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targetedAuger electronradiotherapyof advanced,hormone
Our objectivewas to determinewhetherthe internalization
and
nucleartranslocation
of humanepidermalgrowthfactor(hEGF)
after bindingto its cell surface receptor(EGFR) could be
exploited to deliver the Auger electron emitter 1111n
into EGFR
positivebreastcancercellsfortargetedradiotherapy.
Methods:
hEGF was denvatizedwithdiethylenetriamine
pentaaceticacid
(DTPA)andradiolabeledwith1111n-acetate.
The internalization
of
1111n-DTPA-hEGF
byMDA-MB-468breastcancercells(1.3 x 10@
EGFR5/celI)was determinedby displacementof surface-bound
radioactivity
byan acidwash.The radioactivity
inthecellnucleus
and chromatin,isolatedby differentialcentrifugation,
was mea
sured.The effecton the growthrateof MDA-MB-468or MCF-7
(1.5 x 104 EGFRs/ceII)cellswas determinedaftertreatmentin

resistantbreast cancer.
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ver the past decade, numerous studies have investi
gated the potential for targeted radiotherapy of human
malignancies using monoclonal antibodies (MAbs) directed
against tumor-associated antigens conjugated with @3-particle-emitting radionuclides (radioimmunotherapy) (1). Although
vitro with 111ln-DTPA-hEGF,
unlabeledDTPA-hEGF,or 1111npromising
results have been achieved in B-cell lymphomas,
DTPA.The survivingfractionof MDA-MB-468or MCF-7 cells
treated in vitro with 111ln-DTPA-hEGF
was determinedin a radioimmunotherapy has generally been ineffective for the
clonogenicassay.The radiotoxicity
invivoagainstnormalhepa treatment of solid tumors because of dose-limiting bone
tocytesor renaltubularcellswas evaluatedby measuringalanine marrow toxicity. Nonspecific myelotoxicity was associated
aminotransferase(ALT) or creatinine levels in mice administered with high levels of circulating radioactive antibodies perfus
highamountsof 111In-DTPA-hEGF
(equivalentto humandoses ing the bone marrow combined with the long pathlength
up to 14,208 MBq)and by lightand electronmicroscopyof the
tissues. Results: Approximately70% of 111ln-DTPA-hEGF
was (2â€”10mm) of the @3particles. Auger electronâ€”emitting
and WIn, represent an appealing
internalizedby MDA-MB-468cellswithinI 5 mmat 37Â°C
andup radionuclides, such as @I
emitters for targeted radiotherapy of
to 15% was translocatedto the nucleuswithin24 h. Chromatin alternative to @3-pa.rticle
contained10%of internalizedradioactMty.The growthrateof cancer (2). Most Auger electrons have an energy of <30 keV
MDA-MB-468 cells was decreased3-fold by treatmentwith and a very short, subcellular pathlength (2â€”12pm) in tissues.
111In-DTPA-hEGF
(45â€”60
mBq/cell).Treatmentwith unlabeled Thus, Auger electron emitters can exert their radiotoxic
DTPA-hEGFcauseda 1.5-folddecreaseingrowthrate,whereas effects on cells only when internalized into the cytoplasm
treatmentwith1111n-DTPA
hadno effect.Targetingof MDA-MB
468 cellswithupto 130 mBq/cellof 111In-DTPA-hEGF
resultedin and particularly when they are imported into the cell nucleus
a 2-logarithmdecreaseintheirsurvivingfraction.Nodecreasein
the growthrateor survMngfractionof MCF-7cellswasevident.
Therewas noevidenceof hepatotoxicity
or renaltoxicityin mice
administered
highamountsof1111n-DTPA-hEGF.
Radiationdosim
etry estimates suggest that the radiation dose to an MDA-MB

(3). The high doses of radiation delivered

to the cell nucleus

from internalized Auger electronâ€”emittingradionuclides are
able to cause DNA fragmentation and cell death (4). Decay
of an Auger electronâ€”emittingradionuclide outside the cell
or at the cell surface delivers an insufficient dose of radiation
468 cell targeted with 111ln-DTPA-hEGFcould be as high as 25
to cause radiotoxicity (5). The selective toxicity of Auger
Gy withup to 19 Gy deliveredto the cellnucleus.Conclusion:
111ln-DTPA-hEGF
is a promisingnovelradiopharmaceutical
for electron emitters toward cells that can bind and internalize
the radionuclide could, in theory, minimize or even elimi
nate the nonspecific radiotoxicity against bone marrow stem
cells that was previously observed with @3emitters in
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studied Auger electron-emitting radiopharmaceuticals, is a
radiolabeled thymidine analog that is transported into cells
and incorporated directly into DNA during S phase (6).
125IUdR is highly radiotoxic to mammalian cells (7) but has
limitations as a radiotherapeutic agent because of its relative
lack of specificity for tumor cells, targeting cells only in S
phase, and its extensive deiodination in the liver. Neverthe
less, 1251-UdRis currently being investigated for the treat
ment of bladder cancer (8), gliomas (9), and hepatic
metastases (10) in which normal tissue uptake can be
minimized by local administration.
The Auger electron emitter I111nis also radiotoxic to cells
when internalized (11). For example, â€˜
â€˜
â€˜In-oxine,a lipophilic
chelate that diffuses nonspecifically into cells used for
radiolabeling leukocytes for imaging of infection, can cause
DNA damage to lymphocytes (e.g., gaps, breaks, and
exchanges in chromosomes) and is potentially radiotoxic
and mutagenic to the cells (12). @In-oxineis also radiotoxic
to hematopoietic stem cells (11), fibroblasts (5), and cervical
carcinoma cells (13). â€œIn-oxineis not suitable as a radio
therapeutic agent because it internalizes nonspecifically into
both normal and malignant cells, but these observations
@

