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Our objective was to evaluate the pharmacokinetics, normal
tissue distribution, radiation dosimetry, and toxicology of
human epidermal growth factor (hnEGF) labeled with ''In (*''In-
diethylenetriaminepentaacetic acid [DTPA]-hEGF) in mice and
rabbits. Methods: '''In-DTPA-hEGF (3.6 MBq; 1.3 or 13 pg)
was administered intravenously to BALB/c mice. The blood
concentration-time data were fitted to a 3-compartment model.
Acute toxicity was studied with female BALB/c mice at 42 times
the maximum planned human dose (MBg/kg) or with New
Zealand White rabbits at 1 times the maximum planned human
dose (MBg/kg) for a phase | clinical trial. Toxicity was evaluated
by monitoring body weight, by determination of hematology and
clinical biochemistry parameters, and by morphologic examination
of tissues. Radiation dosimetry projections in humans were esti-
mated on the basis of the residence times in mice by use of the
OLINDA version 1.0 computer program. Results: The largest
amounts of radioactivity were taken up by the liver (41.3 = 7.8
[mean = SD] percentage injected dose [%ID] at 1 h after injection
and decreasing to 4.9 = 0.3 %ID at 72 h after injection) and kid-
neys (18.6 = 0.8 %ID at 1 h and decreasing to 4.5 = 0.2 %ID at
72 h after injection). 1'1In-DTPA-hEGF was cleared rapidly from
the blood, with a half-life at a-phase of 2.7-6.2 min and a half-
life at B-phase of 24.0-36.3 min. The half-life of the long terminal
phase could not be accurately determined. The volume of distri-
bution of the central compartment was 340-375 mL/kg, and the
volume of distribution at steady state was 430-685 mL/kg. There
was no significant difference in the ratio of body weight at 15 d to
pretreatment weight for mice administered '''In-DTPA-hEGF
(1.02 = 0.01) and mice administered unlabeled DTPA-hEGF
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(1.01 = 0.01). Erythrocyte, leukocyte, and platelet counts and se-
rum alanine aminotransferase and creatinine levels remained in
the normal ranges. No morphologic changes were observed by
light microscopy in any of 19 tissues sampled. Minor morphologic
changes in the liver were observed by electron microscopy. The
projected whole-body dose in humans was 0.19 mSv-MBqg~".
The projected doses to the liver, kidneys, and lower large intestine
were 0.76, 1.82, and 1.12 mSv-MBq~1, respectively. Conclusion:
111In-DTPA-hEGF was safely administered to mice and rabbits at
multiples of the maximum dose planned for a phase | trial in breast
cancer patients.

Key Words: breast cancer; ''In-DTPA-hEGF; pharmacokinet-
ics; toxicology; radiation dosimetry
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Human epidermal growth factor (hEGF) labeled with
'Hn (M'In-diethylenetriaminepentaacetic acid [DTPA]-hEGF)
is a novel targeted radiotherapeutic agent for epidermal growth
factor receptor (EGFR)—positive breast cancer (/). The radio-
pharmaceutical relies on receptor-mediated binding, internaliza-
tion, and nuclear translocation of EGF in breast cancer cells to
insert ''In into the nucleus of the cells, where the nanometer-
to-micrometer—range Auger electrons are most damaging to
DNA, thereby killing the cells. Our group discovered that
n-DTPA-hEGF was highly radiotoxic to MDA-MB-468
human breast cancer cells overexpressing EGFR (1 x 10°-2 X
106 receptors per cell), reducing their surviving fraction to less
than 3% at only 111-148 mBq per cell (/). It was subsequently
found that '''In-DTPA-hEGF was 85- to 300-fold more growth
inhibitory on a molar-concentration basis to MDA-MB-468
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cells than commonly used chemotherapeutic agents for breast
cancer, such as doxorubicin, paclitaxel, or methotrexate, and
several logarithms more effective than 5-fluorouracil (2). Treat-
ment of athymic mice implanted subcutaneously with
MDA-MB-468 breast cancer xenografts with 5 weekly doses
of """In-DTPA-hEGF (18.5 MBgq; 3.4 pg) significantly slowed
the growth of well-established tumors by 3-fold and caused the
regression of small, nonestablished tumors (3).

These promising preclinical results led us to propose a
phase I clinical trial of '''In-DTPA-hEGF for the treatment
of patients with chemotherapy-resistant, EGFR-positive
metastatic breast cancer; this trial is now in progress at
the Princess Margaret Hospital in Toronto, Ontario, Canada
(4). To translate the preclinical findings to the phase I trial,
a kit was formulated under good manufacturing practices
for the preparation of !'!'In-DTPA-hEGF; the details of this
kit were recently reported (5). In the present article, we
describe the results of preclinical studies examining the
pharmacokinetics, normal tissue distribution, toxicology, and
radiation dosimetry of '''In-DTPA-hEGF prepared by use
of the kit; all of these properties were required for reg-
ulatory approval of the clinical trial application by Health
Canada.

