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1Department of Biomedical Radiation Sciences, Uppsala University, Uppsala, Sweden; 2Lund University Bioimaging Center,
Lund University, Lund, Sweden; 3School of Biotechnology, Royal Institute of Technology, Stockholm, Sweden; 4Atlas Antibodies AB,
AlbaNova University Center, Stockholm, Sweden; 5Algeta ASA, Oslo, Norway; and 6Preclinical PET Platform, Department of
Medicinal Chemistry, Uppsala University, Uppsala, Sweden

Radionuclide imaging of cancer-associated molecular altera-
tions may contribute to patient stratification for targeting therapy.
Scaffold high-affinity proteins, such as Affibody molecules, are
a new, promising class of probes for in vivo imaging.Methods. The
effects of human epidermal growth factor receptor 2 (HER2) affinity
and binding site composition of HER2-binding Affibody mole-
cules, and of the HER2 density on the tumor targeting, were
studied in vivo. The tumor uptake and tumor-to-organ ratios of
Affibody molecules with moderate (dissociation constant [KD] 5
1029 M) or high (KD 5 10210 M) affinity were compared between
tumor xenografts with a high (SKOV-3) and low (LS174T) HER2
expression level in BALB/C nu/nu mice. Two Affibody mole-
cules with similar affinity (KD 5 10210 M) but having alternative
amino acids in the binding site were compared. Results. In
SKOV-3 xenografts, uptake was independent of affinity at 4 h
after injection, but high-affinity binders provided 2-fold-higher
tumor radioactivity retention at 24 h. In LS174T xenografts, up-
take of high-affinity probes was already severalfold higher at 4 h
after injection, and the difference was increased at 24 h. The
clearance rate and tumor-to-organ ratios were influenced by
the amino acid composition of the binding surface of the tracer
protein. Conclusion. The optimal affinity of HER2-binding Affi-
body molecules depends on the expression of a molecular tar-
get. At a high expression level (.106 receptors per cell), an
affinity in the low-nanomolar range is sufficient. At moderate
expression, subnanomolar affinity is desirable. The binding site
composition can influence the imaging contrast. This informa-
tion may be useful for development of imaging agents based on
scaffold affinity proteins.
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Radionuclide imaging of molecular drug targets is a
potential means of stratifying patients for targeted cancer
therapy. A precondition for successful implementation of
radionuclide molecular imaging into clinical practice is
high sensitivity. The sensitivity is determined by contrast,
which depends on the ratio of radioactivity concentrations
in the tumor and in surrounding healthy tissues (tumor-to-
organ ratios). Thus, when developing new imaging agents,
the focus is on factors increasing these ratios, both by in-
creasing tumor uptake and retention of radioactivity and by
decreasing uptake in healthy tissues. Some cancer-related
molecular targets, such as receptor tyrosine kinases (1) and
G protein–coupled receptors (2), are expressed on the cell
surface, enabling the use of protein-binding targeting agents
as imaging probes for patient stratification. The use of small
targeting proteins and peptides instead of antibodies enables
increased sensitivity due to reduction of background, and
enhanced specificity by avoiding non–target-specific tumor
accumulation resulting from the enhanced permeability and
retention effect (3).

In vitro molecular display of collections of binding proteins
facilitates selection of high-affinity binders, including proteins
smaller than the smallest antibody fragments. Several types
of proteins have been used as scaffolds to create collections
(“libraries”) of potential binders (4). A suitable scaffold pro-
tein contains a robust structurally defined framework and a
spatially defined surface area that may be more or less ran-
domly modified. Several classes of scaffold protein–based
radiolabeled probes have a high potential for in vivo molecular
imaging, including Affibody molecules (Affibody AB), cys-
tine knot peptides, and nanobodies (5). Affibody molecules
are small (6 kDa), robust 3-helix proteins, based on a modified
B-domain of staphylococcal protein A. Randomization of 13
amino acids on a surface made up of residues from helices
1 and 2 has been done to construct large (.1010 members)
libraries (6). Affibody molecules having high-affinity binding
to selected therapeutic targets have been developed—for ex-
ample, human epidermal growth factor receptor 2 (HER2),
epidermal growth factor receptor, insulinlike growth factor 1,
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and platelet-derived growth factor receptor b (7–10). Preclin-
ical studies have demonstrated favorable properties of radio-
labeled Affibody molecules for in vivo imaging, including
high contrast only a few hours after injection (11). HER2-
binding Affibody molecules labeled with 111In or 68Ga have
also been shown to image HER2-expressing metastases in
breast cancer patients (12).
Affinity, a measure of the strength of interaction between