suggest that

â€˜Incould be a very effective

Auger electron

emitter for radiotherapy of cancer if the radionuclide could
be specifically targeted and internalized into malignant cells.
One possible strategy for selectively delivering 11â€˜In
into
cancer cells would be to exploit the normal internalization

pathway for peptide growth factors after their binding to cell
surface receptors. This pathway involves internalization of
growth factors and their receptors into cytoplasmic vesicles
for proteolytic degradation and, in some cases, may also
include nuclear translocation (14). Receptors for peptide
growth factors are expressed at much higher levels in certain
types of malignancies (15) than on normal cells and are
therefore potential targets for radiopharmaceuticals.
For
instance, octreotide is an octapeptide

@

objective was to investigate the internalization, nuclear
translocation, and radiotoxicity of human EGF (hEGF)
(Upstate Biotechnology, Lake Placid, NY) radiolabeled with
the Auger electron emitter I111n, against EGFR-positive
human breast cancer cells, as well as the radiotoxicity of the
radiopharmaceutical against normal tissues known to ex
press moderate to high levels of the receptor. Our findings
suggest that the application of targeted Auger electron
radiotherapy using 11tIn-hEGF for the treatment of hormone
resistant forms of breast cancer that overexpress the EGFR
may be a promising therapeutic strategy.

MATERIALSAND METHODS
BreastCancerCells
The human breast cancer cell line MDA-MB-468 was purchased
from the American Type Culture Collection (Manassas, VA) and
the MCF-7 human breast cancer cell line was obtained from A.
Marks (Banting and Best Department of Medical Research,
University of Toronto, Toronto, Ontario, Canada). MDA-MB-468
cells were cultured in L-15 medium (Sigma Chemical Co., St.
Louis, MO) supplemented with 10% fetal calf serum (FCS), and
MCF-7 cells were maintained in Minimal Essential Medium
(Sigma) supplemented with 10% FCS, nonessential amino acids,
and glutamine (Gibco; Life Technologies, Burlington, ON, Canada).
Radiolabeling of hEGF and Measurement of Receptor

BindingIn Vitro
hEGF was derivatized with diethylenetriamine pentaacetic acid
(DTPA) and radiolabeled with â€œInto a specific activity of
3.7â€”1
1.1 MBq/pg (22,200â€”66,600MBq/@imol)as described (21).
The radiochemical purity of â€˜@In-DTPA-hEGF
as assessed by
silica gel instant thin-layer chromatography in 100 mmol/L sodium
citrate(pH 5) was 95%â€”98%.
â€œIn-DTPA-hEGFboundspecifically
to its receptoron MDA-MB-468 or MCF-7 human breastcancer
cells with an affinity constant (Ka)0f7.5 X 1O@
L/mol or 3.9 X lO@
L/mol, respectively. The number of receptors/cell (B,@) for
I I â€˜In-DTPA-hEGF

on

MDA-MB-468

analog of somatostatin

cells

was

calculated

to be

I.3 Â±0.7 x 106, whereas 1.5 Â±0.7 X 1O'@
receptors/cell were
that has been radiolabeled with â€˜
â€˜
â€˜In(l â€˜In-pentetreotide) present on MCF-7 cells.
and used successfully to image tumors that overexpress
FluorescenceMicroscopyof BreastCancerCells
somatostatin receptors (16). The internalization of WIn
hEGF was derivatized with fluorescein isothiocyanate as de
pentetreotide and its translocation to the cell nucleus after
scribed by Haigler et al. (14) and purified from excess fluorescein
binding to the somatostatin receptor (1 7) also make the
by size-exclusion chromatography on a P-2 minicolumn (BioRad
radiopharmaceutical
a promising candidate for targeted
Laboratories, Mississauga, Ontario, Canada) eluted with 150
Auger electron radiotherapy of somatostatin receptor
mmol/L sodium chloride. The intracellular localization of hEGF in
positive tumors (18).
MDA-MB-468human
breast
cancer
cellswasevaluated
byfluores
Overexpression of the epidermal growth factor (EGF) cence microscopy using fluorescein-hEGF and the fluorescent
receptor (EGFR) at levels up to 100 times higher than that nuclear stain 4',6'-diamidino-2-phenylindole dihydrochlonde
observed on normal epithelial cells has been observed in (DAPI; Boehnnger-Mannheim,Laval, Quebec, Canada). Briefly,
MDA-MB-468 cells were seeded onto chamber slides
30%â€”60%of human breast cancer biopsies (19). EGFR 3 X 1O@@
(Nunc;
Life
Technologies) and cultured for 48 h. The adherent cells
overexpression is an attractive target for the design of novel
were
washed
3 times with 150 mmol/L sodium chloride, and the
therapies for breast cancer because it is present in almost all
slides were incubated in 100 nmol/L fluorescein-hEGF for 1 h at
estrogen receptor-negative and hormone-resistant, advanced
37Â°C.The fluorescein-hEGF solution was then removed and the
forms of the disease and is also associated with a poor
slides were washed 3 times with 150 mmol/L sodium chloride. The
prognosis (19). Such patients are candidates for systemic
slides were then incubated with 100 mmol/L DAPI for 10 mm at
chemotherapy, but response rates to current regimens are 37Â°Cand again washed 3 times with 150 mmol/L sodium chloride.
inadequate and long-term survival is poor (20). There is an The slides were fixed in 0.8% glutaraldehyde (Sigma) and exam
urgent need to develop alternate treatment strategies. Our med with a fluorescence microscope to view the localization of the
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DAPI (XCXCj@
340â€”380nm) and fluorescein (X,@ 470â€”490nm)
probes.

