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ABSTRACT

Purpose. Human epidermal growth factor receptor type 3 (HER3) is a transmembrane receptor

tyrosine kinase belonging to HER (ErbB) receptor family. Membranous expression of HER3 is

associated with trastuzumab resistance in breast cancer and transition to androgen independence in

prostate cancer. Imaging of HER3 expression in malignant tumors may provide important diagnostic

information influencing patient’s management. Affibody molecules with low picomolar affinity to

HER3 were recently selected. The aim of this study was to investigate the feasibility of HER3 imaging

using radiolabelled affibody molecule. Methods. A HER3-binding affibody molecule, Z08699, with a

HEHEHE-tag on N-terminus was labeled with 99mTc(CO)3 using an IsoLink kit. In vitro and in vivo

binding specificity and cellular processing of labeled binder was evaluated. Biodistribution of

99mTc(CO)3-HEHEHE-Z08699 was studied over time in mice bearing HER3-expressing xenografts.

Results. HEHEHE-Z08699 was labeled with 99mTc(CO)3 with an isolated yield of >80% and a purity of

>99%. Binding of 99mTc(CO)3-HEHEHE-Z08699 was specific to BT474 and MCF7 (breast cancer), and

LS174T (colon cancer) cells. Cellular processing showed rapid binding and relatively quick

internalization of receptor/affibody molecule complex (70% cell associated radioactivity was

internalized after 24 h). Tumor targeting was receptor mediated and the excretion was predominantly

renal. Receptor mediated uptake was also found in liver, lung, stomach, intestine, and salivary glands.

At 4 h pi, tumor-to-blood ratios were 7±3 for BT474, and 6±2 for LS174T xenografts. LS174T tumors

were visualized by microSPECT 4 h pi. Conclusions. The results of this study suggest feasibility of

HER3-imaging in malignant tumors using affibody molecules.
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INTRODUCTION

Human epidermal growth factor receptor type 3 (HER3, in non-human ErbB3) is a member of the

HER family of receptor tyrosine kinases (RTK). This family is called HER (in humans) or type I RTK

family [1-2]. For the majority of these receptors, binding of a ligand causes conformational changes

that facilitate homo- and heterodimerisation followed by activation of the intracellular tyrosine kinase

domains. Downstream signaling of HER-receptors is involved in regulation of cell proliferation,

differentiation, motility and apoptosis. It has also been shown that deregulation of HER family

expression and signaling is associated with malignant transformation and tumor progression [2].

Interestingly, the intracellular domain of HER3 lacks full kinase activity, and signaling through HER3

occurs by heterodimerization with other members of the HER family [1].

Targeting of aberrantly expressed receptors from the HER family using monoclonal antibodies,

antibody-drug conjugates and tyrosine kinase inhibitors are the most promising approaches for

treatment of disseminating cancer [3]. Until recently, the main focus has been on targeting HER1 and

HER2 [4]. However, a growing amount of evidence suggests that HER3 expression is a cause of

resistance to HER1- and HER2-targed therapies and to chemotherapy [5-9]. Moreover, there are

indications that HER3 expression is associated with transition of prostate cancer to castration

resistance [10]. Consequently, in 2012, six HER3-targeting monoclonal antibodies or antibody-based

constructs were in clinical trials, and six more in preclinical development [4]. However, only a

fraction (17-60%, depending on origin) of tumors overexpresses HER3 [11], which necessitates

development of companion diagnostics permitting determination of HER3 expression status to select

patients who would most likely respond to HER3-targeting therapy.

Currently, molecular profiling of tumors is mainly performed on biopsy samples. However,

biopsies are invasive and cannot be frequently repeated. The predictive power is also limited by the

risk of non-representative samplings due to intratumoral expression heterogeneity. The target

expression levels might also vary during the course of therapy. Radionuclide molecular imaging of

therapeutic targets has the potential to successfully challenge the current practice in patient

stratification for specific therapies [12,13]. Imaging-based methods are non-invasive and allow for
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serial investigations, which is essential for pharmacodynamic studies. Moreover, sampling errors due

to expression heterogeneities are reduced.