the targeting agent and its target, is a crucial parameter
defining the efficacy of tumor targeting alongside extrav-
asation and clearance rates, diffusion rate in a tumor inter-
stitium, and the differential presence of the target in tumor
and healthy tissues (13,14). Internalization of the targeting
protein followed by metabolism and intracellular trapping
of residualizing labels, such as radiometals, might make
cellular binding of targeting proteins and peptides less de-
pendent on their affinity (15). However, internalization of
HER2-binding Affibody molecules is relatively slow, typi-
cally around 30% of bound conjugate per day, and in this
case cellular retention of radioactivity results from the strong
target binding (16–18). A high affinity to HER2 is therefore
essential for high tumor accumulation of Affibody-associated
radioactivity.
Several studies on the influence of affinity of single-chain

variable fragments, diabodies, and full-length IgG on tumor
targeting have been performed (19–21). The results of these
studies suggest that an affinity increase beyond 1029 M
does not offer increased tumor uptake. A “binding site bar-
rier” (i.e., retardation of antibody penetration in tumor due
to interaction with antigen in the outer layers of the cells in
tumors) has been suggested as a limiting factor for tumor
uptake in the case of very high affinity (22). The targeting
proteins used in these studies are much larger than Affibody
molecules and have different rates of blood clearance,
extravasation, and diffusion. For this reason, the results
cannot be directly translated to Affibody molecules. Fur-
thermore, models having tumors displaying a high level of
the molecular target (over 1 million copies per cell) were
used in these studies. However, imaging of tumors with a
lower level of target display might also be required. For
example, detection of moderate overexpression of HER2
in prostate cancer can provide important prognostic and
predictive information (23).
Several studies have shown that small changes at surface-

exposed positions of the Affibody molecule can have a large
impact on biodistribution (24,25), especially on hepatic and
renal uptake. It is therefore reasonable to postulate that the
composition of the binding site may influence the pharma-
cokinetic properties of an Affibody molecule. In this study,
the effects of HER2 affinity and binding site composition of

HER2-binding Affibody molecules, and of the HER2 density,
on the tumor were studied in vivo. First, the tumor uptake and
tumor-to-organ ratios of Affibody molecules binding HER2
with moderate (dissociation constant [KD]5 1029 M) or high
(KD 5 10210 M) affinity were investigated in tumor xeno-
grafts with high and low HER2 expression level. Second, the
biodistribution was compared between 2 Affibody molecules
having similar affinity for HER2 but alternative amino acids
in the binding site.

MATERIALS AND METHODS

Design, Synthesis, and Characterization of
Affibody Molecules

Three Affibody molecules with different affinities to HER2
(2 with low-picomolar and 1 with low-nanomolar affinity) were
selected among variants created during affinity maturation (7).
The amino acid sequences of these Affibody molecules are iden-
tical, except for a few positions in the binding site (i.e., positions
9, 11, 17, 18, 24, 25, and 27) providing a difference in affinity to
HER2 ( ½Fig: 1�Fig. 1). The Affibody molecules were assembled using the
Fmoc strategy on a fully automated peptide synthesizer and puri-
fied as described earlier (18). To provide site-specific conjugation,
a unique cysteine was introduced at position 59. The maleimido
derivative of DOTA chelator [MMA-DOTA] was conjugated to
the cysteine thiol, as described earlier (17), to enable site-specific
radiolabeling with 111In. The DOTA-conjugated Affibody mole-
cules were denoted as PEP05541, PEP05838, and PEP7127. The
identity of the conjugates was confirmed and the purity evaluated
by high-performance liquid chromatography and online mass
spectrometry (HPLC-MS) using an Agilent 1100 Series LC/
MSD equipped with electrospray ionization and a single quadru-
pole as described earlier (18). HER2 binding analysis was performed
on a Biacore 2000 instrument (GE Healthcare) as described by Tran
et al. (18).

The negative control was ZTaq, an Affibody molecule binding
Taq-polymerase but not HER2. This protein was conjugated with
DOTA and labeled in the same way.

