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Radionuclide therapy remains a promising arsenal against can-
cer. However, low tumor uptake, high radiation dose to normal
organs, and subsequent adverse effects are challenging prob-
lems. This study assessed the therapeutic significance of lipid-
soluble compounds of ''In, which passively diffuse through the
cell membrane, bind to cytoplasmic components, and remain
cell bound until decay. Methods: Athymic nude mice bearing
human colorectal, prostate, or breast cancer received 11.1-14.8
MBqg (300-400 wCi) '"In-8-hydroxyquinoline ('''In-oxine) or
"Mn-mercaptopyridine-N-oxide ('''In-Merc) in 200 pL solution
intratumorally through a multihole needle. Tumors in some mice
were dissected, and 20-pum-thick sections were autoradio-
graphed. In additional mice, tumor diameter was measured
daily, mice were imaged and weighed, and blood samples were
drawn for determination of neutrophil counts for up to 28 d after
injection. Some mice were sacrificed at predetermined times for
quantitative tissue distribution of ''In. Additionally, tumor cells
were labeled with '"'In-oxine and homogenized, and "'In asso-
ciated with cell components was determined using polyacryl-
amide gel electrophoresis. Radiation dose that could be deliv-
ered to adjacent tissues was estimated. The '"'In absorbed
dose as a function of radial position r in a 1-g tumor was
theoretically compared with those of B-emitting radionuclides
%Y and '77Lu. Results: More than 85% of '"In remained in
tumors, bound to cell cytoplasmic components of apparent
molecular weights 250 and 6 kDa. ''In in tumors was uniformly
distributed. Only 2% of the injected ''In was in the liver, kid-
neys, and carcass. Statistical analysis showed that on day 28,
control tumors grew >100%, whereas treated tumors either had
growth arrest or grew only slowly (17%). The estimated radia-
tion dose per megabecquerel (millicurie) injected was 90 Gy/g
(9,000 rad/g), of which 64% was from conversion electrons,
16% from Auger electrons, 20% from vy-photons and x-rays,
respectively. Radiation dose to adjacent normal organs was
5%-10% of the radiation dose to the tumor and negligible to the
liver and kidneys. Neutrophil counts remained unchanged.
Mouse body weight was =10% of the initial weight. The radia-
tion dosimetry for '''In and '"Lu compared favorably, but not
that of %Y. Conclusion: Treatment is independent of receptor
density, heterogeneity, or the hypoxic status of cells. It is ap-
plicable to treat all known and accessible tumor types, and it
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delivers a negligible radiation dose to vital organs and only
5%-10% of the radiation dose to organs adjacent to the tumor.
Intratumoral administration of "'In-oxine appears to be a fea-
sible, effective, safe, and promising treatment for cancer.
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Every 10 s, there is 1 cancer-related desth in the United
States alone (1). The primary treatment against cancer re-
mains surgery, chemotherapy, radiation therapy, and radio-
nuclide therapy. Treatments on the horizon are vaccine
therapy that spurs the immune system, gene therapy that
introduces genes to eradicate malignant cells, and targeted
drug therapy that is designed to take advantage of certain
specific receptors that are overexpressed on tumor cells.
Although the surgical removal of tumors followed by ther-
apeutic intervention is the mainstay of cancer management,
not all tumors can be radically or even partialy dissected
without serious consequences that can severely degrade the
quality of the patient’s life (2). Brachytherapy, in which
radioactive seeds are implanted, may not deliver a uniform
radiation dose and is supplemented by externa radiation
therapy (3,4). With external-beam radiation therapy, the
dose to the surrounding normal tissues could be high, and
therapy could be less effective if the tumor is hypoxic (3).
Failure of local therapy is considered a source of new and
distant metastases and, subsequently, mortality (5). Clini-
cally significant risks associated with radio- or chemother-
apy are neutropenia, thrombocytopenia, nausea, skin burn,
and hair loss. In the case of systemically introduced radio-
nuclide therapy, there is also concern regarding excessive
radiation dose to the normal, healthy organs.

We hypothesize that a radionuclide with suitable physical
and chemical characteristics that will distribute uniformly
within the tumor and bind to cell cytoplasmic components
until completely decayed will deliver a high radiation dose
to the tumor cell nucleus, eventually leading to cell death,
while sparing normal tissue. Such a treatment, in principle,
is desirable, and may be more effective, and safer than the
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current treatments by which patients with tumors that are
too risky to resect or cannot be radically extirpated are
managed. Such radionuclide therapy should also be appli-
cable to most solid tumors and metastatic lesions, such as
those in the liver, lungs, or brain.