A common approach for molecular imaging of therapeutic targets is the use of radiolabelled

antibodies [14]. Currently, a radiolabelled anti-HER3 antibody U3-1287 is in clinical trial

(NCT01479023). However, intact antibodies are suboptimal imaging agents. Their large size (150

kDa) causes slow extravasation as well as poor tumor penetration and clearance of antibodies from

blood is slow, resulting in a high background activity. Imaging using intact antibodies is hence

typically associated with low contrast and sensitivity. Moreover, antibodies, as other proteins with

molecular weight of more than 45 kDa, accumulate in tumors unspecifically due to the “enhanced

permeability and retention” (EPR) effect [15], which is associated with a risk of false-positive

findings. The use of smaller imaging agent should improve both sensitivity and specificity of

molecular imaging.

Affibody molecules are small (7 kDa) three-helical scaffold proteins originally derived from the B-

domain of staphylococcal protein A. By randomization of 13 surface-exposed residues, diverse

molecular libraries have been generated from which high-affinity binders have been selected by

various display techniques [16]. Until today, a number of affibody molecules with subnanomolar

affinities to cancer-associated molecular targets such as HER2 [17], HER1 [18], and IGF-1R [19] have

been developed and evaluated as imaging agents. Their small size facilitates rapid extravasation and

tumor penetration, as well as rapid clearance of unbound tracers. Together with very high affinity, this

permits high-contrast imaging of target expression within a few hours after injection. Multiple studies

with different xenograft models have demonstrated that there is no unspecific uptake of affibody

molecules in tumors, which is important to exclude false-positive findings [20, 21, 22]. Two clinical

studies have confirmed the potential of affibody-based agents for imaging of HER2-expressing

metastases in patients with disseminated breast cancer [23,24]. The positive results encouraged us to

develop HER3-binding affibody molecules that may be used for imaging of HER3 expression in vivo.

A first selection of HER3-binding affibody molecules resulted in isolation of specific binders with

affinities around 1 nM to both human HER3 and murine ErbB3 [25]. One of the challenges of imaging
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HER3 is the modest overexpression, typically below 50,000 receptors per cell [26]. Our experience

from HER2-targeting affibody molecules is that imaging of such expression levels requires low

picomolar affinity [22]. To meet these requirements, additional affinity maturation was performed

using bacterial display [27] and fluorescence-activated cell sorting (FACS), resulting in the selection

of the Z08698 and Z08699 affibody molecules with affinities of around 50 and 21 pM, respectively [28].

Specificity of new affibody molecules to HER3 was demonstrated by FACS and surface plasmon

resonance (SPR) (both against HER3-Fc) and inhibition experiments (against heregulin on MCF7

cells).

In this study, we tested the feasibility to image HER3-expressing xenografts in vivo using a

radiolabeled Z08699 affibody molecule. To facilitate labeling using Tc-tricarbonyl chemistry, a histidyl-

glytamyl-histidyl-glytamyl-histidyl-glytamyl- (HEHEHE)-tag was engineered at the N-terminus of

Z08699, as this tag permits an immobilized metal ion affinity chromatography (IMAC) purification of

affibody molecules and provides improved biodistribution properties [29,30]. Biochemical and

biophysical properties of the novel construct were characterized, and targeting of HER3-expressing

cells using 99mTc(CO)3-HEHEHE-Z08699 was evaluated in vitro and in vivo.



6

MATERIALS AND METHODS

Materials

Radioactivity was measured using an automated gamma-counter with a 3-inch NaI(Tl) detector

(1480 WIZARD, Wallac Oy). The purity of radiolabeled affibody molecules was determined by radio-

ITLC (150-771 DARK GREEN, Tec-Control Chromatography strips from Biodex Medical Systems)

and cross-validated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and

size exclusion chromatography. The distribution of radioactivity along instant thin layer

chromatography (ITLC) strips and SDS gels was measured on a CycloneTM Storage Phosphor System

and analyzed using the OptiQuantTM image analysis software (PerkinElmer). All animal experiments

were planned and performed in accordance with national legislation on laboratory animals’ protection

and were approved by the Ethics Committee for Animal Research in Uppsala.

