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The novel radioimmunoconjugate, 90Y-DOTA-peptide-chimeric L6

(ChL6), was designed to reduce radiation to critical normal tissues
with an exceptionally stable 90Ychelate moiety and a biodegradable

linker. Human breast cancer tumors (HBT 3477) in mice were treated
with ^-DOTA-peptide-ChLG to examine the effects of increasing
dose on the therapeutic efficacy and toxicity of this new agent.
Methods: Groups of athymic mice bearing HBT 3477 xenografts
received 4.1- to 14.1-MBq doses of 90Y-DOTA-peptide-ChL6 intra
venously. The lethal dose (LD)50/30,general well-being (weight loss),
hematotoxicity and therapeutic efficacy were studied. Results: The
LD50/30was 12.8 MBq, which corresponded to doses of 17.9 and
50.9 Gy to the total body and tumor (200 mm3), respectively. Deaths

were associated with hematotoxicity; no deaths occurred at doses
of 9.6 MBq or less. At sublethal doses, the rate of tumor response
(cures + complete responses + partial responses) increased with
increasing dose: 4.1 MBq, 27%; 5.9 MBq, 41%; 8.5 MBq, 69%; and
9.6 MBq, 79% (maximum tolerated dose, MTD). In mice receiving
doses of 4.1-9.6 MBq, 6 of 74 (8%) of tumors were cured. Increas
ing the 90Ydose led to smaller tumor size at nadir and longer tumor

regrowth delay but no increase in cure. Although the HBT 3477 p53
gene was found to be mutant resulting in p53 protein not binding
DMA breaks, tumors at MTD demonstrated evidence of apoptosis.
Conclusion: In the human breast cancer athymic mouse model,
90Y-DOTA-peptide-ChL6 had a high therapeutic index and LD50/30

leading to a 79% response rate at the MTD. The evidence of
apoptosis as a mechanism for this tumor response in p53 mutant
breast cancer warrants further studies because these observations
are relevant to the treatment of lethal breast cancer.
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Systemic tumor-targeted radiotherapy could provide an im
portant addition to multimodal ity therapy for incurable meta-
static breast cancer based on the potential of this modality to
deliver radiation therapy to metastatic cells throughout the body
while maintaining a high therapeutic index. We have previously
treated breast cancer patients with radioimmunotherapy (RIT)
using the human-mouse chimeric monoclonal antibody (MAb),
chimeric L6 (ChL6), radiolabeled with ml, achieving clinically

relevant but temporary tumor responses (7,2). Yttrium-90
[ÃŸemax = 2.3 Mev (100%)], however, provides more effective
radionuclide characteristics than I31I [ÃŸemax = 0.81 MeV (1%),

0.61 MeV (86%) and 0.34 MeV (13%)] for treatment of solid
cancers by providing a more homogeneous dose to the tumor.
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We performed this study to examine the effects of increasing
the Â°Ydose on therapeutic efficacy and toxicity, when deliv

ered by a novel biodegradable immunoconjugate, to aggressive
human breast cancer tumors implanted in mice.

The radiotherapeutic agent Y-DOTA-peptide-ChL6 was
designed to minimize the radiation dose to critical normal
tissues and optimize the therapeutic index in the treatment of
breast cancer. A disadvantage to the use of radiometals in
chelate-tagged MAbs for RIT has been the accumulation of
radioactivity in nontarget organs, particularly the liver (3-6).
The linker in 90Y-DOTA-peptide-ChL6 has been shown to be

susceptible in vitro to endopeptidase activity, specifically,
cathepsin B (7). This susceptibility may allow more rapid
metabolism and excretion of 90Y from normal organs. The
macrocyclic chelating agent DOTA has been shown to bind 90Y

with extraordinary stability (8,9), resulting in significantly
lower loss of 90Y to bone, as compared to the acyclic chelator

DTP A in a comparative in vivo study (70).
The pharmacokinetics of 90Y-DOTA-peptide-ChL6 in athy

mic mice bearing human breast cancer xenografts (HBT 3477)
have been examined (77). Dosimetry calculated from the
pharmacokinetic data suggested that an appreciably higher
radiation dose could be delivered to the tumor and a greater
therapeutic index could be achieved with 90Y-DOTA-peptide-
ChL6, as compared to 13lI-ChL6. In this study of 90Y-DOTA-

peptide-ChL6, the LD50/3(), general well-being (weight loss),
hematotoxicity, therapeutic efficacy and tumor response were
evaluated in athymic mice bearing the same human breast
cancer xenografts.