Labeling and Stability
DOTA-conjugated Affibody molecule (40 mL, 1 mg/mL in 0.2 M

ammonium acetate, pH 5.5) was mixed with 16 mL of 0.2 M am-
monium acetate, pH 5.5, and 54 mL (20 MBq) of 111In (Tyco
Healthcare) in 0.05 M HCl. The mixture was incubated at 60�C
during 30 min and analyzed using instant thin-layer chromatog-
raphy (150-771 dark green Tec-Control chromatography strips;
Biodex Medical Systems). For quality control of the labeling, in-
stant thin-layer chromatography strips were eluted in 0.2 M citric
acid. Distribution of radioactivity was analyzed using a Cyclone
Storage Phosphor System (Perkin Elmer). To evaluate the labeling
stability, the radiolabeled peptides (2 samples for each) were incu-
bated for 4 h at room temperature with a 500-fold molar excess of
ethylenediamine tetraacetic acid and analyzed using instant thin-layer
chromatography.

FIGURE 1. Alignment of studied HER2-

binding Affibody molecules. Amino acids

that differ in studied variants are red.

RGB

2 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 6 • June 2012

jnm101527-sn n 5/12/12



In Vitro Binding Specificity and Cellular Processing of
Affibody Molecules

The HER2-expressing ovarian carcinoma SKOV-3 (with a high
level of HER2 expression) and colorectal carcinoma LS174T (with
a low level of HER2 expression) cell lines (both from American
Type Culture Collection) were used for studies of binding specificity
and cellular processing. Cells were cultured in RPMI medium (Flow
Irvine), supplemented with 10% fetal calf serum (Sigma), 2 mM
L-glutamine, and PEST (penicillin, 100 IU/mL, and streptomycin,
100 mg/mL; Biokrom Kg).

Expression of HER2 in these cell lines was quantitatively deter-
mined by a saturation assay (Supplemental data, available online
only at http://jnm.snmjournals.org) as described earlier (26).

In vitro binding and processing experiments with radiolabeled
Affibody molecules were performed according to a method devel-
oped and validated earlier (Supplemental data) (16).

Biodistribution Studies
The animal studies were approved by the Local Ethics Com-

mittee for Animal Research. Tumors were grafted in the right hind
leg on female outbred BALB/c nu/nu mice by subcutaneous in-
jection of 1 · 107 SKOV-3 or 1 · 106 LS174T cells. Tumors were
allowed to develop during 6 or 3 wk for SKOV-3 xenografts and
LS174T xenografts, respectively. At the time of the experiment,
the average tumor weight was 0.35 6 0.21 g for LS174T and
0.18 6 0.01 g for SKOV-3 xenografts.

For each type of xenograft, 7 groups of mice (6–8 animals each)
were used. Two groups of mice were injected with each specific
conjugate (40 kBq in 100 mL of phosphate-buffered saline, 1 mg/
0.13 nmol per animal) and sacrificed at 4 or 24 h after injection.
One group was injected with the same dose of control non-HER2-
binding 111In-ZTaq Affibody molecule, and tumor uptake was mea-
sured at 4 h after injection. Mice was euthanized by overdosing of
anesthesia (20 mL of solution per gram of body weight; ketamine,
10 mg/mL; xylazine, 1 mg/mL) before heart puncture with a hep-
arinized syringe and withdrawal of blood. Blood and organ sam-
ples, as well as the remainder of the carcass, were collected and
their radioactivity was measured. The organ uptake values were
calculated as percentage of injected activity per gram of tissue
except for the gastrointestinal tract with its content (which was
used as a measure of hepatobiliary excretion of radioactivity) and
the remainder of the carcass, which were calculated as percentage
injected activity per whole sample.

Statistics
Data on cellular uptake and biodistribution were analyzed by an

unpaired, 2-tailed t test using Prism 5 software (GraphPad Software)
to determine any significant differences (P , 0.05).

RESULTS

Design, Synthesis, and Characterization of
Affibody Molecules

The purity of the Affibody molecules was more than 97%.
The identity of the synthetic Affibody molecules was confir-
med by high-performance liquid chromatography and online
mass spectrometry (Supplemental Fig. 1). The binding kinetics
of the DOTA-conjugated peptides to HER2 were measured
by surface plasmon resonance (sensorgrams in Supplemen-
tal Fig. 2), and the binding affinity (KD) of the peptides to
HER2 protein was calculated from dissociation and associ-
ation constants ( ½Table 1�Table 1). The dissociation constants at equi-
librium were 116.7 6 0.10 pM, 157 6 4 pM, and 3,804 6
178 pM for PEP05541, PEP05838, and PEP07127, respec-
tively.

