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reliminary reports suggest some
therapeutic efficacy (however limited)
after administration of high doses of
the WIn-labeled somatostatin analog
[I I â€˜In-diethylenetriaminepentaacetic

acid (DTPA)-D-Phe']-octreotide Qlâ€˜In
octreotide) in patients with unresecta
ble, somatostatin receptorâ€”positiveneu
roendocrine tumors (1â€”5). The â€˜y
emission energy of â€œIncauses mini
malcelldamage(6), sotheseradiobio
logic effects have been reasonably at
tributed to the low-energy Auger and
conversion electron emissions of this
radionuclide.Becauseof the short
rangesof theselow-energyelectrons
(:@1 tim), the findings imply that the
complex formed on the cell membrane
is internalized on binding of radiola
beled octreotide to the somatostatin
receptors,with subsequenttransloca
tion of the radiopharmaceutical across
the cytoplasm either into or in close
proximitytothecellnucleus.

The article by Tiensuu Janson et al.
(7) in this issue of The Journal of
Nuclear Medicine, examining in pa

tientsthetreatmentof neuroendocrine
tumorswith@ 1â€˜In-octreotide,provides
the first in vivo experimental evidence
for the translocation of this radiophar
maceutical to the cell nucleus. This
workcomplementsearlierinvitrostud
ies based on the incubation of tumor
cellswith thesameradiolabeledagent
(8) and ongoing clinical trials with

â€œIn-octreotide (1â€”5).Through find
ings that support the hypothesis of
nuclear localization as the basis of the
therapeutic effect of this radiotracer,
the investigatorssignificantlycontrib
ute to our understanding of the mecha
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nisms of its cellular uptake and subcel
lular localization and give new impetus
to attempts at radiometabolic therapy
of tumors based on Auger electron
emitters.

The useof@@ â€˜In-octreotidefor the
treatment of neuroendocrine (and other)
tumors raises some questions about the
appropriateness of the Auger emission
approach. Although many studies have
shown that the decay of low-energy,
electron-emitting isotopes within the
nuclei of mammalian cells is highly
toxic (9â€”13)and therapeutically effica
cious in experimental animal models
(14, 15), the transfer ofthese expenmen

tal results to human clinical trials has
sofarbeenlimited(16â€”18).Anythera
peutic approach based on Auger elec
tronâ€”emittingradionuclidesmusttake
into consideration the major biophysi
calfactorsunderlyingtheradiobiologic
effects of Auger electron emission. In
Figure 1, the 3 red schematic targetlike
stars superimposed on the electron mm
croscopy structure of a single neuroen
docrine tumor cell symbolize the ioniza
tion range produced by the Auger
electrons emitted during the decay of
I 1â€˜In.The scale of this representation is

roughlyapproximatein termsof cell
diameters.Ionizationsare highestin
theimmediatelocalityof thedecaying
atom, but they extend approximately 1
@tmin every direction. The positions of

the 3 starscorrespondto 3 different
phases of an internalization process
suchasthatshownby TiensuuJanson
et al. (7) for â€œIn-octreotide. The loca
tion on the cell membrane (right upper
corner of Fig. 1) symbolizes binding of
the tracer to the somatostatin receptors,
whereas subsequent internalization of
the receptorâ€”ligand complex and trans
location of radioactivity through the
cytoplasmic compartment and into the
nucleus are indicated by the other 2
stars. This schematic representation