We have prepared the 2 lipid-soluble chelates of 1n—
namely, In-8-hydroxyquinoline (**1In-oxine) and n-
mercaptopyridine-N-oxide (*!In-Merc) (6—8). When in
contact with cells, the agents passively diffuse through the
cell membrane and In forms strong complexes with the
cytoplasmic components (9,10). The protein-bound In
then remains within the cell. Because of this characteristic,
1 n-oxine has been used for decades to label human neu-
trophils, platelets, lymphocytes, tumor-infiltrated lympho-
cytes, lymphokine-activated killer cells, and dendritic cells
with diagnostically useful quantities of 1*In (11-19). Using
1 n-oxine to label human lymphocytes, ten Berge et a. and
McLean et a. were able to demonstrate extensive chromo-
somal aberrations (20—22). Rao et al. also showed that
1 n-oxine was highly radiotoxic to spermatogonial cells
(23). Recently, Fortin et al. have reported that local treat-
ment of tumors with radiotherapy not only inhibits cancer
cell proliferation but also prevents metastatic transformation
(5).

For the most effective treatment of atumor using such an
agent, it will be necessary that the agent be injected within
the tumor and the solution be homogeneously distributed to
mosgt, if not al, of the cells. Ultrasound or fluoroscopic
guidance techniques have made precise needle insertions
routinely feasible, which could be applied for intratumoral
injection of these agents. Because of this possibility, intra-
tumoral injections are gaining popularity, even in chemo-
therapy (24) and antisense gene therapy (25). The purpose
of this communication isto present preliminary findings and
discuss the advantages as well as the limitations of such a
technique.

MATERIALS AND METHODS

Mn-Lipid-Soluble Agents

11 n-Oxine was either obtained from Mallinckrodt (Tyco Inter-
national) pharmacy or prepared using the method of Thakur et a.
from In-chloride solution purchased from Nordion (6). *In-
Merc was also prepared using the method of Thakur et a. (7).
These were taken up in a sterile solution containing ~10% EtOH
in 0.9% NaCl. The specific activity for each preparation was
rendered 55.5-74 MBg/mL (1.5-2.0 mCi/mL).

Cell Culture and Labeling

To determine that the technique is not specific for any type of
cancer, we implanted in athymic nude mice 3 different types of
human tumors. Human prostate cell line DU145, human colorectal
cancer cell line LS174T, and human breast cancer cell line T47D
were obtained from the American Type Culture Collection and
cultured in a suitable medium at 37°C in a humidified incubator
containing 5% CO,/95% air. Confluent cells were harvested by
standard tissue culture techniques and suspended in culture me-
dium, and cell concentration was determined using a hemocytom-
eter and a light microscope.

1294 THE JouRNAL OF NUCLEAR MEDICINE ¢ Vol. 44 »

To determine that the !In-oxine labels tumor cells, just as it
does human peripheral blood cells, DU145 cellswere suspended in
N-(2-hydroxyethy!)piperazine-N'-(2-ethanesulfonic  acid) (HEPES)
buffer containing *In-oxine and incubated at 22°C for 10 min.
Cells were then centrifuged, resuspended in culture medium, and
carefully spread on collagen-plated glass slides. The slides were
allowed to dry, autoradiographed using Kodak emulsion, and
photographed.

Intracellular Location of 1'In in DU145 Human Prostate
Tumor Cells

Cell Preparation. Although these lipid-soluble complexes are
known to label blood cells and 1In translocates to cytoplasmic
components (9,10), we wanted to ascertain in vitro that 11l n-oxine
(a) can label DU145 human prostate tumor cells chosen as a tumor
model, (b) binds to proteins within the cells, and (c) once bound,
remains bound to proteins.