Labeling, in Vitro Binding Specificity, and Cellular
Processing of Affibody Molecules

The labeling yields were higher than 99%. For this reason,
the radiolabeled Affibody molecules were used for experi-
ments without additional purification. A specific radioactivity
of 3.5 GBq/mmol was obtained for all Affibody molecules.
Challenge with a 500-fold excess of ethylenediamine tetra-
acetic acid caused a marginal release of radioactivity (0.5%–
1.5%) from the conjugates, indicating that the labeling was
stable (Supplemental Table 1).

The results of the saturation assay showed that SKOV-3
cells express (1.63 6 0.08)�106 receptors per cell, and
LS174T cells express (3.9 6 0.6)�104 receptors per cell
(Supplemental Fig. 3).

In the in vitro binding specificity experiment, presatura-
tion of HER2 receptors in SKOV-3 cells with the unlabeled
Affibody molecule ZHER:342 significantly reduced (P ,
1026) the cell-bound activity of all conjugates (Supplemen-
tal Fig. 4). Presaturation of cells with the unlabeled control
Affibody molecule ZEGFR:1864 (binding the epidermal
growth factor receptor) (8) did not influence binding of
anti-HER2 conjugates. These results, showing that the
binding to HER2-expressing cells was saturable, support
that all HER2 binders in the study bind the same site.

The cellular processing analysis in SKOV-3 cells showed
that the internalization of all indium-labeled conjugates
was equally slow. After a 4-h incubation, only 12.5% 6
0.9%, 11.9% 6 0.5%, and 12.8% 6 0.6% of cell-bound

TABLE 1
Binding Kinetics and Affinity of the Affibody Molecules Determined by Surface Plasmon Resonance

Molecule ka (1/Ms) kd (1/s) KD (pM)

PEP05541 (6.3 6 1.1) · 106 (7.37 6 1.33) · 1024 116.7 6 0.1

PEP05838 (9.2 6 1.8) · 106 (1.43 6 0.25) · 1023 157 6 4

PEP07127 (6.69 6 0.01) · 106 (2.55 6 0.12) · 1022 3804 6 178

ka 5 association rate constant; kb 5 dissociation rate constant; KD 5 dissociation constant at equilibrium.

High affinity corresponds to small KD values.
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radioactivity were internalized for 111In-PEP05541, 111In-
PEP05838, and 111In-PEP07127, respectively. Internaliza-
tion increased after a 24-h incubation to 36.5% 6 0.6%,
37.6% 6 0.1%, and 35% 6 1% for 111In-PEP05541, 111In-
PEP05838, and 111In-PEP07127, respectively.

Biodistribution Studies

Data concerning biodistribution of 111In-PEP05541,
111In-PEP05838, and 111In-PEP07127 in mice bearing tumor
xenografts½Table 2� with different levels of HER2 expression are pre-
sented in Tables 2 and½Table 3� 3. The general biodistribution pattern
was similar for all conjugates. All were rapidly cleared from
blood and from most normal organs and tissues. All yielded
a low radioactivity accumulation in the gastrointestinal tract
but high accumulation in the kidneys. However, significant
differences were seen in accumulation of radioactivity in nor-
mal organs and tissues for different conjugates. Overall, it was
the lowest with 111In-PEP07127. Furthermore, higher levels
of radioactivity in liver and spleen were obtained with 111In-
PEP05838 than with the other 2 variants.
For all conjugates, the radioactivity accumulating in the

tumor in either tumor model exceeded the level in any organ
or tissue, except the kidneys.½Fig: 2� Figure 2 shows that only
HER2-specific Affibody molecules—not the non-HER2-
binding control—are taken up in the tumor in either type
of xenograft. Uptake of specific targeting agents was signif-
icantly higher than uptake of the non–tumor-specific control
(P , 0.0001).
At 4 h after injection, there was no significant difference

between the high-affinity conjugates (111In-PEP05541 and
111In-PEP05838) and the low-affinity conjugate 111In-
PEP07127 in SKOV-3 xenografts having a high level of
HER2 expression (Table 2). However at 24 h after injection,
111In-PEP05541 and 111In-PEP05838 gave a more than 2-

fold higher level of radioactivity in the SKOV-3 tumor, com-
pared with 111In-PEP07127. In contrast, the affinity of the
conjugates had a pronounced effect on the level of radioac-
tivity accumulating in the low–HER2-expressing LS174T
tumors. Already at 4 h after injection, the level of radioactivity
in the tumor was 4.3- to 6.3-fold higher with the high-affinity
constructs than with 111In-PEP07127 (Table 3). The differ-
ence increased further at 24 h after injection and was more
pronounced at this time point in 111In-PEP07127 xenografts
than in SKOV-3 xenografts.

