remaining
in the circulation at 24 h after injection and <1% at 72 h.
Two possible mechanisms could explain the rapid blood
clearance of !''In-DTPA-hEGF: (a) sequestration by normal
tissues that have high levels of EGFR expression (e.g., liver
and kidneys), and (b) a high proportion of renal elimination.
In-DTPA-MADb 528 was eliminated much more slowly
from the blood than "'In-DTPA-hEGF, with 25%-30% of
the injected dose present in the circulation at 24 h after
injection and 10% at 72 h. The slow elimination of
In-DTPA-MAD 528 from the blood was the result of its
large molecular size (M,, 150 kDa), which prevented its
filtration at the glomerulus, a process restricted to proteins
with M; < 60 kDa.

Normal hepatocytes exhibit moderate-to-high levels of
EGFR expression (8 X 10*-3 X 10° EGFR/cell) (15,16), and
specific receptors for !25I-EGF have been detected in vitro in
rat kidney homogenates (/7) and on renal tubular cells (/8).
The liver has also been shown to have a high capacity to
extract 'I-EGF from the circulation (16, 19). '>I-EGF taken
up by hepatocytes is primarily internalized into lysosomes
and degraded, but a fraction of internalized EGF molecules
are transported by a nonlysosomal pathway and secreted into
the bile (19). In this study, the liver and kidneys accumulated
the highest concentrations of !''In-DTPA-hEGF and '''In-
DTPA-MAD 528. Although %I-labeled EGF has also been
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reported to exhibit high liver and kidney uptake, radioactiv-
ity was cleared from these organs within a few hours
(20-22). For example, in rats administered !ZI-labeled
hEGF, >90% of liver radioactivity was cleared within 90
min (79). In contrast, the concentration of !''In radioactivity
in the liver and kidneys of mice administered '''In-DTPA-
hEGF or "In-DTPA-MAD 528 remained relatively constant
up to 72 h after injection (Fig. 1). The clearance of
radioactivity from the liver and kidneys after administration
of !25I-labeled hEGF is thought to be the result of binding of
the radioligand to cell surface receptors on hepatocytes or
renal tubular cells, followed by internalization and degrada-
tion to free '%5I and '?’I-iodotyrosine. These catabolites are
then exported from the cells and eliminated (23). ''In-DTPA-
hEGF may follow a similar biologic pathway involving its
binding and internalization by hepatocytes or renal tubular
cells and degradation by intracellular proteases. However, in
the case of !!'In-DTPA-hEGEF, the final catabolites are likely
n-DTPA covalently linked to 1 of the 2 lysine residues
(Kyg or Kyg) or to the N-terminal asparagine. These terminal
catabolites would not be recognized by amino acid transport-
ers and therefore would be retained within the cells (24).
In-DTPA-MAD 528 may undergo catabolic fate similar to
that of '''In-DTPA-hEGF through its specific binding to cell
surface receptors followed by internalization and degrada-
tion to catabolites that are retained by cells. Binding of
1In-DTPA-MAD 528 to hepatocytes could be mediated by
binding to EGFRs and also to Fc receptors (25).

Because hEGF is a peptide, it is readily filtered at the
glomerulus and excreted into the urine. !%I-labeled EGF is
cleared from the blood by glomerular filtration and is
secreted by the proximal renal tubules after binding to
receptors on renal tubular cells (26-28). '%I-labeled EGF is
not reabsorbed by the renal tubules (28). It is likely that
M]n-labeled hEGF is excreted by a similar mechanism.
Renal excretion was the major factor that resulted in the
rapid decrease in the blood concentration of !'''In-DTPA-
hEGF, because sequestration by the liver and kidneys
accounted for only 11%-14% and 4%-5% of the injected
dose of the radiopharmaceutical, respectively.