MATERIALS AND METHODS

Radiopharmaceutical

n-DTPA-hEGF was prepared by adding ''!'In-chloride
(>1.85 GBg/mL; MDS-Nordion, Inc.) to 250 pg of DTPA-
conjugated hEGF,_s; in 1 mL of sodium acetate buffer (1 mol/L;
pH 6.0) as previously reported (5). The radiochemical purity of
n-DTPA-hEGF was determined to be greater than 98% by
instant thin-layer silica gel chromatography (Pall) with sodium
citrate buffer (100 mmol/L; pH 5.0).

Pharmacokinetic Studies

Groups of 6-8 female BALB/c mice were injected intrave-
nously (tail vein) with 3.6 MBq (1.3 pg) of !''In-DTPA-hEGF or
with 3.6 MBq (1.3 pg) of """In-DTPA-hEGF mixed with 11.7 pg
of DTPA-hEGF (total, 13 pg). This 10-fold range in mass was
studied to determine whether there were nonlinear pharmacoki-
netics for '"'In-DTPA-hEGF at high doses. Blood samples (ap-
proximately 25 nL) were collected into calibrated heparinized
microcapillary tubes (Fisher Scientific Co.) by femoral vein punc-
ture up to 72 h after injection. The microcapillaries were transferred
to y-counting tubes and subjected to counting along with a standard
of the injected dose in a y-counter (Cobra II series Auto-Gamma
System model 5003; Packard Instrument Co.). The concentrations
of radioactivity in blood were expressed as percentage injected dose
(%ID) per milliliter (%ID/mL). The mean %ID/mL values were
plotted against time after injection, and the resulting elimination
curves were fitted to a 3-compartment pharmacokinetic model by
use of Scientist version 2.01 software (MicroMath Scientific Soft-
ware). Standard pharmacokinetic parameters were estimated.

Stability in Plasma

The transchelation of radioactivity from '''In-DTPA-hEGF
to transferrin in mouse or human plasma in vitro at 37°C for
up to 72 h was determined by size exclusion high-pressure liquid
chromatography (HPLC) with a BioSep SEC-S2000 column
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(Phenomenex) eluted with sodium phosphate buffer (100 mmol/L;
pH 6.8) at a flow rate of 0.8 mL/min. Peaks were monitored by use
of a flowthrough radioactivity detector (model 170; Beckman-
Coulter). An HPLC standard for !!'!In-transferrin was prepared by
incubating ''"In-acetate with plasma for 24 h. '"'In-DTPA-hEGF
diluted in sodium bicarbonate buffer (50 mmol/L; pH 7.5) was
used as a negative control.

Biodistribution Studies

Female BALB/c mice were injected intravenously (tail vein)
with 0.9-1.1 MBq (0.25-0.3 p.g) of '""In-DTPA-hEGF. Groups of
3 mice were sacrificed at selected times up to 72 h after injection.
Samples of blood and tissues were obtained, weighed, and sub-
jected to counting along with a standard of the injected dose in a
v-counter. The accumulation of radioactivity in tissues was ex-
pressed as %ID per gram (%ID/g) and as %ID per organ (%ID/
organ). Standard mouse organ weights previously recorded in our
laboratory were used to calculate %ID/organ values from %ID/g
values.

Toxicology Studies

Groups of 7 female BALB/c mice were injected intravenously
(tail vein) with 44.4 MBq (3-30 wg) of '""In-DTPA-hEGF or
an equivalent amount of unlabeled DTPA-hEGF. Groups of 3
pathogen-free female New Zealand White rabbits (nonrodent
species) were injected intravenously (marginal ear vein) with
85.1 MBq (58 pg) of '''In-DTPA-hEGF or an equivalent amount
of unlabeled DTPA-hEGF. These doses were selected because
they were the maximum doses allowed under our internal radia-
tion safety permit at the University Health Network and repre-
sented 42 times (mice) or 1 times (rabbits), respectively, the
maximum planned dose for the phase I clinical trial of ''!In-
DTPA-hEGF scaled on an MBg/kg basis. Body weight was
monitored for 15 d in mice and for 18 d in rabbits. At the end
of the monitoring period, the mice were anesthetized and sacri-
ficed by cervical dislocation, and the rabbits were euthanized with
sodium pentobarbital (Euthanyl; Abbott Laboratories). Blood
samples (approximately 50 wL) were collected from mice and
rabbits into heparinized microcapillary tubes. The samples were
pooled to provide sufficient samples for analysis by the core
laboratory at the Hospital for Sick Children, Toronto, Ontario,
Canada. Hematology analyses included leukocyte (WBC), eryth-
rocyte (RBC), and platelet counts as well as hematocrit (Hct) and
hemoglobin (Hb) concentrations. Biochemistry analyses included
serum alanine aminotransferase (ALT) and creatinine (Cr) levels.
In addition, samples of 19 different tissues were obtained at
necropsy, fixed in formalin, embedded in paraffin, and sectioned.
All sections were stained with hematoxylin and eosin and exam-
ined by light microscopy (LM) by a clinical pathologist. Sections
of the liver, kidneys, and cornea (tissues that express EGFR) were
further examined in detail by electron microscopy (EM).