DU145 cells were grown in exponential growth (~3 X 107 per
T-75 flask) in Dulbecco’ s madification of Eagle medium (DMEM)
at 37°C in 5% CO,/95% air. Cells were washed twice with 10 mL
sterile HEPES buffer (25 mmol/L) in 0.75% NaCl. To each flask
was added 4.7 MBq (127 n.Ci) *YIn-oxine in 4 mL HEPES buffer;
flasks were closed, placed on a gentle shaker in a 37°C walk-in
room, and incubated for 90 min. The cells were then collected,
centrifuged at 450g X 5 min, and washed once with Hank’s
balanced salt solution; the radioactivity associated with the cells
and that remaining in the supernatant combined with the wash was
measured. Cells were resuspended in DMEM, reseeded separately
in 3 fresh T-75 flasks, and treated as follows at 2, 24, and 48 h
later.

Still floating, cells in the 2-h flask (flask A) were centrifuged at
450g X 5 min and washed with HEPES buffer. More than 90% of
the radioactivity was associated with the cells processed as de-
scribed below. Inthe 24-h (flask B) and 48-h (flask C) flasks, many
cells had attached and had grown nearly to confluency. The me-
dium from each flask was collected, flasks were gently rinsed with
5 mL HEPES buffer, and the wash was combined with the super-
natant medium and centrifuged. The radioactivity in the superna-
tant and that remaining in the cells were measured. The total
activity removed from flask B was 46.6%, of which 83.3% was cell
associated. In flask C, 57.7% was removed, and 83.1% was cell
associated.

Polyacrylamide Gel Analysis. Cells from flask A and those
retained and attached in flasks B and C were then solubilized in 1
mL lysis buffer consisting of 0.0625 mol/L Tris HCI, 10% glyc-
erol, 10% sodium dodecy! sulfate (SDS), 40 mmol/L dithiothreitol,
1 mmol/L ethylenediaminetetraacetic acid, and the following an-
tiproteases: 14 mg/L aprotinin, 0.7 mg/L pepstatin, and 5 mmol/L
phenylmethylsulfonylfluoride. The resulting viscous solution was
pipeted into a 2-mL conical centrifuge tube and heated in aboiling
water bath for 7 min. The 2- and 24-h cell digests were then frozen
at —80°C until the 48-h cell digest was prepared. Protein concen-
tration was determined using a Bio-Rad Bradford assay and Beck-
man DU640 spectrophotometer. The cell digest containing 15 g
protein was then loaded onto Bio-Rad 12% polyacrylamide mini-
gelsin duplicate, mixed with 10 wmol/L bromphenoal blue dye. At
either end of the wells on the gels, a standard molecular weight
marker mixture was also loaded. Polyacrylamide (12%)/SDS gels
were made with 3% stacking gels using a 30% acrylamide/bisac-
rylamide solution. Gels were run in a Novex X cell I minigel
system at 90 V until the dye reached the gel/stacking interface and
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then at 200 V until the dye front reached the bottom of the gel. The
running buffer consisted of 0.025 mol/L Trizma (tris) base, 0.192
mol/L glycine, and 0.1% SDS. Gels run in duplicate were then
removed and washed in water. For visualization of protein bands,
1 gel was stained with GelCode blue, destained, washed in water,
dried, and wrapped in plastic wrap.

The other gel was exposed for 96 h to a high-resolution phos-
phor imaging plate and analyzed using Fuji Film's BAS-5000
high-resolution phosphor 1V scanner. The percentage of the radio-
activity in 3 protein bands in each lane was calculated.

Distribution of ''In in Tumors in Mice

DU145 tumors were grown to ~1 cm in diameter in the right
thigh of 5 athymic nude mice weighing between 19 and 22 g. A
20-gauge multihole needle was designed and fabricated in our
workshop. Approximately 0.74-3.33 MBq (2090 p.Ci) In-
oxine were drawn into a 1-mL syringe (0.1-0.2 mL), and the
solution was slowly injected after inserting the multihole needle
only at 1 site, horizontally into the tumor. The needle was with-
drawn and light pressure was applied on the needle hole to prevent
any solution oozing out of the tumor. Four hours later, mice were
sacrificed, and tumors were excised, measured for radioactivity,
and quickly frozen using Histoprep tissue embedding media and
Histofreeze refrigerant spray (Fisher Scientific). Several 20-pm-
thick sections were cut perpendicular to the needle insertion,
collected on glass slides, and autoradiographed. Sectionswere then
stained with hematoxylin and eosin, observed under a microscope
for viable and necrotic cells, and photographed.

For comparison, 1In-oxine was injected in some tumor-bearing
mice with a regular, 20-gauge, “end-hole” needle, and tumor
samples were processed as above.

