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Abstract
Purpose Overexpression of the HER2 receptor is a bio-
marker for predicting those patients who may benefit from
trastuzumab therapy. Radiolabelled Affibody molecules can
be used to visualize HER2 expression in tumour xenografts
with high sensitivity. However, previous studies demon-
strated that the difference in uptake in xenografts with high
and low HER2 expression levels is not proportional to the
difference in expression levels. We hypothesized that
discrimination between tumours with high and low HER2

expression may be improved by increasing the injected
dose (reducing the specific activity) of the tracer.
Methods The influence of injected dose of anti-HER2
111In-DOTA-ZHER2 342 Affibody molecule on uptake in
SKOV-3 (high HER2 expression) and LS174T (low
expression) xenografts was investigated. The optimal range
of injected doses enabling discrimination between xeno-
grafts with high and low expression was determined. To
verify this, tumour uptake was measured in mice carrying
both SKOV-3 and LS174T xenografts after injection of
either 1 or 15 μg 111In-DOTA-ZHER2:342.
Results An increase in the injected dose caused a linear
decrease in the radioactivity accumulation in the LS174T
xenografts (low HER2 expression). For SKOV-3 xenografts,
the dependence of the tumour uptake on the injected dose was
less dramatic. The injection of 10–30 μg 111In-DOTA-
ZHER2:342 per mouse led to the largest difference in uptake
between the two types of tumour. Experiments in mice
bearing two xenografts confirmed that the optimized injected
dose enabled better discrimination of expression levels.
Conclusion Careful optimization of the injected dose of
Affibody molecules is required for maximum discrimina-
tion between xenografts with high and low levels of HER2
expression. This information has potential relevance for
clinical imaging applications.
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Introduction

The human epidermal growth factor receptor type 2 (HER2,
also designated as ErbB-2) is a transmembrane tyrosine
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kinase, which is often overexpressed in carcinomas of the
breast [1], ovary [2] and prostate [3], and in other
carcinomas. It is believed that HER2 is an orphan receptor
and that its signalling occurs by heterodimerization with
other members of the HER receptor family [4], leading to
increased cell proliferation and motility, and suppression of
apoptosis. Overexpression of HER2 is considered to be a
part of the malignant phenotype. HER2 is therefore the
target of several types of specific molecular therapies.
Administration of the humanized monoclonal anti-HER2
antibody trastuzumab significantly prolongs survival of
breast cancer patients [5]. The overexpression of HER2 in
malignant tumours is also utilized in the development of
targeted delivery of cytotoxic drugs [6] and radionuclides
[7] to cancer cells. In addition, therapeutic strategies have
been pursued for quenching of HER2 signalling by
inhibition of its tyrosine kinase domain [8] and by
inhibition of the heat shock protein 90 (HSP90) chaperone
machinery and the resulting degradation of HER2 [9].
However, only a fraction of tumours express HER2, and
only patients having tumours with high expression levels
(immunohistochemistry 3+) would benefit from anti-HER2
therapy [10].

In order to select patients who may benefit from
trastuzumab therapy, both the American Association of
Clinical Oncology [11] and the European Group on Tumour
Markers [12] recommend determining HER2 expression in
each new breast tumour or recurrence. It should be taken
into account that the level of HER2 expression can change
during the clinical course of breast cancer disease. Patients
with initial HER2-negative primary tumours may later
present with HER2-positive metastases, which can respond
to HER2-targeted therapy [13, 14]. The standard methods
for determining HER2 expression are immunohistochemis-
try and fluorescent in-situ hybridization analysis of tumour
samples, but these are associated with a high percentage (up
to 20%) of inaccurate results [10]. The use of radionuclide
molecular imaging might permit the detection of HER2
overexpression in both the whole primary tumour volume
and metastases, thus avoiding false-negative results arising
from inter- and intratumour heterogeneity of HER2 expres-
sion. It would allow monitoring of changes in HER2
expression during the course of the disease by noninvasive
procedures. Issues associated with anatomic inaccessibility
of certain lesions, and possible biopsy-associated morbidity,
could also be avoided by this approach.