Data were assessed by an unpaired, two-tailed t-test using GraphPad Prism (version 4.00 for

Windows GraphPad Software) in order to determine significant differences (p<0.05).

Expression, purification and characterization of HEHEHE-Z08699

Subcloning, protein production, purification and characterization of HEHEHE-Z08699 was

essentially performed as previously described [28]. Details of subcloning, protein production,

purification and characterization of HEHEHE-Z08699 are described in Online Resource.

Labeling of HEHEHE-Z08699 with [99mTc(CO)3]
+ and analysis of labeling stability

Labeling of HEHEHE-Z08699 with [99mTc(CO)3]
+ was performed as described by Tolmachev and co-

workers [27]. For labeling 500 µl of 99mTcO4
--containing generator eluate was added to a vial with the

IsoLink kit. The mixture was incubated at 100°C during 20 min. Thereafter, 40 µl of mixture (200-320

MBq) was transferred to a tube containing 50 µg (~6.8 nmol) Affibody molecule in 40 µl PBS and

incubated at 50°C for 60 min. Labeling of Z08699-His6 was done as described in Malm et al [26]. The

labeling yield was measured by ITLC. When the ITLC strips are eluted with PBS, pertechnetate, as

well as carbonyl and histidine complexes of 99mTc migrate with the eluent front (Rf =1.0), while

Affibody molecules do not migrate under these conditions (Rf = 0.0). To determine the presence of
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reduced hydrolyzed technetium, ITLC was eluted with pyridine:acetic acid:water (5:3:1.5). When this

eluent is used, the technetium colloids stay at the application point (Rf = 0.0), while radiolabelled

Affibody molecule, as well as pertechnetate and carbonyl complexes of 99mTc migrate with the solvent

front (Rf =1.0). In addition, blank experiments were performed, where the Affibody molecule was

omitted. The labeled Affibody molecule was purified using NAP-5 desalting columns, pre-equilibrated

and eluted with PBS. The purity of each preparation was evaluated using ITLC. Radio-ITLC was

cross-validated by SDS-PAGE and size-exclusion chromatography as described in Online Resource.

To determine shelf-life of the conjugates, 99mTc(CO)3-HEHEHE-Z08699 and 99mTc(CO)3-Z08699-His6

were incubated in PBS at RT. To evaluate the stability of the 99mTc-label, a histidine challenge of the

conjugates was performed [31]. Samples were incubated at 37oC with 500- and 5000-fold excess of

histidine during 4 hours. The samples were analyzed using ITLC. To determine stability of

99mTc(CO)3-HEHEHE-Z08699 in blood, 50 µl of freshly labeled conjugate was incubated with 300 µl of

human blood plasma for 1 h at 37°C, and the mixture was analyzed by SDS-PAGE and size-exclusion

chromatography as described in Online Resource.

In vitro cell binding, and cellular processing of 99mTc(CO)3-HEHEHE-Z08699

Cells with documented expression of HER3, a colorectal carcinoma LS174T [32], and breast

cancer BT474 [33] and MCF-7 [34] cell lines, were used to study specificity of 99mTc(CO)3-

HEHEHE-Z08699 for binding in vitro.  All cell lines were from American Type Tissue Culture

Collection. Receptor expression was estimated for each used cell line. A measurement of the rate of

internalization of 99mTc(CO)3-HEHEHE-Z08699 was performed for BT474 and LS174T cells. An in

vitro specificity test and cellular processing study was performed in triplicate according to methods

described earlier [35].

To study the specificity of binding in vitro, a solution of radiolabelled affibody molecule (0.2 nM)

was added to cells in plates. For blocking, 0.2 µM of non-labeled affibody molecule was added 15 min

before radiolabeled conjugates to saturate the receptors. The cells were incubated during 2 hours at

room temperature to prevent internalization. Thereafter, the media was collected, the cells were

detached using trypsin-EDTA solution (0.25% trypsin, 0.02% EDTA in buffer, Biochrom AG, Berlin,
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Germany), re-suspended and the radioactivity in cells and media was measured to enable calculation

of the fraction of cell-bound radioactivity. A small fraction of the cell suspension was used for cell

counting.