clearlyshowsthat effective(desired)
radiotoxicity caused by Auger elec
tronsoccursonlywhenthelow-energy,
short-range electrons produced by ra
dioactive decay are within the cell
nucleus or very close to it. Moreover,
radiotoxicityis limited to the single
cell that has incorporated radioactivity,
because no cross-fire effect ensues with
Auger electrons. By contrast, a par
tides (e.g., emitted during the decay of
211At)andhigh-energy@3particles(e.g.,
emitted during the decay of â€˜@â€˜I)have a
range that roughly corresponds to few
(â€”5â€”7)and many (â€˜â€”50-250)cell diam
eters, respectively. When radioactive
decay leads to the emission of high
energy a or @3particles, the location of
the decaying atom within the cell
nucleus is not an absolute prerequisite
for effective radiotoxicity. The implica
tion is that radioactivityheteroge
neously deposited in a given tissue will
generate a cross-fire effect that in
volves not only the single tumor cell
that has bound or incorporated the
radiopharmaceuticalbut also nearby
cancerouscellsnestedwithintherange
of the emitted particles. These highly
penetratingionizingparticlescanalso
induceradiotoxicityin normaltissues
surrounding tumors, a situation not
seen with Auger electronâ€”emitting ra
dionuclideswhenconfinedonlytotheir
intendedtargets.In all suchradionu
clide-based therapies, normal tissues
must not accumulate radioactivity in
amounts that can induce unacceptable
systemic radiotoxicity.

The observations reported by Tien
suu Jansonet al. (5,7), aswell asresults
obtained by other investigators, consis
tenfly indicate that somatostatin ana
logs such as octreotide are indeed ad
equate carrier molecules for bringing
radionuclides into the cell nucleus of
neuroendocnne tumors (19â€”23),a fun
damental criterion for any desired radio
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FiGURE1. Schematicrepresentationof
ionization ranges (targethkered stars) pro
duced by Auger electrons and conversion
electrons emitted during decay of 1111n,su
penmposedon ultrastructuralimageof neu
roendocrine tumor cell. Size of ionization
range is scaled to size of cell. Locationsof
redstarscorrespondto 3 phasesof internal
ization: binding of radiolabeledsomatosta
tin analog to specific receptoron cell mem
brane (right upper corner), translocationof
radioactivity across cytoplasmic compart
ment, and final location within cell nucleus
(mid lower portion of figure). Ultrastructure
of cell shows main features of neuroendo
crimetumor cells: neurosecretorygranules
(dark organelles scattered throughout cyto
plasm),disruptedmitochondria(particularly
in portion of cell to right of nucleus), dilated
vacuoles (abnormal lysosomes, directly
above nucleus), and condensed nuclear
chromatin.
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toxicity based on Auger electron emis
sion. Once the Auger electronâ€”emitting
radionuclide is located in the cell
nucleus, its physical half-life and resi
dence time within the targeted cell
nucleus must be sufficient to provide
the number of decays required to stenl
ize the tumor, generally 5 logarithms of
cell kill.

This outline of the fundamental fea
tures relating to the radiobiologic ef
fects of low-energy Auger electrons,
high-energy electrons, and a particles
gives rise to other questions about the
therapy of neuroendocnne tumors with
radioactive analogs of somatostatin. In
particular, is Auger electron emission
the optimal choice for such treatment?
The most crucial factor for tumor
therapy based on Auger electron emit
ters is the fraction of tumor cells actu
ally incorporating radioactivity after
the systemic administration of a la
beled somatostatin analog; this factor
is a consequence of the lack of cross
fire effect. The somatostatin analogs
used in this therapeutic approach have
3 characteristicsthatmakethemappro
priate. First, they have a low molecular
mass (â€”1400 Da), thus diffusing in
tissuemuchmoreeasilythan,for ex
ample, monoclonal antibody tracers
used for tumor-targeting purposes. Sec
ond, expression of somatostatin recep

tors on the cell membranes of neuroen
docrine tumors is much more
widespreadandhomogeneous(among
cells and cell nests), as shown by
autoradiographic analysis (24) and im
munohistochemical analysis (25), than
is the expression of, for example, con
ventional tumor-associated antigens.
Third, the internalization of â€˜1â€˜In
octreotide by virtually all tumor cells
has been shown by ultrastructural auto
radiography (7). Therefore, some thera
peutic efficacy in the treatment of neu
roendocrine tumors with somatostatin
analogs labeled with Auger electron
emitting radionuclides is expected. Ho
mogeneous expression of somatostatin
receptors is also a good prognostic
factor when the therapeutic approach is
based on radionuclides emitting higher
energy particles, such as is currently
being pursued by other groups (26,27).