Affibody molecules are a novel class of targeting
proteins [15, 16]. They are based on the 58-amino-acid
(7 kDa) scaffold of the Z domain and can be selected to
bind with high affinity to various tumour-associated
molecular targets. A number of imaging tracers have been
based on the anti-HER2 ZHER2:342 Affibody molecule and
its derivatives labelled with 18F, 99mTc, 124I, 111In and 68Ga

[16]. These tracers demonstrated very specific targeting of
HER2-expressing xenografts and provided high contrast
imaging shortly (1–4 h) after injection [16]. Pilot clinical
data have confirmed the utility of the synthetic Affibody
molecule 111In/68Ga-DOTA-ZHER2:342 for imaging HER2-
expressing metastases in breast cancer patients [17].

Several different HER2-expressing cell lines were used
in these preclinical studies. Interestingly, the difference in
radioactivity uptake among tumour xenografts does not
seem to be proportional to the difference in expression level
of HER2 when 1 μg (0.14 nmol) of radiolabelled Affibody
molecule is injected per mouse [18, 19]. This cannot be
explained by nonspecific uptake, since the level of such
uptake is negligible [18]. We hypothesized that this low
peptide dose is not sufficient to saturate the HER2 receptors
even in xenografts with low expression, and that the
activity uptake at such low doses in xenografts showing
both high and low expression is more affected by the
delivery of Affibody molecules into the tumours (i.e. by
perfusion restriction) than by the HER2 expression levels.
If this hypothesis is correct, an increase in the injected dose
of Affibody molecules (i.e. decreasing the specific radio-
activity) would permit improved discrimination between
tumours with high and low levels of HER2 expression. This
would have direct implications for the optimal clinical use
of this imaging agent, since discrimination between
tumours with high and low HER2 expression levels is
essential for both stratification of patients for HER2-
targeting therapies and for monitoring response to such
therapies.

In this study we experimentally investigated this prediction
using BALB/c nu/nu mice bearing SKOV-3 (high HER2
expression) and LS174T (low HER2 expression) xenografts,
using the synthetic Affibody molecule 111In-DOTA-
ZHER2:342, which binds to HER2 with an apparent dissoci-
ation constant (KD) of 65 pM [18]. The influence of the
injected peptide dose of the radiolabelled conjugate (i.e. its
specific activity for a given level of injected radioactivity) on
biodistribution and tumour uptake was studied.

Materials and methods

Materials

111In-indium(III) chloride was purchased from Tyco Health-
care Norden. Buffers were prepared using standard methods
from chemicals supplied by Merck using high-quality Milli-
Q water (resistance higher than 18 MΩ/cm). Any metal
contamination from buffers used for labelling was elimi-
nated using Chelex 100 resin (Bio-Rad Laboratories).
Instant thin layer chromatography (ITLC) silica gel strips
were from Gelman Sciences. A Ketalar-Rompun solution
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(20 μl of solution per gram of body weight), comprising
10 mg/ml ketamine (Ketalar, Pfizer) and 1 mg/ml xylazine
(Rompun, Bayer), was used for anaesthesia.

In biodistribution studies, the radioactivity was measured
using an automated gamma-counter with a 3-inch NaI(Tl)
detector (1480 WIZARD, Wallac Oy). The distribution of
radioactivity along the ITLC strips was measured on a
Cyclone storage phosphor system and analysed using
OptiQuant image analysis software (both from Perkin
Elmer).

The data on tumour uptake and biodistribution were
analysed by a two-tailed t-test using GraphPad Prism
(version 4.00 for Windows, GraphPad Software) in order
to determine the significance of differences (p<0.05).