To study cellular processing, the cells were incubated with the labeled compound (0.2 nM) at 37°C.

At pre-determined time points, the medium from a set of three dishes was removed. To collect the

membrane-bound radioactivity, the cells were treated with 0.2 M glycine buffer containing 4 M urea,

pH 2.5, for 5 min on ice. To collect the radioactivity internalized by the cells, treatment with 1 M

NaOH at 37°C for 0.5 h was performed. The percentage of internalized radioactivity was calculated

for each time point.

Biodistribution studies

Two groups of NMRI mice (n=4) were intravenously (iv) injected with 99mTc(CO)3-HEHEHE-

Z08699 or 99mTc(CO)3- Z08699-His6 (1 µg/100 µl PBS) with the aim to compare their biodistribution. The

animals were sacrificed at 4 h pi by injection of a lethal dose of anesthesia (20 µl of Ketalar-Rompun

per gram body weight: Ketalar (50 mg/ml, Pfizer), 10 mg/ml; Rompun, (20 mg/ml, Bayer) followed

by heart puncture and exsanguination with a heparinized syringe. Samples of blood and organs were

collected and their radioactivity was measured. Tissue uptake was calculated as percent of injected

radioactivity per gram (%ID/g).  Radioactivity in carcass and gastrointestinal tract was calculated as

%ID per whole sample.

To evaluate targeting of HER3-expressing tumors in vivo, mice bearing LS174T and BT474

xenografts were used. LS174T cells (106 cells) were implanted subcutaneously in female Balb/c nu/nu

mice 2 weeks before the experiment. BT474 cells (107 cells) were implanted in 50% Matrigel in

female Balb/c nu/nu mice pre-implanted with estradiol pellets (0.5 mg/d, 21 days; Innovative Research

of America) 3 weeks before the experiment. Mice with LS174T xenografts were iv injected with 1 µg

of 99mTc(CO)3-HEHEHE-Z08699 and radioactivity distribution was studied at 1, 4 and 8 h pi (n=4) as

described above.
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In an additional experiment to evaluate if uptake in tumors and mErbB3-expressing organs was

saturable, 99mTc(CO)3-HEHEHE-Z08699 was intravenously injected in a group of four mice. The

injected protein dose was adjusted by dilution with non-labeled affibody molecule to 1 (0.13 nmol) or

70 µg (9 nmol) per mouse. The animals were sacrificed at 4 h pi as described above. Biodistribution

was measured as described above.

Imaging studies

The imaging was performed to obtain a visual confirmation of the biodistribution results. An LS174T

tumor-bearing mouse was injected with 99mTc(CO)3-HEHEHE-Z08699 (1.6 MBq/1 µg). Four hours pi,

the animal was euthanized and the urinary bladder was excised post-mortem to improve image quality.

A static whole body tomographical examination was then performed in TriumphTM Trimodality

System (TriFoil Imaging, Inc.). SPECT scan was performed with parameters (FOV: 8 cm, 75A10

collimators, acquisition over 200-250 keV, 32 projections) and SPECT raw data was reconstructed by

FLEX SPECT software using an ordered Subset Expectation Maximization (OSEM) iterative

reconstruction algorithm. The CT raw files were reconstructed using Filter Back Projection (FBP).

SPECT and CT dicom files were fused and analyzed using PMOD v3.12 (PMOD Technologies Ltd).

Color scale of coronal images is expressed as %ID/g.
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RESULTS

Expression and purification of HEHEHE-Z08699

The affibody molecule, HEHEHE-Z08699, was produced in E. coli under control of the T7 promoter.

