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Targeting the Nucleus: An Overview of Auger-Electron Radionuclide
Therapy
Bart Cornelissen* and Katherine A Vallis
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Abstract: The review presented here lays out the present state of the art in the field of radionuclide therapies specifically
targeted against the nucleus of cancer cells, focussing on the use of Auger-electron-emitters. Nuclear localisation of radionuclides increases DNA damage and cell kill, and, in the case of Auger-electron therapy, is deemed necessary for therapeutic effect. Several strategies will be discussed to direct radionuclides to the nucleoplasm, even to specific protein targets within the nucleus. An overview is given of the applications of Auger-electron-emitting radionuclide therapy targeting the nucleus. Finally, a few suggestions are made as how radioimmunotherapy with nuclear targets can be improved,
and the challenges that might be met, such as how to perform accurate dosimetry measurements, are examined.
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1. INTRODUCTION
The management of solid cancers relies on a combination
of surgery, systemic chemotherapy and locally delivered
radiotherapy. External beam X-ray radiotherapy (XRT) is
used in approximately 50% of all cancer patients as it is able
to cause DNA damage to tumour cells, thereby initiating
apoptosis, senescence, necrosis, genetic instability, mitotic
catastrophe and eventually tumour regression [1, 2]. XRT, as
a stand-alone modality or in combination with chemotherapy, has a good record in the management of locally confined disease, but is not effective for metastatic lesions or
disseminated disease. Radionuclide therapy uses radioisotopes that emit charged particles such as electrons or alpha
particles to cause DNA damage and kill the tumour. These
radionuclides are sometimes used as such, as is the case for
131
I for thyroid ablation therapy [3], or 89Sr for the management of pain due to bone metastases [4]. More often than
not, the radionuclides are incorporated in a “carrier” molecule, which delivers the radionuclide to the tumour. This
carrier can be (1) a small molecule (e.g. 125/131I-labelled
metaiodobenzylguanidine (MIBG), 211At-labelled metaastatobenzylguanidine (MABG), 32P-orthophosphate, 153Smethylenediamine tetra(methylene phosphonic acid) (EDTMP)
or 186Re-1-Hydroxy Ethylidene-1,1-Diphosphonic Acid
(HEDP)); (2) a peptide (111In-octreotide, 177Lu-octreotide);
(3) a protein (111In-labelled epidermal growth factor (EGF)),
(4) an oligonucleotide, (5) an affibody or antibody or its
fragments (211At-anti-Her2 affibodies, Bexxar, Zevalin), or
(6) a nanoparticle into which one of the above is incorporated. This complex of radionuclide and carrier molecule is
referred to as a radiopharmaceutical. Once a radiopharmaceutical is localised in a cancerous lesion, it can irradiate the
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tumour from within. Because of tumour-specific delivery,
radionuclide therapy is also called targeted or molecular radiotherapy (tRT). Where antibodies or peptides are used to
guide the radionuclide to epitopes or receptors on malignant
cells, the terms radioimmunotherapy (RIT) or peptide receptor radionuclide therapy (PRRT) are used, respectively. Especially for non-resectable or metastatic disease, tRT can be
a valuable addition to the therapeutic repertoire.
The types of radionuclides used for tRT emit either 4He2+
particles (alpha-particles), high energy electrons originating
from the isotope’s nucleus (beta-particles), or low energy
electrons from the electron mantle (Auger-electrons (AE),
Coster-Kroning (CK) and super-Coster-Kroning electrons
(sCK), and internal conversion electrons (CE)) [5-7]. All of
these particles can result in DNA damage, and all do so by
causing direct damage to DNA, as well as ionisation of water
molecules, creating reactive oxygen species (ROS), which in
turn cause secondary ionisations and damage of DNA. The
contribution of direct DNA ionisation is believed to be much
higher for high linear energy transfer (LET) particles like
alpha-particles and Auger-electrons, compared to low-LET
radiation like XRT and beta-particles [5-17]. The range or
track-length of alpha and beta particles depends on their kinetic energy, but ranges from 50 to 100 μm for alpha particles and is in the centimetre range for beta particles. Therefore, alpha- or beta-emitting isotopes are able to deposit their
energy into cells, and cause DNA damage, even if their decay takes place outside those cells. The case for AEs is very
different as their track length is much shorter, 1 nm to 30 μm
in water, depending on their kinetic energy. In the case of
125
I, most of the AE have a low energy, and most of the energy is deposited in a very small sphere around the decaying
radionuclide - up to 107 Gy in a 5 nm sphere [18] - causing a
large number of ionisations, although the more energetic AE,
CE, and diffusion of long-living ROS can induce ionisations
micrometres away from the decay site [19]. When emitted in
the nucleus, Auger-electrons exhibit the characteristics of
© 2010 Bentham Science Publishers Ltd.
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high linear energy transfer (LET) particles [18]. CK and sCK
electrons have even lower kinetic energies and cause less
ionisations than AE. CEs have higher energies, and have a
much larger range compared to Auger-electrons, some as
large as 250 μm (for 125I, at least [20, 21]), and are also less
densely ionising [22, 23]. An overview of a selection of
Auger-electron-emitters and their characteristics is given in
Table 1.
The review presented here, will mainly focus on the use
of Auger-electron-emitting radiopharmaceuticals for tRT.
2. AUGER-ELECTRON THERAPY: WHY IS NUCLEAR TARGETING NECESSARY?
Auger-electrons, discovered in 1922 by Lise Meitner [24]
and in 1923 by Pierre Auger [25], are formed when after
electron capture, the vacancy created in an inner shell is
filled with an electron from a higher energy level. Most of
the excess energy is emitted as X-ray energy, but some is
released as kinetic energy given to another electron, then
called Auger electron, which is emitted. [5, 8, 26-29]. A
summary of the characteristics of Auger-electron-emitters
and their emissions is given in Table 1.
The Auger-electron-emitters mainly used for in vitro or
in vivo therapy are 125I, 111In, and 123I; and to a lesser extent
67
Ga, 99mTc, and 201Tl [9, 29]. 125I is the most studied Augerelectron-emitter, and has been used for many in vitro experiments, studying the different effects of low-energy electrons on DNA [9, 18, 30-32]. Its long half-life, 60 days,
however, makes it somewhat less practical for clinical applications. The physical half-life of the radionuclides should
preferably be in the same order of magnitude as the biological half-life. A too long physical half-life increases the necessary amount of radionuclides to be delivered to the tumour
cells to allow for reasonable amounts of decays before excretion. A shorter physical half-life, on the other hand, will not
give enough time for the targeting process to take place. It
seems reasonable to assume that the most suitable physical
half-lives range from a few hours up to some days when targeting of disseminated cells is considered. Longer physical
half-lives (up to one or a few weeks) might be desirable if
high uptakes in solid tumour masses are needed.
The use of low-energy electrons has some advantages
over the use of high-energy electron beta-emitters. Because
of their long range, beta-particles will overshoot single disseminated cells and small metastases [19, 33-37]. Instead,
most of the damage will be done in the surrounding healthy
tissues. Auger-electron-emitters therefore cause much less
off-target effects than beta-emitters. On the other hand, for
larger tumours, this cross-firing from beta-emitters will result in a more homogeneous deposition of energy in the tumour mass even if the radiopharmaceutical has an uneven
distribution inside the tumour [38-40]. Also, for larger tumours, a much larger number of Auger-electron-emitting
radionuclides is needed to cause the same cytotoxic effects,
unless the Auger-electrons are emitted inside the cell’s nucleus. In a study by Capello et al., the influence of tumour
size on the effectiveness of 111In-octreotide peptide receptor
radionuclide therapy (PRRT) was evaluated [38]. In rats
bearing small (<1 cm3) tumours, complete responses were
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observed, but only partial tumour regressions were observed
in the rats bearing larger (> 8 cm3) lesions. Auger-electron
therapy can thus be compared conceptually with alpha- and
beta-therapy based largely on their pathlength and their LET.
Direct comparison of the various Auger electron emitting
isotopes with each other, however, is complicated by the
diverse electron emission spectra of these isotopes. For example, 125I emits on average 12.2 Auger-electrons per decay,
compared to 6.8 Auger-electrons emitted per decay by 111In,
but for 111In the average energy of the AE is higher, and it
emits more than three-fold more higher-energy conversion
electrons, and is accompanied by two gamma-photon emissions which are considerably higher in energy than the 35
keV photon from 125I (Table 1) [19, 41].
The relatively short range of most Auger-electrons necessitates the proximity of the radionuclide to the DNA. Microdosimetric modelling shows that, when placed inside the
nucleus of a cell, the amount of energy deposited by Augerelectron-emitters on the DNA is approximately 30-fold
higher than when it is placed on the membrane [42-44],
highlighting the need for nuclear localisation [19, 45, 46].
Therefore, the carrier molecule transporting the radionuclide
must direct it there. This can be achieved by (1) allowing the
carrier to be built into DNA, as for example is the case with
125
I-labelled 5-iododeoxyuridine (125I-IUdR) [47-49]; (2)
translocation of the radioisotope to the nucleus, as for 111Inoctreotide [50], 111In-labelled epidermal growth factor (EGF)
[51-54], or radiolabelled steroids such as 125I-tamoxifen [5558], by using the normal nuclear translocation of the targeted
receptor (somatostatin (sst), EGF receptor (EGFR), or estrogen receptor (ER) respectively); (3) using peptides or proteins that have been modified to include a nuclear localisation sequence (NLS) [59, 60]; (4) making use of the ability
of radiolabelled oligonucleotides or peptide nucleic acids
(PNAs) to bind to nuclear DNA [7, 19, 61-63]. Examples
from these categories will be highlighted in section 3 of this
review.
Internalisation and nuclear localisation is not necessary
for successful targeted radiotherapy using alpha or betaemitters. This is due to their longer path length, causing ionisations more than one cell diameter away from their site of
decay. However, if a radiopharmaceutical is internalised into
cancer cells, it is retained longer within the tumour. This will
result in increased dose deposition within the tumour, and
consequently increased cell kill. Moreover, when translocated to the nucleus, this effect is even more pronounced,
especially for internalising proteins directly iodinated on a
tyrosine residue, as nuclear localisation decreases the possibility of lysosomal degradation and excretion of radioiodide
[64]. Also, the possibility of cellular internalisation and nuclear translocation unlocks all intracellular and intranuclear
epitopes as potential targets, rather than being limited to extracellular or membrane-embedded epitopes.
For Auger-electron-emitters, nuclear localisation leads to
a 30-fold increase in absorbed dose to the nucleus, and the
DNA contained within it [43]. Therefore, nuclear localisation is the norm for Auger-emitting radiopharmaceuticals for
therapy. Auger-emitters that are bound to or associated with
DNA, such as 125I-IUdR [65], 111In-labelled oligonucleotides
[66], or 111In-EGF [51], will be more effective than radio-
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The Properties of Some Auger-Electron-Emitters (Adapted from Buchegger et al. [19, 41, 259]
125

I

111

In

123

99m

I

Tc

67

201

Ga

Tl

Half-life (days)

59.4

2.80

0.55

0.25

3.26

3.04

Number of Auger electrons/decay

24.9

14.7

14.9

4.0

4.7

36.9

12.2

6.8

7.4

0.9

6.3

15.3

0.02 - 30.3

0.04 -25.6

0.02 -30.35

0.2 - 17.8

0.9 - 9.4

0.07-66.9

1.5nm - 14.0μm

0.25nm - 13.6μm

0.5 nm - 13.5 μm

13nm - 6.5
μm

0.1 - 2.7 μm

3 nm - 40μm

CE electrons/decay

0.9

0.2

0.2

1.1

0.3

1.1

CE Energy (keV/decay)

7.2

25.9

20.2

15.4

28.1

30.2

CE energy range (keV)

3.7-35

145-245

127-159

100-140

82-291

1.6-153

Range of CE in water (μm) †

0.7-16

205-622

100-130

70 – 112

50-300

0.2-126

Associated gamma emissions (keV)

3535

171.3, 245.4

159.0

140.5

9.1, 9.3, 184,
209, 300, 393

135.3, 167.4

Total energy/decay (keV)

61.4

419.2

200.4

142.6

201.6

138.5

Total energy deposited per decay
( 10-14 Gy kg /Bq /s)

1.0

7.0

3.2

2.3

3.14

2.2

Auger electron Energy
per decay (keV)
AE energy range (keV)
Range of Auger electrons in water †

†estimated using data from Emfietzoglou et al. [259].

pharmaceuticals merely taken up in the nucleoplasm. However, there is an increasing body of evidence to suggest that
nuclear uptake is not strictly required for Auger-electronemitters to exhibit cytotoxic effects. Pouget et al. describe
successful tRT in A431 and SKOV cells using 125I-labelled
non-internalising antibodies [67, 68]. Using these noninternalising (or better, sparingly internalising) antibodies, in
vivo tumour growth delay was observed. More recently, our
group has studied the cytotoxicity of the 111In-labelled, noninternalising peptide, F3 1. In our hands, the F3 peptide was
shown to have very limited internalisation into a range of
cell lines, and to exhibit no significant nuclear localisation.
Nonetheless, 111In-F3, like 213Bi-F3 [69], but not unlabelled
F3 peptide, was shown to induce a marked drop in clonogenic survival in vitro, as well as tumour growth delay in
vivo. The mechanism by which membrane-associated Augerelectron-emitters cause cytotoxicity has not yet been elucidated.
Even if nuclear localisation is accomplished, it will be
almost impossible to target every single cell in a tumour.
Given the limited physical cross-fire and short path-length of
Auger-electrons, this would mean that only a limited number
of cells get damaged directly by the Auger-electrons. The
radiation-induced bystander effect (RIBE), however, might
be able to induce cytotoxicity in neighbouring cells that have
not been directly irradiated themselves [6, 70-73]. Reviewed
extensively elsewhere [49, 74-77], the XRT-induced bystander effect has an extensive contribution to tumour
1
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growth delay, and bystander effects resulting from Augerelectron therapy have been described [49, 71, 72, 76, 78].
Xue et al. demonstrated RIBE in vivo with donor-cells
treated with milliBequerel amounts of 125I-IUdR per cell,
which are typical amounts for Auger-electron therapy [78].
Although its mechanisms are still poorly understood, it is
thought that the irradiated cell (donor) signals to the nonirradiated cell (acceptor) though either cell-cell gap junctions, or in a paracrine way via excreted signalling factors.
The identity of the signalling factors involved in AEmediated RIBE remains to be elucidated. A review on XRTmediated bystander effects mentions lipid peroxide products,
inosine nucleotides and cytokines such as tumour necrosis
factor- (TNF), but underlying their actions is the involvement of ROS such as superoxide radicals [79].
3. HOW TO TARGET THE NUCLEUS: EXAMPLES
Below is an overview of the molecules and molecular
targets that have been used in the past, without the goal of
giving an exhaustive listing of the applications of Augerelectron therapy. Here, we have broken down this list by the
carrier molecule used to deliver the Auger-electron-emitting
radionuclide, into (1) small molecules, (2) oligonucleotides
and PNAs, (3) peptides, (4) proteins, and (5) antibodies. A
schematic overview of the trafficking and nuclear localisation of Auger-electron-emitters is shown in Fig. (1).
3.1. Small Molecules
3.1.1. 123/125I-deoxynucleotides
The first and most extensively studied Auger-electronemitting radiopharmaceutical is 125I-labelled iododeoxyuridine, or 125I-IUdR [80]. Its applications have been reviewed
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Fig. (1). A schematic overview of the trafficking and nuclear localisation of Auger-electron-emitting radiopharmaceuticals (AER). AER can
damage and kill cells by inducing membrane damage, or by internalising into the cell. Internalisation can occur via receptor- or cellpenetrating-peptide- mediated endocytosis, or happen via diffusion or transfection. Once in the cell, AER internalised by endocytosis escape
from the endosome, or are degraded by lysosomes. Nuclear localisation takes place via receptor-mediated nuclear transport, or via the nuclear pore complex, which can happen via diffusion for smaller molecules, or via nuclear localisation sequence (NLS)-mediated active transport. AER can bind covalently to DNA, intercalate in the DNA helix, interact with chromatin via receptors and scaffolding proteins, or cause
ROS species. All of the above results in DNA damage, which is either repaired, or leads to cytotoxicity. Even in cells which have not been
affected directly by AER, the radiation-induced bystander effect (RIBE) can induce cytotoxicity via excreted signalling factors.