6 replicate
60-mmculturedishes.
Thecellswerecultured
for a

chloride in a sterile 35-mm culture dish in the presence of an excess

â€œ11n-DTPA-hEGF

period of 7 d. Control dishes contained untreated cells, cells treated
with unlabeled DTPA-hEGF (5 pg), or cells incubated with growth
IntracellularLocalizationof â€œ1In-DTPA-hEGF
in Breast
medium containing a concentration of â€œIn-DTPA([11 kBq/mL]
CancerCells
Draxlmage; Dorval, PQ, Canada) equivalent to the amount of
The intracellular localization of â€œIn-DTPA-hEGFwas deter
â€œIn-DTPA-hEGF
bound to the treated cells. On day 1 and day 7,
mined by incubating the radiopharmaceutical (5 ng) with 3 X lO@ cells were recovered from dishes using a mixture of trypsin and
MDA-MB-468 cells in 1 mL of 0. 1% (weight/volume) human ethylenediaminetetraacetic acid and counted in a hemocytometer.
serum albumin in 150 mmol/L sodium chloride in 35-mm culture The growth index was defined as the number of cells recovered on
dishes. Using this amount of â€œIn-DTPA-hEGF,
â€”12%of EGFRS day 7 divided by the number of cells recovered on day I . The
were bound by the radiopharmaceutical. The dishes were incubated average number of cells recovered at the 2 time points and the
for 0.25, 0.5, 1, 2, 3, 4, or 24 h at 37Â°C.The proportion of â€œIn average growth index were determined and compared for treated
radioactivity bound to cells at the selected times was determined by and untreated cells. The treated and control dishes each contained
transferring cell suspensions to tubes and separating the cell pellet cells that were subconfluent throughout the 7-d experiment.
from the supematant by centrifugation (8600g for S mm). Each
Radiotoxlcity of â€˜11In-DTPA-hEGF
Against Human Breast
fraction was then counted in a â€˜y
scintillation counter (Auto Gamma
model 5650; Packard Instruments, Downer's Grove, IL). The Cancer Cells In Vitro
proportion of â€œInradioactivity internalized by cells was deter
The radiotoxicityof â€œIn-DTPA-hEGF
against MDA-MB-468
mined as described for â€˜251-EGF
by Olsson et al. (22) by resuspend
or MCF-7 human breast cancer cells was determined in a clono
ing and incubating the cell pellet in a l-mL mixture of 200 mmol/L genic assay. Increasing amounts of â€œIn-DTPA-hEGF(37 kBq to
sodium acetate and 500 mmol/L sodium chloride (pH 2.5) at 4Â°C 2.6 MBq, 0.01â€”70gig)were dispensed into sterile 35-mm culture
for 5 ruin. The tubes were then centrifuged again to separate the dishes containingS X l0'@MDA-MB-468 or MCF-7 cells in 1 mL
internalized â€œIn
radioactivity (cell pellet) from the noninternalized 150 mmol/L sodium chloride. The maximum amounts of â€œIn
I1
radioactivity
(supernatant).
DTPA-hEGF added represented a 1400-fold molar excess for
Nuclear binding of â€œIn-DTPA-hEGF
in MDA-MB-468 human MDA-MB-468 cells and a 140,000-fold molarexcess for MCF-7
breast cancer cells was determined as described for â€˜@I-EGF
(23). cells. The dishes were incubated for 30 mm at 37Â°C;then the cells
The MDA-MB-468 cells were first incubated with â€œIn-DTPA were recovered and assayed for the average amount of â€˜In
hEGF, and then the treated cells were transferred to tubes and radioactivity targeted to each cell (mBq/cell). Sufficient cells (3 X
centrifuged at 600g for 10 ruin to recover the cell pellet. The pellet l0â€•â€”l0@)
were then seeded in triplicate into 60-mm sterile culture
was then resuspended in a buffer containing 350 mmol/L sucrose, dishes (Nunclon; Life Technologies) to obtain a measurable
10mmol/L KC1,1.5 mmol/L MgC12,and 10mmollLTris hydrochlo
number of colonies after culturing for a period of 10 d at 37Â°C.
ride (pH 7.6) with 0.2% Triton X-lOO (BioRad) and 12 mmol/L Control dishes contained cells incubated with growth medium
2-mercaptoethanol, and the cells were disrupted by sonication for 5 alone. At the end of the culture period, the colonies were stained
ruin in an ultrasonic bath. Cell nuclei were isolated by centrifuga
with methylene blue (1% in a 1:1 mixture of ethanol and water),
tion of the cell suspension at 900g for 10 mm. Chromatin was and the number of colonies (>50 cells/colony) in each dish was
isolated from the nuclei by first washing the nuclear pellet with a counted. The plating efficiency was calculated by dividing the
buffer containing 200 mmol/L sucrose, 3 mmol/L calcium chloride, number of colonies observed in each dish by the number of cells
and 50 mmol/LTris hydrochloride (pH 7.6) followed by washing in seeded. The surviving fraction was calculated by dividing the
140 mmol/L sodium chloride and 10 mmol/L Tris hydrochloride plating efficiency for the dishes containing treated cells by the
(pH 8.3) and finally by pelleting the suspension at 900g for 10 mm. plating efficiency for the control dishes.
The supernatant containing the nucleoplasmic proteins was dis
The survival curves for the treated MDA-MB-468 or MCF-7
carded. The nuclei were then swollen in a small amount of 1 breast cancer cells were obtained by plotting the logarithm of the
mmol/L Tris hydrochloride (pH 7.9) and centrifuged at 1700g for
mean surviving fraction for the triplicate dishes versus the amount
10 mm to separate the chromatin fraction from the supematant, of â€œIn
radioactivity targeted to the entire cell, internalized into the
which contained the nucleoplasm and nuclear membranes.
cytoplasm or associated with the chromatin fraction (mBq/cell). A
straight line was then fitted through each of the survival curves by
GrowthInhibitionof HumanBreastCancerCellsIn Vitro logarithmic linear regression analysis. The D0 (radiation dose
by @In-DTPA-hEGF
required to reduce the surviving fraction to 0.37) values were
The effect of treating MDA-MB-468 or MCF-7 cells in vitro estimated from the terminal slope of the regression lines.
with â€œIn-DTPA-hEGF
on their growth was determined by incubat
ing 2 X lO@breast cancer cells in 1 mL 150 mmol/L sodium Evaluationof Hepatotoxicityand RenalToxicityof
of â€œIn-DTPA-hEGF(5 jig, 11.1 MBq) at 37Â°Cfor 30 ruin. The
amount of â€œIn-DTPA-hEGFadded represented a 25-fold excess
for MDA-MB-468 cells and a 2500-fold excess for MCF-7 cells.
The cells were then transferred to a sterile polystyrene culture tube
and centrifuged at 600g for 5 mm. The amount of â€œIn
radioactivity
associated with the cell pellet was measured in a radioisotope