Experiments in Nude Mice Bearing Human Tumors

Approximately 5 X 108, viable human prostate (DU145), breast
(T47D), or colorectal cancer (LS174T) cells were implanted in
nude mice in groups of 10 mice each, and tumors were alowed to
grow to ~0.5 cmin diameter. Approximately 18.5 MBq (500 .Ci)
"ln-oxine or Mn-Merc in 100 pL of 10% EtOH in isotonic
saline were injected per tumor (n = 10 each) with a 20-gauge
multihole needle. The initial (day 1) tumor size in each group of
mice was different, because it was dependent on the number of
days that had elapsed between the xenografts day and the day of
the experiment. Control mice (n = 10 each) received the solution
without MIn or with decayed !In. Daily, tumor diameter was
measured, the mice were weighed, and radioactivity retained in the
animal body was measured in a Capintec CRC-10 dose calibrator.
Periodically, the mice were imaged using a General Electric 300
STARCAM gamma camera equipped with a parallel-hole collima-
tor and a dedicated computer. Mice were sacrificed 2 or 3 wk later
to determine quantitative distribution of radioactivity and for tissue
histology. Tumor diameter was measured with a Vernier caliper
(Fowler) in 3 different places in tumors. To minimize day-to-day
variations in measurements, readings were obtained by the same
individual. Mice bearing human breast cancer T47D tumors were
given 1n-Merc similarly and followed as described.

Means and SDs were calculated for mice tumor data (2 groups
of 10 mice each X 3 daily readings per tumor X 21 d [excluding
weekends] = 1,260 observations). These data were plotted as a
function of daysfor both groups. The percentage increase from day
1 to day 28 was calculated. Threeeway ANOVA of tumor size
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(group by day by subjects nested within group) with a group-by-
day interaction term was performed. Pairwise comparisons of
tumor size on the day of measurement were analyzed with Bon-
ferroni t tests. Two-way ANOVASs were conducted within both
groups to test whether there was a change in tumor size by the day
of measurement within each group.

Determination of Hematologic Toxicity

During the treatment of cancer with systematically induced
chemo- or radiotherapeutic agents, neutropenia is a common ad-
verse reaction. To assess the polymorphonuclear leukocyte (PMN)
status during the course of 111 n treatment, the following procedure
was performed.

Two days before injecting In-oxine or *In-Merc, the tumor-
bearing mice were placed in a ventilated acrylic box in such away
that the tail of the animal was easily accessible, while the rest of
the body remained in the box. The tail vein was then gently
punctured with a 27-gauge sterile needle and a drop of blood was
allowed to form, which was smeared on a glass slide and stained
with Wright's stain. At least 100 white cells were counted under a
light microscope, and the percentage of PMNSs in the total number
of white cells counted was determined. This served as the base
PMN concentration. The procedure was then performed daily for
28 d after the mice were treated, each with 16.7 MBq (450 n.Ci)
1 n-oxine. Results were calculated as the percentage of PMNs as
a function of time after injection. All anima protocols were
approved by the American Association of Laboratory Animal
Care-licensed ingtitutional Animal Care and Use Committee.

Calculations for Radiation Dose to Tumor and
Adjacent Normal Organs

For a 1-g tumor containing 10° cells, 37-MBq (1 mCi) intratu-
moral injection resultsin an average of 13,028 decays per cell after
>10 half-lives have elapsed. Thus, an absorbed dose of 17.55 Gy
(1,755 rad) was obtained, which represents the self-dose to the cell
(26). The cell, however, is located within a cluster of similarly
labeled cells and, therefore, the cross-dose from energetic conver-
sion electrons, y-rays, and x-rays must be considered. In fact, the
multicellular dosimetry calculations of Goddu et al. (27) show that,
under conditions where the cells are uniformly labeled, the cross-
dose from 11n is far greater than the self-dose and, therefore, the
average absorbed dose to the tumor is more important.

