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SUMMARY Radionuclide therapy can be curative or palliative in intent, and local or systemic in
administration. Current therapy relies of beta emitting radioisotopes and selective carriers for the treatment
of advanced tumours. The next generation of therapeutics may be alpha emitting radionuclides for
subclinical, micrometastatic disease. Targeted Alpha therapy (TAT) offers the potential to inhibit the
growth of micrometastases by selectively killing isolated and preangiogenic clusters of cancer cells. The
practicality and efficacy of TAT has been tested by in vitro and in vivo studies many cancers. The first
phase 1 clinical trial of TAT for leukaemia with Bi-213 has concluded at the Memorial Sloan Kettering
Cancer Center, a phase 1&2 trial of intra-lesional TAT is ongoing at Duke University with At-211 labeled
mab against cystic glioma, and a phase 1&2 clinical trial for intra-lesional TAT with Bi-213 of
subcutaneous secondary melanoma is underway at St George Hospital.

1 INTRODUCTION

Radionuclide imaging is an important part of
medical practice, with the "Mo-99mTc generator
been widely used around the world. However,
radionuclide therapy has been much slower in its
development and acceptance. Apart from I-I31
for thyroid cancer, radionuclide therapy is mostly
unsuccessful in eradicating cancer1. Many
applications of palliative intent, with the relief of
pain an important end-point. While most
applications relate to cancer, there are several
important applications in other diseases.

Most cancer mortality is attributable to
progressive metastatic disease rather than local
tumour invasion. In 1900, Erlich introduced the
concept of using the "exquisite selectivity of the
immune system" as a targeting mechanism for
cancer therapeutics. Fifty years later, Pressman et
al discussed radioimmunoconjugates (RIC) and
Mitchell in 1960 wrote that "the most promising
approach is to try to devise organic compounds
which are selectively concentrated in tumour
cells and carry radiative atoms".

Kohler and Milstein in 1975 transformed
immunotherapy into practicality when they
developed a method for the unlimited production
of monoclonal antibodies that share the same
antigen recognition specificity, ie the hybridoma
wherein B lymphocytes secreting monoclonal
antibody (mab) could be cloned by hybridization
to immortalised cells such as rodent myelomas.
Thus targeted radioimmunotherapy (RIT) could
become a reality.

With the development of monoclonal antibodies
(mab) and other molecular carriers such as
melanin precursors for melanoma, oestrogens for
breast cancer, meta-iodobenzylguanidine
(MIBG) for catecholamine precursors in
neuroblastoma, which are selectively but not
exclusively taken up by cancer cells, a new era of
cancer cell targeting has arrived. However, mabs
have not been effective against solid tumours,
with access possibly being restricted by higher
interstitial pressure in tumours than normal
tissues and lack of vascularity resulting from

The application of radionuclide therapy (RT) to
cancer needs an understanding of the cancer
process itself.

2 FOUR STAGES OF CANCER3

Cells in transit. Cancer cells escape from the
primary tumour, travel through the lymphatic
system and lodge in lymph nodes, or enter the
vasculature and pass through capillary
fenestrations into organs. These single, in transit
cells, may be in the Go cell cycle phase. This is a
dormant state, and these cells may not be
receptive to cytotoxic chemotherapy, which
requires high mitotic rates to enter cells and
damage DNA.

Preangiogenic lesions: Small nests of cells
develop in sites that stimulate cell division.
While there are insufficient cells to secrete
growth factors for angiogenesis, such nests could
grow to lesions with diameters of 1 -2 mm.
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Subclinical lesions: With sufficient cells to
stimulate capillary growth, there is rapid
development of the lesion as it becomes heavily
vascularised. Still subclinical, these tumours
have diameters of less than 3-5 mm. The patient
may be asymptomatic.

Clinical lesions: The tumour manifests itself
clinically with symptoms, and is readily observed
by various imaging methods. Solid tumours have
large necrotic fractions that harbour hypoxic
cells. For malignant cancers, metastatic disease is
widespread, and treatment is mostly palliative in
nature.

Targeted systemic therapy

Targeted systemic therapy is likely to reduce
risks associated with normal tissue damage,
while providing effective anu'cancer therapy. The
concepts and principles of targeted therapy have
developed over 40 years, after the remarkable
successes with 1-131 for thyroid carcinoma But
no other cancer was found to selectively
incorporate a specific radioisotope (RI) into its
metabolites. Radioimmunotherapy utilizes the
ability of proteins to target specific receptors
expressed on the membrane of cancer cells.
While unique neoplastic antigens have not been
found, there are many candidates where their
expression is very much greater on cancer cells
than on normal cells.

Radioisotope therapy depends on the:

• specificity of the carrier,
• type of radiation emitted and
• distribution of the RI within the target

tumour.