To evaluate the potential for acute hepatotoxicity and renal
toxicity from â€œIn-DTPA-hEGF,groups of normal BALB/c mice

were injected in the tail vein with 3.7, 9.25, 18.5, or 44 MBq
â€œIn-DTPA-hEGFin 100 pL 150 mmol/L sodium chloride. Con
trol mice received a tail vein injection of 150 mmol/L sodium
chloride. Before injection of â€œIn-DTPA-hEGFand at 24, 48, and
calibrator (model CRC-12; Capintec, Montvale, NJ) and divided by 72 h after injection, blood samples were obtained by nicking the tail
the number of treated cells to calculate the average amount of â€˜
â€˜
â€˜In of each mouse with a sterile scalpel blade and collecting 50-giL
radioactivity targeted to each cell (mBq/cell). The cells were then samples into heparinized capillary tubes (Microcaps; Fisher Scien
resuspended in growth medium and 5 X lO@cells were seeded into tific Co., Nepean, Ontario, Canada). The blood samples were

RADIOTOXICITY

OF â€œIN-EGF

AGAINST

BREAST

CANCER

Reilly

et al.

431

A

B

@1

I

FIGURE1.

Fluorescence
microscopy
ofMDA-MB-468
humanbreastcancercellsincubated
withfluorescein-hEGF
for1 h at

37Â°C
(A)andwithnuclearstainDAPI(B).Fluorescein-hEGF
wasrapidlyinternalizedintocytoplasmofMDA-MB-468cellsandformed
a ringsurrounding
cellnucleus.CellnucleuswasvisualizedusingDAPI.

transferred to microcentrifuge tubes and centrifuged at lO,600g for
5 mm to separate the plasma. The plasma samples were stored at
â€” 10Â°C

for

subsequent

measurement

of

alanine

aminotransferase

(ALT) concentrations by standard clinical biochemistry techniques.

At 72 h afterinjection,the mice were killed by cervical dislocation,
and samples of the liver and kidneys were removed, sectioned, and
examined by light and electron microscopy for morphologic
evidence of hepaticor renaltoxicity.
The potentialforhepatotoxicityandrenaltoxicityof â€œIn-DTPA
hEGF over a longer time period was investigated by administering
2 separate amounts ofthe radiopharmaceutical to athymic mice (37
and74 MBq) by tail vein injectionseparatedby an intervalof4 wk.
Blood samples were collected before the first administration of the
radiopharmaceutical and then every 3â€”4d, and the plasma was
separated and analyzed for ALT and creatinine concentrations
using standard clinical biochemistry techniques. The mice were
killed 7 wk after the first administration ofthe radiopharmaceutical,
and the liver and kidneys were removed, sectioned, and examined
by light and electron microscopy for morphologic evidence of
hepatic or renal toxicity. Animal studies were conductedunderan
approved Animal Care Protocol (no. 94â€”036)at the Toronto
Hospital and following the Canadian Council on Animal Care
guidelines.

was visualized for comparison using the fluorescent nuclear
stainDAPI(Fig.
1).

IntracellularLocalizationof 1111n-DTPA-hEGF
In Breast
CancerCells
â€œIn-DTPA-hEGF was rapidly bound and internalized by
MDA-MB-468 cells in vitro at 37Â°C(Table 1). The internal
ized fraction increased from â€”70%at 15 mm of incubation
to about 80% at 4 h. After 30 mm of incubation of
â€œIn-DTPA-hEGF with cells, a small proportion of â€œIn
radioactivity (â€”7%) was localized in the cell nucleus and
2.5% was associated

with the chromatin

fraction (Table 2).