in more detail elsewhere [12]. Since the first studies in the
1970s [81-83], it has advanced to phase I clinical trials [84,
85]. 125I-IUdR or indeed, 123I-IUdR is taken up by tumour
cells, where it is phosphorylated by thymidine kinase and
thereby trapped in the cell, and is incorporated into DNA
during the S-phase of the cell cycle instead of thymidine. Ex
vivo, nuclear localisation in tumour tissue was shown using
micro-autoradiography [12, 86]. Although 125I-IUdR exhibited rapid washout in humans and low tumour uptake (0.0050.234) [12], tumour to non-tumour ratios were excellent, and
tumour control and cure have been observed in the clinic.
The main disadvantages of using labelled deoxyribonucleotides are their rapid washout and the limitation to only target
cells in the S-phase of the mitotic cycle. Although the percentage of cells in S-phase in the tumour is higher than in
normal tissues, only a limited number of cells can be targeted. RIBE is thought to be responsible for the remaining
cytotoxicity [49, 72, 78]. Alternatively, it has been suggested
that multiple administrations, effectively dose fractionation,
of 125I-IUdR could improve cell kill and cure rates. A second
way to overcome the short biological half-life of 125I-IUdR

after systemic administration is to deliver the radiopharmaceutical locally. This technique has been applied successfully
in mouse tumour models of bladder, brain and spinal cord.
Other methods have been described by Buchegger et al. [19].
Based on the same concept of radiolabelled deoxyribonucleotides, a number of other compounds have been developed. [123I]-5-I-4’-thio-2’-deoxyuridine (123I-IUTdU) was
synthesised by Reske et al. and shown to cause cell kill in
beta-radiation-, gamma-radiation- and doxorubicin-resistant
leukaemia cells [87]. Several other groups have utilised
thymidine kinase (TK) to selectively trap more radiolabelled
thymidine or uridine into cells, by using virally-induced gene
expression of this enzyme. 123I-FIAU has been reported to
internalise into TK-transfected cells, and to be taken up into
the nucleus with cytotoxic effects (Al-Derwish, Mairs, Boyd
et al., unpublished results; [88]).
3.1.2. 123I-MIBG
The well characterised radiopharmaceutical 123/131I metaiodo-benzyl-guanidine (MIBG) is applied for the detection
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and therapy of various tumours such as phaeochromocytomas, neuroblastomas and carcinoids. Radioiodinated
MIBG is selectively concentrated in neuroendocrine tumors
via the noradrenaline transporter (NAT), resulting in selective irradiation of the target tumor cells with relative sparing
of normal tissues not expressing NAT. At least in phaeochromocytomas, MIBG uptake is based on a specific
catecholamine type I active uptake mechanism and stored in
adrenergic storage vesicles [89]. The Auger-electron emission of 123I-MIBG was used by Reingard, Zalutsky and
Reilly for the therapy of neuroblastoma cells and spheroids
[90-97]. Some studies on the bystander effect have been performed using 123I-MIBG [72], and are reviewed by Mairs
[71].
3.1.3.