MATERIALS AND METHODS

Antibody
Chimeric L6 (Bristol-Myers Squibb, Seattle, WA), an antibody

chimera consisting of the constant region of human IgG, and the
Fab' region of murine MAb L6, reacts with a membrane antigen

found on human adenocarcinoma cells of the lung, colon, ovary
and breast (12,13).

Cell Line
HBT 3477 (Bristol-Myers Squibb Pharmaceutical Research

Institute, Seattle, WA) is a human breast adenocarcinoma cell line.
HBT 3477 tumors are aneuploid, with a DNA index of 1.5, and are
negative for estrogen and progesterone receptors by immunohisto-
chemistry. L6 and ChL6 have been shown to be reactive with over
70% of HBT 3477 cells (2,14). The/?5J gene in the HBT 3477 cell
line had shown normal sequencing in exons 6-8, as described
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FIGURE 1. Preparation of ^-DOTA-peptide-ChLS by the prelabeling
method. The bifunctional chelate, DOTA-peptide-NCS (1), was labeled with
90Y, and then the neutral radiolabeled chelate was purified by aniÃ³n ex

change chromatography to eliminate excess chelating agent and other
charged species (i.e., chelates of divalent metal ion contaminants in 90Y).
Purified 90Y-DOTA-peptide-NCS (2) was then conjugated to ChL6 MAb to
yield ^-DOTA-peptide-ChLB (3), which was purified by centrifuged column

filtration to yield final radioimmunoconjugate.

previously (15,16); the codon for DNA binding in exon 10 has now
been evaluated in the same manner.

Apoptotic Analysis by Poly(ADP-Ribose)
Polymerase Cleavage

One tumor sample each was harvested before therapy and 6 hr
after 90Y-DOTA-peptide-ChL6 therapy to evaluate poly(ADP-

ribose) polymerase (PARP) cleavage. Protein from each sample
was separated by SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was incubated with a mouse anti-PARP
MAb (PharMingen, San Diego, CA), followed by a secondary
antibody and streptavidin-peroxidase. Bands were visualized using
chemiluminescence reagents (17).

Synthesis of DOTA-Peptide-NCS
The bifunctional chelating agent DOTA-glycylglycylglycyl-L-

p-isothiocyanatophenylalanine (DOTA-peptide-NCS) (Fig. 1) was
prepared as described previously (7). The tetrapeptide linker
glycylglycylglycyl-p-nitrophenylalanine was coupled to 1,4,7,10-
tetraazacyclododecane-N,N',N",N'"-tetraacetic acid (DOTA) via

an amide bond followed by conversion of the nitrobenzyl group to
an isothiocyanatobenzyl group. DOTA-peptide-NCS was purified
by reverse-phase high-performance liquid chromatography (HPLC)
and characterized by proton nuclear magnetic resonance spectrometry,
fast atom bombardment mass spectrometry and KBr infrared spec-
troscopy. The ability of DOTA-peptide-NCS to bind metal was
confirmed by "Co-binding assay (18).

Preparation of Yttrium-90-DOTA-Peptide-ChL6
Yttrium-90-DOTA-glycylglycylgIycyl-L-phenylalanyl-thiourea-

ChL6 (90Y-DOTA-peptide-ChL6) was prepared by the prelabeling
method described previously (11,19) (Fig. 1). Briefly, 90Y (Amer-

sham, Arlington Heights, IL) (0.70 GBq in 0.04 M HC1) was dried
on a heating block under N2 (g), then DOTA-peptide-NCS (1.0
/xmole in 100 Â¡JL\of 0.1 M tetramethylammonium acetate, pH 5.0)
was added and the solution was incubated for 1 hr at 37Â°C.DTPA

was added to a final concentration of 10 mM to scavenge
unchelated 90Y. The solution was applied to diethylaminoethyl-

cellulose aniÃ³nexchange resin (Sigma Chemical Co., St. Louis,
MO) (0.2 ml), which had been converted to acetate form. Purified
'"'Y-DOTA-peptide-NCS (0.53 GBq) was eluted in water (0.4 ml);

the solution was concentrated to 23 /xl under vacuum. Chimeric L6
(6.0 mg in 108 /Â¿Iof 0.1 M tetramethylammonium phosphate, pH
8.0) was added, and the pH was adjusted to 9.5 with 2 M
triethylamine. The conjugation reaction solution was incubated for
1 hr at 37Â°C,and 90Y-DOTA-peptide-ChL6 (0.16 GBq/6 mg) was

isolated and transferred to 0.9% saline/10 mM sodium phosphate
(pH 7.6) by centrifuged gel filtration (20,21). The product yield for
the radiolabeling was 23%. A second labeling was performed
similarly, yielding 0.94 GBq/10 mg 90Y-DOTA-peptide-ChL6 with

a 38% product yield.