The data ½Fig: 3�concerning tumor-to-organ ratios are presented
in Figures 3 and ½Fig: 4�4. At 4 h after injection, 111In-PEP07127
provided higher tumor-to-organ ratios than the high-affinity
conjugates in SKOV-3 xenografts. Tumor-to-blood ratio
was equal for 111In-PEP07127 and 111In-PEP05838, but
tumor-to-liver, tumor-to-lung, and tumor-to-muscle ratios
were superior with the low-affinity 111In-PEP07127. Some-
what slower blood clearance of 111In-PEP05541 resulted in
lower tumor-to-blood ratios than were found for the 2 other
constructs. The pattern was changed at 24 h after injection:
With the high-affinity constructs, the tumor-associated (de-
cay-corrected) radioactivity was not changed significantly
from the values at 4 h after injection, whereas only half
remained with 111In-PEP07127. At 24 h, the tumor-to-or-
gan ratios for high-affinity conjugates were equal or
exceeded the corresponding values for 111In-PEP07127.

The pattern of tumor-to-organ ratios was very different in
the case of LS174T xenografts having low HER2 expression
(Fig. 4). At 4 h after injection, the high-affinity conjugates
already provided much higher values than the low-affinity
111In-PEP07127. Differences were apparent between the 2
high-affinity constructs in that the tumor-to-blood and tumor-
to-lung ratios were higher for 111In-PEP05838, whereas the
tumor-to-liver ratio was higher for 111In-PEP05541.

TABLE 2
Biodistribution in BALB/C nu/nu Mice Bearing SKOV-3 Xenografts (High Level of HER2 Expression)

4 h 24 h

Tissue 111In-PEP05541 111In-PEP05838 111In-PEP07127 111In-PEP05541 111In-PEP05838 111In-PEP07127

Blood 0.23 6 0.03†‡ 0.13 6 0.02 0.11 6 0.02 0.09 6 0.02†‡ 0.07 6 0.01 0.06 6 0.01

Lung 0.33 6 0.09‡ 0.36 6 0.08§ 0.18 6 0.02 0.22 6 0.06 0.26 6 0.01 0.21 6 0.11

Liver 1.2 6 0.2†‡ 2.1 6 0.5§ 0.69 6 0.10 1.0 6 0.2†‡ 1.7 6 0.3§ 0.6 6 0.2
Spleen 0.35 6 0.06†‡ 0.46 6 0.09§ 0.27 6 0.03 0.41 6 0.13 0.54 6 0.09§ 0.35 6 0.15

Kidney 224 6 24 231 6 2 253 6 31 178 6 31 180 6 30 178 6 43

Tumor 12.9 6 2.8 15.5 6 6.6 14.3 6 1.2 15.9 6 3.9‡ 15.5 6 3.9§ 7.1 6 2.4
Muscle 0.04 6 0.02† 0.1 6 0.02§ 0.05 6 0.01 0.08 6 0.03† 0.12 6 0.02§ 0.06 6 0.01

Bone 0.21 6 0.03† 0.28 6 0.07§ 0.14 6 0.03 0.3 6 0.0† 0.4 6 0.1§ 0.2 6 0.1

Gastrointestinal tract* 1.3 6 0.8 1.2 6 0.3§ 0.9 6 0.2 0.5 6 0.1 0.6 6 0.1 0.4 6 0.1

Carcass* 2.9 6 0.6†‡ 3.9 6 0.8§ 2.1 6 0.2 2.5 6 0.5‡ 2.9 6 0.5§ 1.5 6 0.4

Data are expressed as percentage injected activity per gram of tissue and presented as average (n 5 8) and SD.