125

I-Steroids

The use of radiolabelled steroids to target steroidreceptor-rich tumour cells has been suggested as early as
1980. Radiolabelled estrogens and ER antagonists bind to
the ER, a nuclear membrane receptor, which then translocates to the nucleus. This strategy has been explored using
estrogens and androgens labelled with such radioisotopes as
123
I, 125I, or 80mBr [98-100]. The use of 125I-labelled tamoxifen, an oestrogen receptor (ER) antagonist, was described by Bloomer et al. [101]. Although 123I-tamoxifen has
been used as a diagnostic tool to determine ER status in patients with breast or head-and-neck cancer [102], and its potential use as a therapeutic tool has been suggested since the
80’s, there are no reports of the use of radiolabelled steroids
as a clinical therapeutic agent. In vitro, 123I-estrogen (123I-IE)
therapy has proven successful in ER-transfected CHO cells
and in ER-positive MCF-7 cells, both in monolayer and
spheroid cultures reported by Kearney et al. [37, 99, 103106] and Schwartz et al. [107]. The latter showed for example that an increasing amount of 123I-IE in cells caused increased amounts of DNA single and double strand breaks
(ssb and dsb), as well as chromosomal breaks, and that this
correlated with survival. Beckmann et al. proved the nuclear
localisation and ER-specific uptake of 125I-IE, and also studied chromosomal breaks caused by 125I-IE, but did not quantify this [108]. Neto et al. reported the influence of various
chemical modifications on the binding affinity of 125Ilabelled estrogens [109], which has a great impact on therapeutic effectiveness, as shown by Desombre in a mathematical modelling paper [105]. More recently, Fisher et al. have
used a radioiodinated (123I, 123I and 131I) version of the ER
antagonist diethylstilbestrol (DES), which caused a decrease
in cell proliferation, and showed an increase in cell apoptosis
[110]. In conclusion, the study of radiolabelled estrogens for
tRT has produced some promising findings in terms of tumour specificity, nuclear localisation and tumour cell survival, but these results have yet to be translated to the clinic.
3.1.4. 111In-bleomycin
In easily forms a complex with bleomycin (111InBLMC) [111, 112], and it has been observed to be a tumourtargeting agent in head-and-neck squamous cell carcinoma
and glioma patients, thus being a useful diagnostic tracer
[113-116]. In an autoradiography study by Hou and Maruyama, 78% of 111In-BLMC was localised in the nucleus and
nuclear membrane of human small cell lung cancer cells
111
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[117, 118]. 111In-BLMC induced more chromosome aberrations than BLMC [118, 119]. The cytotoxicity of 111InBLMC has been demonstrated in human small cell lung cancer and head-and-neck carcinoma cell lines [120-122].
Moreover, in glioma- or head-and-neck-tumour xenograft
bearing nude mice, 111In-BLMC diminished tumour size better than unlabelled BLMC [123-125]. 111In-BLMC is stable
in vitro and in vivo and because it does not bind to transferrin, it does not cause toxicity to the bone marrow [117, 126128]. 111In-BLMC was used in phase I clinical studies, and
the biodistribution, pharmacokinetic behaviour and dosimetry was determined [113], but therapeutic studies were not
performed.
3.1.5. 191/193mPt-Cisplatin
The platinum core of the chemotherapy agent, cisplatin,
can be replaced by Auger-emitting Pt isotopes, such as 191Pt,
193m
Pt, or 195mPt. Howell et al. reported that 193mPt-cisplatin
increased the survival of mice injected with B16 melanoma
cells, compared to cisplatin [129]. Also, 191Pt-cisplatin was
more effective than non-radiolabelled cisplatin in controlling
the growth of human squamous-cell carcinoma xenograft
tumours in a mouse model [130, 131]. Indeed, the cytotoxicity of 5 mg/kg of 191Pt-cisplatin was estimated to be equivalent to that of 9 mg/kg of unlabelled cisplatin. Further
evaluation of 191Pt-cisplatin in Wistar rats revealed no increase in toxicity to the liver, kidneys, or bone marrow,
compared to cisplatin [131].
3.1.6. Others
Other small-molecule Auger-emitting radiopharmaceuticals include 125I-daunorubicin, 111In-folate, and 125Iplumbagin. 125I-daunorubicin was synthesized by Ickenstein
et al. [132]. Cell growth of SK-BR-3 cells was inhibited by
125
I-daunorubicin, but not by unlabelled daunorubicin, or by
127
I-daunorubicin. Nuclear targeting was demonstrated by
fluorescence microscopy. Fondell et al. packaged a 125Ilabelled doxorubicin analogue in a PEG-stabilised EGFconjugated liposome nanoparticle dubbed nuclisome [133].
Nuclisomes targeted EGFR-positive cells, and 125Idoxorubicin was internalised. It was previously shown that it
was then transported to the nucleus, intercalated into DNA
and caused DNA double strand breaks [133]. Doubling time
of EGFR-positive U-343 cells was decreased approximately
3-fold by 125I-doxorubicin nuclisome treatment.
3.1.7. Oligonucleotides/PNAs
The natural ability of oligonucleotides and the oligonucleotide mimetic peptide nucleic acids (PNAs) and phosphorodiamidate morpholinos (MORF), to anneal with RNA
and DNA makes them an appealing vehicle to bring radionuclides in close proximity to the RNA/DNA. Both 125I and
111
In have been used to radiolabel oligonucleotides and have
been applied successfully to target over-expression of certain
genes involved with cancer. The biggest disadvantage is that
predominantly mRNA is targeted, which is mainly localised
in the cytoplasm, and not in the nucleus where the Augerelectron emissions would be more effective. One way to circumvent this, is to increase nuclear targeting of the radiooligonucleotides, which can be achieved by forming a complex of the oligonucleotide with the cell penetrating peptide
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(CPP) TAT, which contains a nuclear localisation sequence
(NLS) [60].
Zhang et al. synthesised 125I-labelled triple-helix forming
oligonucleotides (TFO) against the mRNA and DNA encoding the androgen receptor, which is overexpressed in prostate
cancer [134]. In a mouse model, subcutaneous tumour
growth was inhibited and androgen receptor mRNA and protein expression decreased by 125I-TFO more effectively than
by unlabelled TFO. Remarkably, the 125I-TFO was injected
without the aid of any transfection agents or other vehicles.
Cheng et al., by contrast, packaged 125I-oligonucleotides
directed against the -fetoprotein gene in a chitosan nanoparticle [135]. Inhibition of the growth of the hepatic cancer cell
line HepG2 by chitosan-packaged 125I-oliginucleotides was
two-fold better compared to non-packaged oligonucleotides.
Watanabe at al. used 111In-labelled antisense (AS) oligonucleotides against c-myc mRNA for Auger-electron therapy
of neuroblastoma [63]. Packaged within a cationic reverse
phase evaporation nanoparticle, 111In-AS exposure reduced
c-myc mRNA expression and tumour cell proliferation in
vitro, compared to unlabelled AS control. In vivo, 111In-AS
was marginally better in controlling tumour xenograft
growth than unlabelled AS and vehicle controls.
3.2. Peptides
Radiolabelled peptides have been very extensively studied for use in radionuclide therapy. This is due to their excellent binding efficiencies, selectivity, and favourable pharmacokinetic behaviour. PRRT is discussed more extensively
elsewhere, and we will focus here only on the Augerelectron emitting radionuclide labelled versions. Radiolabelled somatostatin analogues have been studied extensively
– more than 200 papers have been published on the subject
since 1990. Mainly 111In-octreotide has been studied for
Auger-electron PRRT. Also the peptides minigastrin and
exendin have been used. Their disadvantage is dose-limiting
toxicity to the kidneys, but methods have been developed to
overcome this [136-140].
3.2.1. Somatostatin Analogues
The success of somatostatin analogues, such as octreotide, rests on the ability of these peptides to bind to the somatostatin receptor type 2 (sst2), overexpressed on the cellular membrane of neuroendocrine tumours. Upon binding of
the peptide to the receptor, the complex is internalised in the
cell and then partly translocated to the nucleus [141-144]. In
this nuclear localisation lies the opportunity for Augerelectron-emitters coupled to somatostatin analogues. In the
early clinical studies, however, 111In-octreotide was not effective, and only minor responses in terms of tumour regression were obtained. A more recent study by the same group
[38] suggests that the size of the tumour plays a major role in
the responsiveness to 111In-octreotide PRRT.
Ginj et al. recently reported on the use of an octreotide
analogue (TOC) conjugated to the SV40 large-T antigen
nuclear localisation sequence (NLS), labelled with 111In using 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) [145]. 111In-NLS-DOTA-TOC showed enhanced
cellular uptake and a 6-fold increase in the cellular retention
in SSTR-positive rat AR4-2J pancreatic tumour cells, com-
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pared to its parent compound without the NLS sequence.
Moreover, nuclear uptake was 45-fold higher when NLS was
incorporated in 111In-DOTA-TOC.
3.2.2. NLS-Peptides
Haeflinger et al. synthesized a 99mTc-labelled NLSpeptide derived from the SV-40 large T antigen, conjugated
to a DNA-intercalating pyrene [146]. The complex was taken
up into B16F1 mouse melanoma cells and translocated to the
nucleus, where the pyrene ring brings the 99mTc in close contact with the DNA [146]. Ginj et al. reported the inability of
an 111In-labelled version of the same NLS peptide to bind
and/or internalise into a panel of cancer cells lines [145], but
99m
Tc-NLS-pyrene reduced clonogenic survival of B16F1
cells ten-fold at concentrations as low as 5 nM, ten-fold better than unconjugated 99mTcO4-. The in vivo biodistribution
or therapeutic applicability of this compound has not yet
been reported, but is bound to be limited by the nonspecificity of the CPP/NLS, and non-target organ toxicity
could be high.
3.2.3. Exendin
Exendin binds the glucagon-like peptide-1 (GLP-1)
receptor, overexpressed in tumours such as insulinomas.
Exendin-4 analogues, radiolabelled with 111In, have been
used with much success for imaging as well as radioimmunotherapy [147-151]. In a Rip1Tag2 transgenic mouse model
of multistage insulinoma the therapeutic efficacy of
[Lys40(Ahx-DTPA-111In)NH2]-Exendin-4 was investigated.
Rip1Tag2 transgenic mice express large-T antigen of simian
virus 40 under the control of the rat insulin promoter and
subsequently develop tumours of the pancreatic ß-cells in a
highly reproducible multistage tumour progression pathway.
After intravenous administration of [Lys40(Ahx-DTPA111
In)NH2]-Exendin-4, the tumour mass in the pancreas was
reduced about 10-fold, within 7 days [149]. This reduction
lasted for a minimum of 10 days. Moreover, H&E staining
showed that haemorrhagic tissue was formed in tumour tissue, but normal islets were unaffected, proving the highly
selective nature of this tRT agent.
3.3. Proteins
Several cancer cell signalling proteins, such as epidermal
growth factor (EGF), insulin-like growth factor (IGF) and
vascular endothelial growth factor (VEGF), bind to cellsurface receptors, and are internalised upon receptor binding.
Their respective receptors are overexpressed on a large range
of tumours. The EGF receptor (EGFR), overexpressed on
breast, head-and-neck, and non-small cell lung carcinoma
(NSCLC), includes a nuclear localisation sequence, and 10%
of the EGF/EGFR complex is translocated to the nucleus
[51, 54, 152, 153]. This nuclear translocation was exploited
by Reilly et al. to produce an 111In-labelled EGF construct,
which is selectively radiotoxic to EGFR-overexpressing tumour cells [51, 54]. Nuclear localisation of 111In-EGF was
measured to be more than 10% of the internalised protein. A
fraction of the 111In-EGF in the nucleus became associated
with chromatin. DNA dsb formation in EGFRoverexpressing cells was increased 7-fold. Proliferation, as
well as clonogenic survival and in vivo tumour growth were
inhibited by 111In-EGF in EGFR overexpressing cells and
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tumours [73, 154]. Because 111In-EGF uses the EGFR as a
carrier to transport it into the nucleus of the target cell, it was
possible to increase the cytotoxicity of 111In-EGF by increasing the nuclear translocation of the EGFR by interfering with
the intracellular trafficking by using a selective tyrosine
kinase inhibitor [54]. A phase I clinical trial has been undertaken to test the safety of 111In-EGF administration, but its
results remain to be reported (personal communication).
VEGF, and mainly the alternative splicing forms
VEGF121 and VEGF165, have been used for radionuclide imaging of VEGF receptor subtypes 1 and 2 (VEGFR-1,
VEGFR-2), which are correlated to neoangiogenesis [155159]. The VEGFR-2 receptor possesses a native nuclear localisation sequence, as does the EGFR [160]. Chan et al.
have attempted to improve the nuclear localisation of radiolabelled VEGF165 by adding an NLS-peptide to it [157].
Conjugating the NLS sequence from SV-40 large T antigen
improved radiometal nuclear localisation of 111In labelled
VEGF by only 50%, but it increased DNA dsb formation
approximately 10-fold, and reduced clonogenic survival of
VEGFR expressing cells 4-fold. In the case of small target
volumes like the vascular endothelial wall, the use of Augerelectrons for therapy is ideal, because the use of large-range
high-energy beta emitters like 90Y or 177Lu would result in
the deposition of most of the energy outside of the vessel
wall. However, where neoangiogenesis is the basis of tumour
growth, it might not necessarily be a disadvantage to irradiate the tumour tissue as well as its vasculature.
3.4. Antibodies
Antibodies have been used for radioimmunotherapy since
the early 1980’s. Bexxar and Zevalin are both FDA-approved
beta-emitter radionuclide labelled anti-CD20 antibodies for
the therapy of lymphomas [161-164]. However, these antibodies do not internalise upon binding to their target epitope,
making them less suitable for Auger-electron tRT. In 1989,
Woo et al reported the use of the internalising antibody anti17-1a labelled with 125I, targeted to a tumour-specific antigen
associated with gastrointestinal adenocarcinomas [165]. The
authors showed that, compared to non-internalising antibodies, 125I-17-1a was selectively radiotoxic, and it caused more
chromosomal damage and micronuclei than the noninternalising 125I-R11D10 antibody. In contrast, Pouget et al.
reported in 2008 that 125I-labelled non-internalising antibodies are more cytotoxic (normalised for the number of accumulated decays per cell, or the deposited dose to the nucleus)
[67]. It is hypothesized by the authors that when 125I decays
inside an endosome or lysosome, there is a lack of target
molecules, whereas on the cell membrane, the high-density
energy deposition might generate ceramide within membrane
sphingolipid-enriched microdomains, which induces apoptosis.
A well-developed example of clinical application of
Auger-electron therapy using antibodies is that of 125Ilabelled mAb-425 [17, 166-169]. The internalising antiEGFR antibody mAb-425 was originally studied in the 90’s
as a new potential therapy for glioblastoma multiforme
(GBM), an EGFR-positive aggressive brain tumour with
limited therapeutic options and high morbidity. mAb-425,
proved successful in in vitro assays, as it reduced clonogenic
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survival of EGFR-overexpressing cells, in contrast to cells
with lower EGFR membrane expression [168]. 125I-mAb425
as well as 131I-mAb-425 reduced tumour growth in mouse
xenograft models. In a large phase II clinical trial, a total of
192 patients with GBM were treated with 125I-mAb-425 over
a course of 3 weekly intravenous injections of 1.8 GBq following surgery and radiation therapy [169]. Treatment with
125
I-mAb-425 alone resulted in a median survival of 14.5
months, compared to the control arm of patients receiving
standard care, but not 125I-mAb-425, which had a median
survival of just 10.2 months. Combination of 125I-mAb-425
and temozolomide provided the greatest survival benefit
with a median survival of 20.4 months. This combination
was safe and well tolerated with little added toxicity. Nuclear
localisation of the antibody was not reported.
All previous examples make use of an unmodified antibody, whether internalising or not. However, introduction of
a NLS-sequence on the antibody would result in more radionuclide to localise to the cell nucleus, closer to the DNA,
which could increase its cytotoxicity, and at the same time
protect the radioimmunoconstruct from lysosomal degradation. This strategy was explored in a few studies by the
Reilly group [60, 170-176]. In a paper by Chen et al. conjugation of the SV-40 large T antigen NLS to an 111In-labelled
anti-CD33 antibody was reported for the first time [170].
Conjugation of 8 NLS peptides to the antibody increased
nuclear localisation 8-fold and decreased clonogenic survival
of CD33 positive cells. In 7 out of 9 cases, 111In-anti-CD33NLS reduced clonogenic survival of cells obtained from
plasma of AML patients. Kersemans et al. demonstrated that
111
In-anti-CD33-NLS could reduce clonogenic survival of
multidrug resistant AML cell lines [172]. Similarly, Costantini et al. showed that addition of up to 6 NLS peptides to the
111
In-labelled anti-HER2 antibody trastuzumab (Herceptin)
increased internalisation and nuclear localisation of the antibody and decreased clonogenic survival of HER-2 positive
cells [174]. 111In-trastuzumab-NLS was shown to overcome
IGF-receptor-induced trastuzumab resistance in breast cancer
cells in vitro and in a mouse xenograft model [176].
The Hnatowich group used the TAT-peptide to create a
streptavidin based 111In-labelled radioimmunoconstruct, containing the HER2-targeting antibody trastuzumab, the
CPP/NLS-peptide TAT, and an antisense MORF oligonucleotide against RI messenger RNA, encoding for the RI
regulatory subunit of cAMP-dependent protein kinase [177,
178]. After only 3 hours of incubation with HER2- and RIpositive SK-BR-3 cells, 90% of the internalised 99mTcMAG3-labelled MORF version of the complex was found in
the nucleus. An 111In-DTPA-labelled MORF complex caused
decreased clonogenic survival, but significantly more so using the antisense MORF compared to the sense MORF complex. The antisense MORF complex also showed higher nuclear localisation than the sense MORF complex. Biodistribution studies in SUM190 xenograft bearing mice showed
excellent concentration of the 99mTc-labelled streptavidinMORF-trastuzumab complex in the tumour, and uptake in
the liver, kidneys and spleen. Tumour uptake was no different than that of 99mTc-labelled trastuzumab, although liver
and kidney uptake were much higher. Nuclear uptake of a
Cy3-labelled complex was demonstrated by immunohisto-
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chemistry. These very promising results suggest that in vivo
tumour growth inhibition could be very successful with this
three-component radioimmunoconstruct, labelled with 99mTc,
111
In, or 123/125I.
A study by our own group used the same NLS-containing
TAT-peptides conjugated to 111In-labelled antibodies in a
pre-amplification approach 2. Irradiation with X-rays (XRT)
induced DNA dsbs. These tend to be repaired more quickly
in normal tissue than in cancer cells. The histone H2AX is
rapidly phosphorylated in distinct foci around dsbs, forming
H2AX. We have used 111In-labelled monoclonal antibodies
directed against H2AX, conjugated to the CPP/NLS-peptide
TAT, to amplify the DNA damage done by XRT. The number of DNA dsbs was significantly and super-additively increased in a panel of breast cancer cell lines treated with the
combination of XRT and 111In-anti-H2AX-TAT. Clonogenic survival was decreased for the combination treatment,
and in a mouse xenograft tumour model, the combination of
a single dose of XRT and 111In-anti-H2AX-TAT produced
complete responses in 3 out of 6 mice, compared to none
with either treatment alone.
4. IMPROVING NUCLEAR TARGETED AUGERELECTRON TRT
All of the radiopharmaceuticals mentioned above are
capable to reduce tumour growth in vitro as well as in vivo in
animal models and in the clinic. However, many improvements can still be made to the design of existing pharmaceuticals, or new strategies could be employed. The two main
physical barriers to deliver Auger-electrons to the tumour
cell nucleus are the cellular and the nuclear membrane. An
overview of the possible strategies to overcome these physical barriers and other ways to improve Auger-electron tRT
are given in Table 2. These other strategies include reduction
of heterogeneity, increase of Auger-electron emission, combination treatments, dual targeting, pretargeting, preactivation, and meta-activation.
Increase of the amount of radionuclide delivered to the
tumour compared to non-target normal tissues can be
achieved for example by the use of bispecific agents, targeting more than one epitope on the tumour cell membrane,
such as the recently reported RGD-111In-DTPA-octreotate,
which binds the v3 integrin as well as the somatostatin
receptor [179]. RGD-111In-DTPA-octreotate showed increased tumour apoptosis, compared to 111In-DTPAoctreotate. Karragiannis suggests the use of antibodies to
target extracellular epitopes, conjugated via an intracellularly
cleavable linker to an Auger-electron-conjugated DNAligand [180]. Upon internalisation into an endosome, the
linker is cleaved, and the DNA-binding ligand is released.
Therefore, the intracellular trafficking of this DNA-ligand
would not be affected by the antibody used for tumour delivery. Alternatively, the DNA-binding ligand could be contained within a nanoparticle, and be released upon antibodymediated internalisation.
2
Cornelissen B, Darbar S, Sleeth K, Kersemans V, Vallis K. Amplification of IRinduced DNA damage by Auger electron treatment with TAT-radioimmunoconjugates.
J Nucl Med. 2009;50(S2):S638; Cornelissen B, Kersemans V, Sleeth K, Darbar S,
Smart S, Vallis K. Imaging of DNA double strand breaks in vivo using fluorophorelabelled TAT-immunoconjugates. J Nucl Med 2009; 50(S2): S1015.
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When targeted to and accumulated into the tumour tissue,
internalisation and consecutive nuclear localisation has
proven to be the best way to ensure cytotoxicity of Augerelectron-emitting agents. To increase nuclear localisation of
oligonucleotides, peptides, proteins and antibodies, the conjugation of NLS-containing peptides will increase nuclear
localisation. The strategy has been successfully applied for
tRT by the Reilly, Vallis and Hnatowich groups [62, 66, 157,
170-172, 174, 178]. Before the NLS-sequence can bind to
the importins in the cytoplasm needed for transportation
through the nuclear pore [60], it needs to escape from the
endosome in which it was encapsulated after receptorbinding induced endocytosis. The use of endosomal escape
sequences (EE) could possibly increase the efficiency of this
process, and increase nuclear translocation. Also, it will decrease lysis of the radiopharmaceutical by lysosomal enzymes [60]. Interference with signalling pathways by using
e.g. kinase inhibitors can influence the intracellular trafficking of radiopharmaceuticals. In the case of 111In-EGF, the
use of gefitinib, a EGFR tyrosine kinase inhibitor, increases
EGFR nuclear internalisation and therefore 111In-EGF nuclear uptake [54].
As mentioned elsewhere in this review, heterogenic uptake of the Auger-electron-emitting radiopharmaceutical in
tumour tissue is an important issue that can be optimised.
Because not every cell is being targeted, there will only be
limited cross-fire to non-targeted tumour cells, and this is the
main argument to choose for long-range beta and alpha particle therapy – ignoring the RIBE. However, there are strategies that result in more homogeneous delivery of the radiopharmaceutical. Inclusion of a cell penetrating protein in the
design of the carrier molecule, for example, increases the
penetration of the radionuclide to all parts of the tumour [59,
60, 181]. Also, delivery of drugs and radiopharmaceuticals is
highly regulated by the tumour microvasculature [182]. Vascular normalisation techniques could be applied ahead of
radiopharmaceutical administration, thereby reducing the
poorly vascularised areas in the tumour tissue for a short
period of time, and increasing radiopharmaceutical delivery
during that time [183].
Auger-electron-emitters that have been used so far for
targeted radiotherapy are mostly limited to 99mTc, 123/125I, and
111
In. 191/193mPt has only been used in a few cisplatin-based
studies. 195mPt has the highest Auger-electron yield with 33
electrons emitted per decay versus 24.9 electrons for 125I,
14.9 electrons for 123I, 14.7 electrons for 111In, and between 4
and 7 electrons for 77mBr, 67Ga, 55Fe, and 99mTc [12]. Therefore, the amount of energy deposited per decay in a 5 nm
sphere is much greater for 195mPt (2000 eV) than for 125I
(1000 eV), 123I (550 eV), and 111In (450eV). Given the increasing interest in the use of tRT in general and the use of
Auger-electron-emitters in particular, more and more centres
are now developing novel radiopharmaceuticals labelled
with more potent Auger-electron-emitters, with more lowenergy electrons being emitted per decay. Some of the promising radioisotopes include 67Ga [180], 119Sb [184], 201Tl,
165
Ho, 103mRh [185, 186], 195mHg [187], and 195mPt [187]. The
main challenge here is the implementation of new chemistries, to make the conjugation of these radionuclides possible. Iodine, gallium and platinum complexes have been de-
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An Overview of the Various Strategies to Improve Tumour Selectivity, Cellular Uptake and Nuclear Localisation of
Auger-electron-Emitting Radiopharmceuticals
Opportunity for Improvement

Solution

References

Radiopharmaceutical not able to enter cell

Use of cell penetrating peptides

[60]