Quality Control
Yttrium-90-DOTA-peptide-ChL6 was examined by cellulose

acetate electrophoresis (CAE), molecular sieving HPLC and radio-
immunoreactive assay (RIA) (//). CAE (Gelman Sciences, Inc.,
Ann Arbor, MI) was performed using 0.05 M sodium barbital
buffer, pH 8.6. A current of 5 mA per strip was applied. Samples
were electrophoresed for 11 and 45 min. At 11 min, free chelates
were resolved from immunoconjugates. At 45 min, monomeric
immunoconjugates were resolved from aggregated species. HPLC
(Beckman 332, Beckman, San Ramon, CA) was performed using a
molecular sieving column (Beckman SEC-3000) eluted in 0.1 M
sodium phosphate/0, l M potassium sulfate/0.025% (w/v) sodium
azide (pH 7.1). The flow rate was 1.0 ml/min. Radiolabeled MAbs
and conjugates were detected by UV absorbance at 280 nm
(Beckman 166 detector) and radioactivity (Beckman 170 detector).
Immunoreactivity of 90Y-DOTA-peptide-ChL6 was assessed by

cell binding RIA using the HBT 3477 adenocarcinoma cell line as
described previously (11,22). Iodine-125-ChL6 was assayed in
parallel as a standard. All RIA samples were counted in a well
counter (Pharmacia LKB 1282, Pharmacia, Piscataway, NJ).

Greater than 99% of 90Ywas associated with immunoconjugate,

and less than 7% of immunoconjugate was in aggregated form by
CAE and HPLC. The absolute immunoreactive binding in the live
cell assays was 73% or more and, relative to the '25I-ChL6

standard, 90% or more.

Mouse Studies
Female athymic mice (HarÃanSprague-Dawley, Frederick, MD),

7-9 wk of age, were maintained according to University of

California animal care guidelines on a normal diet ad libitum and
under pathogen-free conditions. Five mice were housed per cage.
To minimize ambient radiation dose, bedding was changed daily
for 1 wk after treatment with 90Y-DOTA-peptide-ChL6 and twice

weekly thereafter.
HBT 3477 cells were grown in Iscove's medium and harvested

in the logarithmic phase, and 2.5-5.0 X IO6 cells were injected

subcutaneously into both sides of the abdomen of each mouse.
Three weeks after implantation, when the range of tumor volumes
was 28-203 mm3, the mice received an intravenous injection in the
tail vein of 9UY-DOTA-peptide-ChL6 at one of six dose levels in
groups of 9-11 animals per dose level. The doses administered

were 4.1, 5.9, 8.5, 9.6, 12.2 and 14.1 MBq (110, 160, 230, 260, 330
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and 380 /Â¿Ci).The largest protein dose required to administer a
desired activity of 9()Ywas 315 /xg of ChL6. Unmodified ChL6 was

added to all other doses of radioimmunoconjugate so that each
mouse received an equal protein dose of 315 fig of MAb (23). An
ionization chamber dose calibrator (Capintec CRC-12, Capintec,
Inc., Pittsburgh, PA), calibrated for containers and volumes using
""Y standards, was used to measure 9tlY-DOTA-peptide-ChL6
doses. To calculate the activity of 90Y, samples were measured at

a dose calibrator setting of 048, and the readings were multiplied
by 10, in accordance with current National Institute of Standards
and Technology convention (24). Control groups of 10 and 8
tumored mice received no treatment and 315 fig of unlabeled
ChL6, respectively. Survival was monitored daily; mouse weight
and tumor size were measured 2-3 times per week for 12 wk
postinjection or until death.

Tumors were measured in three orthogonal diameters with a
caliper, and tumor volume, V, was calculated by the formula for
hcmicllipsoids:

V = (4/3)(T7)(d,/2)(d2/2)(d3/2). Eq. 1

Red blood cell (RBC), platelet and white blood cell (WBC)
counts were measured 2-3 times per week for 12 wk postinjection
as follows. Blood samples were collected from tail veins with 2 fi\
of microcapillary pipets, and samples from mice within a dose
group were pooled. The pooled samples were diluted 1:200 in 0.9%
saline/10 mA/ sodium phosphate (pH 7.6) for RBC counts; 1:100 in
1% (w/v) ammonium oxalate for platelet counts; and 1:20 in 3%
(w/v) acetic acid for WBC counts.

Tumor volumes, mouse weights and blood counts in all mice
alive on the day of measurement were used to calculate the mean
values for a dose group on that day.