The fraction of radioactivity in the cell nucleus increased to
>15%

at 24 h, with

almost

10% associated

with

TABLE1
Kinetics of Binding and Internalization of 111ln-DTPA-hEGFin
MDA-MB-468 Human BreastCancer Cells
(%)1111n-DTPA-hEGF
Proportion

Cell-boundbound

â€œln-DTPA-hEGElimeMDA-MB-468
to
by(h)cells

RESULTS

cells0.2541

Fluorescence Microscopy of Breast Cancer Cells
Fluorescence microscopy of MDA-MB-468 human breast
cancer cells incubated with fluorescein-hEGF showed bind
ing to the cell surface, internalization into cytoplasmic
vesicles, and localization to the cell nucleus. After 1 h of
incubation with fluorescein-hEGF at 37Â°C,a relatively low
level of fluorescence was observed diffusely throughout the
cytoplasm of the cells with an intense fluorescence signal
associated with the cell nucleus (Fig. 1). The cell nucleus

2.90.542.9
3.7145.6
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the

chromatin.

internalized

MDA-MB-468
.6 Â±6.8
Â±7.6

66.9 Â±
66.2 Â±

Â±8.8

67.4 Â±

Â±9.1
Â±10.0
Â±8.4
Â±7.4

73.1 Â±
73.0 Â±
78.3 Â±
78.6 Â±

2.4246.2

1.5348.1
2.7442.8
2.22456.1
7.5Data

areexpressedasmeanÂ±SEMof3â€”6
experiments.

TuE Joui@.r'@OFNUCLEAR
MEDICINE
â€¢
Vol. 41 â€¢
No. 3 â€¢
March 2000

TABLE2

concentrations of EGF > 1 nmol/L (24). The concentration
of unlabeled DTPA-hEGF in the incubation medium for the
growth inhibition assay was 800 nmol/L (i.e., S pg/i mL).
The growth index of MDA-MB-468 cells treated with
â€œIn-DTPA, a radiopharmaceutical that does not bind to
cells and is not internalized nonspecifically, was not signifi
candy different from the growth index of untreated cells
(3. 1 Â±0. 1 versus 3.7 Â±0.6, respectively; P = 0. 169). No
significant change was found in the growth index of MCF-7
cells, which have a 100-fold lower level ofreceptors on their
surface than do MDA-MB-468 cells (1.5 X 10'@versus 1.3 X
106 EGFRs/cell, respectively) treated with â€œIn-DTPA

Kineticsof NuclearLocalizationof 1111n-DTPA-hEGF
in
MDA-MB-468 BreastCancer Cells
(%)Bound
cell-bound111ln-DTPA-hEGE
Associated(h)cell to
TimeProportion
chromatin0.57.2 nucleus

with

1.418.2

Â±0.8

2.5 Â±

0.927.1Â±2.2

Â±0.5

2.9 Â±

3.4Â±1.148.2
0.62415.5
1.3Data

Â±1.0
Â±2.1

3.6 Â±
9.6 Â±

hEGFcomparedwith untreatedcells (1.7 Â±0.7 versus2.5 Â±

asmeanÂ±SEMof3 expenments.
areexpressed

0.5,respectively;
P = 0.193).

Growth Inhibition of Human Breast Cancer Cells In Vitro

by 111In-DTPA-hEGF
Treatment of 2 x 10@MDA-MB-468

or MCF-7 human

breast cancer cells in vitro with a 25-fold or 2500-fold molar
excess of â€œIn-DTPA-hEGF(5 @.tg,11.1 MBq) resulted in
targeting an average of 45â€”60mBq â€œIn-DTPA-hEGF to
each cell. However, most â€œIn-DTPA-hEGFtargeted to

MCF-7 cells was nonspecifically bound because only a
maximum of 3.7 mBq â€œIn-DTPA-hEGF could, in theory, be
specifically targeted to these cells at the receptor saturation
conditions used (specific activity of the radiopharmaceuti
cal, 22,200 MBq/pmol; level of expression of the EGFR on
these cells, 1.5 x 10'@EGFRs/cell). It was assumed that
nonspecifically bound â€œIn-DTPA-hEGFdoes not undergo
receptor-mediated internalization and would not be expected
to be radiotoxic.
There was a significant decrease in the growth index of
MDA-MB-468 cells treated with @â€˜In-DTPA-hEGF
corn
pared with that of untreated cells (1 .3 Â±0.2 versus 3.7 Â±
0.6, respectively; P < 0.0001) (Table 3). MDA-MB-468
cells treated with unlabeled DTPA-hEGF also exhibited a
significantly lower growth index compared with that of
untreated cells, but the magnitude of the decrease was

smaller (2.5 Â±0.6 versus 3.7 Â±0.6, respectively; P < 0.01).
MDA-MB-468

cells are reported to be growth inhibited by

Radlotoxicity of 111in-DTPA-hEGFAgaInst Human Breast
Cancer Cells In Vitro
The surviving fraction of MDA-MB-468 human breast
cancer cells treated in vitro with â€œIn-DTPA-hEGFwas
reduced to <3% when the cells bound 130 mBqkell
â€œIn-DTPA-hEGF (Fig. 2). The D0 was approximately 40

mBq/cell for radioactivity targeted to the entire cell but was
only 4 mBq/cell when the survival curve was adjusted for
radioactivity associated with the chromatin. The D0 obtained
from the survival curve adjusted for radioactivity localized
in the cytoplasm was 28 mBq/cell. The amount of â€œIn
radioactivity internalized into the cytoplasm or associated
with the chromatin was estimated as 70% and 10%, respec
tively, of the total â€œInradioactivity bound to the cells
(Tables 1 and 2). No significant decrease in the surviving

fraction ofMCF-7 cells was found when up to 133 mBq/cell
â€œIn-DTPA-hEGF was targeted to the cells (Fig. 2). A slight
growth-stimulatory effect was observed at low amounts of
â€œIn-DTPA-hEGF bound to MCF-7 cells (<20 mBq/cell).