Our calculations are based on the assumption that 37 MBq (1
mCi) n will be uniformly distributed in a spheric tumor of mass
19 (1.24 cmin diameter for unit density matter) and will undergo
acomplete decay with its physical half-life (Tp) of 67.9 h. The path
lengths of the Auger electrons emitted by 11In range from O to 8.6
wm, those of the conversion electrons are from 200 to 600 wm, and
the mean free paths for the 2 y-rays are approximately 6.5 and 8
cm, respectively (28,29). The techniques and computer code de-
scribed by Howell et al. (30) were used to calculate the mean
absorbed dose to the tumor as well as the dose profile across the
tumor and in the surrounding healthy tissue. For comparison, these
calculations were also performed for 17Lu and Y using the full
radiation spectra, including B-spectra. These radionuclides have
physical haf-lives of 6.7 d and 64 h, respectively, and emit
B-particles with maximum energies of 498 keV and 2,280 keV,
respectively (31). The corresponding maximum ranges are 0.18
and 1 cm, respectively (32). The essence of these is given in the
Results.
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RESULTS

The labeling efficiencies of both 'In-oxine and In-
Merc were >90%. n-Oxine was used in most experi-
ments because it was readily available. However, when
concentrations of >37 MBg/mL (>1 mCi/mL) were re-
quired, it was prepared in our laboratory. Interest in Merc
stemmed from its thermodynamic stability constants, which
are higher (association constant [K,] = 10%? vs. K, = 109)
than those of !In-oxine (7). As can be seen later in this
section, however, both agents produced similar results.

When human prostate cancer cells DU145 were incu-
bated with In-oxine, >90% of the radioactivity was in-
corporated by the cells and was uniformly bound to the
cells, as determined by microautoradiography followed by
photography (Fig. 1).

When DU145 cells in culture were incubated with *!n-
oxinefor 2, 24, and 48 h, the distribution of radioactivity in
the cell lysate (Fig. 2) was remarkably similar. The results
of radioactivity distribution between the cell lysates of flask
A (0-2 h), flask B (24 h), and flask C (48 h) were aso
remarkably similar. In each case, 5% of the radioactivity
was bound to protein of apparent molecular weight >250
kDa, 15% to apparent molecular weight of 22 kDa, and 38%
to apparent molecular weight of 6 kDa. The radioactivity
remaining was diffusely spread throughout the lane.

The distribution of radioactivity in mouse tumor, injected
using a multihole needle, was distinctly different from that
injected using a regular end-hole needle (Fig. 3). It was
evident from the autoradiography that the radioactivity in-
jected using the end-hol e needle covered asmall tumor area,
only around the end-hole, whereas almost the entire tumor
area was covered by the radioactivity injected through the
multihole needle.

The tumors treated with nonradioactive placebo contin-
ued to grow, irrespective of their type—breast, prostate, or
colorectal. Within 28 d after injection, the prostate tumorsin

g
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FIGURE 1. Autoradiographic presentation of DU145 tumor
cells labeled with '"'In-oxine. Cells were labeled in HEPES
buffer, washed, spread on collagen-plated glass slides, autora-
diographed using Kodak emulsion, and photographed. In-
tensely labeled cells are seen.
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FIGURE 2. Composite of stained gel (left) and gel that was
autoradiographed (right). Major portion of radioactivity (right)
was associated with 3 protein bands of apparent molecular
weights >250, 22, and 6 kDa. Irrespective of different time
periods for which ''In remained in cells (2, 24, or 48 h), neither
distribution nor portion of ""In bound to proteins was changed.

placebo grew to nearly 100% of their initial size, whereas
the tumors treated with 16.7 MBq (450 nCi) !n-oxine
grew, on the average, only 17% (Fig. 4). Both increases
appeared linear over days, but the slope for the control
group was steeper than that for the treated group. The
groups-by-day measurements are significant (<0.0001) for
2-way ANOVAs. The groups-by-day interaction term is
significant in the 3-way ANOVA showing that the change
over days is different for the 2 groups. Pairwise compari-
sons show that for the control group, most comparisons that
are >1 measurement day apart are significantly different

FIGURE 3. (A) Schematic diagram of tumor, needle, and sec-
tions of tumors cut in perpendicular to path of needle. Two
autoradiographs show 2 separate 20-um-thick sections of tu-
mor into which "In was injected through sprinkler needle (D)
and that of tumor that was injected with regular needle (C).
Tumor injected with sprinkler needle has spread over larger
portion of tumor than that injected with regular needle. Because
of tumor necrosis (B), even with sprinkler needle, '''In uptake in
tumor is patchy and there is no "'In in center. Necrotic tissue
can be seen (lightly stained part) in histologic section of tumor
B).
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FIGURE 4. Tumor growth (diameter) as function of time in
days after 2 groups of mice bearing experimental human
prostate cancer DU145 each received ~16.7 MBq (~450 p.Ci)
MIn-oxine and other group, also bearing tumor, received only
10% EtOH solution in 0.9% NaCl. Dose received by tumors was
~42 Gy (~4,200 rad).

from each other, whereas, for the treated group, compari-
sons must generally be >3 d apart to be significant. Simi-
larly, untreated breast tumors grew to nearly 500% of their
initial size, whereas those injected with 13.3 MBq (360
pCi) 1 n-Merc ceased their growth in amost al tumors.
The body weight of the mice remained =10% of their initial
weight.