Best results for RIT have been obtained with the
more radiosensitive and non-bulky haematologic
malignances, ie leukaemia and lymphoma.
Limiting toxicity is myelosuppression, as for
Total Body Irradiation.

3 THREE CLASSES OF RI

The selection of the RI label is an important
consideration. Whereas 1-131, being a halide, can
be readily incorporated into targeting molecules,
it has limitations with respect to a high gamma
ray emission. While this is useful for imaging, I-
123 is much better as it is free of beta radiation.

Other RIs need to be chelated to the targeting
protein to achieve adequate stability. In-I l l is
also a good imaging agent, and is used in lieu of
Y-90 (all beta, no gamma) to obtain
biodistributions of Y-90 chelated targeting
compounds.

Certainly long lived beta emitters are indicated
for large tumours, where the positive internal
pressure of the tumour inhibits uptake over 24-48
h, and heterogeneity of delivery and targeting
requires cross fire from long range betas to
achieve a more uniform dose distribution in the
tumour. However, such advantages become
liabilities if isolated cancer cells, small cell
clusters and preangiogenic lesions are to be
eliminated.

Possible RIs for RIT are as follows.

alphas : require <5 nuclear hits to prevent
mitosis or cause apoptosis in some cell types.

Problems are carcinogenecity (high weighting
factor WR), normal tissue toxicity and difficult
radiochemistry. Cytotoxicty is well established.

Betas : require many hundreds or thousands of
nuclear hits, ranges are 0.4-10 mm, large
crossfire dose component and more
homogeneous dose distributions.

auger electrons : emitters give showers of low
energy electrons with high LET properties, range
<lum, and cytotoxicity limited to cellular
organelle in which the decay takes place. Thus
double strand (ds) breaks of DNA can be
achieved but the RI must be located at or on the
DNA.

The RI life time needs to be large (>30 h) for
solid tumours with uptake times in excess of 24
h, or short for intracavity administrations with
short clearance times.

The choice of RI depends on the type of cancer
to be addressed, and of course the availability of
the RI and TGA and FDA approval for the
particular application. Thus 1-131 is the most
explored RI for RTF, but mere is increasing
interest in Y-90 because of it higher energy,
longer ranged beta emission.

Carriers

Some metals do not require a carrier and are
incorporated into the tumour, eg **S>Sr for

osteoblastic metastases from prostate and breast
cancer, marketed under the trade name Metastron
byAmersham. Receptor based carriers are
monoclonal antibodies, pepndes and hormones.
An example of the latter is octreotide, which
targets somastatin receptors in neuroendocrine
tumours. Metabolites are selectively taken up by
cancer cells, eg iodine for thyroid carcinoma,
methylene blue for melanoma, amino acids,
porphyrins, low density liprotein and lipiodol.
The RI labeling uses by bifunctional chelators,
such as DTPA, DOT A, TETA.
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4 TARGETED ALPHA THERAPY

Alpha therapy is indicated for the control of
micrometastatic cancer. The short range of
several cell diameters means that a large fraction
of the radiative energy goes into the targeted
cancer cells, rather than into distant stem cells or
other critical tissues. Alpha emitting
radionuclides emit alpha particles with energies
up to an order of magnitude greater than most of
the betas, yet their ranges are two orders of
magnitude less3. Alpha particles have a LET
which is about 100 times greater than that for the
beta rays. This is manifested by a higher RBE
and much shorter range. As a result, a much
greater fraction of the total energy is deposited
in cells with alphas and very few nuclear hits are
required to kill a cell4.

In the killing of cancer cells in blood or normal
tissue, the therapeutic ratio is defined as the dose
to the cancer cells divided by the dose to normal
cells. This dose ratio is determined by the flux
weighted volume of interaction, assuming that
the radionuclide is located on or within the
cancer cell. This parameter is defined as a sphere
with radius equal to the effective particle range
per unit area of the sphere, and for betas is an
order of magnitude greater than that for alphas.
As a consequence, a factor of about 100
enhancement in radiation dose5 is delivered to
the nucleus of a cancer cell if a "smart" carrier is
employed to take the radionuclide to that cancer
cell. Targeted alpha therapy (TAT) therefore
holds considerable promise in controlling
micrometastases, as is evident from in vitro and
in vivo studies, but clinical efficacy has yet to be
tested5'7.

A small number of alpha emitting radionuclides
are currently under investigation. These are Tb-
149s'9, At-211, Bi-212 and Bi-213. Tb-149 and
At-211 both require accelerators in close
proximity to the place of application. The Bi
isotopes can be produced by long lived parents,
and as such, can be readily obtained from
generators. Ac-225 is obtained from the decay of
Th-229, which is a waste product in the
enrichment of fissile Th-233. The ready and low
cost availability of the Ac: Bi generator from the
USDOE is an important element in the
implementation of clinical trials for patients with
poor prognoses but without evidence of
metastatic disease.