Radiation Dosimetry Projections

The area under the curve (AUC) from O to 72 h (Bq x h) for
the radioactivity—time curve derived for each organ (not corrected
for radioactive decay) from biodistribution studies was integrated
from the time of injection of '"'In-DTPA-hEGF to the last sam-
pled time point (72 h after injection) by use of the trapezoidal rule
(6). The AUC from 72 h after injection to infinity was estimated
by dividing the amount of radioactivity (Bq) at the 72-h time point
by the physical decay constant for '''In (1.03 x 10~2-h™1!), thus
assuming elimination only by radioactive decay. The mean
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residence time of radioactivity in each organ (h) was calculated by
dividing the total AUC from 0 h to infinity (Bq X h) by the injected
dose (Bq). The radiation-absorbed doses in humans (mSv-Bq~!)
were projected on the basis of the organ and whole-body residence
times in mice and were estimated by use of the OLINDA version
1.0 computer program (7). For projection of the radiation-absorbed
doses to the eyes, the sphere model in the OLINDA program was
used, assuming a mass of 8 g for each eye. The radionuclide contam-
inants '"™In and %Zn, present at less than 0.1% in '''In-chloride,
were taken into consideration in estimating the total radiation-
absorbed doses.

Ethical Approval

The principles of laboratory animal care (8) were followed.
Animal studies were conducted under a protocol approved by the
Animal Care Committee at the University Health Network (UHN-
03-003) and in accordance with Canadian Council on Animal Care
guidelines.

RESULTS

Pharmacokinetic Studies

The mean concentrations of radioactivity (%ID/mL) in
the blood over time for groups of 68 BALB/c mice after
intravenous (tail vein) administration of a low mass (1.3 pg)
or a high mass (13 ug) of ''"In-DTPA-hEGF (3.6 MBq) are
shown in Figure 1. The higher dose of '''In-DTPA-hEGF
was distributed more rapidly than the lower dose (half-life
at a-phase [ty5], 2.7 vs. 6.2 min, respectively). However,
the higher dose of '""In-DTPA-hEGF was cleared more
slowly than the lower dose (half-life at 3-phase [t;/5g], 24.0
vs. 36.3 min, respectively). In both cases, !''In-DTPA-hEGF
exhibited a very long terminal elimination phase. The half-
life of this final phase could not be accurately estimated
because of the limited number of data points in this phase.
The volume of distribution of the central compartment (V)
for '"'In-DTPA-hEGF was 6.8 mL (340 mL/kg) for the low
dose and 7.5 mL (375 mL/kg) for the high dose. The volume
of distribution at steady state (V) was 13.7 mL (685 mL/kg)
for the low dose and 8.6 mL (430 mL/kg) for the high dose.
The V; was about 5 or 6 times larger than the expected
plasma volume (V) (9), and the V, (430-685 mL/kg) was
7-10 times larger than the V. The systemic clearance for
Hn-DTPA-hEGF was 0.41 mL/min (20.5 mL/min/kg) for
the low dose and 0.25 mL/min (12.5 mL/min/kg) for the
high dose.

Biodistribution Studies

The accumulation of radioactivity in tissues of BALB/c
mice up to 72 h after injection of '''In-DTPA-hEGF (0.9
1.1 MBq; 0.25-0.3 pg) is shown in Figure 2. The kidneys
and liver accumulated the highest concentrations (%ID/g)
of '""In. However, radioactivity in the kidneys decreased
from 51.8 = 2.4 (mean = SD) %ID/g at 1 h after injection
to 12.5 = 0.7 %ID/g at 72 h after injection, and liver
radioactivity decreased from 29.7 = 5.6 %ID/g at 1 h after
injection to 3.6 = 0.2 %ID/g at 72 h after injection. Con-
sistent with the pharmacokinetic studies, the concentrations
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FIGURE 1. Elimination of radioactivity from blood of 6-8
BALB/c mice injected intravenously (tail vein) with ''1In-DTPA-
hEGF. %ID/mL-time curves were fitted to 3-compartment
pharmacokinetic model. (A) Mice injected with low mass of
11In-DTPA-hEGF (3.6 MBq; 1.3 ng). (B) Mice injected with high
mass of ""'In-DTPA-hEGF (3.6 MBq; 13.0 pg).