Target intracellular

Use of cell penetrating peptides

[60]

Tumour selectivity low

Bispecificity

[179]

Intracellular trafficking unfavourable

Cleavable linker systems

[180]

Intracellular trafficking unfavourable

Pharmacological interference with trafficking

[54]

Nuclear localisation low

Use of nuclear localisation sequences

[62, 66, 157, 170-172, 174,
178, 260]

Lysosomal degradation

Use of endosomal escape sequences

[60]

Auger-electron yield low

Alternative isotopes

[20, 180, 184-187]

Poor tumour delivery

Vascular normalisation

[182]

Tumour uptake low, and/or heterogenic

Locoregional administration

[191, 192]

Heterogeneity

Fractionation

[191-193, 196-203]

Heterogeneity

Use of cell penetrating peptides

[59, 60, 181]

Normal tissue toxicity

Fractionation

[191-193, 196-203]

Renal toxicity

Nephroprotection

[136-140]

Therapeutic index low

Chemoradiation

[176, 204, 205, 207]

Therapeutic index low

Combination XRT/tRT

[208, 210-212]

Radiopharmaceutical has poor pharmacokinetic behaviour

Pre-targeting

[28, 214-216]

Low/no target expression

Pre-activation

[28]

Use of non-radioactive materials

Meta-activation

[28, 226, 227, 229-231]

scribed before, but as far as the other proposed nuclides are
concerned, no satisfactory radiolabelling strategies exist to
date. Radiolabelling strategy, the choice of radionuclide, and
the choice of chelator are of importance when designing radiopharmaceuticals for therapy, since they can have great
impact on the behaviour and efficacy of the compound. A
common example is the difference between iodination of
peptides, proteins and antibodies via the Iodogen method
versus the Bolton-Hunter method [188]. Iodogen iodination
will result in an unstable bond between radioiodine and tyrosine, which is readily broken in vivo. In the case of metal ion
radionuclides, a host of chelators is available, but the choice
should be driven by suitability for the application. Octreotate, radiolabelled with 90Y, 177Lu or 111In, has a different
biodistribution pattern [189, 190], so the choice of the radioisotope itself is also important.
The administration of Auger-electron-emitting radiopharmaceuticals can also be optimised. Not only could locoregional or intratumoural injection be advantageous over
systemic administration [191, 192], also the question of fractionation is important in light of the therapeutic index. In
low-LET XRT and high-LET external beam charged particle
therapy (e.g. protons, 12C ions), the dose deposited in a cer-

tain mass (up to 80 Gy), is divided up into many 1-2 Gy subdoses, administered over many days to limit toxicity to offtarget tissues. Could this also be the case for radionuclide
therapy? Certainly this is so for low-LET beta-emitters.
Baum et al. [193] showed that, using 90Y-DOTA-TATE or
177
Lu-DOTA-TATE at multiple cycles, it is possible to retain
tumour regression, but without nephrotoxicity and only minor haematological toxicity. In contrast, Bodei et al. found
no clear correlation between fractionation of 90Y-DOTATOC and 177Lu-DOTA-TATE and toxicity [194]. DeNardo
et al. state in a 2002 review [195] that preclinical and clinical
data have shown that toxicity can be better controlled, the
total dose extended, and efficacy increased by multiple dosing at or near the maximum tolerated dose MTD [196-198].
If radionuclide dose is selected at the MTD, then an interval
must be chosen between doses that permits adequate normal
tissue recovery. DeNardo et al. [199, 200] have shown good
results for fractionated RIT in patients with non-Hodgkin
lymphoma (NHL), using low doses of the beta-emitter 131Ilabeled mAbs in 4 or more cycles. Recently, is has been suggested that, especially for high-LET particle therapy, hypofractionation, i.e. a lower number of fractions, or even
administration of the entire dose in one fraction might be
advantageous [201-203]. This follows from the higher /
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ratio at higher LET values of normal, healthy, tissues compared to the DNA-repair deficient tumour tissues -  and 
being the coefficients of the linear quadratic dose-response
curve. This concept might also be valid in tRT with highLET alpha and Auger-electron-emitters, even though dose
rates are lower compared to proton- or carbon-ion therapy.
Although fractionation reduces the effects of non-uniform
dose-distribution within a tumour, it might be advantageous
to administer high-LET tRT in one large dose, or in just a
few, hypofractionated doses, compared to many fractions.
Another way of increasing therapy effectiveness is the
widely applied method of combination treatment. XRT is
commonly used in combination with chemotherapy, and
could benefit even more from rationally designed agents that
interfere with for example DNA damage repair and cause
superadditive effects. The same is true for radioimmunotherapy, but it has not been extensively studied yet. Tijink at al.
examined the combination of 131I-L19-SIP tRT with cetuximab [204, 205], and Costantini described the combination of
the abovementioned 111In-trastuzumab-NLS with the radiation sensitizers methotrexate, paclitaxel, and doxorubicin
[176]. Further examples are reviewed by Sharkey [206].
Other combination techniques involve the strategy of preactivation, where the target of the radiopharmaceutical is
induced or upregulated. Examples include Nayak et al., who
studied the combination in vitro of 177Lu-octreotide with
gemcitabine, a DNA-replication inhibitor [207]. They found
that pre-treatment with gemcitabine upregulated sst-receptor
expression and increased octreotide uptake and apoptosis,
and decreased cell viability in a synergistic way. Our group
has, as mentioned above, used X-rays or bleomycin to induce the DNA repair protein, H2AX, as a target for 111Inanti-H2AX-TAT constructs.
This last work also suggests the strategy of combining
low-LET external beam radiotherapy (for control of local
disease) with high-LET targeted radioimmunotherapy. This
would not only treat disseminated disease, but would also
enhance the effect of the XRT [208]. The delivered radiation
dose to the tumour will be enhanced, but also the DNA repair response of the tumour tissue to low-LET repair will be
altered. Alpha-particle irradiation of tumour cells has been
demonstrated to decrease the clonogenic survival following
XRT. Combination of the densely ionising alpha particles
with XRT inhibits DNA damage repair significantly, because
of the complexity of the induced DNA breaks [209]. Finally,
XRT may help to improve the uptake and the homogeneity
of radiopharmaceutical distribution [208]. A dosimetry approach presented by Bodey et al. corroborates some of these
suggestions [210-212]. Whenever two therapies are combined, the temporal relationship between the combined
agents are very important, and the timing of each agent and
each combination will have to be optimised [212, 213].
Pretargeting has been very successfully applied for radioimmunoimaging [28, 214-216]. It involves the administration of a first agent, highly selective to the target, but pharmacokinetically unsuitable for direct radiolabelling. Then, a
second, radiolabelled, agent is administered which is highly
selective for the first. Pretargeting strategies for tRT have
been applied for intraperitoneal as well as systemic tRT
[215, 217-224]. When applying pretargeting techniques to
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Auger-electron-emitters, nuclear localisation becomes an
issue for both the primary and the secondary agent.
Another form of pretargeting is dubbed meta-activation
[28]. Here, the primary agent is a compound, or is conjugated to a compound, that can be “activated” by external
beam irradiation to produce Auger-electrons, and become
radiotoxic. This was first demonstrated by Shinohara et al. in
1985 using monochromatic synchrotron-produced X-rays,
which induce Auger emissions from 5-bromodeoxyuridine in
HeLa cells [225]. More examples of meta-activation include
the Auger-electron production induced in cold iodine by radio/brachytherapy, as reported by Moiseenko et al. [226],
induction of low-energy electron emissions from gold
nanoparticles when bombarded with high-energy electrons
[227], and the activation of Gd-containing compounds by
synchrotron produced non-toxic hard X-rays (51 keV) [228],
or by neutron capture [229-231].
5. CHALLENGES
Aside from optimising the design and the strategies used
in Auger-electron radionuclide therapy, a few challenges
remain.
A better understanding of the radiobiology of Augerelectrons, of the types of damage caused by Auger-electrons,
and the repair of them, is needed. This could result in increased tumour cell kill and reduced toxicity in normal tissues, but at present the implications for treatment are unclear
[32, 232-236]. Actually, the absorbed doses necessary for
successful radionuclide therapy are not known, nor are the
tolerance doses for normal tissues [37]. Conventional perspectives on the response of tissues to radiation may not
adequately describe or predict the effects of targeted radiotherapeutics on tumour and normal tissues [237-239]. tRT is
generally characterized by low dose rates, therefore the recently suggested hypersensitivity of mammalian cells to low
dose radiation may play a role [240]. Auger-electronemitters have mixed LET characteristics, as they exhibit lowLET when localised in the cytoplasm, but high-LET characteristics when localised in the nucleus [18]. The bystander
effect could also have a profound effect on targeted
radionuclide therapy [241]. Moreover, given the proximity
needed for the Auger-electron-emitting radionuclides, the
structure of the chromatin, i.e. euchromatin vs. heterochromatin, will influence the amount of dsbs formed [242].
Modelling the dose delivered by radionuclide therapy is a
topic of much discussion in the literature, not just for Auger,
but also for beta and alpha therapies, because of uneven dose
distribution within tissues [242]. The widely used wholebody MIRD or OLINDA/EXM algorithms do not take this
heterogeneity and nuclear localisation into account [243,
244]. Not only is there non-homogeneous distribution within
organs and tissues, but also within substructures, within cells
and within the nucleus. Moreover, the distribution of radionuclides in these structures will change over time, due to
intracellular trafficking of radiopharmaceutical and its metabolites. All of the aforementioned will profoundly influence tumour regression and normal tissue toxicity, and therefore have to be taken into account when modelling the radionuclide therapy effects. Auger-electron-emitters deposit
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most of their energy within a very narrow sphere around
their site of decay. As a result, the influence of heterogeneous dose distribution becomes important on a nanometre
scale, and modelling should be performed on a nanometre
scale as well [245]. However, even the best attempts of modelling have had to make compromises, e.g. in terms of resolution and geometries. The best models, based on MonteCarlo simulations, can only give S-values on the base of a
single cell, or a symmetrically organised monolayer [42,
246]. The early methods used by Charlton and Humm still
provide a good estimate of the number of dsbs in single cells
[247], but MC methods for Auger microdosimetry [23, 45,
248-251] incorporate all data from Auger, CE and CK electron emissions from radionuclides. Nevertheless, it has
proven difficult to take the non-uniformity of intracellular
and intranuclear distribution, and the structure of the chromatin itself into account, and the models still only provide
dosimetry on a single-cell basis, which can give but an approximation for solid tumours [18, 42, 246]. According to
Brans [242], radionuclide dosimetry should be able “(1) to
establish individual minimum effective and maximum tolerated absorbed doses; (2) to establish a dose–response relation
to predict tumour response and normal organ toxicity on the
basis of pre-therapy dosimetry; (3) to objectively compare
the dose–response results of different radionuclide therapies,
either between different patients or between different radiopharmaceuticals, as well as to perform comparisons with the
results routinely obtained with external radiotherapy; (4) to
increase the knowledge of clinical radionuclide radiobiology,
in part with the aim of developing new approaches and regimens”. In order for tRT dosimetry models to do all of the
above, they would need to incorporate the repair processes of
DNA damage as well. As these processes are very complex
and involve a whole host of factors, and the exact role of
some of the proteins involved is still unclear [252, 253], this
task is a very complex one, and would ultimately have to
involve systems biology. Some simulators have already been
developed and include DNA damage repair processes in their
programs, and have been validated in vitro [246, 254-258].
Despite these simulators still using a one cell DNA model,
they could provide some insight on potentially useful radionuclides for targeted tumour radiotherapy.
6. CONCLUSION
Molecularly targeted radiotherapy treatments for cancer,
based on the low-energy, small-range emission of Augerelectrons, are a promising addition to the anti-cancer armamentarium. Some have been shown to be successful in the
clinic, and many more have been evaluated positively in the
preclinical setting in animal models. The search continues
for more specific cancer-targeting agents, with lower toxicity
to non-target organs. Good micro-dosimetry methods are in
the process of being developed, but cannot yet predict the
dose and toxicity on a DNA-size scale for the whole body.

Current Drug Discovery Technologies, 2010, Vol. 7, No. 4

11

REFERENCES
[1]
[2]
[3]

[4]
[5]
[6]

[7]
[8]
[9]
[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]
[21]

[22]

[23]
[24]

ACKNOWLEDGEMENT

[25]

The Authors would like to thank Dr Nadia Falzone and
Dr Samantha Terry for their help in preparing the manuscript.

[26]
[27]