Although there was a relatively high accumulation of the
radiopharmaceuticals by normal tissues such as the liver and
kidneys, both !''In-DTPA-hEGF and !''In-DTPA-MAD 528
localized sufficiently in the MDA-MB-468 and JW-97
human breast cancer xenografts to visualize the tumor by y
scintigraphy at 72 h after injection (Figs. 3 and 4). The
images obtained with !''In-DTPA-hEGF and !''In-DTPA-
MAD 528 also showed relatively high normal tissue uptake
by the liver and kidneys for the reasons discussed, as well as
localization of radioactivity in the area of the submaxillary
glands. The normal liver and kidney accumulation of both
radiopharmaceuticals could limit their clinical usefulness for
the detection of liver or adrenal gland metastases in breast
cancer patients. The submaxillary glands are responsible for
EGF synthesis (29), and it is possible that receptors may be
present in these tissues to bind and store the newly synthe-
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sized growth factor. EGF conjugated with other radionu-
clides has also been shown to localize in EGFR-positive
tumors. Capala et al. (30) showed that ®"Tc-EGF was
selectively retained in the brains of rats inoculated with
glioma cells transfected with the EGFR gene but not in
normal rats. Rusckowski et al. (37) imaged A431 squamous
cell carcinoma xenografts (2 X 105 EGFR/cell) hosted in
athymic mice, with ®"Tc-EGF achieving tumor-to-blood
ratios of 4:1 at 12 h after injection. Cuartero-Plaza et al. (32)
detected squamous cell lung carcinoma in 6 of 9 cancer
patients by <y scintigraphy using '*'I-EGF. To our knowl-
edge, however, this is the first report of successful imaging
of EGFR-positive human breast cancer using !''In-labeled
EGF or anti-EGFR MAb 528.

The level of accumulation of ''In-DTPA-MAb 528
(11-22 %ID/g; Fig. 1B) in the MDA-MB-468 and JW-97
tumors was 7- to 10-fold higher than that observed for
MIn-DTPA-hEGEF, allowing much clearer definition of the
tumor despite the slightly lower tumor-to-blood ratios
associated with '''In-DTPA-MADb 528 (5:1 versus 12:1; Fig.
2). Goldenberg et al. (33) successfully imaged MDA-MB-
468 human breast cancer xenografts using the anti-EGFR
MAD 225 (IgG,,) labeled with '''In, but the tumor uptake
was more than 5-fold lower than we observed with '''In-
labeled MAb 528 (4 versus 22% ID/g). Because !''In labeled
MADb 225 has already been shown to successfully image
squamous cell lung carcinoma in patients (34), the higher
tumor uptake observed with !"'In-DTPA-MAb 528 in the
MDA-MB-468 human breast cancer xenograft model in this
study, is encouraging for the ultimate clinical application of
this new radiopharmaceutical for the diagnostic imaging of
EGFR-positive breast cancer in humans.

It is interesting to speculate on the reasons why we
observed no direct quantitative relationship between the
level of receptors measured on the breast cancer cell lines in
vitro and the level of accumulation of either radiopharmaceu-
tical in the corresponding breast cancer xenografts in vivo.
This finding was not the result of the inactivation of either
hEGF or MAb 528 on radiolabeling with !!'In, because cell
binding assays showed that both radiopharmaceuticals exhib-
ited their expected receptor binding properties (Table 1).
Furthermore, biodistribution studies in animals bearing
MDA-MB-468 breast cancer xenografts administered a
nonspecific !''In-labeled IgG,, or '''In-DTPA-hEGF mixed
with an excess of nonradioactive hEGF (to compete with
radiolabeled-hEGF for receptor binding) showed a 2- to
5-fold decrease in tumor uptake, suggesting that the tumor
accumulation of the radiopharmaceuticals was receptor
mediated.