At 22 d after injection, >85% of the administered radio-
activity had remained in the tumor (Fig. 5). At this time,
radioactivity in the kidneys and liver was 2% of the injected
dose/g each and 2% had remained in the rest of the carcass.
The radioactivity remaining was excreted in the urine within
the first 24 h, as was evident by the daily whole-body
radioactivity measurements. The bone marrow radioactivity
was negligible. Asaresult, the white blood cell countsin all
animals remained practically unchanged from the levels
before the initiation of treatment.

The dosimetry program of Howell et al. (30) gives the
mean absorbed dose per unit cumulated activity S For 37
MBq (1 mCi) of *n uniformly distributed in a spheric
tumor of 1 g, the values of S are 4.8 X 10~3 Gy/MBg-h
(0.01811 rad/.Ci-h) from - and x-rays (20% of total dose),
15.6 X 10-2 Gy/MBg-h (0.05776 rad/|.Ci-h) from conver-
sion electrons (64% of total dose), and 4 X 102 Gy/MBg-h
(0.01502 rad/p.Ci-h) from Auger electrons (16% of total
dose), making a total of 24.5 X 103 Gy/MBg-h (0.0909
rad/wCi-h). The cumulated activity A for a37-MBq (1 mCi)
intratumoral administration with no biologic clearance is
144 A, T, = 144 (37 MBq [1,000 pCi]) (67.9 h) =
9.778 X 10* n.Ci-h. Finally, the total mean absorbed dose to
the 1-g tumor isD = A S = 2.43 Gy/MBq injected (9,000
rad/mCi injected). For many tumor cells, this dose is lethal
(22).
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The calculation above represents the mean absorbed dose
to a static tumor (not growing or shrinking). If the tumor
grows and subsequently shrinks during the decay of 11In,
then the absorbed dose calculations will require modifica-
tion. If shrinkage is observed during the decay of 1'!In, we
can revise our dose estimates by taking into account the
reduction in mass as a function of time after injection. This
calculation is readily handled by the methods described by
Howell et a. (30,34) and Goddu et a. (33).

The mean absorbed dose is 2.43 Gy/MBq (9,000 rad/
mCi) ™In injected. The dose profile across the tumor (Fig.
6) shows that the absorbed dose is somewhat higher at the
center of the tumor (96.2 Gy [9,620 rad]) and drops off to
about one half of that value at the periphery. In treating
prostate cancer, for example, it is assumed that the bladder
wall is about 0.1 cm from the edge of the tumor; this tissue
receives adose of only about 7 Gy (700 rad). If it isassumed
that the rectal wall is 0.3 cm from the edge of the tumor, this
tissue only receives a dose of about 4 Gy (400 rad). There-
fore, the mean absorbed dose to the tumor is 10-20 times

FIGURE 5. Composite of posterior images of 2 nude mice
bearing human prostate tumor DU145. Twenty days earlier,
mouse at left was given 12.6 MBq (340 wCi) '"'In-oxine and
mouse on right was given 16.7 MBq (450 pCi) ""In-Merc. Im-
ages show that >90% of '""In is still in tumor (intense white
spot). In either case, tumor size had not increased. At sacrifice,
93% of "'In was still associated with tumor, ~2% was in
kidneys, and 2% in liver. Remaining 2% was in carcass. Total
amount of "'In (corrected to decay) remaining in mice was
85% * 3% of activity injected. Dose received by these tumors
was estimated to be ~32 Gy (~3,200 rad) and ~42 Gy (4,200
rad), respectively. (Note that because of low resolution of
gamma camera, it appears in these images that '"'In is homo-
geneously spread in tumor, including that in necrotic portion of
tumor. In autoradiographs, Fig. 3, better resolution is achieved
and absence of "'In in necrotic area is visible.).
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FIGURE 6. Absorbed dose as function of radial position r in
1-g tumor (diameter, 1.24 cm) containing 37 MBqg (1 mCi) of
uniformly distributed '"'In (thin solid line). Bold vertical lines
denote boundaries between tumor (—0.62 < r < 62 cm) and
normal tissue (—1.5 <r < —0.62 and 0.62 < r < 1.5 cm). Note
precipitous drop in absorbed dose as one moves from tumor to
normal tissue. Calculations were performed using methods de-
scribed by Howell et al. (34). Also shown are dose profiles for
177Lu (bold solid line) and Y (dashed line). Profiles for these
radionuclides correspond to injected activities (4.67 MBq [0.126
mCi] and 2.22 MBq [0.060 mCi], respectively) that deliver, on
complete decay, same dose to center of tumor as 37 MBq (1
mCi) ""In (96.2 Gy [9,620 rad]).