Okada H, Mak TW. Pathways of apoptotic and non-apoptotic death
in tumour cells. Nat Rev Cancer 2004; 4(8): 592-603.
Rich JN. Cancer stem cells in radiation resistance. Cancer Res
2007; 67(19): 8980-4.
Lassmann M, Reiners C, Luster M. Dosimetry and thyroid cancer:
the individual dosage of radioiodine. Endocr Relat Cancer 2010;
17(3): R161-72.
Robinson RG, Preston DF, Schiefelbein M, Baxter KG. Strontium
89 therapy for the palliation of pain due to osseous metastases.
JAMA 1995; 274(5): 420-4.
Kassis AI. The amazing world of auger electrons. Int J Radiat Biol
2004; 80(11-12): 789-803.
Mariani G, Bodei L, Adelstein SJ, Kassis AI. Emerging roles for
radiometabolic therapy of tumors based on auger electron emission.
J Nucl Med 2000; 41(9): 1519-21.
O'Donoghue JA, Wheldon TE. Targeted radiotherapy using Auger
electron emitters. Phys Med Biol 1996; 41(10): 1973-92.
Adelstein SJ. Merrill C. Sosman Lecture. The Auger process: a
therapeutic promise? AJR Am J Roentgenol 1993; 160(4): 707-13.
Adelstein SJ, Kassis AI. Strand breaks in plasmid DNA following
positional changes of Auger-electron-emitting radionuclides. Acta
Oncol 1996; 35(7): 797-801.
Adelstein SJ, Kassis AI, Bodei L, Mariani G. Radiotoxicity of
iodine-125 and other auger-electron-emitting radionuclides: background to therapy. Cancer Biother Radiopharm 2003; 18(3): 30116.
Bloomer WD, McLaughlin WH, Adelstein SJ, Wolf AP. Therapeutic applications of Auger and alpha emitting radionuclides.
Strahlentherapie 1984; 160(12): 755-7.
Bodei L, Kassis AI, Adelstein SJ, Mariani G. Radionuclide therapy
with iodine-125 and other auger-electron-emitting radionuclides:
experimental models and clinical applications. Cancer Biother Radiopharm 2003; 18(6): 861-77.
Howell RW. Auger processes in the 21st century. Int J Radiat Biol
2008; 84(12): 959-75.
Kassis AI, Fayad F, Kinsey BM, Sastry KS, Taube RA, Adelstein
SJ. Radiotoxicity of 125I in mammalian cells. Radiat Res 1987;
111(2): 305-18.
Tavares AA, Tavares JM. (99m)Tc Auger electrons for targeted
tumour therapy: a review. Int J Radiat Biol 2010; 86(4): 261-70.
Wheldon TE, O'Donoghue JA. The radiobiology of targeted radiotherapy. Int J Radiat Biol 1990; 58(1): 1-21.
Woo DV, Li DR, Brady LW, Emrich J, Mattis J, Steplewski Z.
Auger electron damage induced by radioiodinated iodine-125
monoclonal antibodies. Front Radiat Ther Oncol 1990; 24: 47-63;
discussion 4-8.
Kassis AI, Adelstein SJ. Radiobiologic principles in radionuclide
therapy. J Nucl Med 2005; 46 Suppl 1: 4S-12S.
Buchegger F, Perillo-Adamer F, Dupertuis YM, Delaloye AB.
Auger radiation targeted into DNA: a therapy perspective. Eur J
Nucl Med Mol Imaging 2006; 33(11): 1352-63.
Nikjoo H, Emfietzoglou D, Charlton DE. The Auger effect in
physical and biological research. Int J Radiat Biol 2008; 84(12):
1011-26.
Nikjoo H, Martin RF, Charlton DE, Terrissol M, Kandaiya S,
Lobachevsky P. Modelling of Auger-induced DNA damage by incorporated 125I. Acta Oncol 1996; 35(7): 849-56.
Barendswaard EC, Humm JL, O'Donoghue JA, et al. Relative
therapeutic efficacy of (125)I- and (131)I-labeled monoclonal antibody A33 in a human colon cancer xenograft. J Nucl Med 2001;
42(8): 1251-6.
Humm JL, Howell RW, Rao DV. Dosimetry of Auger-electronemitting radionuclides: report no. 3 of AAPM Nuclear Medicine
Task Group No. 6. Med Phys 1994; 21(12): 1901-15.
Meitner L. Über die Entstehung der -Strahl-Spektren radioaktiver
Substanzen. Zeitschrift für Physik A Hadrons and Nuclei 1922;
9(1).
Auger P. Sur les rayons  secondaires produits dans un gaz par des
rayons X. CRAS 1923; 177: 3.
Kassis AI. Cancer therapy with Auger electrons: are we almost
there? J Nucl Med 2003; 44(9): 1479-81.
Kassis AI. Radiotargeting agents for cancer therapy. Expert Opin
Drug Deliv 2005; 2(6): 981-91.

12 Current Drug Discovery Technologies, 2010, Vol. 7, No. 4
[28]
[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]
[41]

[42]
[43]

[44]

[45]
[46]
[47]

[48]

Sofou S. Radionuclide carriers for targeting of cancer. Int J
Nanomed 2008; 3(2): 181-99.
Boswell CA, Brechbiel MW. Auger electrons: lethal, low energy,
and coming soon to a tumor cell nucleus near you. J Nucl Med
2005; 46(12): 1946-7.
Adelstein SJ, Kassis AI. Radiobiologic implications of the microscopic distribution of energy from radionuclides. Int J Rad Appl Instrum B 1987; 14(3): 165-9.
Kassis AI, Harapanhalli RS, Adelstein SJ. Strand breaks in plasmid
DNA after positional changes of Auger electron-emitting iodine125: direct compared to indirect effects. Radiat Res 1999; 152(5):
530-8.
Kassis AI, Harapanhalli RS, Adelstein SJ. Comparison of strand
breaks in plasmid DNA after positional changes of Auger electronemitting iodine-125. Radiat Res 1999; 151(2): 167-76.
Buchegger F, Vieira JM, Blaeuenstein P, et al. Preclinical Auger
and gamma radiation dosimetry for fluorodeoxyuridine-enhanced
tumour proliferation scintigraphy with [123I]iododeoxyuridine. Eur
J Nucl Med Mol Imaging 2003; 30(2): 239-46.
Behr TM, Behe M, Lohr M, et al. Therapeutic advantages of Auger
electron- over beta-emitting radiometals or radioiodine when conjugated to internalizing antibodies. Eur J Nucl Med 2000; 27(7):
753-65.
Behr TM, Sgouros G, Stabin MG, et al. Studies on the red marrow
dosimetry in radioimmunotherapy: an experimental investigation of
factors influencing the radiation-induced myelotoxicity in therapy
with beta-, Auger/conversion electron-, or alpha-emitters. Clin
Cancer Res 1999; 5(10 Suppl): 3031s-43s.
Behr TM, Sgouros G, Vougiokas V, et al. Therapeutic efficacy and
dose-limiting toxicity of Auger-electron vs. beta emitters in radioimmunotherapy with internalizing antibodies: evaluation of 125Ivs. 131I-labeled CO17-1A in a human colorectal cancer model. Int
J Cancer 1998; 76(5): 738-48.
Carlsson J, Forssell Aronsson E, Hietala SO, Stigbrand T, Tennvall
J. Tumour therapy with radionuclides: assessment of progress and
problems. Radiother Oncol 2003; 66(2): 107-17.
Capello A, Krenning E, Bernard B, Reubi JC, Breeman W, de Jong
M. 111In-labelled somatostatin analogues in a rat tumour model:
somatostatin receptor status and effects of peptide receptor radionuclide therapy. Eur J Nucl Med Mol Imaging 2005; 32(11):
1288-95.
Essand M, Gronvik C, Hartman T, Carlsson J. Radioimmunotherapy of prostatic adenocarcinomas: effects of 131I-labelled E4 antibodies on cells at different depth in DU 145 spheroids. Int J Cancer
1995; 63(3): 387-94.
O'Donoghue JA, Bardies M, Wheldon TE. Relationships between
tumor size and curability for uniformly targeted therapy with betaemitting radionuclides. J Nucl Med 1995; 36(10): 1902-9.
Eckerman K, Endo A, Eds. MIRD: Radionuclide Data and Decay
Schemes. 2nd ed. Reston, VA: The Society of Nuclear Medicine
2008.
Goddu SM, Howell RW, Rao DV. Calculation of equivalent dose
for Auger electron emitting radionuclides distributed in human organs. Acta Oncol 1996; 35(7): 909-16.
Goddu SM, Howell RW, Rao DV. Cellular dosimetry: absorbed
fractions for monoenergetic electron and alpha particle sources and
S-values for radionuclides uniformly distributed in different cell
compartments. J Nucl Med 1994; 35(2): 303-16.
Faraggi M, Gardin I, de Labriolle-Vaylet C, Moretti JL, Bok BD.
The influence of tracer localization on the electron dose rate delivered to the cell nucleus. J Nucl Med 1994; 35(1): 113-9.
Hofer KG. Biophysical aspects of Auger processes. Acta Oncol
2000; 39(6): 651-7.
O'Donoghue JA. Strategies for selective targeting of Auger electron
emitters to tumor cells. J Nucl Med 1996; 37(4 Suppl): 3S-6S.
Kassis AI, Sastry KS, Adelstein SJ. Kinetics of uptake, retention,
and radiotoxicity of 125IUdR in mammalian cells: implications of
localized energy deposition by Auger processes. Radiat Res 1987;
109(1): 78-89.
Makrigiorgos GM, Kassis AI, Baranowska-Kortylewicz J, et al.
Radiotoxicity of 5-[123I]iodo-2'-deoxyuridine in V79 cells: a comparison with 5-[125I]iodo-2'-deoxyuridine. Radiat Res 1989;
118(3): 532-44.

Cornelissen and Vallis
[49]

[50]

[51]
[52]

[53]
[54]

[55]
[56]

[57]

[58]
[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Boyd M, Sorensen A, McCluskey AG, Mairs RJ. Radiation qualitydependent bystander effects elicited by targeted radionuclides. J
Pharm Pharmacol 2008; 60(8): 951-8.
Janson ET, Westlin JE, Ohrvall U, Oberg K, Lukinius A. Nuclear
localization of 111In after intravenous injection of [111In-DTPAD-Phe1]-octreotide in patients with neuroendocrine tumors. J Nucl
Med 2000; 41(9): 1514-8.
Reilly RM, Kiarash R, Cameron RG, et al. 111In-labeled EGF is
selectively radiotoxic to human breast cancer cells overexpressing
EGFR. J Nucl Med 2000; 41(3): 429-38.
Wang J, Chen P, Su ZF, et al. Amplified delivery of indium-111 to
EGFR-positive human breast cancer cells. Nucl Med Biol 2001;
28(8): 895-902.
Sundberg AL, Almqvist Y, Orlova A, et al. Combined effect of
gefitinib ('Iressa', ZD1839) and targeted radiotherapy with 211AtEGF. Eur J Nucl Med Mol Imaging 2003; 30(10): 1348-56.
Bailey KE, Costantini DL, Cai Z, et al. Epidermal growth factor
receptor inhibition modulates the nuclear localization and cytotoxicity of the Auger electron emitting radiopharmaceutical 111InDTPA human epidermal growth factor. J Nucl Med 2007; 48(9):
1562-70.
McLaughlin WH, Pillai KM, Edasery JP, Blumenthal RD, Bloomer
WD. [125I]iodotamoxifen cytotoxicity in cultured human (MCF-7)
breast cancer cells. J Steroid Biochem. 1989; 33(4A): 515-9.
Salituro FG, Carlson KE, Elliston JF, Katzenellenbogen BS,
Katzenellenbogen JA. [125I]iododesethyl tamoxifen aziridine: synthesis and covalent labeling of the estrogen receptor with an iodinelabeled affinity label. Steroids 1986; 48(5-6): 287-313.
Hanson
RN,
Seitz
DE,
Botarro
JC.
E-17
alpha[125I]iodovinylestradiol: an estrogen-receptor-seeking radiopharmaceutical. J Nucl Med 1982; 23(5): 431-6.
Hanson RN, Seitz DE. Tissue distribution of the radiolabeled antiestrogen [125I]iodotamoxifen. Int J Nucl Med Biol 1982; 9(2):
105-7.
Costantini DL, Hu M, Reilly RM. Peptide motifs for insertion of
radiolabeled biomolecules into cells and routing to the nucleus for
cancer imaging or radiotherapeutic applications. Cancer Biother
Radiopharm 2008; 23(1): 3-24.
Kersemans V, Kersemans K, Cornelissen B. Cell penetrating peptides for in vivo molecular imaging applications. Curr Pharm Des
2008; 14(24): 2415-47.
Chen X, Dou S, Liu G, et al. Synthesis and in vitro characterization
of a dendrimer-MORF conjugate for amplification pretargeting.
Bioconjug Chem 2008; 19(8): 1518-25.
Liu X, Wang Y, Nakamura K, Kubo A, Hnatowich DJ. Cell studies
of a three-component antisense MORF/tat/Herceptin nanoparticle
designed for improved tumor delivery. Cancer Gene Ther 2008;
15(2): 126-32.
Watanabe N, Sawai H, Ogihara-Umeda I, et al. Molecular therapy
of human neuroblastoma cells using Auger electrons of 111Inlabeled N-myc antisense oligonucleotides. J Nucl Med 2006;
47(10): 1670-7.
Hu M, Chen P, Wang J, Scollard DA, Vallis KA, Reilly RM. 123Ilabeled HIV-1 tat peptide radioimmunoconjugates are imported
into the nucleus of human breast cancer cells and functionally interact in vitro and in vivo with the cyclin-dependent kinase inhibitor, p21(WAF-1/Cip-1). Eur J Nucl Med Mol Imaging 2007; 34(3):
368-77.
Baranowska-Kortylewicz J, Makrigiorgos GM, Van den Abbeele
AD, Berman RM, Adelstein SJ, Kassis AI. 5-[123I]iodo-2'deoxyuridine in the radiotherapy of an early ascites tumor model.
Int J Radiat Oncol Biol Phys 1991; 21(6): 1541-51.
Liu X, Wang Y, Nakamura K, et al. Auger radiation-induced, antisense-mediated cytotoxicity of tumor cells using a 3-component
streptavidin-delivery nanoparticle with 111In. J Nucl Med 2009;
50(4): 582-90.
Pouget JP, Santoro L, Raymond L, et al. Cell membrane is a more
sensitive target than cytoplasm to dense ionization produced by
auger electrons. Radiat Res 2008; 170(2): 192-200.
Santoro L, Boutaleb S, Garambois V, et al. Noninternalizing
monoclonal antibodies are suitable candidates for 125I radioimmunotherapy of small-volume peritoneal carcinomatosis. J Nucl Med
2009; 50(12): 2033-41.
Drecoll E, Gaertner FC, Miederer M, et al. Treatment of peritoneal
carcinomatosis by targeted delivery of the radio-labeled tumor

Targeting the Nucleus: An Overview of Auger-Electron

[70]
[71]

[72]

[73]

[74]

[75]
[76]
[77]
[78]

[79]
[80]

[81]
[82]
[83]

[84]
[85]

[86]

[87]

[88]

[89]
[90]

[91]