Cell lines

The cell lines used for inoculation of animals were
purchased from American Type Tissue Culture Collection
(ATCC) via LGC Promochem. In order to obtain xenografts
with a high level of HER2 expression, the ovarian
carcinoma cell line SKOV-3, with approximately 1.2×106

HER2 receptors per cell [7], was used. For inoculation of
xenografts with a low-level of HER2 expression, the colon
carcinoma cell line LS174T was used. According to the
data of Lundberg et al. [20], this cell line expresses 22-fold
less HER2 per cell than SKOV-3. The SKOV-3 cells were
cultured in McCoy’s medium and the LS174T cells in
Ham’s F10 medium (both from Flow Irvine). The media
were supplemented with 10% fetal calf serum (Sigma),
2 mM L-glutamine and PEST (100 IU/ml penicillin,
100 μg/ml streptomycin), all from Biokrom.

Preparation of labelled conjugate

The DOTA peptide derivative of ZHER2:342 (DOTA-
ZHER2:342) was custom-synthesized by Innovagen and
delivered as a lyophilized powder. Labelling was performed
according to the procedure described by Orlova et al. [18].
Briefly, the DOTA-ZHER2:342 powder was reconstituted in
0.2 M ammonium acetate buffer, pH 5.5, to a concentration
of 1 mg/ml and aliquots containing 30 μg were prepared
and stored frozen at −20°C. For labelling, an aliquot was
mixed with 220 μl of 0.2 M ammonium acetate buffer, pH
5.5, and 80 μl of 111In-indium chloride solution containing
30 MBq. The mixture was incubated at 60°C for 30 min
and then analysed using ITLC developed with 0.2 M citric
acid, pH 2.0. In this system, radiolabelled Affibody
molecules remain at the application point and free 111In
migrates with the solvent front. The analytical system was
verified using a blank experiment, where no Affibody
molecules were added to the reaction mixture. The blank
experiment showed that less than 0.5% of the radioactivity

remained at the application point of the ITLC. Since the
labelling efficiency was uniformly over 99%, no further
purification was required. The labelling mixture was diluted
with PBS. The formulation of injection solutions for each
experiment is described below.

Animal studies

The animal experiments were planned and performed in
accordance with national regulations on protection of labora-
tory animals and were approved by the local Ethics
Committee for Animal Research in Uppsala. Female outbred
BALB/c nu/nu mice were used in all experiments. All mice
were acclimatized for 1 week at the Rudbeck Laboratory
animal facility before any experimental procedures were
initiated.

For tumour implantation, 107 SKOV-3 cells or 106

LS174T cells were implanted subcutaneously on the right
hind leg of the mice. The biodistribution experiments were
performed 5 weeks after implantation of SKOV-3 cells and
2 weeks after implantation of LS174T cells. The biodis-
tribution experiments were performed when the tumour size
was approximately 0.5 cm3 (by visual inspection), and the
exact tumour weight was determined at the time of the
study. In the experiments where two separate xenografts
were implanted in the same mouse, the LS174T cells were
inoculated 3 weeks after the SKOV3 cells.

Influence of injected peptide dose on biodistribution
of 111In-DOTA-ZHER2:342 in mice bearing either SKOV3
or LS174T xenografts

To evaluate the influence of the injected peptide dose (i.e.
specific activity when radioactivity was kept constant) of
Affibody molecules on tumour targeting, a series of 111In-
DOTA-ZHER2:342 formulations with various predetermined
specific radioactivities were prepared. An aliquot of 111In-
DOTA-ZHER2:342 was diluted with a stock solution of
unlabelled DOTA-ZHER2:342 in PBS to provide injection
doses containing 0.1 μg (0.014 nmol), 1 μg (0.14 nmol),
5 μg (0.7 nmol, for mice bearing LS174T xenograft only),
10 μg (1.4 nmol), 30 μg (4.2 nmol) and 50 μg (7 nmol)
DOTA-ZHER2:342 labelled with 50 kBq 111In per mouse.
The preparations were diluted with PBS to provide an
injection volume of 100 μl per mouse. Standards of each
solution were prepared for ex vivo measurements. The
preparations were injected subcutaneously into tumour-
bearing mice. Four mice were used for each dose of
conjugate. Four hours after injection, the animals were
injected with a lethal dose of Ketalar-Rompun solution and
sacrificed by heart puncture. The blood was withdrawn
using a heparinized syringe and collected. In addition,
heart, lung, liver, spleen, stomach, kidney, tumour and
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samples of the large intestine (void of its contents),
muscle and bone were excised from the animals and
collected. The samples were weighed and the radioactiv-
ity content was measured. The uptake in tumours and
normal tissues was calculated as percent of injected dose
per gram (% ID/g). This procedure was performed in
mice bearing both SKOV-3 (high HER2 expression) and
LS174T (low HER2 expression) xenografts.