Evaluationof Hepatotoxicityand RenalToxicityof
â€˜11in-DTPA-hEGF
Graphs shown in Figure 3 depict the concentration of ALT
present in the plasma of BALB/c mice as a function of doses
of â€œIn-DTPA-hEGF(3.7-44 MBq) and times after injec
tion. Only at the highest dose of radioactivity administered

TABLE3
Inhibitionof Growthof Human BreastCancer Cells byTreatmentIn Vitrowith111ln-DTPA-hEGF

(x10@)MDA-MB-468
No.ofcellsrecovered
cellsTreatment

cellsMCF-7

111ln-DTPA111In-DTPA-hEGFNone111ln-DTPA-hEGFI
None
DTPA-hEGF
0.37
d
0.5Growth
d
indext
0.3@*Mean

2.9 Â±0.2
10.6Â±0.9
3.7 Â±0.2

3.5 Â±0.2
8.6 Â±0.3
2.5 Â±0.2@

3.3 Â±0.44.1
10.1Â±0.95.2
3.1 Â±0.1@1.3

Â±0.24.0
Â±0.26.5
Â±0.1@J1.7

Â±0.74.2
Â±1.010.4
Â±0.42.5

Â±
Â±

Â±

replicates.tNumber
Â±SEMof3â€”6
1.@Significantly
of cellsrecoveredat day7/numberof cellsrecoveredat day
0.008).Â§Notdifferentfromuntreatedcells(P =

cells.Â¶Significantly
significantly
differentfrom
untreated
differentfromuntreatedcells(P < 0.0001).
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(44 MBq) was there a slight rise in ALT concentration
compared with values before administration. No significant
changes were observed in ALT or plasma creatinine concen
tration in comparison with pretreatment values over a 7-wk
period in athymic mice administered 2 high amounts of
â€œIn-DTPA-hEGF (37 and 74 MBq) separated by a 4-wk
time interval. The plasma ALT concentration in these studies
ranged in value from 18 to 46 unitslL for treated mice and
from 16 to 40 unitslL for control mice (normal values in
humans, <40 unitsfL). The plasma creatinine concentration
ranged from 60 to 78 pmol/L for treated mice and 60 to 66
iimol/L for control mice (normal values in humans, <105
j.tmol/L). Morphologic evidence of hepatotoxicity is mani
fested by subtle mitochondrial changes or proliferation of
the smooth endoplasmic reticulum or lysosomes. Renal
toxicity is defined by the occurrence of renal tubular
degeneration. Such morphologic changes were not observed
on the electron micrographs of the liver or kidneys at either
early (3 d) or late (7 wk) time points (Fig. 4).
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internalized into the cytoplasm, and transported to the cell
nucleus. We hypothesize that the internalization and nuclear
translocation of â€œIn-DTPA-hEGFdelivers the radionuclide
in proximity to chromosomal DNA, where emitted Auger
electrons are lethal to cells. The radiotoxicity of â€˜
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â€˜In-DTPA
hEGF in vitro resulted in a significant decrease in the growth
rate of MDA-MB-468 human breast cancer cells ( 1.3 X l0@
EGFRs/cell) at relatively low amounts of radioactivity
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FIGURE3.

ALTconcentrations
in plasmaof BALB/cmice

beforetail vein injection(PRE) and as functionof time after

injection(A= 24,B = 48,andC = 72h)andincreasingamounts
of injected111ln-DTPA-hEGF
(3.7â€”44
MBq). Only at highest
administeredamountof radioactivitywasthereslightriseinALT
concentrations.

C,)

targeted to these cells (45â€”60mBq/cell). Similarly, a 2-loga
rithm decrease in the survival of these cells was observed in
a clonogenic assay at higher amounts of radioactivity
(111â€”130mBq/cell). No radiotoxicity was observed against
111ln(mBq/cell)
MCF-7 human breast cancer cells that expressed a 100-fold
receptors/cell), suggesting
FIGURE2.
Cell survivalcurvesmeasuredin clonogenic lower level of EGFR (1.5 X 10â€•
assayfor MDA-MB-468
(â€¢)
or MCF-7(0) humanbreastcancer that the radiopharmaceutical was selectively radiotoxic to
cellstreatedin vitrowith 1111n-DTPA-hEGF.
Survivalcurvesare cancer cells that overexpress EGFR. In addition, over a 7-wk
also presentedfor MDA-MB-468cellstreatedwith 1111n-DTPA period, there was no evidence of radiotoxicity to liver or
hEGF adjustedfor proportionof radioactivitylocalizedin cyto
plasm(â€¢)
or boundto chromatin(U). ErrorbarsrepresentSEM kidneys in mice administered high amounts of â€œIn-DTPA
of survivingfractioncalculatedfrom experimentsperformedin hEGF. Liver and kidneys are tissues that express moderate to
triplicatedishes.
high levels of EGFR (â€”10@receptors/cell) (25,26). These
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FIGURE4.