higher than the dose to adjacent healthy tissues or the
absorbed dose to the adjacent healthy organs is only 5%—
10% of the dose to the tumor (Fig. 6). For the sake of
comparison, also shown in Figure 6 are dose profiles for the
B-particle emitters 7L u and °°Y . Due to the high energy of
the B-particles emitted by %Y, the dose profile is nonuni-
form within the 1-g tumor and relatively high doses are
delivered to the bladder wall (20 Gy [2,000 rad]) and rectal
wall (4.5 Gy [450 rad]). In contrast, the medium-energy
B-emitting 7’Lu delivers a relatively uniform dose to the
tumor and very low doses to the bladder wall (0.86 Gy [86
rad]) and rectal wall (0.07 Gy [7 rad]). Thus, the radiation
dosimetry for Mn and ’Lu compares highly favorably
with prostate brachytherapy, for example, in which radia-
tion dose to the bladder and rectal wall are estimated to be
100% to that of the prostate tumor and to that of the
external-beam therapy, in which, on the average, 25% of the
bladder wall and 35% of the rectal wall receive 100% of the
dose to the tumor (35).

DISCUSSION

1 n possesses physical characteristics that allow one to
image itsin vivo distribution externally by y-imaging. *!In
also emits Auger electrons, conversion electrons, and x-
rays. When ionic '!n is converted into lipid-soluble com-
pounds, administered directly into tumorsin living mice, the
chelate passively diffuses through the cell membrane and
1n binds to cytoplasmic components and, thereby, pro-
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vides a significant radiation dose to the cells. We estimate
that when 37 MBq (1 mCi) !n is uniformly distributed
into a 1-g tumor, the radiation dose is 90 Gy (9,000 rad) for
complete decay of n. Approximately 64% of this dose is
due to conversion electrons, which have path ranges from
200 to 600 pm, whichis equal to ~20—60 cells deep. These
data suggest that even if 1In is not in the nucleus of each
cell, cytotoxicity to target cells is likely to be induced, as
long as the radionuclide remains in the cells to which it is
bound. Furthermore, once bound to cell cytoplasmic com-
ponents, 1In remains cell bound, does not redistribute (or
only minimally redistributes, <10%), and, thereby, imparts
only a negligible dose to healthy organs. Our experimental
data substantiated the fact that the mice treated with In
lipid-soluble complexes neither had neutropenia nor did
they lose significant body weight (<10%), while their tu-
mor growth was either arrested or was negligible as com-
pared with treated control tumors. It should be borne in
mind that the quantity of In we administered in this
feasibility study was chosen arbitrarily and was not optimal
to demonstrate its therapeutic effectiveness. Further studies
that will lead us to administer a calculated quantity of *In
that will induce cell kill are strongly warranted, as our
data demonstrated that at 16.7 MBq (450 nCi) (~42 Gy
[~4,200 rad]), the DU145 human prostate tumors continued
to grow, albeit slowly, whereas the growth of T47D human
breast tumorswas arrested at only 13.3 MBq (360 p.Ci) 1tn
(—32 Gy [~3,200 rad]).

The use of a multihole needle substantially improved the
distribution of the injectate solution over the regular end-
hole needle. Nonetheless, a formula must be worked out
experimentally that will guide us to calculate the exact
volume of injectate necessary to sufficiently cover the tumor
of agiven size. Tumor volume could be determined using a
regular CT scan. Lipid-soluble !In solutions could be
mixed with a predetermined quantity of contrast agents that,
when injected, will allow physicians and surgeons to assess
whether the solution injected had covered the entire tumor.
An additional volume of the radioactivity solution could be
injected if required.