[92]

homing peptide bi-DTPA-[F3]2 into the nucleus of tumor cells.
PLoS One 2009; 4(5): e5715.
Howell RW, Narra VR, Sastry KS, Rao DV. On the equivalent
dose for Auger electron emitters. Radiat Res 1993; 134(1): 71-8.
Mairs RJ, Fullerton NE, Zalutsky MR, Boyd M. Targeted radiotherapy: microgray doses and the bystander effect. Dose Response
2007; 5(3): 204-13.
Boyd M, Ross SC, Dorrens J, et al. Radiation-induced biologic
bystander effect elicited in vitro by targeted radiopharmaceuticals
labeled with alpha-, beta-, and auger electron-emitting radionuclides. J Nucl Med 2006; 47(6): 1007-15.
Chen P, Cameron R, Wang J, Vallis KA, Reilly RM. Antitumor
effects and normal tissue toxicity of 111In-labeled epidermal
growth factor administered to athymic mice bearing epidermal
growth factor receptor-positive human breast cancer xenografts. J
Nucl Med 2003; 44(9): 1469-78.
Prise KM, Belyakov OV, Newman HC, et al. Non-targeted effects
of radiation: bystander responses in cell and tissue models. Radiat
Prot Dosimetry 2002; 99(1-4): 223-6.
Prise KM, Folkard M, Kuosaite V, Tartier L, Zyuzikov N, Shao C.
What role for DNA damage and repair in the bystander response?
Mutat Res 2006; 597(1-2): 1-4.
Prise KM, Folkard M, Michael BD. Bystander responses induced
by low LET radiation. Oncogene 2003; 22(45): 7043-9.
Prise KM, O'Sullivan JM. Radiation-induced bystander signalling
in cancer therapy. Nat Rev Cancer 2009; 9(5): 351-60.
Xue LY, Butler NJ, Makrigiorgos GM, Adelstein SJ, Kassis AI.
Bystander effect produced by radiolabeled tumor cells in vivo. Proc
Natl Acad Sci USA 2002; 99(21): 13765-70.
Emerit I. Reactive oxygen species, chromosome mutation, and
cancer: possible role of clastogenic factors in carcinogenesis. Free
Radic Biol Med 1994; 16(1): 99-109.
Bloomer WD, Adelstein SJ. 5-125I-iododeoxyuridine as prototype
for radionuclide therapy with Auger emitters. Nature 1977;
265(5595): 620-1.
Burki HJ, Koch C, Wolff S. Molecular suicide studies of 125I and
3H disintegration in the DNA of Chinese hamster cells. Curr Top
Radiat Res Q 1978; 12(1-4): 408-25.
Feinendegen LE. Biological damage from the Auger effect, possible benefits. Radiat Environ Biophys 1975; 12(2): 85-99.
Krisch RE, Krasin F, Sauri CJ. DNA breakage, repair and lethality
after 125I decay in rec+ and recA strains of Escherichia coli. Int J
Radiat Biol Relat Stud Phys Chem Med 1976; 29(1): 37-50.
Kassis AI, Dahman BA, Adelstein SJ. In vivo therapy of neoplastic
meningitis with methotrexate and 5. Acta Oncol 2000; 39(6): 7317.
Daghighian F, Barendswaard E, Welt S, et al. Enhancement of
radiation dose to the nucleus by vesicular internalization of iodine125-labeled A33 monoclonal antibody. J Nucl Med 1996; 37(6):
1052-7.
Mariani G, Cei A, Collecchi P, et al. Tumor targeting in vivo and
metabolic fate of 5-[iodine-125]iodo-2'-deoxyuridine following intratumoral injection in patients with colorectal cancer. J Nucl Med
1993; 34(7): 1175-83.
Reske S, Deisenhofer S, Glatting G, Zlatopolskiy B, Vogg A, Friesen C. Auger-electron-DNA-targeted therapy breaks chemo- and
radioresistance in leukemia cells. J Nucl Med 2007; 48: 346P.
Tjuvajev JG, Doubrovin M, Akhurst T, et al. Comparison of radiolabeled nucleoside probes (FIAU, FHBG, and FHPG) for PET imaging of HSV1-tk gene expression. J Nucl Med 2002; 43(8): 107283.
McEwan AJ, Shapiro B, Sisson JC, Beierwaltes WH, Ackery DM.
Radio-iodobenzylguanidine for the scintigraphic location and therapy of adrenergic tumors. Semin Nucl Med 1985; 15(2): 132-53.
Cunningham SH, Mairs RJ, Wheldon TE, Welsh PC, Vaidyanathan
G, Zalutsky MR. Toxicity to neuroblastoma cells and spheroids of
benzylguanidine conjugated to radionuclides with short-range
emissions. Br J Cancer 1998; 77(12): 2061-8.
Gaze MN, Mairs RJ, Boyack SM, Wheldon TE, Barrett A. 131Imeta-iodobenzylguanidine therapy in neuroblastoma spheroids of
different sizes. Br J Cancer 1992; 66(6): 1048-52.
Mairs RJ, Angerson W, Gaze MN, et al. The distribution of alternative agents for targeted radiotherapy within human neuroblastoma spheroids. Br J Cancer 1991; 63(3): 404-9.

Current Drug Discovery Technologies, 2010, Vol. 7, No. 4
[93]

[94]

[95]

[96]

[97]

[98]
[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

13

Mairs RJ, Angerson WJ, Babich JW, Murray T. Differential penetration of targeting agents into multicellular spheroids derived from
human neuroblastoma. Prog Clin Biol Res 1991; 366: 495-501.
Neshasteh-Riz A, Mairs RJ, Angerson WJ, et al. Differential cytotoxicity of [123I]IUdR, [125I]IUdR and [131I]IUdR to human
glioma cells in monolayer or spheroid culture: effect of proliferative heterogeneity and radiation cross-fire. Br J Cancer 1998; 77(3):
385-90.
Walker KA, Mairs R, Murray T, et al. Tumor spheroid model for
the biologically targeted radiotherapy of neuroblastoma micrometastases. Cancer Res 1990; 50(3 Suppl): 1000s-2s.
Weber W, Weber J, Senekowitsch-Schmidtke R. Therapeutic effect
of m-[131I]- and m-[125I]iodobenzylguanidine on neuroblastoma
multicellular tumor spheroids of different sizes. Cancer Res 1996;
56(23): 5428-34.
He Y, Das B, Baruchel S, Kumar P, Wiebe L, Reilly RM. Meta[123I]iodobenzylguanidine is selectively radiotoxic to neuroblastoma cells at concentrations that spare cells of haematopoietic lineage. Nucl Med Commun 2004; 25(11): 1125-30.
Bloomer WD, McLaughlin WH, Milius RA, Weichselbaum RR,
Adelstein SJ. Estrogen receptor-mediated cytotoxicity using iodine125. J Cell Biochem 1983; 21(1): 39-45.
DeSombre ER, Shafii B, Hanson RN, Kuivanen PC, Hughes A.
Estrogen receptor-directed radiotoxicity with Auger electrons:
specificity and mean lethal dose. Cancer Res 1992 15; 52(20):
5752-8.
DeSombre ER, Mease RC, Hughes A, Harper PV, DeJesus OT,
Friedman AM. Bromine-80m-labeled estrogens: Auger electronemitting, estrogen receptor-directed ligands with potential for therapy of estrogen receptor-positive cancers. Cancer Res 1988; 48(4):
899-906.
Bloomer WD, McLaughlin WH, Weichselbaum RR, et al. Iodine125-labelled tamoxifen is differentially cytoxic to cells containing
oestrogen receptors. Int J Radiat Biol Relat Stud Phys Chem Med
1980; 38(2): 197-202.
Van de Wiele C, Cocquyt V, VandenBroecke R, et al. Iodinelabeled tamoxifen uptake in primary human breast carcinoma. J
Nucl Med 2001; 42(12): 1818-20.
Kearney T, Hughes A, Hanson RN, DeSombre ER. Radiotoxicity
of Auger electron-emitting estrogens in MCF-7 spheroids: a potential treatment for estrogen receptor-positive tumors. Radiat Res
1999; 151(5): 570-9.
Yasui L, Hughes A, DeSombre E. Relative biological effectiveness
of accumulated 125IdU and 125I-estrogen decays in estrogen receptor-expressing MCF-7 human breast cancer cells. Radiat Res
2001; 155(2): 328-34.
DeSombre ER, Hughes A, Hanson RN, Kearney T. Therapy of
estrogen receptor-positive micrometastases in the peritoneal cavity
with Auger electron-emitting estrogens--theoretical and practical
considerations. Acta Oncol 2000; 39(6): 659-66.
DeSombre ER, Hughes A, Landel CC, Greene G, Hanson R,
Schwartz JL. Cellular and subcellular studies of the radiation effects of Auger electron-emitting estrogens. Acta Oncol 1996;
35(7): 833-40.
Schwartz JL, Mustafi R, Hughes A, DeSombre ER. DNA and
chromosome breaks induced by iodine-123-labeled estrogen in
Chinese hamster ovary cells. Radiat Res 1996; 146(2): 151-8.
Beckmann MW, Scharl A, Rosinsky BJ, Holt JA. Breaks in DNA
accompany estrogen-receptor-mediated cytotoxicity from 16 alpha[125I]iodo-17 beta-estradiol. J Cancer Res Clin Oncol 1993;
119(4): 207-14.
Neto C, Oliveira MC, Gano L, et al. Radioiodinated ligands for the
estrogen receptor: effect of different 7-cyanoalkyl chains on the
binding affinity of novel iodovinyl-6-dehydroestradiols. Appl Radiat Isot 2009; 67(2): 301-7.
Fischer T, Schomacker K, Schicha H. Diethylstilbestrol (DES)
labeled with Auger emitters: potential radiopharmaceutical for
therapy of estrogen receptor-positive tumors and their metastases?
Int J Radiat Biol 2008; 84(12): 1112-22.
Merrick MV, Lavender JP, Poole GW, Stradling P, Thakur ML,
Walter LH. 111-In-labelled bleomycin; clinical experience as a diagnostic agent in tumours of the thorax and abdomen. Br J Radiol
1975; 48(568): 279-85.
Thakur ML. The preparation of indium-111 labelled bleomycin for
tumour localisation. Int J Appl Radiat Isot 1973; 24(6): 357-9.

14 Current Drug Discovery Technologies, 2010, Vol. 7, No. 4
[113]

[114]

[115]

[116]
[117]

[118]
[119]

[120]
[121]

[122]

[123]
[124]

[125]

[126]

[127]
[128]

[129]

[130]
[131]

[132]
[133]

[134]

[135]

Kairemo KJ, Ramsay HA, Paavonen TK, et al. Biokinetics of indium-111-bleomycin complex in head and neck cancer-implementations for radiochemotherapy. Cancer Detect Prev 1997;
21(1): 83-90.
Kairemo KJ, Ramsay HA, Tagesson M, et al. Indium-111 bleomycin complex for radiochemotherapy of head and neck cancer-dosimetric and biokinetic aspects. Eur J Nucl Med 1996; 23(6):
631-8.
Korppi-Tommola T, Huhmar H, Aronen HJ, et al. 111In-labelled
bleomycin complex for the differentiation of high- and low-grade
gliomas. Nucl Med Commun 1999; 20(2): 145-52.
Ryynanen PM, Savolainen SE, Aronen HJ, et al. Kinetics of 111Inlabeled bleomycin in patients with brain tumors: compartmental vs.
non-compartmental models. Ann Nucl Med 1998; 12(6): 313-21.
Hou DY, Maruyama Y. Enhanced killing of human small cell lung
cancer by hyperthermia and indium-111-bleomycin complex. J
Surg Oncol 1990; 44(1): 5-9.
Hou DY, Maruyama Y. Distribution of 111In-bleomycin complex
in small cell lung cancer cells by autoradiography. J Surg Oncol
1992; 49(2): 93-7.
Hou DY, Maruyama Y, Drago JR. Chromosome aberrations of
human small cell lung cancer induced by a new 111In-bleomycin
complex. J Surg Oncol 1992; 51(4): 236-42.
Hou DY, Hamburger AW, Beach JL, Maruyama Y. Killing of
human lung cancer cells using a new [111In]bleomycin complex
[111In]BLMC. Cancer Invest 1989;7(6): 543-50.
Hou DY, Ordonez JV, Cross RJ, Ross DD, Maruyama Y. Killing
lung cancer cells at cell-cycle phase by a new indium-111bleomycin complex. J Surg Oncol 1989; 40(2): 73-8.
Jaaskela-Saari HA, Kairemo KJ, Ramsay HA, Grenman R. Labelling of bleomycin with Auger-emitter increases cytotoxicity in
squamous-cell cancer cell lines. Int J Radiat Biol 1998; 73(5): 56570.
Hou DY, Hoch H, Johnston GS, et al. A new 111In-bleomycin
complex for combined radiotherapy and chemotherapy. J Surg Oncol 1985; 29(2): 91-8.
Hou DY, Hoch H, Johnston GS, Tsou KC, Farkas RJ, Miller EE.
Use of 111In-bleomycin for combining radiotherapy and chemotherapy on glioma-bearing mice. J Surg Oncol 1985; 29(2): 71-7.
Jaaskela-Saari HA, Grenman R, Ramsay HA, Tarkkanen J, Paavonen T, Kairemo KJ. Indium-111-bleomycin complex in
squamous cell cancer xenograft tumors of nude mice. Cancer Biother Radiopharm 2005; 20(4): 426-35.
Hou DY, Hoch H, Johnston GS, et al. A new tumor imaging agent-111In-bleomycin complex. Comparison with 67Ga-citrate and
57Co-bleomycin in tumor-bearing animals. J Surg Oncol 1984;
27(3): 189-95.
Hou DY, Hoch H, Johnston GS, et al. A new 111In-bleomycin
complex for tumor imaging: preparation, stability, and distribution
in glioma-bearing mice. J Surg Oncol 1984; 25(3): 168-75.
Hou DY, Hoch H, Johnston GS, Tsou KC, Farkas RJ, Miller EE.
Distribution and stability of [111In]bleomycin and its fractions in
tumor-bearing mice. Int J Nucl Med Biol 1984; 11(2): 129-39.
Howell RW, Sastry S. Cisplatinum-193m: Its microdosimetry and
potential for chemo-Auger combination therapy of cancer. Proceedings of the Fourth International Radiopharmaceutical Dosimetry
Symposium. TN, USA 1986.
Areberg J, Johnsson A, Wennerberg J. In vitro toxicity of (191)Ptlabeled cisplatin to a human cervical carcinoma cell line (ME-180).
Int J Radiat Oncol Biol Phys 2000; 46(5): 1275-80.
Areberg J, Wennerberg J, Johnsson A, Norrgren K, Mattsson S.
Antitumor effect of radioactive cisplatin (191Pt) on nude mice. Int
J Radiat Oncol Biol Phys 2001; 49(3): 827-32.
Ickenstein LM, Edwards K, Sjoberg S, Carlsson J, Gedda L. A
novel 125I-labeled daunorubicin derivative for radionuclide-based
cancer therapy. Nucl Med Biol 2006; 33(6): 773-83.
Fondell A, Edwards K, Ickenstein LM, Sjoberg S, Carlsson J,
Gedda L. Nuclisome: a novel concept for radionuclide therapy using targeting liposomes. Eur J Nucl Med Mol Imaging 2010; 37(1):
114-23.
Zhang Y, Zhou J, Baldwin J, et al. Ionizing radiation-induced bystander mutagenesis and adaptation: quantitative and temporal aspects. Mutat Res 2009; 671(1-2): 20-5.
Cheng M, Huang Y. Nanoparticle-mediated radionuclide-gene
therapy of liver cancer. Proceedings of the 2009 World Congress

Cornelissen and Vallis

[136]

[137]

[138]

[139]
[140]
[141]

[142]

[143]

[144]

[145]

[146]

[147]
[148]

[149]

[150]

[151]
[152]

[153]
[154]

[155]