Analysis of Tumoricidal Effect
Initial tumor volumes were measured 1 day before treatment

with y(lY-DOTA-peptide-ChL6. In the calculation of mean tumor

size, tumors that had completely regressed were considered tumors
with a volume of 0. Doubling time of tumors in control groups was
calculated by regression of log mean tumor size versus time for 84
days.

A period of tumor regression was defined for each dose group as
follows. The period began on the median day on which the tumors
in a dose group reached an initial peak in volume and ended on the
median day on which the tumors subsequently reached a nadir in
volume before regrowing. A rate of regression was calculated for
every tumor by monoexponential curve fitting of tumor volume
data over the period of tumor regression. Tumors that grew during
the period had a negative rate of regression. A mean rate of tumor
regression was calculated for each dose group.

Tumor regrowth delay is a conventional method used to evaluate
the effect of a therapeutic regimen on tumor size over an extended
period of time (25-27). The tumor regrowth delay for a given dose

was calculated as the number of days required for the mean tumor
volume of the dose group to reach two times the mean initial tumor
volume minus the number of days required for the mean tumor
volume in the untreated control group to reach two times the mean
initial tumor volume.

For every tumor that reached a nadir, its volume at nadir relative
to its initial volume was calculated to evaluate the possible
relationship between WY dose and logarithmic cell kill.

Tumor responses were categorized as follows: cure (C), tumor
disappeared and did not recur by the end of the 12-wk study;
complete regression (CR), tumor disappeared, but later reoccurred;
and partial regression (PR), tumor decreased by 50% or more in
volume but did not disappear.

TABLE 1
Biodistribution of Yttrium-90-DOTA-Peptide-Chimeric L6 in the

Athymic Mouse HBT Model*

Day1 Day 3 Day5

Tumor 17.5Ã¼verLung

Kidney
Blood*
Totalbody*â€¢DeNardo

et al. (77).
*Mean Â±s.d.
*Valuesare %ID.6.38.4

5.6
51
88Â±8.0Â±1.4Â±2.2

Â±0.3
Â±7Â±1018.05.55.9

4.6
38
58Â±8.0Â±

1.4Â±
1.0

Â±0.7Â±4

Â±1113.85.84.9

3.6
30
26Â±5.2Â±1.9Â±

1.0
Â±0.9
Â±2
Â±18

Mortality Calculations
Deaths within 30 days of treatment were attributed to the toxic

effects of 9()Y-DOTA-peptide-ChL6. Cumulative mortality curves

were constructed and logistic regression analysis (SAS system
software, SAS Institute, Inc., Cary, NC) was used to calculate an
estimate of the dose lethal to 50% of mice within 30 days (LD50/30).
A 95% confidence interval was calculated by Fieller's method (28).

To corroborate the results, an estimate of the LD50/30dose was also
calculated by the Reed-Meunch method (10,29).

Dosimetry Calculations
With an Xw)distance of 0.52 cm in water (30), the beta particles

of 90Y should be treated as penetrating radiation in a small object

such as a mouse. For targets (liver, lungs, kidneys, tumor and
marrow) considered here, the total dose to target, D,, was estimated
by:

D, = D, -RB' Eq.2

where D,^, is the target-to-target dose, D,_k is the nontarget-to-
target dose and D,Â»_RBis the dose to target contributed by the
remainder of the body defined as the total body minus liver,
kidneys and lungs (10). The absorbed fraction for each organ from
Hui et al. (31) was used. For marrow as target organ, D,^t was
contributed from the blood, and a specific activity of 0.25 for
marrow in blood was used (32). Whole-body and blood clearances
were performed on the mice in this study and were unchanged from
those previously reported in the detailed biodistribution studies
(//). Therefore, organ and tumor uptake and clearance from the
previously performed biodistribution studies were used to calculate
projected organ doses. Dosimetry calculations were performed as
described previously (16,33).

The cumulated activity of tumor was estimated by integrating
the time-activity curve, based on the results of previous studies of
the biodistribution of 90Y-DOTA-peptide-ChL6 in HBT-tumored

mice (Table 1) (11). For tumor as the target, the self-absorbed
fraction for tumors of 30 mm3, 100 mm' and 200 mm3 in volume,

representing the range of volume in the current study, was used to
calculate dose to tumors (34).

Statistical Analysis
Sets of data grouped according to dose of 90Y-DOTA-peptide-

ChL6 were compared by the nonparametric Jonkheere-Terpstra
exact test (35) (StatXact 3, Cytel Corp., Cambridge, MA). The
Jonkheere-Terpstra exact test was designed for multiple-group
comparisons in which the property examined might be expected to
be ordered across groups (i.e., the period of tumor regression may
increase with increasing dose). The test generates a one-sided p
value that indicates whether the observed increase (decrease) with
increasing dose may be due to chance.
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FIGURE 2. Mean volume of HBT tumors in mice receiving 90Y-DOTA-
peptide-ChL6 at doses of 4.1 (â€¢),5.9 (O), 8.5 (â€¢),9.6 Q and 12.2 (A) MBq.
Tumors regressed in all treatment groups, reaching a nadir at 14-58 days

postinjection. Higher doses were associated with more prolonged tumor
regression. Tumors in untreated mice (+) and mice receiving unlabeled ChL6
(x) grew without interruption.