The results from the mass spectroscopy analysis verified that the molecular weight of the purified

protein was in accordance with the theoretical mass (7582 Da vs. 7583 Da) and the analytical reverse

phase high-performance liquid chromatography (RP-HPLC) demonstrated a purity of >99%. Surface

plasmon resonance analysis confirmed retained affinity of the affibody molecule for HER3 and

mErbB3 (Table 1). The melting point was 66°C. Circular dichroism spectroscopy demonstrated that

HEHEHE-Z08699 had a helical content that is typical for correctly folded three-helical bundle affibody

molecules, and demonstrated identical helical content before and after heat treatment, indicating

complete refolding after thermal denaturation.

Labeling of HEHEHE-Z08699 and stability of the product

The average radiochemical yield for 99mTc(CO)3-HEHEHE-Z08699 was 94±7%, the isolated yield -

82±4%; the radiochemical purity after size-exclusion purification (disposable NAP-5 column) was

99.2±0.8% with maximum specific radioactivity of 1.6 MBq/µg (12 MBq/nmol). The labeling yield

for 99mTc(CO)3-Z08699-His6 was 91% and the purity after NAP-5 purification was 99.7% as shown in

Online Resource Fig.S1 and S2).

The results of shelf-life and stability tests are presented in Table 2. There was no detectable release

of 99mTc after storage of the conjugate, indicating that the shelf-life of 99mTc(CO)3-HEHEHE-Z08699 is

at least 4 h. The conjugate was stable under histidine challenge and incubation in blood plasma (later

data are not shown). Both conditions demonstrated no release of activity from 99mTc(CO)3-HEHEHE-

Z08699 as compared with the control. Similar stability was found for 99mTc(CO)3-Z08699-His6.

In vitro specificity and cellular processing, Bmax estimation

All tested cell lines bound the anti-HER3 affibody molecule specifically because saturation of the

receptors by pre-incubation with non-labeled affibody molecules significantly (p < 0.05) decreased the
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binding of the radiolabeled one (Fig.1). Estimated receptor density was 8±1x103 receptors/cell for

LS174T, 13±3x103 for MCF7, and 25±2x103 for BT474 cells.

The pattern of cellular uptake of 99mTc(CO)3-HEHEHE-Z08699 at continuous incubation differed

between the BT474 and LS174T cell lines, but the rate of internalization was similar (Fig.2). Cell-

associated radioactivity continuously increased for LS174T cells and reached 23% from added

radioactivity at 24 h. For BT474 cells, maximum cell bound radioactivity was reached at 8 h of

continuous incubation followed by plateau. Internalization of radioactivity was rapid: at 4 h of

incubation, it was up to 50% of the total cell-associated radioactivity. After 24 h continuous incubation

65-70% of cell-associated radioactivity was internalized.

In vivo studies

Biodistribution of 99mTc(CO)3-HEHEHE-Z08699 and 99mTc(CO)3-Z08699-His6 was studied in NMRI

female mice at 4 h post iv injection of 1 µg of protein (Fig.3). Radioactivity concentration was

significantly lower for 99mTc(CO)3-HEHEHE-Z08699 in all studied tissues than that for 99mTc(CO)3-

Z08699-His6, except in kidneys and gastrointestinal tract (with content). Radioactivity concentration

decreased more than 2-fold in a majority of the studied organs and more than 3-fold in liver and bones.

Data for biodistribution of 99mTc(CO)3-HEHEHE-Z08699 in mice bearing LS174T xenografts over

time are presented in Fig.4. Blood clearance was fast with remaining 1 %ID/g already at 1 h pi

followed by further decrease. This rapid clearance translated in low radioactivity concentration in

muscle and bones. Tumor uptake of radioactivity was ~4 %ID/g at 1 h pi, but decreased two-fold to 4

h pi and then remained stable. In accordance with data for NMRI mice, the predominant excretion

pathway was renal, with slow release of absorbed radioactivity over time. Uptake of radioactivity in

mErbB3-expressing organs was high, but appreciable wash out was found in salivary glands, lungs,

liver and organs of gastrointestinal tract. Tumor-to-blood and to majority of organs ratios increased

with time. Tumor-to-blood ratio was 3.9±0.5 already at 1 h pi and reached 9.1±0.7 at 8 h pi. Tumor-to-

muscle increased from 16 at 1 h pi to 19 at 8 h, and tumor-to-bone was around 7 at all times of

observation. The only organ for which tumor-to-non-tumor ratio decreased with time was spleen. In
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liver and small intestine, the radioactivity concentration was higher than that in tumors at all

investigated time points.