of radioactivity in the blood decreased rapidly from 0.9 =
0.2 %ID/g at 1 h after injection to only 0.04 = 0.01 %ID/g
at 72 h after injection. The liver accumulated the highest
proportion of the injected dose (41.3 = 7.8 %ID at 1 h after
injection), but this value decreased to 7.3 = 0.4 %ID at
72 h after injection. The kidneys accumulated 18.6 =*
0.8 %ID at 1 h after injection; this value decreased to 6.4 =
0.7 %ID at 72 h after injection. The eyes accumulated
0.1 £ 0.02 %ID at 1 h after injection; this value decreased
to 0.04 = 0.01 %ID at 72 h after injection. Although the
concentration (%ID/g) of radioactivity in the intestines and
bone was low (Fig. 2A), these organs sequestered high
proportions of the injected dose (Fig. 2B) because of their
relatively large masses (3.8 and 3.6 g, respectively). The
intestines and bone accumulated 27.1 = 2.9 and 104 =
0.7 %ID, respectively, at 1 h after injection; these values
decreased to 0.6 = 0.04 and 1.04 = 0.3 %ID at 72 h after
injection.
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FIGURE 2. Tissue distribution of radioactivity at selected times
MBq; 0.25-0.3 p.g) in BALB/c mice. (A) Tissue uptake expressed

after intravenous (tail vein) injection of "In-DTPA-hEGF (0.9-1.1
as %ID/g. (B) Tissue uptake expressed as %lD/organ. Error bars

are SEM of 3 mice. B = blood; BR = brain; E = eyes; | = intestines; ST = stomach; H = heart; K = kidneys; L = liver; Lu = lungs;
M = muscle; O = ovaries; Bn = bone; Sp = spleen; TH = thyroid.

Stability in Plasma

Representative HPLC results for !''In-DTPA-hEGF di-
luted with sodium bicarbonate buffer (50 mmol/L; pH 7.5)
or incubated with mouse plasma for 24 h are shown in
Figures 3A and 3B. Similar results (not shown) were obtained
for human plasma. Over a 72-h period, 27%-33% of '''In
was transchelated from '''In-DTPA-hEGF in vitro to trans-
ferrin (9%—11%/d).

Toxicology Studies
There was no significant decrease in the body weights
of female BALB/c mice administered 44.4 MBq (3-30 .g)
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of """In-DTPA-hEGF or an equivalent amount of unlabeled
DTPA-hEGF over a 15-d period (Table 1). Similarly, there
was no significant decrease in the body weights of female
New Zealand White rabbits administered 85.1 MBq (58 png)
of """In-DTPA-hEGF or an equivalent amount of unlabeled
DTPA-hEGF over an 18-d period (Table 2). There were also
no signs of dehydration, lethargy, or ataxia in either group
of mice. These results indicated that there was no gener-
alized normal tissue toxicity associated with '''In-DTPA-
hEGF or unlabeled DTPA-hEGF.

Biochemistry and hematology results obtained for
BALB/c mice at 15 d after injection of '!'In-DTPA-hEGF
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FIGURE 3. HPLC of ""'In-DTPA-hEGF.
BioSep SEC-S2000 column was eluted
with sodium phosphate buffer (100
mmol/L; pH 6.8) at flow rate of 0.8 mL/
min. Monitoring was done with Beckman-
Coulter model 170 radioactivity detector.
(A) ""In-DTPA-hEGF diluted in sodium
bicarbonate buffer (50 mmol/L; pH 7.5).
Peaks with retention times of 11.0 and
12.0 min correspond to dimerized and

Y,
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20 30 monomeric 111In-DTPA-hEGF, respectively.

Peak with retention time of 13.5 min rep-

resents small amount (<2%) of "In-DTPA

impurity. (B) ""'In-DTPA-hEGF incubated in mouse plasma for 24 h at 37°C. Peak with retention time of 8.5 min represents '''In that has

been transchelated from ''1In-DTPA-hEGF to transferrin (9%).

(44.4 MBq) or an equivalent amount of unlabeled DTPA-
hEGF are shown in Table 3. WBC, RBC, Hb, Hct, and
platelet counts and serum ALT levels in mice administered
'""[n-DTPA-hEGF all remained within or close to the ex-
pected normal ranges (/0). Serum Cr levels in mice ad-
ministered '''In-DTPA-hEGF or DTPA-hEGF were lower
than the expected normal ranges, but this result may be
explained by the young age of the mice (3—4 wk old). Im-
portantly, there was no elevation in serum Cr levels, which
would suggest renal toxicity. Platelet counts in mice admin-
istered unlabeled DTPA-hEGF could not be determined
because of insufficient quality of the sample. Nevertheless,
this group of mice received the same mass of DTPA-hEGF
as those administered '''"In-DTPA-hEGF (which did not
show a decrease in platelet counts). The results of analogous
biochemistry and hematology studies with New Zealand
White rabbits at 18 d after injection of !''In-DTPA-hEGF
(85.1 MBq) or an equivalent amount of unlabeled DTPA-
hEGF (Table 4) showed that all biochemical and hemato-
logic parameters (including platelet counts) remained within
the normal ranges, except for serum Cr levels, which were
slightly lower than those for an untreated rabbit.