Comparisons of response among treatment groups were done
using the Cochran-Mantel-Haensel method (36). The test generates
a p value that indicates whether the observed differences in
response among treatment groups may be due to chance. A ranking
based on the quality of the response was assigned ordered as C,
CR, PR and no response. To minimize the possibility of declaring
the therapy effective when it was not, statistical testing was done in
the following order. First, a test was done to determine whether
chance alone could explain the observed differences among all
groups. Second, a test was done to see if chance alone could
explain any differences among the control groups. Third, compar
ison was made among the groups receiving 90Y-DOTA-peptide-

ChL6 therapy.

RESULTS

p53 Mutational Status
Sequencing the exon 10 region of the p53 gene from the HBT

3477 cell line used in this study demonstrated a mutation
creating a "stop" codon at codon 342 for the carboxyl-terminal

region of p53 protein, precluding production of normal p53
protein. No normal sequence for this region was detected.

Tumoricidal Effect
The following observations are restricted to doses of 12.2

MBq or less of 90Y-DOTA-peptide-ChL6 because 14.1 MBq

was too toxic to yield meaningful efficacy data.
The mean tumor volume increased slightly immediately after

treatment, decreased to a nadir and then increased again;
comparatively, tumors in the control groups grew without
interruption, with doubling times of 19 and 20 days for mice
receiving no treatment and unlabeled ChL6, respectively (Fig.
2). The median day at which tumors in the 4.1-MBq dose group
reached an initial peak in size was 7 days after treatment; the
median day at which they reached a nadir was 14 days after
treatment. During this period, the tumors shrank at a rate
(mean Â± s.d.) of 2.8% Â± 4.2% per day. The periods of
regression and rates of tumor shrinkage for the other dose
groups were: 5.9 MBq, days 2-19, 5.2% Â±5.9% per day; 8.5
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FIGURE 3. Relative size of HBT tumors at nadir indexed against initialtumor
size, compared to dose of 90Y-DOTA-peptide-ChL6. Higher "Y dose was

associated with greater tumor regression. â€¢,mean relative size of 14 or more
tumors at nadir, except at 14.1 MBq (two tumors); bars, s.d.

MBq, days 5-22, 11.8% Â±8.8%; 9.6 MBq, days 4-36, 8.3% Â±
2.5%; and 12.2 MBq, days 4-35, 9.3% Â±4.0%. Although there
were no statistically significant differences in the rates of tumor
shrinkage among dose groups, higher dose was associated with
a longer period of regression (Jonkheere-Terpstra exact test,
p < 0.001). The mean tumor volume at nadir decreased with
increasing dose (Jonkheere-Terpstra exact test, p < 0.00 1) (Fig.
3), showing that a higher dose resulted in greater cell kill.

The time required for the mean tumor volume to increase to
two times the initial volume was 6 and 21 days for the control
groups receiving no treatment and unmodified ChL6, respec
tively, and 47, 54, 69 and 74 days for the 4.1-, 5.9-, 8.5- and
9.6-MBq dose groups, respectively. In the 12.2-MBq dose
group, the mean tumor volume never reached two times the
initial volume over the 84-day study. The regrowth delay was
calculated to be 41, 48, 63, 68 and greater than 78 days for the
4.1, 5.9-, 8.5-, 9.6- and 12.2-MBq dose groups, respectively.

The response of tumors to treatment with 90Y-DOTA-pep-

tide-ChL6 is summarized in Table 2. By Cochran-Mantel-
Haensel analysis, differences among all groups were found to
be significant (p < 0.01). The untreated group and the group
treated with unmodified ChL6 were not different from one
another (p = 0.5). The response of the groups treated with
90Y-DOTA-peptide-ChL6 differed significantly from the con
trol groups (p = 0.02). Among the groups receiving 90Y-

DOTA-peptide-ChL6 therapy at sublethal doses, the percentage
of tumors achieving a response (Cs, CRs or PRs) increased with
increasing dose, reaching 79% at 9.6 MBq. The dose response
effect was significant (p < 0.01).