The presence of shed HER2 (sHER2) in serum samples
from five mice bearing SKOV-3 and five mice bearing
LS174T xenografts was determined using a sHER2-
matched antibody pair kit (Bender MedSystems, Vienna
Austria) in a sandwich ELISA format. The assay was
performed according to the manufacturer’s instructions.
Briefly, as capture antibody a monoclonal anti-human
sHER2 antibody was used and a horseradish peroxidase-
conjugated monoclonal anti-human sHER2 antibody was
used to detect sHER2. The absorbance was measured at
450 nm in a VICTOR3 multilabel counter (PerkinElmer).
The software program GraphPad Prism (version 4.00 for
Windows, GraphPad Software) was used to generate
standard curves from the mean absorbance values of the
HER2 standard protein samples using nonlinear regression.
The relative amount of human sHER2 in the samples was
determined by interpolation of the standard curve and
corrected by the dilution factor to generate the concen-
trations of sHER2 in undiluted serum.

Gamma-camera imaging and tumour uptake in mice
bearing both SKOV3 and LS174T xenografts

A separate experiment was performed in mice bearing both
SKOV-3 and LS174T xenografts. Four mice were intrave-
nously injected with 100 μl PBS solution containing
1 MBq and 1 μg of 111In-DOTA-ZHER2:342. Another four
animals were injected with a solution containing 1 MBq
and 15 μg of 111In-DOTA-ZHER2:342. Standards of each
solution were prepared for ex vivo measurements. Four
hours after injection, the animals were injected with a lethal
dose of Ketalar-Rompun solution and sacrificed by cervical
dislocation. In order to remove any radioactivity interfering
with the imaging, the urinary bladders were excised. Two
animals with LS174T and SKOV-3 xenografts of compara-
ble sizes were taken from each group and simultaneously
imaged using a Millennium GE gamma camera equipped
with a medium-energy general purpose collimator. Static
images (20 min), obtained with a zoom factor of 3, were
digitally stored in a 256 × 256 matrix. The images were
evaluated visually using a Hermes system (Nuclear Diag-
nostics, Stockholm). After imaging, the tumours of all eight
mice were excised, weighed and placed in air-tight plastic
containers. The radioactivity in the tumours and standards
was measured simultaneously using an automated gamma

counter. The uptake in each xenograft was expressed as per
cent of injected dose per gram (% ID/g).

Results

Influence of injected peptide dose on biodistribution
of 111In-DOTA-ZHER2:342 in mice bearing SKOV3
or LS174T xenografts

The biodistribution data (4 h after injection) obtained by ex
vivo measurements are presented in Table 1 (mice bearing
LS174T xenografts with low HER2 expression) and Table 2
(mice bearing SKOV-3 xenografts with high HER2 expres-
sion). The average tumour weights were 0.51 ± 0.22 g and
0.36 ± 0.22 g for LS174T and SKOV-3 xenografts,
respectively. The general biodistribution pattern of the
conjugate was in a good agreement with previously reported
data, i.e. rapid clearance from blood and normal tissues, high
tumour uptake, and a high level of renal reabsorption [18].
There was also a very good agreement between the results of
this experiment and of an experiment comparing subcutane-
ous and intravenous injections (Supplementary Table 1).
Low levels of 111In uptake in bone were observed, indicative
of its stable binding by the DOTA chelator.