TABLE 1
Body Weights of BALB/c Mice Administered
111n-DTPA-hEGF or Unlabeled DTPA-hEGF*

In mice administered '''"In-DTPA-hEGF or unlabeled
DTPA-hEGEF, there was no evidence of morphologic dam-
age detected by LM in the brain, eyes (including cornea),
lungs, heart, thyroid, stomach, ileum (small intestine), cecum
(large intestine), pancreas, liver, kidneys, adrenal glands,
ovaries, uterus, mammary glands, spleen, bone marrow, mus-
cle, and nerve tissue (results not shown). Similarly, no changes
were detected by LM in any of these tissues in rabbits
administered '''In-DTPA-hEGF or unlabeled DTPA-hEGF.
There were some minor morphologic changes (“ballooning”
of smooth endoplasmic reticulum and vacuolization of
hepatocytes) in the EM studies of the liver in all rabbits
administered '''"In-DTPA-hEGF (Fig. 4A). No morphologic
abnormalities were detected by EM studies of the kidneys
(Fig. 4B) or corneas (Fig. 4C) in rabbits receiving ''!In-
DTPA-hEGF or unlabeled DTPA-hEGF.

Radiation Dosimetry Projections

The radiation-absorbed dose projections for the admin-
istration of 111In-DTPA-hEGF to humans, determined from
the residence times in mice, are shown in Table 5. It was
expected that the highest absorbed doses would be received

TABLE 2
Body Weights of New Zealand White Rabbits Administered
111n-DTPA-hEGF or Unlabeled DTPA-hEGF*

Normalized body weight after
administration oft:

Normalized body weight after
administration oft:

Time after Time after

injection (d) 111 n-DTPA-hEGF DTPA-hEGF injection (d) 111 n-DTPA-hEGF DTPA-hEGF
3 1.01 = 0.01 1.03 + 0.02 3 1.07 = 0.01 1.03 = 0.01
7 1.02 = 0.01 1.02 = 0.01 6 1.08 = 0.03 1.03 = 0.01

10 1.04 + 0.02 1.02 + 0.01 10 1.14 = 0.01 1.11 = 0.05

13 1.00 £ 0.02 1.01 = 0.01 14 1.16 £ 0.02 1.12 = 0.03

15 1.02 = 0.01 1.01 = 0.01 18 1.12 = 0.01 1.08 = 0.02

*Mice were intravenously administered 44.4 MBq (3-30 ng) of
111n-DTPA-hEGF or equivalent amount of unlabeled DTPA-hEGF.

TBody weight is expressed as mean + SEM of fraction of initial
body weight (on day 0) for groups of 3 mice.

*Rabbits were intravenously administered 85.1 MBq (58 pg) of
111n-DTPA-hEGF or equivalent amount of unlabeled DTPA-hEGF.

tBody weight is expressed as mean = SEM of fraction of initial
body weight (on day 0) for groups of 3 rabbits.

PReCLINICAL STUDIES OF '''IN-DTPA-HEGF ¢ Reilly et al.
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TABLE 3
Results of Biochemistry and Hematology Analyses at
15 Days After Injection of 111In-DTPA-hEGF or
Unlabeled DTPA-hEGF into BALB/c Mice

Mean value after injection of*:

111n-DTPA- DTPA-

Parameter hEGF hEGF Normal ranget
WBC (10%/L) 6.4 7.4 5.0-13.7
RBC (10'2/L) 8.1 9.2 7.9-10.1
Hb (g/L) 137 153 110-145
Hct 0.398 0.451 0.400
Platelets (10%/L) 521 ND 600-1,200
ALT (U/L) 23 36 28-184
Cr (mwmol/L) 33 51 119-155

*Mean value for blood or serum samples pooled from 7 mice
administered 44.4 MBq (3-30 p.g) of ''In-DTPA-hEGF or equivalent
amount of unlabeled DTPA-hEGF. ND = not determined because of
subquality of sample obtained.

TExpected normal range was obtained from Olfert et al. (70).

by the kidneys (1.82 mSv-MBq™!), lower large intestine
(1.12 mSv-MBq ™ !), and liver (0.76 mSv-MBq '), whereas
the whole-body radiation-absorbed dose would be 0.19
mSv-MBq~!. The red marrow absorbed dose estimated by
the OLINDA program on the basis of the uptake of !''In-
DTPA-hEGF in bone would be 0.20 mSv-MBq~'. The
radiation-absorbed doses to the thyroid and eyes would be
0.13 and 0.15 mSv-MBq ™!, respectively.