99mTc(CO)3-HEHEHE-Z08699 demonstrated specific binding to HER3 in LS174T and BT474

xenografts as well as to murine ErbB3. The radioactivity concentration was significantly decreased in

all studied organs and tissues, except bones for both models and spleen for BT474, when the injected

protein dose was increased from 1 to 70 µg/mouse (Fig.5). Radioactivity concentration in kidneys was

on the contrary increased with higher injected protein dose (for BT474 mice significantly).

Radioactivity cleared rapidly from blood, muscle and bones. Radioactivity was predominantly

excreted via the kidneys with a high degree of renal re-absorption. Liver uptake was receptor-mediated

and was on the level of 3-6%ID/g. Tumor uptake was 1.7±0.6%ID/g for BT474 and 2.2±0.3%ID/g for

LS174T xenografts. Tumor uptake was lower than uptake in liver and small intestine for both tested

models. Tumor-to-non-tumor ratios were similar for both models and tumor-to-blood ratios were 7±3

for BT474 and 6±2 for LS174T xenografts. Tumor-to-bone ratios were 10±4 for BT474 and 7±1 for

LS174T xenografts, and tumor-to-muscle ratios were 11-12 for both xenograft models.

For convenience, all tabulated data for in vivo experiments are given in Online Recourse.

Image acquired 4 h after administration of 99mTc(CO)3-HEHEHE-Z08699 to immunodeficient mouse

bearing subcutaneous LS174T xenograft is presented in Fig.6. The highest radioactivity was observed

in kidney (Fig. 6A), which exceed uptake in any other organ or tissue. Setting the upper threshold at

3%ID/g permitted visualization of liver. The tumor was also clearly visualized in these settings

(Fig.6B).
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DISCUSSION

The current development of HER3-targeting therapeutic antibodies put forward a requirement for

identification of patients who would benefit from such therapy. However, there are challenges

associated with development of probes for HER3 visualization. One challenge is the relatively

abundant expression of HER3 in normal organs and tissues, such as liver, stomach, small intestines,

salivary glands and lung (http://www.proteinatlas.org). Receptors in normal tissues might hence

efficiently sequester an imaging probe from the circulation. Particularly challenging is the presence of

HER3 in liver, as this organ is very well perfused, and liver vasculature is well-fenestrated. There is

therefore a risk that an imaging probe would be trapped in liver without reaching the tumor. Yet, we

have previously demonstrated that optimization of an injected protein dose might permit to find a dose

allowing sufficient saturation of receptors in liver without saturating tumors (as exemplified by

targeting HER1 [18]). Imaging of HER3 is however even more challenging as it is generally also

expressed at a relatively low level in tumors. Previous experiments [36] have shown that exceeding an

injection dose of 1 µg (0.13 nmol) per mouse causes appreciable reduction of uptake in tumors

expressing 40000 HER2/cell, i.e. having the same expression level range as HER3-expressing cell

lines. This was also observed when the imaging properties of anti-IGF1R affibody molecules were

evaluated in murine model [19]. IGF1R expression in the used xenograft model was on the same level

as typically seen for HER3, the anti-IGF1R affibody molecule had also cross-reactivity to murine

IGF1R, and the presence of IGF1R expression in normal tissues had the same pattern as in this study.

In this circumstance, cross-reactivity of an imaging agent with murine ErbB3 is important in order for

the xenograft model in mice to be relevant. The affibody molecule Z08699 studied in this paper met this

criterion.