Poly(ADP-Ribose) Polymerase Analysis of Apoptosis After
90Y-DOTA-Peptide-Chimeric L6

Cleavage of PARP from its intact size of 116 kDa to a
85-kDa fragment, characteristic of cells undergoing apoptosis,
was detected 6 hr after treatment of the HBT 3477 xenografts
with 260 Â¿iCiof 90Y-DOTA-peptide-ChL6 (Fig. 4).

Mortality
Of mice treated with 90Y-DOTA-peptide-ChL6, deaths

within 30 days occurred only at the two highest doses: 12.2
MBq (3 of 10 mice died) and 14.1 MBq (8 of 9 mice died) (Fig.
5). The median time of death was 18.5 days (range 15-22 days).
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TABLE 2
Response of HBT Human Breast Cancer Xenografts to Yttrium-90-DOTA-Peptide-Chimeric L6 Treatment

TreatmentControl

No treatment
ChL6, 315/xgNo.

of tumors/
no. ofmice17/10

16/8Initial

tumor volume*
(mm3)82(28-146)

160(55-328)No.

ofCs0

2No.

ofCRs0

0No.

ofPRs3

0Response

rater

(%)18

13Deaths

<30 days
(%)10

13

Treatment
, 4.1 MBq
, 5.9 MBq
, 8.5 MBq
, 9.6 MBq

12.2 MBq
14.1 MBq

22/11
17/9
16/9

19/10
20/10
18/9

108(50-156)
108(42-182)
80(28-140)

100(44-196)
107(50-203)
87(31-140)

0
0
1
3
6
0

"Values are means (ranges).

TResponse = Cs + CRs + PRs.
*Reflects the large number of deaths in this group.

C = cure; CR = complete regression; PR = partial regression.

4
6
7

12
4
1

27
41
69
79
70
11*

0
0
0
0

30
89

The temporal occurrence of death was consistent with radiation
myelotoxicity, which was supported by the RBC and WBC
counts. By logistic regression, the lethal dose (LD)50/30 was
estimated to be 12.8 MBq (95% confidence interval = 11.8-

13.9). Comparatively, the LD50/30 was estimated to be 12.9
MBq by the Reed-Meunch method.

Weight Loss
The surviving mouse that received 14.1 MBq of 90Y-DOTA-

peptide-ChL6 exhibited severe and prolonged weight loss (Fig.
6), reaching a nadir at day 18 with the loss of 34% of initial
body weight. Mice receiving 9.6 and 12.2 MBq lost 15% and
13% of their initial body weight, respectively, and began
regaining weight by day 7. The weight loss of lower dose
groups, if any, was very mild and transient.

116 kD

85 kD

Intact

Fragment

FIGURE 4. Apoptosis in the HBT 3477 after 90Y-DCTA-peptide-ChL6
treatment is evidenced by cleavage of PARP from the 116-kDa form to its
characteristic apoptotic fragment (85 kDa) 6 hr post-therapy. Lane 1, positive
control prostate cancer (LNCaP)-treated cells (note the PARP fragment);
Lane 2, untreated control HBT 3477 xenografts; Lane 3, HBT-treated tumor
6 hr post-therapy at MTD, demonstrating the specific PARP fragment

cleaved during apoptosis.

Myelotoxicity
The evidence of hematotoxicity was consistent for all groups

(Fig. 7). WBC and platelet counts declined 1-4 days postinjec-

tion, and RBC counts declined later and to a lesser extent.
Higher 90Y doses were associated with more severe and

prolonged suppression of counts.

Dosimetry
Blood and whole-body clearances were statistically un

changed from those previously published as part of a biodistri
bution study (11). Target-to-target and body-to-target doses
received by major organs and tumor were estimated (Table 3).
In the mouse, the relative contribution of 90Y radiation dose

from body to normal organs was large, constituting 15%, 43%,
68% and 71% of the total dose to liver, kidney, marrow and
lungs, respectively. Comparatively, body-to-tumor dose consti-

100 *

p"80-o

->
60â€¢1

'

co 40.LU

y20-o

*TJLv

_j1:i

fi0

5 10 15 20

TIME (days).1

.25
30

FIGURE 5. Survival of HBT-tumored mice after treatment with
peptide-ChL6. No treated mouse receiving 9.6 MBq or less (â€¢)died within 30
days. Mortalities occurred at the 12.2-MBq (A) and 14.1-MBq (A) dose levels.

The LDgyao was estimated to be 12.8 MBq by logistic regression.
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FIGURE 6. Weights of mice receiving no treatment (+), unlabeled ChL6 (x)
and ^-DOTA-peptide-ChLB in doses of 4.1 (â€¢),5.9 (O), 8.5 (â€¢).9.6 (D), 12.2

(A) and 14.1 (A) MBq. Higher doses were associated with more severe and
prolonged weight loss. Weights were normal within 40 days after therapy.
Data points, mean weights of 9 to 11 mice, except at 12.2 MBq (10 mice
decreasing to 7) and 14.2 MBq (9 mice decreasing to 1).

tuted 12%, 15% and 20% of the total dose to tumors of volumes
200, 100 and 30 mm3, respectively.