Is â€œInthe optimal Auger electron
emitter for the therapy of neuroendo
crimetumors?Some basicconsider
ations relating to the physics of Auger
electron emission and to radiochemis
try are important here. With respect to
the physics, several Auger electron
emitting radionuclides are suitable in
principle for use in tumor targeting.
They include halogens (125I,1231,@Â°â€˜@Br,
and 77Br) and metals (201T1, l95m@,
193mpi@, il4mln, â€˜11In, @â€œ@Tc,67Ga, 55Fe,

and 51Cr). Among these, l95m@exhibits
the highest Auger electron yield, with
an average of 33 electrons emitted per
decay versus 21 electrons for 1251,11
electrons for 1231,8 electrons for â€œIn,
and even smaller numbers (between 7
and 4) for 77Br,67Ga, 55Fe, and @Â°@Tc,to
mention just a few of these potential
candidate radionuclides (13,28). The
amount of energy deposited per decay
in a 5-nm sphereis correspondingly
much higher for 195@N(2000 eV) than
for â€˜@I(1000 eV), 1231(550 eV), and
UlIn (450 eV) (13,28). However, plati
num is not available in carrier-free
form, and cost-related considerations
and physical or chemical consider
ations restrict the choice to@ 1â€˜Inand to
the 2 iodine radionuclides.Among
these, 125J has a greater number of
electrons emitted per decay. Because
this radionuclide also has a longer
half-life (60 d), the total number of
decays taking place during its resi
dence within the targeted cells will be
greater.Consequently,this radionu
clidealsoseemsto be a betterchoice
than@@ â€˜Infor the therapy of neuroendo
crime tumors based on somatostatin
analogs labeled with Auger electron
emitting radionucides.

Radiochemical consideration favors
1251 as well. Current attempts at tumor

therapy with radiolabeled somatostatin
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analogsrely on eitherDTPA chelate
chemistry (such as@@ â€˜In-octreotide)or
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recently developed DOTA chelate
chemistry (such as [90Y-DOTA-D-Phe'-
Tyr3]-octreotide, in which DOTA stands
for 1,4,7, 10-tetraazacyclododecane
N,N',N' â€˜â€˜-tetraacetic acid). The
DOTA conjugate, labeled with either REFERENCES
90Y or 125!, appears to possess even
better tumor-targeting properties than
theoriginalDTPAconjugateoctreotide
(23,29â€”31). Good internalizing proper

tiesare alsosharedby otherrecently
developed somatostatin analogs con
structed for radioiodination (22). Previ
ous concerns about the suitability of
iodine radionuclides for stable labeling
of somatostatin analogs (32) are not
justified in the case of 1251,because
much less autoradiolysis occurs with
this radionuclide (even at very high
specific activity) than with â€˜@â€˜I.

Fromtheavailableexperimentalevi
dence, we believe that targeting of
neuroendocrine tumors with radiola
beled somatostatin analogs meets the
criteria for successful therapy based on
Auger electron emission. Despite the
somewhat encouraging results reported
so far with â€œInas a source of Auger
electrons, radiochemical and radiobio
logic considerations point to 1251as the
radionucide of choice for such an ap
proach, pmvided that analogs with high
receptoraffinityandlongintracellular
residencetimesare usedfor carrying
the radionuclide into the cell nucleus.
Given all these prerequisites, this ap
proach may lead to the first successful
clinical attempt at tumor therapy based
on Auger electron emission. A recent
article published by Hornick et al. (33)
provides further evidence, based on an
in vitro experimental model, for an
efficient translocation and binding to
cell nuclear structures of radiolabeled
somatostatin analogs in tumor cells
bearing somatostatin receptors on their

cell membranes.
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