Technetium-99m is still the most widely used nuclide for clinical imaging due to its favorable

emission profile, good availability and low cost due to generator production and wide availability of

SPECT/CT scanner in clinics. The use of [99mTc(CO)3](H2O)3-mediated chemistry [37] permits a facile

site-specific labeling of histidine–containing recombinant proteins using a simple two-vial kit. Initial

experiments on labeling of HER3-targeting affibody molecules have been performed using variants
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containing hexahistidine tags at C-terminus [28], as such placement provide more favorable

biodistribution than N-terminal placement [29]. However, our recent findings suggest that placement

of a histidyl-glytamyl-histidyl-glytamyl-histidyl-glytamyl-(HEHEHE)-tag at N-terminus provides the

best biodistribution profile of [99mTc(CO)3]-labeled affibody molecules [30]. Accordingly, Z08699-His6

was therefore re-engineered to HEHEHE-Z08699.

Labeling of HEHEHE-Z08699 with [99mTc(CO)3] using a commercially available IsoLink kit

provided high isolated yield of over 80% using size-exclusion column, and with radiochemical purity

of over 99%. 99mTc(CO)3-HEHEHE-Z08699 was stable both in PBS during 4 h and under histidine

challenge. Binding specificity of 99mTc(CO)3-HEHEHE-Z08699 to HER3-expressing cells was

preserved. The selected panel of cell-lines demonstrated expression levels in the range of 8-25

thousands receptors per cells. A cellular processing study revealed an interesting feature of HER3-

binding affibody molecule, which is a relatively rapid internalization rate of the receptor-ligand

complex. After a 4 h incubation, up to half of the radioactivity were internalized.  For comparison,

internalization of a HER2-targeting affibody molecules is only 10-15% at this time point [35]. The

moderately residualizing properties of 99mTc(CO)3-HEHEHE [29] would be suitable for labeling of a

targeting protein with an elevated internalization rate. However, the use of a label with stronger

residualizing properties, e.g. 111In, in combination with macrocyclic chelators might offer further

improvement of intracellular retention of radioactivity associates with internalized conjugate.

In vivo comparison of biodistribution of new (HEHEHE-tagged) and old (His-tagged) constructs

confirmed our previous observations [29,30] that more hydrophilic HEHEHE-tag improves the

biodistribution pattern of the affibody molecule (Fig.3). Particularly the use of HEHEHE-tag at N-

terminus provided an appreciable reduction of hepatic uptake in comparison with pervious variant,

which was labeled via a hexahistidine tag at C-terminus [28]. Liver uptake of 99mTc(CO)3-HEHEHE-

Z08699 was 3.0 ±0.5 %ID/g, while uptake of 99mTc(CO)3-Z08698-H6 was 9.8±0.6 %ID/g. Two-fold

decrease in radioactivity uptake was found in the majority of the studied organs despite the same

affinity to mErbB3 for both constructs.
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The tumor uptake was higher than uptake in other organ and tissues except from kidneys, liver and

small intestine wall when the biodistribution of conjugate was studied in xenografted mice (Fig.4 and

5). The high renal re-absorption of the radioactivity was similar to re-absorption of affibody molecules

to other tyrosine kinase receptors (e.g. HER2 [38], HER1 [18], IGF-1R [19], PDGFRβ [39]), and is,

probably, a property of this scaffold. Radioactivity accumulation in kidneys was not reduced with

time, which reflected residualising properties of the label and was in agreement with previous

observations for small proteins labeled using 99mTc(CO)3 [37,40]. Hepatocytes and bile duct cells in

liver and glandular cells in intestine walls have medium HER3 expression

(http://www.proteinatlas.org). Taking into account that the in vivo specificity study demonstrated that

radioactivity uptake in these organs was saturable, we can conclude that this uptake was receptor

specific. Previously, an affibody molecule with an unrelated specificity for Taq polymerase (ZTaq),

which has the same 3-helix structure and that only differs in the few amino acids in the binding region,

was tested for biodistribution and tumor uptake in LS174T xenograft model [20,22]. The level of

radioactivity concentration in tumors due to unspecific uptake was lower or on the level of muscles

and blood. Radioactivity levels decreased constantly in normal mErbB3-expressing organs during

time while remained constant in tumors between 4 and 8 h pi, which manifested in increased tumor-to-

normal organ ratios (Fig.4). The more rapid wash-out of radioactivity from normal tissues could be

explained by lower HER3 expression levels than in xenografts. We have previously observed such

phenomenon when studying tumor uptake of anti-HER2 affibody molecules in xenografts with

different HER2 expression levels [22]. Accordingly, a microSPECT imaging enabled visualization of

LS174T xenografts at 4 h after injection, but there was also a noticeable uptake of radioactivity in the

abdominal area. This elevated uptake in normal tissues might complicate interpretation of images.