DISCUSSION

In this report, we describe for the first time detailed
preclinical studies that reveal the pharmacokinetics, tissue

TABLE 4
Results of Biochemistry and Hematology Analyses at
18 Days After Injection of 111In-DTPA-hEGF or
Unlabeled DTPA-hEGF into New Zealand White Rabbits

Mean value after injection of*:

111n-DTPA- DTPA-

Parameter hEGF hEGF Normal ranget
WBC (10%/L) 6.7 7.7 4.0-13.0
RBC (10'2/L) 5.6 5.7 4.5-8.5
Hb (g/L) 119 118 94-175
Hct 0.354 0.367 0.365
Platelets (10°/L) 330 275 180-750
ALT (U/L) 79 44 10-80
Cr (nmol/L) 70 64 113¢%

*Mean value for blood or serum samples from 3 rabbits admin-
istered 85.1 MBq (58 ng) of '"'In-DTPA-hEGF or equivalent amount
of unlabeled DTPA-hEGF.

TExpected normal range was obtained from Olfert et al. (10).

*No normal range available; value was obtained from untreated
control rabbit.

FIGURE 4. EM of tissues from representative New Zealand
White rabbit at 18 d after intravenous (marginal ear vein)
injection of 11In-DTPA-hEGF (85.1 MBq; 58 pg). (A) Liver. (B)
Kidneys. (C) Cornea. Slight ballooning of smooth endoplasmic
reticulum and vacuolization of hepatocytes in liver were seen.
No morphologic abnormalities were detected in kidneys or
cornea.

biodistribution, toxicology, and radiation dosimetry of
"In-DTPA-hEGF prepared from a kit (5) for study in a
phase I clinical trial in breast cancer patients. These
preclinical studies were required by Health Canada for
approval of the clinical trial application. ' 'In-DTPA-hEGF
was eliminated very rapidly from the blood after intrave-
nous (tail vein) injection in BALB/c mice. The blood
concentration—time curve was best described by a
3-compartment pharmacokinetic model. The t;;,, of
2.7-6.2 min was longer than that previously reported by
Kurihara et al. (/1) for '"'In-DTPA-hEGF administered
intravenously to rats (tj, = 0.7 min). The t;,g of 24.0-
36.3 min for '''In-DTPA-hEGF in BALB/c mice was

TABLE 5
Radiation-Absorbed Dose Projections for '''In-DTPA-hEGF
in Humans
Organ Radiation-absorbed dose (mSv-MBqg~—")*

Brain 0.06

Lower large intestine 1.12

Stomach 0.39

Heart 0.20

Kidneys 1.82

Liver 0.76

Lungs 0.16

Muscle 0.14

Ovaries 0.39

Osteogenic cells 0.52

Red marrow 0.20

Spleen 0.34

Thyroid 0.13

Eyes 0.15

Whole body 0.19

*Radiation-absorbed dose projections in humans were deter-
mined from residence times for 111In-DTPA-hEGF in BALB/c mice
and were calculated by use of OLINDA version 1.0 computer pro-
gram. Maximum of 0.1% of each of radionuclide impurities (*'4™In
and 5Zn) in "In was considered in estimating total radiation-
absorbed doses.
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similar to that in rats (t;,g = 33 min). In the present study,
the t»g in mice administered a high dose (13 pg; 650 g/
kg) of the radiopharmaceutical was longer than that in mice
administered a 10-fold-lower dose (36.3 vs. 24.0 min,
respectively). This finding may be attributable to partial
saturation of the hepatic transport mechanism (/2). St.
Hilaire et al. (/3) found that combining '>’I-EGF with a
100-fold excess of unlabeled EGF decreased liver seques-
tration from 99% to 24% after portal administration of the
peptide to rats. Kurihara et al. (/7) did not report the V, for
HIn-DTPA-hEGEF in rats, but the Vg (1,297 mL/kg) was
about 2 or 3 times larger than that which we observed in
mice (430-685 mL/kg). The V; and V for '''In-DTPA-
hEGF in mice were 5- to 6-fold and 7-10 times larger,
respectively, than the V, (65 mL/kg) (9). These large
volumes of distribution for '"'"In-DTPA-hEGF likely re-
flected the high proportions of sequestration of the radio-
pharmaceutical by the liver and kidneys, as noted in the
biodistribution studies.