Because this agent needs to be injected directly into the
tumor or the portion of it that would not be safely extracted,
the technique is limited to treat only known solid tumors
and not unknown metastatic lesions. Nonetheless, this sim-
ple technique has numerous potential advantages over the
current systemically given chemo- or radiotherapeutic
agents, which induce substantial toxicity to normal, healthy
organs and adversely affect the quality of the patient’s life.
Even as compared with brachytherapy or external-beam
therapy, this technique promises to induce a significantly
smaller radiation dose to tissues in the immediate vicinity of
the target. Although our data are preliminary, they are
consistent with our hypothesis. Furthermore, this approach
is applicable to al tumors, including those that may be
refractory to chemo- or radiotherapy.
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Because !n is the radionuclide of therapeutic impor-
tance, the use of 1!In-Octreotide for the treatment of soma-
tostatin receptor—positive tumors has been investigated
(36,37). In this approach, at the present time, to treat even
small tumors, up to 18.5 MBq (500 mCi) *In-Octrectide is
intravenously administered. Besides the cost, high radiation
dose to the kidneys is also a matter of concern. The present
technique promises to be effective with a much smaller
quantity than 18.5 MBq (500 mCi) and significantly less
radiation dose to healthy organs. This postulation is consis-
tent with our experimental data, which demonstrated no loss
of circulating PMNs in treated mice and indicated the lack
of toxic dose to the bone marrow. Although, because of
practical difficulties we did not account for circulating
blood platelets, it should be reasonable to predict from the
PMN data that thrombocytopenia is also unlikely to occur.
Furthermore, our theoretic calculations suggested that the
radiation dose to normal organs adjacent to the tumor might
also be negligible, as compared with external-beam therapy
or interventions with any other forms of radionuclides.

As can be seen from our data, >80% of the administered
dose remains in the tumor. Any *!In-oxine (K, = 108) that
may escape into systemic circulation will bind to plasma
transferrin or lactoferrin with K, = 10% (6). 1!In bound to
transferrin or lactoferrin clears rapidly via urinary excretion
and minimizes radiation dose to the whole body or other
normal tissues. This is an additional advantage of this ra-
dionuclide.

The list of lipid-soluble complexes of 1!n is not limited
to *n-oxine. Other lipid-soluble complexes such as *!n-
Merc and In-tropolone could be equally effective. We
chose 1 n-oxine predominantly, not only because it is the
one that is commercially available but also because the
intracellular behavior of this compound is more thoroughly
investigated than that of 1In-Merc (10) or any other 11n
compound that can be used for this application. However,
this targeted approach is not limited to either the use of *In
or to its oxine, Merc, or tropolone complexes. Any other
radionuclide of therapeutic importance chelated with any
compound that could form a lipid-soluble complex with the
radioactive metal ions would serve the purpose. For exam-
ple, 7Lu and Y are possible candidates for this purpose.
The dose profiles for these radionuclides in Figure 6 suggest
that the energetic 3-emitter ©Y is not a good candidate for
this approach. The medium-energy B-emitter 77Lu does
appear promising. However, for 7Lu to be an effective
therapeutic agent, the radionuclide, like In, must remain
cell bound and not egress out of the tumor. At the time of
this writing, such characteristics of "’Lu are unknown.
Furthermore, the much smaller activities required for 7Lu
and itsrelatively low yield of y-rays may limit the imaging
capability of this radionuclide for these applications.

With promising efficacy, lower risk, and lower and rela-
tively affordable cost of In-oxine, we believe that this
approach, athough simplistic, can play a maor role in
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targeted tumor therapy and is worthy of further investiga-
tion.

CONCLUSION

Our data, although preliminary, suggest that lipid-soluble
complexes of 11 n injected directly into atumor can deliver
a high radiation dose and arrest tumor growth without
excessive radiation dose to norma organs and adjacent
tissues, weight loss, or bone marrow toxicity. Care must be
taken, however, that the agent distribute uniformly within
the tumor. The treatment can be effective, regardless of the
tumor type, its receptor density, the receptor heterogeneity,
the vascularity, its hypoxic status, or for those that may be
refractory to chemotherapy.
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