Bi-213 is chelated to a cancer specific
monoclonal antibody (mab) or protein (eg
plasminogen activator inhibitor PAI2) to form
the alpha-conjugate (AC). Stable alpha-ACs have
been produced which have been tested for

specificity and cytotoxicity in vitro and in vivo10

against melanoma11 (9.2.27 mab), leukaemia12

(WM60 mab), colorectal9 (C30.6 mab), breast13

(PAI2) and prostate14 (PAI2, J591 mab) cancers.
Subcutaneous inoculation of 1-1.5 million human
cancer cells into the flanks of nude mice causes
tumours to grow in all mice. Tumour growth was
compared for untreated controls, nonspecific AC
and specific AC, for local (subcutaneous) and
systemic (tail vein or intraperitoneal) injection
models.

In vitro studies show that TAT is one to two
orders of magnitude more cytotoxic to targeted
cells than non-specific ACs, specific beta
emitting conjugates or free isotope.

In vivo local TAT at 2 days post-inoculation
completely prevents tumour formation for all
cancers tested so far. Intra-lesional TAT can also
completely regress advanced sc melanomas but
is less successful for breast and prostate cancers.
In vivo systemic TAT inhibits the growth of sc
melanoma xenografts and gives almost complete
control of breast and prostate cancer tumour
growth.
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Table 1 Comparative decay parameters of some alpha and beta emitting radioisotopes

Parameter

radiation

max energy MeV

max range um

<range> um+

LET keV/um

RBE

hits to km cell*

half life h

Flux weighted VOI*

I4*Tb

a

4

26

26

143

(3)

4

1

211At

a

6.78

65

65

104

(3)

(1.5,12

7.2

2.5

2I2Bi

a

8.79

87

87

101

(3)

12-20 )

1

2.7

2I3Bi

a

8.35

81

81

102

(3)

0.45

3.1

1 3 1I

P-

0.61

2400

500

0.3

(1)

8.05 d

19

153 Sm

P-

0.81

3000

600

0.3

0)

400

46.8

23

I 5 2Tb

P+

2.8

14900

5000

0.2

(1)

18

192

* Do value,+Assuming <Et,>= 0.33 Eb(max), VOI = Volume of interaction

The first Phase 1 clinical trial for TAT of
advanced acute myeloid leukaemia has
concluded at the Memorial Sloan Kettering
Cancer Center in New York. The maximum
tolerance dose was found to be ~1 mCi/kg, lower
than for 131I but higher than for "Y. The 440
keV gamma ray was used to observe kinematics,
showing rapid uptake into bulky leukaemia in 5-
10minutes j l.

5 RADIOISOTOPES FOR BETA THERAPY

is the most used RI for labeling large
molecules such as immunoglobulins. It is easy to
attach, has a low beta energy and intense gamma
emission requiring radiation protection. Other
frequently used RIs are given in Table 2. l a l I -
lipiodal is currently used for hepatic cancer at St
George Hospital.

Table 2
Radio-
nuclide
89Sr

32p

117mSn

186Re

1 5 3 S m

Half-life (d)

50.6

14.3

13.6

3.8

1.9

beta energy
(MeV)
1.46

1.71

0.16

1.07

0.84

gamma (keV)
%
0

0

159 87

137 9

103 29

Ligand

Chloride

Ortho-phosphate

DTPA

HEDP

EDTMP

Supplier

Amersham

Mallinckrodt

BNL

Mallinckrodt

Dow

A=acetic acid P=phosponic acid
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Radioinununotherapyfor metastatic cancer

Impressive results have been reported for RIT for
advanced hematological malignances15, but
success in solid tumours has been more limited.
In a therapeuetic trial of prostate cancer, m I n -
CYT-356 had detectable uptake in 58% of
patients, but no complete or partial responses
were achieved by treatment with a single dose of
90Y-CYT-35616. The dose limiting toxicity was
myelosuppression, and the maximum therapeutic
dose (MTD) was 9 mCi/m2.

ulI-chimeric L6 mab achieved objective
responses in 6 of 10 patients with metastatic
breast cancer that had failed chemotherapy17.

90Y-PA-DPTA-CC49 was used in a study of 12
patients with gastrointestinal rumours. The mean
tumour and liver doses were calculated to be 7.2
and 10.1 Gy/GBq18, and the mean tumour dose
was up to 30 Gy.

Anti-tumour responses were observed19 using
high dose 131I-MN-14, an anticarcinoembryonic
antigen F(ab)2, with peripheral blood stem cell
support for patients with metastatic medullary
thyroid cancer. High therapeutic indices were
achieved with mean tumour doses of 6.3
Gy/GBq, compared with liver, lung and kidney
doses of 0.6, 0.6 and 0.7 Gy/GBq respectively.