*Data for gastrointestinal tract (with content) and carcass are presented as percentage injected activity per whole sample.
†Significant difference (P , 0.05) between PEP05541 and PEP05838.
‡Significant difference (P , 0.05; t test) between PEP05541 and PEP07127.
§Significant difference (P , 0.05; t test) between PEP05838 and PEP07127.
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DISCUSSION

In this study, the influence of small differences in the bin-
ding site on biodistribution and tumor targeting was inves-
tigated using a panel of 3 HER2-binding Affibody molecules,
including 2 binders with high affinity (KD, ;10210 M) and
1 with moderate affinity (KD, 1029 M). All size-related fac-
tors, such as extravasation rate, rate of diffusion in extracel-
lular space, and glomerular filtration rate, are expected to be
identical for these 3 tracers. All 3 protein molecules were
site-specifically labeled with 111In at a C-terminally located
macrocyclic chelator DOTA, providing an extremely stable
attachment of the radiometal nuclide to the protein due to
exceptional kinetic inertness of the chelate (27). Therefore,
no factors related to labeling, such as a potential release of
nuclide in circulation (if any) or modification of the overall
lipophilicity, should have influenced the results. Furthermore,
in vitro internalization experiments confirmed that the rate of
internalization was equally slow with all 3 variants; yielding
12%–13% of cell-bound activity during 4 h. All 3 conjugates
have a similar binding surface and compete for the same
binding site on HER2. Thus, the difference in radioactiv-
ity biodistribution and tumor binding after injection of 111In-

PEP05541, 111In-PEP05838, and 111In-PEP07127 was deter-
mined by their binding sites.

The results obtained in SKOV-3–xenografted BALB/c
nu/nu mice are expected to reflect HER2-specific interac-
tion of Affibody molecules with tumors and non–HER2-
specific interaction with normal tissues. Several previous
studies indicated either that this tracer has no cross-reactivity
with murine ErbB2 or that the expression of ErbB2 is neg-
ligible in mice: no decrease of the low radioactivity uptake
in healthy organs of different radiolabeled derivatives of the
HER2 binding ZHER2:342 Affibody molecule in tissues has
been seen after preinjection of large amounts of nonlabeled
tracer, whereas tumor uptake was saturable (7,18). The slow
internalization rate of HER2-binding Affibody molecules
limits the effect of the prolonged retention of intracellular
catabolites of the residualizing label by tumor cells, and the
binding affinity (off-rate) should play a major role in the
retention of conjugates in the tumor.

The results of this study showed that very high affinity
does not result in higher tumor uptake in SKOV-3 xenografts
with high HER2 expression at the earlier time point (4 h after
injection): no difference was seen between tracers having

FIGURE 2. Specificity of 111In-PEP05541,
111In-PEP05838, and 111In-PEP07127 up-
take in SKOV-3 (A) and LS174T (B) xeno-

grafts at 4 h after injection. Control group

was injected with non–HER2-specific 111In-

ZTaq Affibody molecule. All animals were
injected with 1 mg of labeled Affibody mole-

cules. Data are presented as average 6 SD.

%IA/g 5 percentage injected radioactivity

per gram of tissue.

TABLE 3
Biodistribution in BALB/C nu/nu Mice Bearing LA147T Xenografts (Low Level of HER2 Expression)

4 h 24 h

Tissue 111In-PEP05541 111In-PEP05838 111In-PEP07127 111In-PEP05541 111In-PEP05838 111In-PEP07127

Blood 0.29 6 0.06† 0.17 6 0.03§ 0.14 6 0.02 0.10 6 0.02†‡ 0.06 6 0.01§ 0.05 6 0.01

Lung 0.38 6 0.06‡ 0.43 6 0.04§ 0.24 6 0.03 0.18 6 0.03‡ 0.23 6 0.04 0.10 6 0.01
Liver 1.3 6 0.3†‡ 2.4 6 0.2§ 0.8 6 0.1 0.94 6 0.21† 1.91 6 0.29§ 0.67 6 0.08

Spleen 0.41 6 0.10†‡ 0.58 6 0.07§ 0.30 6 0.04 0.35 6 0.06† 0.56 6 0.08§ 0.24 6 0.07

Kidney 254 6 12 237 6 29 265 6 26 191 6 31‡ 194 6 18§ 224 6 19
Tumor 7.4 6 1.60†‡ 10.8 6 1.3§ 1.71 6 0.24 3.29 6 0.28†‡ 4.94 6 0.82§ 0.44 6 0.07