There was an appreciable difference in the uptake of
radioactivity in tumour xenografts depending on the
amount of injected protein dose (Fig. 1a, note the
logarithmic scale on the X-axis). An increase in the injected
dose (in micrograms) caused a continuous decrease in the
activity concentration in the low-expressing LS174T
xenografts. However, in the case of SKOV-3 xenografts,
with a high level of HER2 expression, the dependence of
tumour uptake on the amount of injected protein was not as
dramatic and showed a broad shoulder. There was no
significant difference in the radioactivity uptake in SKOV-3
xenografts between 0.1, 1 or 10 μg of injected 111In-DOTA-
ZHER2:342. However, an increase beyond 30 μg caused a
significant (p < 0.05) decrease in tumour uptake in
comparison with 0.1 μg of injected 111In-DOTA-ZHER2:342.

There was no significant difference in 111In-DOTA-
ZHER2:342 uptake between LS174T and SKOV-3 xenografts
when 0.1 μg peptide was injected. However, at all other
injected doses, the differences were significant (Fig. 1b).
The largest difference in radioactivity uptake between the
two tumour types was seen with 10 to 30 μg of injected
peptide. In other words, the maximum discrimination
between a high and low expressing tumour would be
expected to depend on the specific activity (injected peptide
dose) used. Importantly, the best discrimination was not
observed in the case of maximal specific activity of the
conjugate, but, on the contrary, at a relatively low specific
activity.
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Since the presence of a sHER2 extracellular domain
from the SKOV-3 xenografts with high HER2 expression
could have affected the biodistribution of the tracer, sHER2
blood levels were determined in a separate experiment.
However, no detectable sHER2 was found in five mice with
SKOV-3 tumours in the range of 0.11–0.55 g.

Gamma camera imaging and tumour uptake in mice bearing
both SKOV3 and LS174T xenografts

The results of the initial biodistribution experiments led
to the conclusion that it is difficult to discriminate
between tumours with high and low levels of expression
if the injected peptide dose is low (i.e. the specific
activity is high) but that it is possible with a sufficiently
high injected peptide dose. To test this hypothesis,
animals bearing both low-expressing LS174T and high-

expressing SKOV-3 xenografts were imaged on a clinical
gamma camera following injection of different peptide
doses of 111In-DOTA-ZHER2:342 (Fig. 2a) After injection
of 1 μg per animal, both the LS174T and SKOV-3
xenografts were well-visualized (although the LS174T
xenografts were smaller). However, when 15 μg was
injected, more activity appeared to localize to the SKOV-3
xenografts than to the LS174T xenografts, leading to a
clear discrimination between the two. Ex vivo measure-
ments of the tumour uptake (in %ID/g) confirmed the
imaging results (Fig. 2b). At a dose of 1 μg per animal,
there was no statistically significant difference in tumour
uptakes between the LS174T and SKOV-3 xenografts. At
a dose of 15 μg, however, the difference was highly
significant (p < 0.001). There was no difference in uptake
by the SKOV-3 xenografts between the 1- and 15-μg
doses.

Table 1 Biodistribution of 111In-DOTA-ZHER2:342 in mice bearing LS174T xenografts (low HER2 expression) 4 h after injection. Each value is the
mean from four animals±standard error and is expressed as percent of injected dose per gram of organ or tissue

Injected peptide dose (μg)

0.1 1 5 10 30 50

Blood 0.098 ± 0.003 0.103 ± 0.002 0.16 ± 0.01 0.20 ± 0.02 0.15 ± 0.01 0.09 ± 0.01

Heart 0.16 ± 0.01 0.124 ± 0.008 0.20 ± 0.01 0.21 ± 0.03 0.19 ± 0.03 0.14 ± 0.01

Lung 0.27 ± 0.02 0.28 ± 0.01 0.39 ± 0.03 0.47 ± 0.04 0.36 ± 0.05 0.28 ± 0.02

Liver 1.3 ± 0.1 1.6 ± 0.1 2.1 ± 0.1 2.3 ± 0.2 1.9 ± 0.1 1.8 ± 0.1

Spleen 0.35 ± 0.02 0.39 ± 0.02 0.44 ± 0.02 0.57 ± 0.07 0.42 ± 0.07 0.40 ± 0.05

Stomach 0.21 ± 0.02 0.20 ± 0.03 0.31 ± 0.02 0.33 ± 0.03 0.27 ± 0.03 0.21 ± 0.01

Intestine 0.19 ± 0.01 0.21 ± 0.06 0.25 ± 0.01 0.32 ± 0.04 0.27 ± 0.06 0.18 ± 0.01