One possible explanation for our inability to observe a
direct correlation between receptor expression levels in vitro
and tumor uptake of the radiopharmaceuticals in vivo is that
in the context of tumor-bearing mice, only very small
concentrations of the radiopharmaceuticals actually reached
the interstitial fluid bathing the cancer cells. Under these
conditions, the concentration of EGFRs on the breast cancer
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cells may have been in excess and the amount of radioligand
would therefore be the limiting factor controlling tumor
uptake. For example, based on a tumor uptake of ~2% ID/g
(Fig. 1) and an injected dose of 1 pg !!'In-DTPA-hEGEF, there
would be ~2 X 10'? molecules of the radiopharmaceutical
(0.02 pg) delivered to 2.5 X 1028 MDA-MB-468 breast
cancer cells contained in a 1 g breast cancer xenograft
(assuming a breast cancer cell with a diameter of 20 pm).
The cells would express a total of 2.5 X 10'* EGFR at an
expression level of ~10® EGFR/cell (Table 1) and, there-
fore, there would be approximately a 100-fold excess of
receptors present in the tumor compared with the radioli-
gand. Similarly, for '"'In-DTPA-MAb 528, assuming an
injected dose of 50 pg and a tumor uptake of 15 %ID/g (Fig.
1), there would be ~3 X 10'3 molecules (7.5 pg) of MAb
528 delivered to the tumor. In this case, there would be a
10-fold excess of receptors compared with radioligand. The
receptor level on the breast cancer cells was measured in
vitro by increasing the concentration of radioligand until the
concentration of receptors on the cells was the limiting
factor. Under these conditions, breast cancer cells with a
lower level of receptor expression (e.g., MCF-7 cells) bound
less radioligand than cells with a higher level of receptor
expression (e.g., MDA-MB-468 cells).

Although, the range of EGFR expression levels on the
tumor xenografts studied was not as wide as that in this
study, Rusckowski et al. (37) also noted a similar finding
using #"Tc-EGF in athymic mice bearing either A431
squamous cell carcinoma or LS174T colon cancer xeno-
grafts. Despite a 6-fold difference in EGFR expression in
vitro between the A431 and LS174T cells (2 X 10° versus
3.6 X 10° EGFR/cell, respectively), there was no statisti-
cally significant difference in tumor uptake in vivo (0.4 *
0.09 versus 0.32 * 0.06 %ID/g respectively). Senekowitsch-
Schmidtke et al. (35) found a partial correlation between
tumor uptake and EGFR level in human tumor xenografts
implanted into athymic mice using '>5I-EGF but not with
125]-labeled anti-EGFR MAb 425. The tumor uptake of
125I-EGF was 2-fold higher in A431 xenografts compared
with gastric cancer xenografts, but the A431 tumors ex-
pressed an 8-fold higher level of EGFRs. The tumor uptake
of 2I-MADb 425 was higher in breast cancer xenografts than
in A431 tumors, despite higher EGFR expression by the
A431 tumors. The results of this study suggest that the level
of tumor localization of receptor-binding radiopharmaceuti-
cals in vivo is controlled to a greater extent by their rate of
elimination from the blood than by the level of receptor
expression on cancer cells, provided that the radiopharmaceu-
tical retains receptor-binding capability and a minimal level
of receptors is available for binding. An analogous inverse
correlation has also been observed previously between
the elimination rate and tumor accumulation of different
forms of radiolabeled MAbs (e.g., IgG versus F(ab'), versus
Fab’) (25).
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CONCLUSION

The results of this study show that a direct quantitation of
the level of receptor expression on cancer cells in vivo by y
scintigraphy may not be possible. Nevertheless, EGFR-
positive tumor nodules in mice were detected qualitatively
using radiopharmaceuticals that specifically bind to the
receptor. Radiolabeled anti-EGFR MAbs would be more
effective receptor-binding radiopharmaceuticals for tumor
imaging in cancer patients than peptide-based agents, such
as hEGF, because the slower elimination rate from the blood
leads to higher tumor uptake at only moderately lower
tumor-to-blood ratios. Clinical studies with %™Tc-anti-
EGFR MAD ior egf/r3 have demonstrated that EGFR-
positive lesions can be detected with high sensitivity in
cancer patients (36).
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