[156]

on Medical Physics and Biomedical Engineering, September 7-12,
Munich, Germany, 2009.
Melis M, Vegt E, Konijnenberg MW, et al. Nephrotoxicity in mice
after repeated imaging using 111In-labeled peptides. J Nucl Med
2010; 51(6): 973-7.
Vegt E, de Jong M, Wetzels JF, et al. Renal toxicity of radiolabeled
peptides and antibody fragments: mechanisms, impact on radionuclide therapy, and strategies for prevention. J Nucl Med 2010;
51(7): 1049-58.
Vegt E, Eek A, Oyen WJ, de Jong M, Gotthardt M, Boerman OC.
Albumin-derived peptides efficiently reduce renal uptake of radiolabelled peptides. Eur J Nucl Med Mol Imaging 2010; 37(2): 22634.
Gotthardt M, van Eerd-Vismale J, Oyen WJ, et al. Indication for
different mechanisms of kidney uptake of radiolabeled peptides. J
Nucl Med 2007; 48(4): 596-601.
Lambert B, Cybulla M, Weiner SM, et al. Renal toxicity after
radionuclide therapy. Radiat Res 2004; 161(5): 607-11.
de Jong M, Breeman WA, Bernard BF, et al. Tumour uptake of the
radiolabelled somatostatin analogue [DOTA0, TYR3]octreotide is
dependent on the peptide amount. Eur J Nucl Med 1999; 26(7):
693-8.
De Jong M, Breeman WA, Bernard HF, et al. Therapy of neuroendocrine tumors with radiolabeled somatostatin-analogues. Q J Nucl
Med 1999; 43(4): 356-66.
Hofland LJ, Breeman WA, Krenning EP, et al. Internalization of
[DOTA degrees,125I-Tyr3]Octreotide by somatostatin receptorpositive cells in vitro and in vivo: implications for somatostatin receptor-targeted radio-guided surgery. Proc Assoc Am Phys 1999;
111(1): 63-9.
Wang M, Caruano AL, Lewis MR, Meyer LA, VanderWaal RP,
Anderson CJ. Subcellular localization of radiolabeled somatostatin
analogues: implications for targeted radiotherapy of cancer. Cancer
Res 2003; 63(20): 6864-9.
Ginj M, Hinni K, Tschumi S, Schulz S, Maecke HR. Trifunctional
somatostatin-based derivatives designed for targeted radiotherapy
using auger electron emitters. J Nucl Med 2005; 46(12): 2097-103.
Haefliger P, Agorastos N, Renard A, Giambonini-Brugnoli G,
Marty C, Alberto R. Cell uptake and radiotoxicity studies of an nuclear localization signal peptide-intercalator conjugate labeled with
[99mTc(CO)3]+. Bioconjug Chem 2005; 16(3): 582-7.
Christ E, Wild D, Forrer F, et al. Glucagon-like peptide-1 receptor
imaging for localization of insulinomas. J Clin Endocrinol Metab
2009; 94(11): 4398-405.
Gotthardt M, Lalyko G, van Eerd-Vismale J, et al. A new technique for in vivo imaging of specific GLP-1 binding sites: first results in small rodents. Regul Pept 2006; 137(3): 162-7.
Wicki A, Wild D, Storch D, et al. [Lys40(Ahx-DTPA-111In)NH2]Exendin-4 is a highly efficient radiotherapeutic for glucagon-like
peptide-1 receptor-targeted therapy for insulinoma. Clin Cancer
Res 2007; 13(12): 3696-705.
Wild D, Behe M, Wicki A, et al. [Lys40(Ahx-DTPA111In)NH2]exendin-4, a very promising ligand for glucagon-like
peptide-1 (GLP-1) receptor targeting. J Nucl Med 2006; 47(12):
2025-33.
Wild D, Wicki A, Mansi R, et al. Exendin-4-based radiopharmaceuticals for glucagonlike peptide-1 receptor PET/CT and
SPECT/CT. J Nucl Med 2010; 51(7): 1059-67.
Lo HW, Hsu SC, Hung MC. EGFR signaling pathway in breast
cancers: from traditional signal transduction to direct nuclear translocalization. Breast Cancer Res Treat 2006; 95(3): 211-8.
Lin SY, Makino K, Xia W, et al. Nuclear localization of EGF receptor and its potential new role as a transcription factor. Nat Cell
Biol 2001; 3(9): 802-8.
Cai Z, Chen Z, Bailey KE, Scollard DA, Reilly RM, Vallis KA.
Relationship between induction of phosphorylated H2AX and survival in breast cancer cells exposed to 111In-DTPA-hEGF. J Nucl
Med 2008; 49(8): 1353-61.
Cornelissen B, Oltenfreiter R, Kersemans V, et al. In vitro and in
vivo evaluation of [123I]-VEGF165 as a potential tumor marker.
Nucl Med Biol 2005; 32(5): 431-6.
Hsu AR, Cai W, Veeravagu A, et al. Multimodality molecular
imaging of glioblastoma growth inhibition with vasculaturetargeting fusion toxin VEGF121/rGel. J Nucl Med 2007; 48(3):
445-54.

Targeting the Nucleus: An Overview of Auger-Electron
[157]

[158]

[159]

[160]
[161]

[162]

[163]
[164]
[165]
[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

Chan C, Cai Z, Su R, Reilly RM. 111In- or 99mTc-labeled recombinant VEGF bioconjugates: in vitro evaluation of their cytotoxicity on porcine aortic endothelial cells overexpressing Flt-1 receptors. Nucl Med Biol 2010; 37(2): 105-15.
Li S, Peck-Radosavljevic M, Koller E, et al. Characterization of
(123)I-vascular endothelial growth factor-binding sites expressed
on human tumour cells: possible implication for tumour scintigraphy. Int J Cancer 2001; 91(6): 789-96.
Li S, Peck-Radosavljevic M, Kienast O, et al. Imaging gastrointestinal tumours using vascular endothelial growth factor-165
(VEGF165) receptor scintigraphy. Ann Oncol 2003; 14(8): 1274-7.
Bartoli M, Platt D, Lemtalsi T, et al. VEGF differentially activates
STAT3 in microvascular endothelial cells. FASEB J 2003; 17(11):
1562-4.
Goldenberg DM. The role of radiolabeled antibodies in the treatment of non-Hodgkin's lymphoma: the coming of age of radioimmunotherapy. Crit Rev Oncol Hematol 2001; 39(1-2): 195-201.
Iagaru A, Mittra ES, Ganjoo K, Knox SJ, Goris ML. 131ITositumomab (Bexxar) vs. 90Y-Ibritumomab (Zevalin) therapy of
low-grade refractory/relapsed non-Hodgkin lymphoma. Mol Imaging Biol Apr; 12(2): 198-203.
Lewington V. Development of 131I-tositumomab. Semin Oncol
2005; 32(1 Suppl 1): S50-6.
Witzig TE. Radioimmunotherapy for B-cell non-Hodgkin lymphoma. Best Pract Res Clin Haematol 2006; 19(4): 655-68.
Woo DV, Li D, Mattis JA, Steplewski Z. Selective chromosomal
damage and cytotoxicity of 125I-labeled monoclonal antibody 171a in human cancer cells. Cancer Res 1989; 49(11): 2952-8.
Derui L, Woo DV, Emrich J, et al. Radiotoxicity of 125I-labeled
monoclonal antibody 425 against cancer cells containing epidermal
growth factor receptor. Am J Clin Oncol 1992; 15(4): 288-94.
Quang TS, Brady LW. Radioimmunotherapy as a novel treatment
regimen: 125I-labeled monoclonal antibody 425 in the treatment of
high-grade brain gliomas. Int J Radiat Oncol Biol Phys 2004;
58(3): 972-5.
Bender H, Takahashi H, Adachi K, et al. Immunotherapy of human
glioma xenografts with unlabeled, 131I-, or 125I-labeled monoclonal antibody 425 to epidermal growth factor receptor. Cancer
Res 1992; 52(1): 121-6.
Li L, Quang TS, Gracely EJ, et al. A Phase II study of antiepidermal growth factor receptor radioimmunotherapy in the treatment of glioblastoma multiforme. J Neurosurg. 2010; 113(2): 1928.
Chen P, Wang J, Hope K, et al. Nuclear localizing sequences promote nuclear translocation and enhance the radiotoxicity of the
anti-CD33 monoclonal antibody HuM195 labeled with 111In in
human myeloid leukemia cells. J Nucl Med 2006; 47(5): 827-36.
Cornelissen B, McLarty K, Kersemans V, Scollard DA, Reilly RM.
Properties of [(111)In]-labeled HIV-1 tat peptide radioimmunoconjugates in tumor-bearing mice following intravenous or intratumoral injection. Nucl Med Biol 2008; 35(1): 101-10.
Kersemans V, Cornelissen B, Minden MD, Brandwein J, Reilly
RM. Drug-resistant AML cells and primary AML specimens are
killed by 111In-anti-CD33 monoclonal antibodies modified with
nuclear localizing peptide sequences. J Nucl Med 2008; 49(9):
1546-54.
Costantini DL, Bateman K, McLarty K, Vallis KA, Reilly RM.
Trastuzumab-resistant breast cancer cells remain sensitive to the
auger electron-emitting radiotherapeutic agent 111In-NLStrastuzumab and are radiosensitized by methotrexate. J Nucl Med
2008; 49(9): 1498-505.
Costantini DL, Chan C, Cai Z, Vallis KA, Reilly RM. (111)Inlabeled trastuzumab (Herceptin) modified with nuclear localization
sequences (NLS): an Auger electron-emitting radiotherapeutic
agent for HER2/neu-amplified breast cancer. J Nucl Med 2007;
48(8): 1357-68.
Costantini DL, McLarty K, Lee H, Done SJ, Vallis KA, Reilly RM.
Antitumor effects and normal-tissue toxicity of 111In-nuclear localization sequence-trastuzumab in athymic mice bearing HERpositive human breast cancer xenografts. J Nucl Med 2010; 51(7):
1084-91.
Costantini DL, Villani DF, Vallis KA, Reilly RM. Methotrexate,
paclitaxel, and doxorubicin radiosensitize HER2-amplified human
breast cancer cells to the Auger electron-emitting radiotherapeutic
agent (111)In-NLS-trastuzumab. J Nucl Med 2010; 51(3): 477-83.

Current Drug Discovery Technologies, 2010, Vol. 7, No. 4
[177]

[178]

[179]

[180]
[181]

[182]

[183]
[184]
[185]
[186]

[187]

[188]
[189]

[190]
[191]

[192]

[193]

[194]

[195]

[196]
[197]

[198]

15

Liang M, Liu X, Cheng D, et al. Multimodality nuclear and fluorescence tumor imaging in mice using a streptavidin nanoparticle.
Bioconjug Chem 2010; 21(7): 1385-8.
Wang Y, Liu X, Nakamura K, Chen L, Rusckowski M, Hnatowich
DJ. In vivo delivery of antisense MORF oligomer by MORF/carrier
streptavidin nanoparticles. Cancer Biother Radiopharm 2009;
24(5): 573-8.
Capello A, Krenning EP, Bernard BF, Breeman WA, van Hagen
MP, de Jong M. Increased cell death after therapy with an Arg-GlyAsp-linked somatostatin analog. J Nucl Med 2004; 45(10): 171620.
Karagiannis TC. Antibody-based cancer treatment with ultra-short
range Auger electron-emitting radionuclides: dual receptor and
DNA targeting strategies. Hell J Nucl Med 2007; 10(3): 155-9.
Mäe M, Langel Ü. Cell-penetrating peptides as vectors for peptide,
protein and oligonucleotide delivery. Curr Opin Pharmacol 2006;
6(5): 509-14.
Wachsberger P, Burd R, Dicker AP. Tumor response to ionizing
radiation combined with antiangiogenesis or vascular targeting
agents: exploring mechanisms of interaction. Clin Cancer Res
2003; 9(6): 1957-71.
Jain RK. Normalization of tumor vasculature: an emerging concept
in antiangiogenic therapy. Science 2005; 307(5706): 58-62.
Thisgaard H, Jensen M. 119Sb--a potent Auger emitter for targeted
radionuclide therapy. Med Phys 2008; 35(9): 3839-46.
Bernhardt P, Forssell-Aronsson E, Jacobsson L, Skarnemark G.
Low-energy electron emitters for targeted radiotherapy of small
tumours. Acta Oncol 2001; 40(5): 602-8.
Skarnemark G, Ödegaard-Jensen A, Nilsson J, et al. Production of
103mRh for cancer therapy. J Radioanal Nucl Chem 2009; 280(2):
3.
Srivastava SC. The Role of Electron-Emitting Radiopharmaceuticals in the Palliative Treatment of Metastatic Bone Pain and for
Radiosynovectomy: Applications of Conversion Electron Emitter
Tin-117m. brazilian archives of biology and technology. 2007; 50.
Russell J, O'Donoghue JA, Finn R, et al. Iodination of annexin V
for imaging apoptosis. J Nucl Med 2002; 43(5): 671-7.
Helisch A, Forster GJ, Reber H, et al. Pre-therapeutic dosimetry
and biodistribution of 86Y-DOTA-Phe1-Tyr3-octreotide versus
111In-pentetreotide in patients with advanced neuroendocrine tumours. Eur J Nucl Med Mol Imaging 2004; 31(10): 1386-92.
Maecke HR. Radiolabeled peptides in nuclear oncology: influence
of peptide structure and labeling strategy on pharmacology. Ernst
Schering Res Found Workshop 2005(49): 43-72.
Mairs RJ, Wideman CL, Angerson WJ, et al. Comparison of different methods of intracerebral administration of radioiododeoxyuridine for glioma therapy using a rat model. Br J Cancer 2000;
82(1): 74-80.
Vainer E, Faraggi M, Hambright P, Dixon D, Laster B. Localization of InTMPyP for use in Auger Electron Therapy (AET). Proceedings of the 2002 radiation research society annual meeting
2002: P33-321.
Baum R, Prasad V, Roether M. Fractionated, low dose/multiple
cycles (LD/MT) peptide receptor radionuclide therapy: A new concept for the treatment of well-differentiated metastatic neuroendocrine tumours. J Nucl Med 2009; 50(S2): S41.
Bodei L, Cremonesi M, Ferrari M, et al. Long-term evaluation of
renal toxicity after peptide receptor radionuclide therapy with 90YDOTATOC and 177Lu-DOTATATE: the role of associated risk
factors. Eur J Nucl Med Mol Imaging 2008; 35(10): 1847-56.
DeNardo GL, Schlom J, Buchsbaum DJ, et al. Rationales, evidence, and design considerations for fractionated radioimmunotherapy. Cancer 2002; 94(4 Suppl): 1332-48.
Meredith RF, Khazaeli MB, Liu T, et al. Dose fractionation of
radiolabeled antibodies in patients with metastatic colon cancer. J
Nucl Med 1992; 33(9): 1648-53.
Schlom J, Molinolo A, Simpson JF, et al. Advantage of dose fractionation in monoclonal antibody-targeted radioimmunotherapy. J
Natl Cancer Inst 1990; 82(9): 763-71.
Kaminski MS, Estes J, Zasadny KR, et al. Radioimmunotherapy
with iodine (131)I tositumomab for relapsed or refractory B-cell
non-Hodgkin lymphoma: updated results and long-term follow-up
of the University of Michigan experience. Blood 2000; 96(4):
1259-66.