Kidney 212 ± 9 259 ± 16 257 ± 7 283 ± 10 234 ± 12 244 ± 8

Tumour 19 ± 3 14 ± 1 5.4 ± 0.3 3.6 ± 0.1 1.43 ± 0.04 1.17 ± 0.02

Muscle 0.057 ± 0.007 0.071 ± 0.005 0.080 ± 0.003 0.111 ± 0.007 0.076 ± 0.004 0.058 ± 0.001

Bone 0.29 ± 0.08 0.17 ± 0.02 0.20 ± 0.02 0.19 ± 0.06 0.21 ± 0.03 0.16 ± 0.02

Injected peptide dose (μg)

0. 1 1 10 30 50

Blood 0.60 ± 0.05 0.55 ± 0.05 0.47 ± 0.02 0.56 ± 0.04 0.48 ± 0.05

Heart 0.35 ± 0.03 0.33 ± 0.05 0.28 ± 0.03 0.31 ± 0.04 0.25 ± 0.01

Lung 0.56 ± 0.05 0.53 ± 0.03 0.48 ± 0.02 0.54 ± 0.05 0.43 ± 0.04

Liver 2.5 ± 0.4 1.7 ± 0.2 1.7 ± 0.1 1.9 ± 0.1 1.4 ± 0.2

Spleen 0.66 ± 0.06 0.61 ± 0.07 0.55 ± 0.05 0.63 ± 0.06 0.44 ± 0.04

Stomach 0.37 ± 0.04 0.33 ± 0.08 0.37 ± 0.05 0.37 ± 0.05 0.27 ± 0.07

Intestine 0.44 ± 0.02 0.28 ± 0.08 0.35 ± 0.02 0.27 ± 0.09 0.29 ± 0.03

Kidney 254 ± 9 259 ± 14 261 ± 4 297 ± 26 257 ± 25

Tumour 20.5 ± 0.7 19.2 ± 0.7 18.1 ± 0.4 16 ± 3 9.3 ± 0.7

Muscle 0.3 ± 0.1 0.15 ± 0.04 0.2 ± 0.1 0.13 ± 0.03 0.15 ± 0.02

Bone 0.39 ± 0.04 0.32 ± 0.02 0.29 ± 0.01 0.30 ± 0.05 0.28 ± 0.03

Table 2 Biodistribution of
111In-DOTA-ZHER2:342 in mice
bearing SKOV-3 xenografts
(high HER2 expression) 4 h
after injection. Each value is the
mean from four animals±
standard error and is expressed
as percent of injected dose per
gram of organ or tissue
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Discussion

High specific activity is usually considered as a major
advantage of a targeting conjugate [21, 22] or labelling
method [23–25]. Often, such an approach is well justified
by a limited number of binding sites for targeting
conjugates or by the necessity to avoid inducing a
pharmacological effect from the use of a radiolabelled
receptor ligand or its analogue as an imaging probe. At the
same time, there is growing evidence that high specific
activity is not always optimal from an imaging point of
view. For example, it does not provide the highest possible
tumour accumulation or the highest possible tumour-to-
organ radioactivity concentration ratios. Preclinical data
show that the tumour uptake of somatostatin [26–28] and
bombesin [29] analogues is dependent on the dose injected
in a bell-shaped manner. Recently, we have demonstrated
that an increase in the peptide dose improves the imaging of
EGFR expression in tumour xenografts using Affibody
molecules, presumably due to saturation of binding sites in
normal tissues [30]. Moreover, clinical data suggest that a
high specific activity (low injected protein dose) may be
suboptimal for radionuclide imaging using somatostatin

analogues [31, 32] or monoclonal antibodies [33–35]. Thus,
the optimal rather than the maximum specific activity of an
imaging probe should be pursued for imaging applications.