O'Donnell et al20 used ^ ^ I T - B A D - m H O mab
to treat patients with prostate cancer and obtained
an MTD of 0.74 GBQ/m2. Toxicity was almost
exclusively confined to reversible
myelosuppression.

Malignant ascites21'22 and CNS tumour cell
infiltrates23 have been treated with 131I or ^
RIT to achieve encouraging responses.

Pilot trials conducted in patients with
haematopoietic cancers have demonstrated
binding of mab to cancer cells, but there are
problems of antigen modulation and
heterogeneity, tumour burden and human
antimouse antibody (HAMA) response24. A

phase 1 trial of 131I-M195 against the CD33
antigen indicated that ablative doses of whole
bone marrow can be expected. However, because
of the rapid and specific uptake and
intemalisation of the Ml 95 into target cells,
alpha RICs were suggested as a feasible
approach25.

Thus RIT can be effective in achieving anti-
tumour responses, but these are a long way from
curing cancer. Many more examples can be
found in Goldenberg 26, and in DeNardo et al32.

Indications for RI palliative therapy of bone
metastases

There are some 550000 cases of breast, prostate
and lung cancer pa in the USA and some 70% of
breast and prostate and 40% of lung cancers
cause painful bone metastases. Radioisotopes
(Sr-89 and Sm-153) are used for bone pain
refractory to other treatments, to reduce
analgesics and improve quality of life. They are
applied when:

• hormonal therapy fails
• pain persists after previous focal external

beam radiotherapy
• failed hemibody irradiation
• disease too extensive for focal irradiation.

8^Sr is administered in 1-10 doses of 60 u,Ci, and
concentrates at the site of the osteoblastic
response, The range of betas is 3 mm, short
enough to prevent serious bone marrow
toxicity27.

1 5 3 Sm labeled ethylenediaminetetra-methylene
(EDTMP) is manufactured by Australian
Radiolsotopes as Quadramet for the treatment of
painful bone metastases. It is particularly
effective with 70% of patients obtaining pain
relief after a dose of 1 mCi/kg bodyweight28.
Tolerance dose to bone is 2.50 Gy
(myelotoxicity)

Radiation synovectomy

The treatment of rheumatoid and osteo-arthritis
requires the removal of the inflamed synovium of
the joint. This is achieved by ablation with a beta
emitting radioisotope, after injection into the
synovial sac. Major applications are the knee
joints to remove pain, arrest further degeneration,
and restore mobility.
RIs used for this purpose are Y-90 and Dy-165.

silicate colloid gives good response and 2-3
y symptom free.

165j)y pHMA (coprecipitate of Dy and Fe
hydroxides) is considered to be superior with its
much shorter half-life, much lower leakage as the
particles are larger, which reduces integrated
dose to other organs. Same day discharge is
possible cf 2-3 days hospitalization for Y-

90.1^Dy-HMA (hydroxide macro-aggregates)
is even more superior with lower leakage again
(ANSTO patent).

89



Stenosis of coronary arteries with Re-188

Balloon angioplasty was introduced in 1977 and
is the standard method of treating the narrowing
or constriction of the coronary artery (stenosis).
However, some 30% of all angioplasty
procedures are subject to re-stenosis, and
ionising radiation is now gaining a place in its
management Radioactive stents are employed
used Ir (gamma emitter) or the beta emitters
32 ^ S 9 1 ^32P or ^Sr/91^ in the form of seeds or wires, or a
radioactive liquid in the angioplasty balloon. The
nuclide of choice is now considered to be 188Re
as both J 2 P and 90Y are relatively long lived
compared with the 17 hhalf life of 188Re. Re-188
can be obtained from its parent W-l 88 with half
life of 69 days29'30.

6 CONCLUSIONS

Radioisotopes have various and complementary
roles in therapy for cancer and other diseases.
Long range beta emitters are indicated for the
treatment of clinical tumours, whereas alpha
therapy is appropriate for micrometastases.
Subclinical lesions may need both approaches for
success. Beta emitters with shorter half lives are
preferred for local therapy, as in synovectomy
for palliation of bone cancer.
New clinical trials are in progress for testing
targeted therapies at St George Hospital. In
particular, a phase 1 study of 1 'i-sibrotuzumab
for patients with advanced or metastatic non-
small cell lung cancer; a phase 2 study of the
efficacy of ^ - S M T 487 for refractory small cell
or advanced metastaric breast cancer expressing
somatostatin receptors; and a phase 1&2 clinical
trial of intralesional TAT of sc, recurrent
melanoma This will be followed by phase 1
trials of TAT for breast and prostate cancer once
animal dose tolerance studies have been
completed and funding obtained.
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