Electron
micrographs
ofsections
ofliver(A)andkidney(B)ofathymic
mice7wkaftertailveininjections
of2separate

amountsof 1111n-DTPA-hEGF
(37 and74 MBq)separatedby4-wktimeinterval.Noevidenceof morphologic
damageto liversuchas

mitochondrialchanges,proliferationof smoothendoplasmicreticulumor lysosomes,or steatosiswas observed.Similarly,no
apparentmorphologic
damagewasapparentto kidneysinformofalteredrenaltubularstructures.
results are thus promising for the application of targeted
Auger electron radiotherapy using â€œIn-DTPA-hEGFfor the
treatment of EGFR-overexpressing breast cancer in humans.
Fluorescence microscopy revealed that fluorescein-hEGF
binds rapidly to MDA-MB-468 cells, is internalized to the
cytoplasm, and is subsequently translocated to form a ring of
fluorescence surrounding the cell nucleus. The internaliza
tion of EGFâ€”EGFRcomplexes after binding of EGF to its
receptor is well documented (27), and nuclear localization of

EGF has been observed by fluorescence microscopy and

@

other techniques in A431 epidermoid carcinoma cells (14),
SW948 human colon cancer cells (23), fibroblasts (28), and
hepatocytes (29). The proportion of internalized EGF mol
ecules imported to the cell nucleus ranged from 1% to 10%
(30), but this value increases

@

to l4%â€”40% under growth

stimulatory conditions (28,29) or in the presence of lyso
somal protease inhibitors (31). It is not known whether EGF
remains bound to its receptor during the nuclear transloca
tion process, but the EGFR contains a putative nuclear
localization sequence (underlined), RRRHIVRKRTLRR at
residues 645â€”657,that could mediate its nuclear import (32).
Specific EGFR binding sites on chromatin have also been
detected (30). The nuclear translocation event of EGF is not
currently understood because EGF is thought to affect gene
expression indirectly by activation ofthe ras or phosphatidyl
inositol intracellular signaling pathways.
â€œIn-DTPA-hEGF was rapidly bound, internalized, and
transported to the cell nucleus in MDA-MB-468 breast
cancer cells. Interestingly, almost two thirds of the radioac
tivity in the cell nucleus was associated directly with the
chromatin, suggesting that internalized â€œIn-DTPA-hEGF
(perhaps in association with EGFR) may interact directly
with nuclear DNA. Similar results have been reported for
â€˜251..EGF
by Rakowicz-Szulczynska et al. (23) in 5W948
human colorectal carcinoma cells that express the EGFR.
After incubation of the SW948 cells with â€˜@I-EGF
for 24 h
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at 37Â°C,>94% of the internalized radioactivity was local
ized in the cytoplasm and 6% was present in the cell nucleus.
Most â€˜@-@I
radioactivity localized in the cell nucleus was
associated directly with the chromatin fraction.
Because chromosomal DNA represents a sensitive target
in the cell for the radiotoxic effects of Auger electrons
emitted by â€˜
â€˜
â€˜In,the cellular distribution of â€˜
â€˜
â€˜In-DTPA
hEGF will control the radiation dose delivered to the nucleus
and consequently the radiotoxicity of the radiopharmaceuti
cal. Recently published cellular dosimetry models (33,34) of
Auger electronâ€”emittingradionuclides deposited in mamma
han cells have estimated that the energy deposited in the cell
nucleus is 2-fold greater when
â€˜Inis localized in the
cytoplasm compared with a situation in which the radionu
clide is localized on the cell membrane. However, the
deposition rate increases by 20- to 35-fold when the
radionuclide is localized in the nucleus itself. The radiation
doses to an entire cell and to the cell nucleus were calculated
(34) on the basis of the following distribution pattern of

â€œIn-DTPA-hEGF in MDA-MB-468 breast cancer cells:
20% bound to the cell membrane, 65% internalized into the
cytoplasm, and 15% localized in the cell nucleus. It was
assumed that the cellular distribution of â€œIn-DTPA-hEGF
under receptor saturation conditions would be similar to that
observed (Tables 1 and 2) using conditions under which
approximately 12% of the receptors were bound by the
radiopharmaceutical. The calculated radiation dose to each
MDA-MB-468 cell when targeted to receptor saturation
with â€œIn-DTPA-hEGF(specific activity, 3.7 MBq4tg) was
24.7 Gy, whereas 19.3 Gy was delivered to the cell nucleus
(Table 4). More importantly, although only 15% of the
â€œIn-DTPA-hEGF was localized in the cell nucleus, this
fraction accounted for 80% of the total radiation dose to the
cell nucleus. The
in the cytoplasm was
responsible for an additional 18% of the radiation dose to the
nucleus, and the remaining 20% fraction of radiopharmaceu
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TABLE4
RadiationAbsorbedDose Estimatesto Cell Nucleusby
111In.DTPAhEGFLocalizedin Compartmentsof
MDA-MB-468 Human Breast Cancer Cell*
Radiation-

toCellScell
nucleus,compartment(Bq
Atdose
x s)([Gy/Bq

x s] x 10@)@$

(Gy)

mouse is 0.009 m2 compared with 1.73 m2 in a 70-kg
human). Indeed, over a 7-wk observation period, there were
no significant increases in the concentration of ALT or
creatinine in the plasma and there were no morphologic
lesions in these organs as detected by light or elecron
microscopy. The 7-wk observation period should have been
sufficient to detect at least early damage to the liver because
Wordsworth and Dykes (35) showed that increases in serum

ALTlevels occurwithina few days in ratsadministeredhigh
.780.60Cytoplasm10,9173.183.47Nucleus2,52260.3015.21
Membrane3,3571
doses of â€˜98Au-colloid (calculated