Biodistribution studies with BALB/c mice administered
"n-DTPA-hEGF revealed that a large proportion of the
injected dose (%ID/organ) was rapidly accumulated by the
liver and kidneys, but the amount of radioactivity in these
organs decreased 6- and 3-fold, respectively, over a 72-h
period. The concentration of radioactivity in the kidneys
was higher than that in the liver (12.5 £ 0.7 vs. 3.6 *
0.2 %ID/g, respectively). These values were similar to
those previously reported for kidney and liver uptake of
"in-DTPA-hEGF (/4) in athymic mice and likely were
attributable to the moderate levels of EGFR expressed by
these tissues (/2,15). Although it is difficult to compare
directly the tissue distributions of peptides conjugated to
radiometals and those labeled with radioiodine because
of their different metabolic routes, the overall pattern of
biodistribution of '''In-DTPA-hEGF in BALB/c mice was
analogous to that reported for '>’I-EGF in rats (/6). Renal
excretion likely contributes to the kidney uptake of '!!In-
DTPA-hEGF, because '>5I-EGF is filtered by the glomer-
ulus and secreted but not reabsorbed by renal tubules in
rabbits (/7). Renal uptake of radioactivity was not attrib-
utable to the excretion of '''In-DTPA impurities present in
n-DTPA-hEGF, because the radiochemical purity was
greater than 98%. Transchelation of ''In from !'!'In-
DTPA-hEGEF to transferrin occurred at a rate of 9%—11%/d
in vitro in mouse or human plasma. This rate of trans-
chelation was similar to that previously reported for !'!'In-
DTPA-conjugated antibodies (/8). Transchelation of '''In
from '"'"In-DTPA-hEGF to transferrin may contribute to
hepatic and bone marrow uptake of radioactivity. The thy-
roid expresses EGFR (/9), but radioactivity in the thyroid
of mice administered !'''In-DTPA-hEGF in the present
study was only 0.03 £ 0.01 %ID at 1 h after injection
and decreased to 0.01 = 0.002 %ID at 72 h after injection.
Similarly, corneal tissue is EGFR positive (20), but radio-
activity in the eyes of mice was only 0.10 = 0.02 %ID at
1 h after injection and decreased to 0.04 = 0.01 %ID

PReCLINICAL STUDIES OF '''IN-DTPA-HEGF ¢ Reilly et al.

at 72 h after injection of '''In-DTPA-hEGF in the present
study.

There were no hematologic, hepatic, kidney, or other
normal tissue toxicities associated with the administration
of """In-DTPA-hEGF to female BALB/c mice at doses
(44.4 MBq; 3-30 pg) equivalent to 42 times the maximum
planned human radioactivity dose (2,960 MBq; 0.25 mg)
for a phase I clinical trial on an MBg/kg basis. Similarly,
there were no toxicities associated with '''In-DTPA-hEGF
(85.1 MBq; 58 pg) administered to female New Zealand
White rabbits (nonrodent species) at doses equivalent to
1 times the maximum planned human dose on an MBg/kg
basis. Bone marrow toxicity caused by the Auger electron
emissions of !!'In was not anticipated for 2 reasons: there is
no “cross-fire” effect from the Auger electrons, and less
than 3% of the hematopoietic stem cell population ex-
presses EGFR (217). Receptor-mediated internalization and
nuclear translocation are required for the Auger electrons
emitted by '''In-DTPA-hEGF to manifest their toxic effects
(1). Nevertheless, this fact does not preclude radiotoxicity
from the low—linear-energy-transfer y-emissions of !'!''In,
especially at the higher dose to be administered in the phase
I clinical trial. Importantly, there was no evidence of major
toxicity to the liver or kidneys in mice or rabbits; these
tissues have moderate levels of EGFR expression (/2,15),
and they accumulated large amounts of '''In-DTPA-hEGF
in mice. Minor morphologic changes (ballooning of smooth
endoplasmic reticulum and vacuolization of hepatocytes)
were noted by EM in the liver of rabbits, but these findings
were not associated with elevations in ALT levels and
therefore were not considered important by the clinical
pathologist. No morphologic changes were observed in
rabbits administered unlabeled DTPA-hEGF, suggesting an
effect that may be mediated by the radiation effects of
n, most likely the Auger electrons. Because morpho-
logic changes were not observed in BALB/c mice admin-
istered a single dose of 44 MBq of ''In-DTPA-hEGF or in
an earlier study (/) in which athymic mice were adminis-
tered 2 doses (37 and 74 MBq) of '''"In-DTPA-hEGF, this
finding suggests that they were species dependent. Differ-
ences in the mechanisms of hepatobiliary clearance of drugs
between rabbits and rodents may explain these observations
for '""In-DTPA-hEGF (22). EGFR is expressed in corneal
tissue (20), but we did not detect any morphologic damage to
this tissue over a 15-d period in mice or an 18-d period in
rabbits. A longer observation interval may be required to
evaluate this potential risk fully. Radiation dosimetry pro-
jections for the eyes in humans revealed that 444 mSv (44.4
cGy) would be absorbed at the maximum dose of 2,960 MBq
planned for the phase I clinical trial. This radiation-absorbed
dose is 45 times lower than the lowest dose of external radi-
ation that caused cataract formation in humans (2,000 cGy)
and is 5- to 6-fold lower than the absorbed dose associated
with the formation of opacities (250 cGy) (23). The latency
period for the formation of ocular toxicities is approximately
8 y from exposure to external radiation.
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Health Canada requires a minimum 7-d observation
period to evaluate the acute toxicity of an investigational
new drug proposed for administration in a single dose in a
phase I clinical trial (24). A longer period of time may be
required to evaluate fully hepatic and renal toxicities from
In-DTPA-hEGF, but the results of the present study were
consistent with those of an earlier study in which BALB/c
mice were administered a total of 111 MBq of '''In-DTPA-
EGF (37 MBq initially, followed by 74 MBq 4 wk later)
and observed for a longer period of 7 wk (/). In that earlier
study, no changes in serum Cr or ALT levels or in body
weights were observed for mice receiving '!'In-DTPA-
hEGF. Furthermore, in another study (3), mice were
administered a cumulative dose of up to 92.5 MBq of
n-DTPA-hEGF in 5 weekly amounts. No decreases in
body weight or increases in serum ALT or Cr levels were
detected, and no evidence of damage to the liver or kidneys
was observed over 7 wk. There was, however, a 1.4- to 2-fold
decrease in platelet and WBC counts, a result that was
thought to be attributable to irradiation and killing of some
bone marrow stem cells by the low-linear-energy-transfer
v-emissions of ''In at the very high dose used (80 times
the maximum planned human dose for the phase I trial on
an MBq/kg basis).