The LD50/30 dose of 90Y-DOTA-peptide-ChL6 corresponded

to a total-body radiation dose of 17.9 Gy. Comparatively, the
LD50/30 for an acute body radiation dose to Balb/c mice from
external beam radiation has been reported to be 5.5-7.5 Gy
(37,38).

DISCUSSION
Our study was designed to evaluate a novel 90Y immunocon-

jugate as a therapeutic modality for aggressive breast cancer.
With an exceptionally stable 90Y chelate moiety and a unique

biodegradable linker to reduce hepatic accumulation of radio
activity, 90Y-DOTA-peptide-ChL6 was designed to minimize

the radiation dose to normal tissues.
The LD50/30 was 12.8 MBq, which is relatively high when

compared to other 90Y radioimmunoconjugates in mice (39,40).
The enhanced tolerance of 90Y when given as 90Y-DOTA-
peptide-ChL6 is most likely secondary to the stability of 90Y in

the DOTA chelate, resulting in little or no loss of Y to bone
(8,9). It is anticipated that the enhanced tolerance would be
more pronounced in humans. In the mouse model, the beta
energy from 90Y is sufficiently great so as to provide significant

additive radiation to critical normal tissues, such as marrow,
because of their proximity to tissues with higher uptake (liver,
spleen and bladder), whereas in humans, this is not the case.

The radiation dose to the bodies of mice was estimated as
17.9 Gy at the LD50/30 dose, appreciably higher than the
external beam acute total body LD50 previously published for
athymic mice (37,38). However, it has been demonstrated that,
at comparable total doses, lower dose rate radiation is associ
ated with less toxicity to normal tissues (41).

The ChL6 MAb used for the radioimmunoconjugate has been
shown to be reactive with the majority of HBT cells used for the
subcutaneous tumors in the mice (2,14). In previous studies of
the biodistribution of 90Y-DOTA-peptide-ChL6 in athymic

mice bearing HBT tumors, uptake of 18% of the injected dose
per g of tumor was observed. In our study, at the time of
therapy, the mean mass of the treated tumors was approximately
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FIGURE 7. White blood cell, platelet and RBC counts in mice receiving no
treatment (+), unlabeled ChL6 (x) and 90Y-DOTA-peptide-ChL6 in doses of

4.1 (â€¢),5.9 (O), 8.5 (â€¢).9.6 Q, 12.2 (A) and 14.1 (A) MBq. Higher doses were
associated with greater suppression of counts. Blood counts returned to
normal within 30 days after therapy. Data points, pooled samples from 9 to
11 mice, except at 12.2 MBq (10mice decreasing to 7) and14.1 MBq (9 mice
decreasing to 1).

100 mg (range 28-203 mg). Among tumors in this size range,
assuming the same uptake of 9(lY-DOTA-peptide-ChL6 per g,

the radiation dose per unit activity injected increased with
increasing tumor size (Table 3). On the other hand, previous
studies have demonstrated that smaller tumors usually have
substantially greater uptake, which may somewhat negate the
loss of efficiency (42,43).

The highest nonlethal dose of 90Y-DOTA-peptide-ChL6, 9.6

MBq was considered the maximum tolerated dose (MTD). At
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TABLE 3
Radiation Doses (Gy) to Mice from Yttrium-90-DOTA-Peptide-

ChL6 Therapy

Radiation dose per MBq Total radiation dose

WholebodyMarrowTumor30mm3100mm3200mm3LiverLungKidneyTarget-to-

target1.40.40222.93.51.80.760.88Nontarget-to-targetna0.850.540.510.480.321.80.67At
MTD,

9.6MBq13.412.026.332.738.220.424.614.9AtLDsoKo,12.8Mbq17.916.035.143.650.927.132.819.8

na = not applicable; MTD = maximum tolerated dose; LD = lethal dose.

sublethal doses, the rate of responding tumors increased with
the injected dose (p < 0.001). At MTD, the tumor response rate
(Cs + CRs + PRs) was 79%, a high response rate in an
aggressive breast cancer model. However, only 6 of 74 tumors
were cured overall.