Muscle 0.12 6 0.05‡ 0.13 6 0.02§ 0.09 6 0.02 0.07 6 0.04 0.09 6 0.02 0.05 6 0.02

Bone 0.31 6 0.08†‡ 0.41 6 0.08§ 0.19 6 0.03 0.21 6 0.04 0.28 6 0.06 0.15 6 0.02

Gastrointestinal tract* 1.1 6 0.3 1.1 6 0.4 1.1 6 0.3 0.53 6 0.14 0.56 6 0.06 0.44 6 0.08
Carcass* 3.5 6 0.7†‡ 5.0 6 1.4§ 3.0 6 0.4 2.37 6 0.32†‡ 2.90 6 0.39 1.71 6 0.09

Data are expressed as percentage injected activity per gram of tissue and presented as average (n 5 6) and SD.
*Data for gastrointestinal tract (with content) and carcass are presented as percentage injected activity per whole sample.
†Significant difference (P , 0.05) between PEP05541 and PEP05838.
‡Significant difference (P , 0.05) between PEP05541 and PEP07127.
§Significant difference (P , 0.05) between PEP05838 and PEP0712.
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a KD of 1029 M and those having a KD of 10210 M. After
24 h, the higher dissociation rate of the moderate-affinity
binder 111In-PEP07127 resulted in a lower retention of ra-
dioactivity in tumors, despite a high expression level of
HER2 in the SKOV-3 tumors. These data agree well with
data for HER2 binding of radioiodinated single-chain vari-
able fragments (20), showing no difference in uptake in
SKOV-3 xenografts for the tracers with affinity in the range
of 1029 to 10210 M. The major difference in our experi-
mental setting was the radionuclide, but using the nonres-
idualizing iodine would most likely have yielded similar
results in the present study because of the slow internaliza-
tion and degradation of HER2 binding Affibody molecules.
The data from the present study are also in accordance with
modeling studies predicting that the tumor binding of
a tracer may be divided into 2 kinetic phases: a diffusion-
limited loading phase and a retention phase (28). In the
absence of rapid internalization, the loading phase is de-
termined by the relation between the relative rates of in-
tratumor diffusion and clearance, and the affinity is not
important when the KD is below 10 nM. Obviously, affinity,
mainly in terms of off-rate, is important in the retention
phase, which is when imaging has to be performed, that
is, when nonbound tracer has been cleared from normal
tissues.
The picture is different in a tumor model with a much

lower HER2 expression level. In this context, the accumu-
lation of radioactivity in the tumor at 4 h after injection was
lower for the moderate-affinity binder 111In-PEP07127 than

for the 2 high-affinity binders 111In-PEP05838 and 111In-
PEP0554. At 24 h after injection, the effect of lower affinity
was even more pronounced. Thus, the explanation for the
different results in the 2 murine models must be sought in
the concentration of the HER2 target protein in the tumor
tissue. The higher concentration of target protein should
have different effects during the loading and retention
phase, increasing the chance of binding at a given tracer
concentration and increasing the chance of rebinding, re-
spectively. Furthermore, 4 h after injection is past the load-
ing phase, as the concentration of tracer in the tumor is
vastly exceeding the concentration in blood. It is therefore
probable that the moderate-affinity binder would yield
equal tumor values in the low- and high-expressing xeno-
grafts at an earlier time point. An earlier in vitro study has
shown that Affibody molecules with lower affinity penetrate
more deeply into BT474 spheroids (also having a high
HER2 expression) than do counterparts with a high-affinity
conjugate (29). Thus, it is likely that the high-affinity bind-
ers 111In-PEP05838 and111In-PEP05541 do not penetrate as
far into the tumor. One might speculate that more target
protein is available for rebinding the more deeply the tracer
has traveled and that this effect may compensate for lower
affinity in a context of a very high concentration of target
protein, such as in a high–HER2-expressing xenograft tumor.

The results of this study demonstrate that small differences
in the composition of a binding site can influence the biodis-
tribution of HER2-binding Affibody molecules, including
uptake in normal tissues. This influence may directly reflect

FIGURE 4. Tumor-to-organ ratios in BALB/

C nu/nu mice bearing LS174T xenografts

(low level of HER2 expression) at 4 h (A)
and 24 h (B) after injection. Data are pre-

sented as average (n 5 6) and SD. a 5
significant difference (P , 0.05) between
111In-PEP05541 and 111In-PEP05838; b 5
significant difference (P , 0.05) between
111In-PEP05541 and 111In-PEP07127; c 5
significant difference (P , 0.05) between
111In-PEP05838 and 111In-PEP07127.