A number of Affibody-based conjugates labelled with
positron emitting nuclides such as 124I, 68Ga and 18F have
recently been described [16]. It has been emphasized that
PET would enable better quantification of HER2 expression
in tumours [36–38]. It is true that PET can quantify the
radioactivity concentration in a volume of interest with a
quite high accuracy. However, the radioactivity concentra-
tion of a tracer measured by a single scan [39] does not
always reflect the concentration of the corresponding
molecular target. More accurate in vivo measurement of
cancer-associated molecular target concentration is possible
by implementation of methods developed for quantification
of neuroreceptors [39]. One approach is the use of several
injections of a tracer with different specific activity.
Another is based on dynamic scans with subsequent
nonlinear regression analysis using compartmental models

Fig. 2 Gamma camera imaging and tumour uptake in mice bearing
both SKOV3 and LS174T xenografts 4 h after injection of 111In-
DOTA-ZHER2:342 with different specific radioactivities. a Planar
images collected from all mice simultaneously. The animal contours
were derived from a digital photograph. b Tumour radioactivity
uptake in Balb/c nude mice bearing both SKOV-3 and LS174T
xenografts after injection of different 111In-DOTA-ZHER2:342 protein
doses. Four animals were used for each injected dose. Data are
presented as the mean values from four mice±standard error. The
average tumour weights were 0.4 ± 0.2 g and 0.9 ± 0.3 g, for LS174T
and SKOV3 xenografts, respectively

Fig. 1 Influence of injected peptide dose on 111In-DOTA-ZHER2:342

uptake in xenografts with high expression of HER2 (SKOV-3) and
low expression (LS174T) 4 h after injection. a Tumour uptake in
LS174T and SKOV-3 xenografts as a function of injected dose. Each
data point represents the mean value from four animals±standard
error. b Difference of tumour uptake in SKOV-3 and LS174T
xenografts as a function of injected dose
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or graphical analysis methods. Unfortunately, both
approaches have limitations for introduction into clinical
routine. Multiple injections are associated with logistical
issues. In the case of dynamic scans, only one bed position
can be imaged (axial field of view about 15 cm), and often
only one tumour lesion can be assessed [40]. In addition, a
second scan might be required later to evaluate irreversible
binding due to internalization of the imaging probe. It is
considered to be clinically more advantageous to obtain
relevant data concerning molecular target expression
without dynamic scans [39, 41].

This study demonstrated that optimization of the peptide
dose, i.e. specific activity for a given level of injected
radioactivity, is essential for discrimination between
tumours with different levels of molecular target expression
by a single scan. At a high specific activity (injected
peptide dose of 0.1 μg), the radioactivity uptake in
xenografts with high and low HER2 expression is the
same. The blood clearance of Affibody molecules is rapid,
and the concentration gradient between blood and tumour
should decrease rapidly, reversing at a certain time point.
After reversing the gradient, the diffusion should change
direction. Only a limited fraction of the injected Affibody
molecules would be able to penetrate into the tumour
interstitium and bind to receptors. In the case of a low
peptide dose, that fraction might not be able to saturate all
receptors even in the case of low expression levels. Thus,
the tumour uptake would be limited only by the rate of
extravasation and the rate of diffusion in the tumour
interstitium. Evidently, a high affinity (fast on-rate) of the
tracer is a precondition for efficient binding at low receptor
density, low concentrations of the tracer and slow internal-
ization. Increasing the injected peptide dose should increase
the amount of delivered imaging probe, which would cause
a progressive saturation of receptors on the diffusion path.
This effect should be most pronounced in the case of low
expressing tumours. Indeed, the level of 111In-DOTA-
ZHER2:342 uptake in LS174T xenografts (low HER2
expression) decreased steadily with increases in injected
dose in the range studied here, most likely due to
competition from its nonlabelled counterpart. In the case
of high expression levels of the target, the saturation of
receptors would occur more slowly when increasing the
dose of injected peptide. This was reflected by a shoulder in
the uptake in SKOV-3 xenografts between 0.1 and 10 μg of
injected 111In-DOTA-ZHER2:342. A further increase in the
injected peptide dose also decreased the uptake in SKOV-3
xenografts, which would be expected for a conjugate with
specific targeting. These differences in dose-dependent
tumour uptake suggest that an optimal peptide dose range
exists over which the signal for high target-expressing
tumours remains high while that from low-expressing
tumours is suppressed.