The normal growth of HBT tumors in athymic mice showed
a doubling time of 19 days. Complete regression for at least a
month of tumors of the size used in our study suggests that
approximately 108 tumor cells were reduced to approximately

10 . All tumor cells should have received comparable radiation
doses because 90Y has been demonstrated both by autoradiog-

raphy and by dosimetrie calculations to deliver relatively
homogeneous radiation to tumors of this size (11). Thus,
relative radioresistance of some tumor cells is suggested and
could be related to a substantial tumor population in G0 of the
cell cycle, the expression of genes enhancing cell cycle radiore
sistance and subpopulations harboring relevant genetic mutants
(44,45). Recent studies have demonstrated a key role of thep53
gene (and its transcribed protein) in tumor response to radiation
(46-48). Therefore, the p53 gene in HBT 3477 rumors was
evaluated. The presence of only mutant codon 342 in the p53
gene, which produces a short p53 protein that cannot bind DNA
breaks, may partially explain the radioresistance of this tumor
(49). The abundance of specific PARP 85-kDa fragments in
MTD-treated tumor compared to minimal levels in untreated
tumors suggests that programmed cell death (apoptosis) is a
significant mechanism of cell death from this therapy despite
the mutant p53 (Fig. 3) (17,50). Because increasing evidence
has demonstrated p53 mutations in aggressive breast cancer,
therapy of this breast cancer model is considered particularly
relevant to the therapy of patients (51,52). The response of the
aggressive HBT tumor to single modality therapy with 90Y-
DOTA-peptide-ChL6 has been investigated as a prospective
component of multimodality therapy for breast cancer. Further
molecular studies of therapeutic response to RIT in this and
other human tumor models may lead to the selection of
effective combination therapy for aggressive breast cancer.

CONCLUSION
Radioimmunotherapy represents a potentially effective

method of delivering systemic radiation therapy to metastatic
breast cancer. In a human breast cancer athymic mouse model
that exhibits many characteristics of lethal breast cancers in
humans, 90Y-DOTA-peptide-ChL6 had a high therapeutic index

and LD50/30with a 79% response rate at the MTD. Responses
in most instances were followed by a recurrence of the tumor.

The promising results warrant further studies of methods, e.g.,
sequential therapy and multimodality therapy, to eradicate the
remaining tumor cell population, so that cure becomes more
common.
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Technetium-99m-Sestamibi Scintimammography for
the Detection of Breast Carcinoma: Comparison
Between Planar and SPEC! Imaging
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Rainer Linke, Iraj Khalkhali and Klaus Hahn
Departments of Nuclear Medicine and Gynecology, Klinikum Innenstadt, Ludwig-Maximilians-University, Munich, Germany;
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The purpose of our study was to compare the results of planar and
SPECT scintimammography for the detection of breast carcinoma.
In addition, our goal was to determine whether SPECT recon
structed with filtered backprojection (FBP) or with iterative algo
rithms (ISA) can improve the sensitivity and specificity of planar
scintimammography (SMM). Methods: One hundred thirteen pa
tients with suspicious physical examinations and/or mammography
underwent planar lateral and anterior breast imaging as well as
SPECT imaging after injection of ""Tc-sestamibi. We used a blind
evaluation, both separately and combined, for planar SMM, ISA-
SPECT and FBP-SPECT. Scintigraphic findings were correlated
with the final histopathological diagnoses. Results: The sensitivity of
planar SMM was 80% with a specificity of 83%. All ISA-SPECT
studies were of diagnostic quality, while FBP-SPECT was consid
ered nondiagnostic in 14 that were excluded for statistical calcula
tion. Sensitivity of ISA-SPECT and FBP-SPECT were 71% and
69%, respectively. Specificity was 70% for ISA-SPECT and 66% for
FBP-SPECT. Combined planar SMM plus ISA-SPECT sensitivity
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was 85% (81% for planar SMM plus FBP-SPECT) with a specificity

of 72%. Three carcinomas indeterminate on planar SMM were
correctly identified by combined planar SMM plus ISA-SPECT.
ISA-SPECT and FBP-SPECT provided additional information to

planar SMM with respect to localization of sestamibi uptake, tumor
extent, improved diagnostic certainty and detection of axillary
nodes in 40 and 14 patients, respectively. Conclusion: ISA recon
struction is the preferable approach to SPECT data. Combined with
planar SMM, ISA-SPECT can improve sensitivity. SPECT is useful in

cases of indeterminate and positive planar SMM.

Key Words: scintimammography; SPECT; breast imaging; breast
carcinoma
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Carcinoma of the breast is the most common invasive
malignancy in women and the second leading cause of cancer
death among women in the U.S. (1-3). Since early breast cancer
detection reduces mortality and allows breast-conserving surgi

cal therapy, much work has been done to improve early breast
cancer detection (4). The most succesful screening procedures
are breast examinations and mammography, but both have
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