16 Current Drug Discovery Technologies, 2010, Vol. 7, No. 4
[199]

[200]

[201]
[202]

[203]
[204]

[205]

[206]
[207]

[208]
[209]

[210]
[211]

[212]
[213]

[214]

[215]

[216]
[217]

[218]
[219]

[220]

[221]

DeNardo GL, DeNardo SJ, Goldstein DS, et al. Maximumtolerated dose, toxicity, and efficacy of (131)I-Lym-1 antibody for
fractionated radioimmunotherapy of non-Hodgkin's lymphoma. J
Clin Oncol 1998; 16(10): 3246-56.
Denardo GL, Denardo SJ, Kukis DL, et al. Maximum tolerated
dose of 67Cu-2IT-BAT-LYM-1 for fractionated radioimmunotherapy of non-Hodgkin's lymphoma: a pilot study. Anticancer Res
1998; 18(4B): 2779-88.
Jones B. Joint symposium 2009 on carbon ion radiotherapy. Br J
Radiol 2009; 82(983): 884-9.
Jones B, Dale RG. Radiobiologically based assessments of the net
costs of fractionated focal radiotherapy. Int J Radiat Oncol Biol
Phys 1998; 41(5): 1139-48.
Jones B, Dale RG. Mathematical models of tumour and normal
tissue response. Acta Oncol 1999; 38(7): 883-93.
Tijink BM, Perk LR, Budde M, et al. (124)I-L19-SIP for immunoPET imaging of tumour vasculature and guidance of (131)I-L19SIP radioimmunotherapy. Eur J Nucl Med Mol Imaging 2009;
36(8): 1235-44.
Tijink BM, Neri D, Leemans CR, et al. Radioimmunotherapy of
head and neck cancer xenografts using 131I-labeled antibody L19SIP for selective targeting of tumor vasculature. J Nucl Med 2006;
47(7): 1127-35.
Sharkey RM, Cardillo TM, Rossi EA, et al. Signal amplification in
molecular imaging by pretargeting a multivalent, bispecific antibody. Nat Med 2005; 11(11): 1250-5.
Nayak TK, Atcher RW, Prossnitz ER, Norenberg JP. Enhancement
of somatostatin-receptor-targeted (177)Lu-[DOTA(0)-Tyr(3)]octreotide therapy by gemcitabine pretreatment-mediated receptor
uptake, up-regulation and cell cycle modulation. Nucl Med Biol
2008; 35(6): 673-8.
Ruan S, O'Donoghue JA, Larson SM, et al. Optimizing the sequence of combination therapy with radiolabeled antibodies and
fractionated external beam. J Nucl Med 2000; 41(11): 1905-12.
McNally NJ, de Ronde J, Folkard M. Interaction between X-ray
and alpha-particle damage in V79 cells. Int J Radiat Biol Relat Stud
Phys Chem Med 1988; 53(6): 917-20.
Bodey RK, Evans PM, Flux GD. Application of the linearquadratic model to combined modality radiotherapy. Int J Radiat
Oncol Biol Phys 2004; 59(1): 228-41.
Bodey RK, Flux GD, Evans PM. Combining dosimetry for targeted
radionuclide and external beam therapies using the biologically effective dose. Cancer Biother Radiopharm 2003; 18(1): 89-97.
Burke PA, DeNardo SJ, Miers LA, Kukis DL, DeNardo GL. Combined modality radioimmunotherapy. Promise and peril. Cancer
2002; 94(4 Suppl): 1320-31.
Blumenthal RD, Leone E, Goldenberg DM, Rodriguez M, Modrak
D. An in vitro model to optimize dose scheduling of multimodal
radioimmunotherapy and chemotherapy: effects of p53 expression.
Int J Cancer 2004; 108(2): 293-300.
Goldenberg DM, Chang CH, Sharkey RM, et al. Radioimmunotherapy: is avidin-biotin pretargeting the preferred choice among
pretargeting methods? Eur J Nucl Med Mol Imaging 2003; 30(5):
777-80.
Goldenberg DM, Chatal JF, Barbet J, Boerman O, Sharkey RM.
Cancer Imaging and Therapy with Bispecific Antibody Pretargeting. Update Cancer Ther 2007; 2(1): 19-31.
Goldenberg DM, Sharkey RM, Paganelli G, Barbet J, Chatal JF.
Antibody pretargeting advances cancer radioimmunodetection and
radioimmunotherapy. J Clin Oncol 2006; 24(5): 823-34.
Sharkey RM, Goldenberg DM. Advances in radioimmunotherapy
in the age of molecular engineering and pretargeting. Cancer Invest
2006; 24(1): 82-97.
Sharkey RM, Karacay H, Cardillo TM, et al. Improving the delivery of radionuclides for imaging and therapy of cancer using pretargeting methods. Clin Cancer Res 2005; 11(19 Pt 2): 7109s-21s.
Sharkey RM, McBride WJ, Karacay H, et al. A universal pretargeting system for cancer detection and therapy using bispecific antibody. Cancer Res 2003; 63(2): 354-63.
van Schaijk FG, Oosterwijk E, Soede AC, et al. Pretargeting with
labeled bivalent peptides allowing the use of four radionuclides:
(111)In, (131)I, (99m)Tc, and (188)Re. Clin Cancer Res 2003; 9(10
Pt 2): 3880S-5S.
Knox SJ, Goris ML, Tempero M, et al. Phase II trial of yttrium-90DOTA-biotin pretargeted by NR-LU-10 antibody/streptavidin in

Cornelissen and Vallis

[222]

[223]
[224]

[225]

[226]

[227]
[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]
[236]

[237]

[238]

[239]

[240]
[241]

patients with metastatic colon cancer. Clin Cancer Res 2000; 6(2):
406-14.
Lewis MR, Wang M, Axworthy DB, et al. In vivo evaluation of
pretargeted 64Cu for tumor imaging and therapy. J Nucl Med 2003;
44(8): 1284-92.
Pagel JM, Pantelias A, Hedin N, et al. Evaluation of CD20, CD22,
and HLA-DR targeting for radioimmunotherapy of B-cell lymphomas. Cancer Res 2007; 67(12): 5921-8.
Subbiah K, Hamlin DK, Pagel JM, et al. Comparison of immunoscintigraphy, efficacy, and toxicity of conventional and pretargeted radioimmunotherapy in CD20-expressing human lymphoma
xenografts. J Nucl Med 2003; 44(3): 437-45.
Shinohara K, Ohara H, Kobayashi K, et al. Enhanced killing of
HeLa cells pre-labeled with 5-bromodeoxyuridine by monochromatic synchrotron radiation at 0.9 A: an evidence for Auger enhancement in mammalian cells. J Radiat Res (Tokyo) 1985; 26(3):
334-8.
Moiseenko VV, Karnas SJ, Yu E, Battista JJ. Monte Carlo simulations of DNA damage from incorporated cold iodine following
photoelectrically induced Auger electron cascades. Radiat Prot Dosimetry 2002; 99(1-4): 113-6.
Sun L, Liu D, Wang Z. Functional gold nanoparticle-peptide complexes as cell-targeting agents. Langmuir 2008; 24(18): 10293-7.
Pradhan AK, Nahar SN, Montenegro M, et al. Resonant X-ray
enhancement of the Auger effect in high-Z atoms, molecules, and
nanoparticles: potential biomedical applications. J Phys Chem A
2009; 113(45): 12356-63.
Cerullo N, Esposito J, Bufalino D, Mastrullo A, Muzi L, Palmerini
S. Preliminary design of a Gd-NCT neutron beam based on compact D-T neutron source. Radiat Prot Dosimetry 2005; 116(1-4 Pt
2): 605-8.
Le UM, Shaker DS, Sloat BR, Cui Z. A thermo-sensitive polymeric
gel containing a gadolinium (Gd) compound encapsulated into
liposomes significantly extended the retention of the Gd in tumors.
Drug Dev Ind Pharm 2008; 34(4): 413-8.
Tokumitsu H, Hiratsuka J, Sakurai Y, Kobayashi T, Ichikawa H,
Fukumori Y. Gadolinium neutron-capture therapy using novel
gadopentetic acid-chitosan complex nanoparticles: in vivo growth
suppression of experimental melanoma solid tumor. Cancer Lett
2000; 150(2): 177-82.
Urashima T, Nagasawa H, Wang K, Adelstein SJ, Little JB, Kassis
AI. Induction of apoptosis in human tumor cells after exposure to
Auger electrons: comparison with gamma-ray exposure. Nucl Med
Biol 2006; 33(8): 1055-63.
Balagurumoorthy P, Chen K, Adelstein SJ, Kassis AI. Auger electron-induced double-strand breaks depend on DNA topology. Radiat Res 2008; 170(1): 70-82.
Balagurumoorthy P, Wang K, Adelstein SJ, Kassis AI. DNA double-strand breaks induced by decay of (123)I-labeled Hoechst
33342: role of DNA topology. Int J Radiat Biol 2008; 84(12): 97683.
Goorley T, Zamenhof R, Nikjoo H. Calculated DNA damage from
gadolinium Auger electrons and relation to dose distributions in a
head phantom. Int J Radiat Biol 2004; 80(11-12): 933-40.
Prise KM, Pinto M, Newman HC, Michael BD. A review of studies
of ionizing radiation-induced double-strand break clustering. Radiat Res 2001; 156(5 Pt 2): 572-6.
Wiseman GA, Kornmehl E, Leigh B, et al. Radiation dosimetry
results and safety correlations from 90Y-ibritumomab tiuxetan radioimmunotherapy for relapsed or refractory non-Hodgkin's lymphoma: combined data from 4 clinical trials. J Nucl Med 2003;
44(3): 465-74.
Gokhale AS, Mayadev J, Pohlman B, Macklis RM. Gamma camera
scans and pretreatment tumor volumes as predictors of response
and progression after Y-90 anti-CD20 radioimmunotherapy. Int J
Radiat Oncol Biol Phys 2005; 63(1): 194-201.
Du Y, Honeychurch J, Cragg MS, et al. Antibody-induced intracellular signaling works in combination with radiation to eradicate
lymphoma in radioimmunotherapy. Blood 2004; 103(4): 1485-94.
Enns L, Bogen KT, Wizniak J, Murtha AD, Weinfeld M. Low-dose
radiation hypersensitivity is associated with p53-dependent apoptosis. Mol Cancer Res 2004; 2(10): 557-66.
Mothersill C, Seymour CB. Radiation-induced bystander effects-implications for cancer. Nat Rev Cancer 2004; 4(2): 158-64.

Targeting the Nucleus: An Overview of Auger-Electron
[242]

[243]
[244]

[245]
[246]

[247]

[248]
[249]

[250]
[251]

Current Drug Discovery Technologies, 2010, Vol. 7, No. 4

Brans B, Bodei L, Giammarile F, et al. Clinical radionuclide therapy dosimetry: the quest for the "Holy Gray". Eur J Nucl Med Mol
Imaging 2007; 34(5): 772-86.
Cremonesi M, Botta F, Di Dia A, et al. Dosimetry for treatment
with radiolabelled somatostatin analogues. A review. Q J Nucl Med
Mol Imaging 2010; 54(1): 37-51.
Cremonesi M, Ferrari M, Bodei L, Tosi G, Paganelli G. Dosimetry
in Peptide radionuclide receptor therapy: a review. J Nucl Med
2006; 47(9): 1467-75.
Thierens HM, Monsieurs MA, Brans B, Van Driessche T, Christiaens I, Dierckx RA. Dosimetry from organ to cellular dimensions.
Comput Med Imaging Graph 2001; 25(2): 187-93.
Cai Z, Pignol JP, Chan C, Reilly RM. Cellular dosimetry of (111)In
using monte carlo N-particle computer code: comparison with analytic methods and correlation with in vitro cytotoxicity. J Nucl
Med; 51(3): 462-70.
Charlton DE, Humm JL. A method of calculating initial DNA
strand breakage following the decay of incorporated 125I. Int J Radiat Biol Relat Stud Phys Chem Med 1988; 53(3): 353-65.
Bousis C, Emfietzoglou D, Hadjidoukas P, Nikjoo H. Monte Carlo
single-cell dosimetry of Auger-electron emitting radionuclides.
Phys Med Biol 2010; 55(9): 2555-72.
Ftácniková S, Böhm R. Monte Carlo Calculations of Energy Deposition in DNA for Auger Emitters. Radiat Prot Dosimetry 2000; 92:
10.
Howell RW. Radiation spectra for Auger-electron emitting radionuclides: report No. 2 of AAPM Nuclear Medicine Task Group
No. 6. Med Phys 1992; 19(6): 1371-83.
Humm JL, Charlton DE. A new calculational method to assess the
therapeutic potential of Auger electron emission. Int J Radiat Oncol
Biol Phys 1989; 17(2): 351-60.

Received: July 20, 2010

[252]
[253]
[254]

[255]

[256]

[257]
[258]

[259]

[260]

17

Morris JR. More modifiers move on DNA damage. Cancer Res
2010; 70(10): 3861-3.
Frosina G. DNA repair and resistance of gliomas to chemotherapy
and radiotherapy. Mol Cancer Res 2009; 7(7): 989-99.
Carlson DJ, Stewart RD, Semenenko VA, Sandison GA. Combined
use of Monte Carlo DNA damage simulations and deterministic repair models to examine putative mechanisms of cell killing. Radiat
Res 2008; 69(4): 47-59.
Semenenko VA, Stewart RD. A fast Monte Carlo algorithm to
simulate the spectrum of DNA damages formed by ionizing radiation. Radiat Res 2004; 161(4): 451-7.
Semenenko VA, Stewart RD, Ackerman EJ. Monte Carlo simulation of base and nucleotide excision repair of clustered DNA damage sites. I. Model properties and predicted trends. Radiat Res
2005; 164(2): 180-93.
Tavares AA, Tavares JM. Evaluating 99mTc Auger electrons for
targeted tumor radiotherapy by computational methods. Med Phys
2010; 37(7): 3551.
Semenenko VA, Stewart RD. Monte carlo simulation of base and
nucleotide excision repair of clustered DNA damage sites. II.
Comparisons of model predictions to measured data. Radiat Res
2005; 164(2): 194-201.
Emfietzoglou D, Kostarelos K, Hadjidoukas P, et al. Subcellular Sfactors for low-energy electrons: a comparison of Monte Carlo
simulations and continuous-slowing-down calculations. Int J Radiat
Biol 2008; 84(12): 1034-44.
Cornelissen B, Darbar S, Sleeth K, Kersemans V, Vallis K. Amplification of IR-induced DNA damage by Auger electron treatment
with TAT-radioimmunoconjugates. J Nucl Med 2009; 50(S2):
S638.

Revised: September 07, 2010

Accepted: September 30, 2010

The author has requested enhancement of the downloaded file. All in-text references underlined in blue are linked to publications on ResearchGate.