Other factors could contribute to a low uptake in tumours
with high HER2 expression at low injected peptide doses. For
example, such tumours might release an appreciable amount
of sHER2 into the blood circulation [42]. This shed antigen
could intercept a tracer in the blood before it reached the
tumour. It has been suggested that interactions with sHER2
was the reason for suboptimal targeting at low doses of 89Zr-
trastuzumab in a clinical study [35]. However, in the present
study, any influence from shed antigen in the blood could be
excluded since our data demonstrated that the blood of mice
bearing SKOV-3 xenografts did not contain measurable
amounts of sHER2. In the absence of sHER2, the higher
blood radioactivity levels in mice with SKOV-3 xenografts
in comparison with mice with LS174T xenografts was an
intriguing finding. A possible explanation might be the
“binding site barrier” [43], i.e. the localization of high-
affinity conjugates predominantly on the rim of the tumours
with high antigen expression. Internalization of 111In-DOTA-
ZHER2:342 is slow [44], and a fraction of the conjugate might
dissociate from receptors in tumours and re-enter the blood
circulation. This effect should be more pronounced in the
case of tracer localization in the tumour periphery.

Thus, the results of this study suggest that the use of
radiotracers with moderate specific activity may allow more
reliable detection of differences in the levels of molecular
targets during a single scan. This would be of practical
value in at least two different clinical situations. First, when
developing clinical dosing protocols that are optimized to
discriminate between tumours with high and low expres-
sion during determination of HER2 status for newly
diagnosed tumours. Treatment of breast cancer with
trastuzumab is recommended if the HER2 expression level
is 3+ or else 2+ with subsequent positive FISH test, while
patients with HER2-negative status (immunohistochemistry
0–1+ or FISH negative) should not receive trastuzumab
[11]. According to Ross et al. [45], cells containing less
than 20,000 HER2 receptors would show no staining (0),
and cells containing about 100,000 receptors would show
membrane staining of level 1+. Thus, LS174T cells,
expressing 60,000 receptors per cell would be classed as
borderline between 0 and 1+ according to immunohisto-
chemistry. Still, the LS174T xenografts were imaged as
HER2-positive at high specific radioactivity (low peptide
dose) of 111In-DOTA-ZHER2:342. In clinics, such high
sensitivity of HER2 imaging using 111In-DOTA-ZHER2:342

with high specific activity might indicate trastuzumab
treatment in patients suffering from tumours with low
HER2 expression, leading to overtreatment. Such situations
would be avoided by the use of an optimal dose of the
imaging probe. Second, optimization of the injected dose is
important for monitoring of therapy directed towards
downregulation/degradation of HER2, such as inhibition
of HSP90 [9]. Preclinical data [38] suggest that treatment
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with HSP90 inhibitors reduces HER2 expression by two-
to threefold, rather than removing it completely. Thus,
better discrimination between different expression levels
is required in this case to detect response to therapy.

Conclusion

This study demonstrated for the first time that the optimal,
not the highest possible, specific activity is required for
maximal discrimination of the relative levels of HER2
expression in tumour models using Affibody molecules.
This information might be clinically useful both for the
selection of patients for anti-HER2 therapy and for
monitoring the efficacy of such therapy using molecular
imaging. In principle, this information should also be
helpful for detection of the expression levels of different
targets using other molecular imaging agents.
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