The paradoxic toxicity of !'''In-DTPA-hEGF toward
breast cancer cells expressing high levels of EGFR but
not against the liver or kidneys, tissues that express mod-
erate levels of EGFR, may be attributable to differences in
its subcellular distribution. It was recently reported that the
EGF-EGFR complex may play a novel role as a nuclear
transcription factor for the cyclin D1 gene, particularly in
rapidly dividing cells, for example, cancer cells (25). In
normal epithelial cells, EGF acts mainly by activating sig-
naling cascades; it is internalized into cytoplasmic vesicles
and degraded. In contrast, in cancerous epithelial cells, some
internalized EGF molecules circumvent the lysosomal
degradation pathway and translocate to the nucleus, a pro-
cess possibly mediated by a nuclear localization sequence
(RRRHIVRKRTLRR) at residues 645-657 in EGFR (26).
The radiation-absorbed dose deposited in the nucleus is
about 15 times higher when '!''In decays in the nucleus than
when it decays in the cytoplasm and 30 times higher with
decay in the nucleus than with decay on the cell surface
(27); this differential nuclear uptake may provide a second
level of selectivity that protects EGFR-positive normal
cells, in addition to the fact that they express EGFR at
lower levels than do malignant cells.

The whole-body radiation-absorbed dose projected
for the administration of '''In-DTPA-hEGF to humans
(0.19 mSv-MBq ") is 1.5-fold higher than that for '''In-
pentetreotide (0.12 mSv-MBq~!) (28), the only !!''In-
labeled peptide receptor—targeted radiotherapeutic agent
to be examined clinically (29,30). The kidneys would
receive the highest radiation-absorbed dose from !!'!In-
DTPA-hEGF (1.82 mSv-MBq~!). At a maximum planned
dose of 2,960 MBq, the total radiation-absorbed dose to the
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kidneys would be 5.4 x 103 mSv (540 c¢Gy). This dose is
one fourth the maximum tolerated dose for the kidneys, as
determined by external radiation data (2,300-2,500 cGy)
(31). Moreover, for Auger electron—emitting radiothera-
peutic agents such as '"'"In-DTPA-hEGF, microdosimetry
is very important, because it was found that high doses of
"in-pentetreotide that deposited more than 4,500 c¢Gy in
the kidneys did not cause renal toxicity in humans (29,30)
This finding is in contrast to the clinical experience with
99Y-labeled analogs, for example, *°Y-DOTATOC (32). Un-
fortunately, currently available information on the subcel-
lular distribution of '''In-DTPA-hEGF in normal tissues is
insufficient to estimate microdosimetry. The red marrow
dose from '"'"In-DTPA-hEGF at a maximum administered
dose of 2,960 MBq is projected to be 592 mSv (59.2 cGy).
This dose is at least one fourth the radiation-absorbed dose
previously reported to cause serious myelosuppression with
other targeted radiotherapeutic agents (33).

CONCLUSION

We conclude that '"'In-DTPA-hEGF was rapidly elimi-
nated from the blood after intravenous administration to
BALB/c mice. It localized mainly in the liver, kidneys, and
intestines. There was no major toxicity to normal tissues in
female BALB/c mice at 42 times the maximum planned
dose for a phase I clinical trial in breast cancer patients on
an MBg/kg basis. Similarly, there was no significant normal
tissue toxicity in female New Zealand White rabbits at 1
times the maximum planned dose in humans on an MBg/kg
basis. Projected radiation dosimetry for humans, determined
from the biodistribution data in mice, revealed that the
radiation-absorbed doses to the whole body and critical
organs, for example, kidneys and bone marrow, would be
within an acceptable and safe range at the dose of radio-
activity planned for the trial.
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