@

to deliver 30â€”110 Gy to

the liver). Hebard et al. (36) found that hepatic injury after
administration of â€˜98Aucollojdto rats occurred in 2 phases:
Total
19.28
an early phase, occurring within the first 2â€”12wk, involving
fibrosis and infiltration of inflammatory cells into the liver;
*Cellularradiationdosimetry
modelofGodduetal.(34)wasused
toestimateradiation
absorbeddose(@)tocellnucleus: = A x S, and a late phase, occurring at 16-40 wk, manifested by
whereS is radiationabsorbeddose in nucleus(Gy) per unitof severe vasculature damage. Nevertheless, it is possible that

cumulated
radioactivity
insourcecompartment,
A(Bqx s).

very late radiation injury to the liver or kidneys could

tAssumesrapidlocalization
of111ln-DTPA-hEGF
incompartment become evident at time points beyond 7 wk. It is also
andrateofelimination
corresponding
toradioactive
decayofradlonu
possible that more subtle forms of liver radiotoxicity may
clide,111ln.A = Ao/X,whereAois amountof radioactivitylocalizedin
compartmentat time 0 and X is radioactivedecayconstantfor 111ln not be seen until the hepatocytes attempt cell division, a
process that could require a long period of time for a
(2.83x 106/s).
tBased on targetinga singleMDA-MB-468humanbreastcancer normally quiescent tissue such as the liver. The radiotoxicity
cellwithdiameterof 10 pmandnucleuswithdiameterof 6 pmto of â€œIn-DTPA-hEGFagainst bone marrow stem cells was
receptorsaturationwith 111In-DTPA-hEGF.
At concentrations
of
radioligandleading to receptorsaturation,â€”48mBq 111In-DTPA not measured in this study, but myelotoxicity is not antici
hEGFwouldbeboundtoeachMDA-MB-468
cellatspecific
activityof
3.7MBq/pg.

pated because <3% of the bone marrowstem cell popula

tion has been found to express the EGFR (37) and the
radiopharmaceutical must specifically bind and internalize
in the cells to exert a radiotoxic effect.
One potential limitation to the clinical application of
tical remaining bound to the cell membrane accounted for
â€œIn-DTPA-hEGF for targeted radiotherapy ofbreast cancer
only 3% of the radiation dose delivered to the cell nucleus.
The relative radiotoxicity of â€œIn-DTPA-hEGFtoward is its rapid rate of elimination from the blood, which results
in relatively low tumor localization. Studies in athymic mice
MDA-MB-468 cells could not be further assigned to distinct
bearing subcutaneous MDA-MB-468 human breast cancer
intracellular compartments because the radiopharmaceutical
xenografts administered â€œIn-DTPA-hEGF showed tumor
is distributed into multiple compartments (i.e., cell mem
brane, cytoplasm, and nucleus). Nevertheless, by adjusting localization with tumor-to-blood ratios of approximately
12:1, but tumor uptake of the radiopharmaceutical at 72 h
the survival curves for the proportion of radiopharmaceuti
cal bound to chromatin or present in the cytoplasm, a after injection was only 2%â€”3%of injected dose/g (38)
comparison could be made of the potential differences in (Table 5). We believe that the tumor localization of â€œIn
radiosensitivity attributed to the radiopharmaceutical being DTPA-hEGF in vivo can be improved significantly by
prolonging its residence time in the blood because the
localized in these compartments. The adjusted survival
accumulation of â€œIn-labeledanti-EGFR MAb 528 (which
curves (Fig. 2) showed that there could be a 7- to 10-fold
greater radiosensitivity of MDA-MB-468 cells when â€œIn clears much more slowly from the blood than does hEGF) in
MDA-MB-468 breast cancer xenografts was 10-fold higher
DTPA-hEGF is bound to the chromatin (Do, 4 mBq/cell)
comparedwith a situationin which the radiopharmaceutical (21% injected dose/g) than that observed for â€œIn-DTPA
is localized in the cytoplasm (D0, 28 mBq/cell) or is hEGF. We are currenfly modifying the properties of the
distributed evenly in the entire cell (D0, 40 mBq/cell).
hEGF molecule to increase its specific activity and slow its
Most normal tissues express very low levels of the EGFR elimination from the blood to improve tumor localization. In
(<10â€•receptors/cell) and should not be adversely affected
future studies, once the pharmacokinetic properties of the
by targeted Auger electron radiotherapy of breast cancer radiopharmaceutical have been optimized, we will evaluate
using â€œIn-DTPA-hEGF.However, the radiopharmaceutical
the potential for targeted Auger electron radiotherapyof
might be radiotoxic to the liver (25) and the kidneys (26),
breast cancer in vivo in athymic mice bearing MDA-MB
which exhibit moderate to high levels of the EGFR (â€”10@ 468 human breast cancer xenografts. Another important
receptors/cell). There was no evidence ofradiotoxicity to the issue in the clinical application of â€œIn-DTPA-hEGFfor the
liver or kidneys of mice administered high amounts of treatment of breast cancer is receptor heterogeneity because
â€œIn-DTPA-hEGF
corresponding on a MBq/m2 basis to the radiopharmaceutical is radiotoxic only to cells that
human amounts of 740â€”14,208MBq (surface area of a 25-g express the EGFR and are able to specifically internalize the
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TABLE5

Cancer Society. Parts of this study were presented at the

Biodistribution of 1111n-DTPA-hEGFat 72 Hours After

CanadianAssociation of Nuclear Medicine Meeting, Ot

InjectioninAthymicMice BearingSubcutaneous
MDA-MB-468 Human Breast Cancer Xenografts

tawa, Ontario, Canada (Nov. 10, 1997).

111ln-DTPA-hEGF%
Localization
of
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