FIGURE 3. Tumor-to-organ ratio in BALB/C

nu/nu mice bearing SKOV-3 xenografts (high

level of HER2 expression) at 4 h (A) and 24 h
(B) after injection. Data are presented as av-

erage (n 5 8) and SD. a 5 significant differ-

ence (P , 0.05) between 111In-PEP05541

and 111In-PEP05838; b 5 significant differ-
ence (P , 0.05) between 111In-PEP05541

and 111In-PEP07127; c 5 significant differ-

ence (P , 0.05) between 111In-PEP05838
and 111In-PEP07127.
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different physiochemical properties of the tracers. The few
amino acids that differ between the 3 Affibody molecules
are situated in the HER2-binding surface of the molecules,
previously determined by x-ray crystallography (30). The
Affibody molecule used in that study has a binding surface
identical to the surface found in PEP05541, except for 2
peripheral amino acids not involved in binding (in positions
23 and 33). The structure showed that there is a hydrophobic
spot extending the whole length of the binding site of the
HER2 binder, containing M9, Y13, W14, A17, L18, I31,
and Y35. In PEP07127, this hydrophobic surface is smaller
because of the replacement of L18S. This difference is
likely to contribute to the lower affinity of this molecule
and, together with R24, makes this binder stands out as
more hydrophilic than the 2 high-affinity binders. Analysis
of the relative accumulation of radioactivity in various nor-
mal organs yields the same picture in both xenograft models
(Tables 2 and 3). The moderate-affinity binder 111In-
PEP07127, having the least hydrophobic binding surface,
yields the lowest accumulation of radioactivity in lung,
liver, spleen, bone, and muscle, whereas there is no statistical
difference in renal accumulation.
The difference between the surface properties of the 2

high-affinity binders is much more subtle. Having residues
F and T instead of M and N in positions 9 and 11, respec-
tively, does make the binding surface of PEP05838 slightly
more hydrophobic, whereas the replacement V for L in pos-
ition 18 may be regarded as neutral. This assumption is
supported by an assessment of the overall hydrophobicity
of the originally randomized 13 residues of these 2 binders;
applying 2 commonly used amino acids’ lipophilicity scales,
developed by Kyte and Doolittle (31) and Hopp and Woods
(32) resulted in more lipophilic values for PEP05838 than for
PEP05541. The slightly more hydrophobic binding surface
is the best explanation for an increased accumulation of
111In-PEP05838 in spleen and liver, compared with the other
high-affinity binder, and is in line with the more hydrophilic
moderate-affinity binder 111In-PEP07127 yielding the lowest
values. The presence of “lipophilic patches” on the protein
surface has been reported to cause hepatic uptake (33). The
intriguing feature of the present study is that all 3 HER2-
binders do have a hydrophobic patch in the binding surface.
The higher hepatic uptake of 111In-PEP05838 is also re-
flected in a more rapid clearance from blood and therefore
higher tumor-to-blood ratios. But from a practical point of
view, accumulation of radioactivity in the liver is less desired
because detection of liver metastases may be complicated.
Some degree of hepatic uptake might be unavoidable with
this group of high-affinity HER2-binding Affibody mole-
cules because high affinity is generally associated with a hy-
drophobic binding surface (34). Not only is hydrophobicity
important but, for any given group of binding proteins, the
hepatic uptake may also be affected by other properties such
as the isoelectric point as previously shown for Fab frag-
ments by Kobayashi et al. (35). Clearly a much larger and
more diverse data set than used in either the current study or

the study by Kobayashi et al. would be needed to analyze the
relative influence of hydrophobicity and isoelectric point on
hepatic uptake.

CONCLUSION

Taken together, these data suggest that there is an optimal
balance between hydrophobicity and affinity to be determined
for each group of binders, in relation to a relevant tumor
target density. Based on the properties of the 3 HER2-binding
Affibody molecules in 2 xenograft models, we can conclude
that an affinity in the low-nanomolar range is sufficient for
efficient accumulation of a tracer in tumors with a high ex-
pression level (over 106 receptors per cell). In the case of
moderate HER2 expression, subnanomolar affinities are de-
sirable to achieve a maximum tumor accumulation of radio-
activity. These finding may be useful also in the development
of Affibody molecules to other molecular targets, as well as
molecular imaging agents based on other small scaffold-
based proteins.
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lection of affibody molecules to the ligand-binding site of the insulin-like growth

factor-1 receptor. Biotechnol Appl Biochem. 2010;55:99–109.
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