However, we do not consider imaging of HER3 expression as the only imaging procedure. Most likely

it would be used as complement to FDG-imaging to determine the HER3 status of already identified

tumors for patient stratification to anti-HER3 therapy, similar to anti-HER2 imaging [23,24].

Tumor-to-blood ratios for 99mTc(CO)3-HEHEHE-Z08698 were in the range of 6-7 at 4 h after

injection. This is similar to peak-value ratios from good intact antibodies in murine models with
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HER2-expressing tumors at 2-3 days after injection [41]. It has to be noted that for HER2-targeting

antibodies, such values are obtained in models expressing 1.5-2 million receptors per cells, i.e. at least

60-fold higher than in our models, and in the absence of target expression in normal organs.

Unfortunately, it is not possible to make a comparison with data for targeting of HER3 using

antibodies, as there is no successful imaging of HER3 in vivo using radiolabeled antibodies reported in

the literature.

Targeting specificity to HER3 in vivo with 99mTc(CO)3-HEHEHE-Z08699 was evaluated using two

different xenografts, BT474 (breast cancer) and LS174T (colorectal cancer). In both models (Fig.5),

co-injection of a large excess of non-labeled Z08699 caused significant (p<0.05) reduction in tumor

uptake. This suggests a saturable uptake of 99mTc(CO)3-HEHEHE-Z08699 in the xenografts, and is

evidence that tumor uptake of this imaging agent is HER3-specific. In addition, receptor saturation

caused significant reduction of uptake in salivary glands, lungs, liver, and stomach, i.e. organs

expressing murine ErbB3. This demonstrates cross-species reactivity of 99mTc(CO)3-HEHEHE-Z08699

and validates that murine model is relevant for investigation of this agent. There was a significant

difference between uptake in normal organs of mice bearing breast cancer xenografts, and mice

bearing LS174T colorectal cancer xenografts in this study. In the latter case, radioactivity

concentration was significantly (p <0.05) higher in blood, liver, spleen, and bone. It has to be noticed

that the breast cancer model requires estradiol pellet implantations, which visibly influence mice

appearance and behavior. It is likely that estradiol implantation alters the physiological processes rate

in the animals, which might affect tracer biodistribution. There was no significant difference in the

tumor uptake between models despite 3-fold difference in receptor expression.

In conclusion, affibody-based radionuclide imaging of HER3 expression in malignant tumors is

feasible despite low expression in tumors and high expression in several tissues. Further work on

optimizing labeling chemistry and tracer dosing is thus warranted.
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Figures

Fig. 1 Specific binding of 99mTc(CO)3-HEHEHE-Z08699 to HER3 expressing carcinoma cell lines. For

the pre-saturation of HER3, a 1000-fold molar excess of non-radioactive HEHEHE-Z08699 affibody

molecule was added. Data are presented as mean values from three samples±SD

Fig. 2 Binding and internalization of 99mTc(CO)3-HEHEHE-Z08698 by LS174T (colorectal carcinoma)

and BT474 (breast carcinoma) cell lines. Cells were incubated with 0.2 nM 99mTc(CO)3-HEHEHE-

Z08698 at 37oC. Data presented as mean values from three samples±SD
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Fig. 3 Biodistribution 4 h pi of 1 µg of 99mTc(CO)3-HEHEHE-Z08699 or 99mTc(CO)3- Z0869-His6 in

female NMRI mice. Values are presented as mean %ID/g and error-bars correspond to SD (n= 4)

Fig. 4 A. Biodistribution of 1 µg of 99mTc(CO)3-HEHEHE-Z08699 in female Balb/c nu/nu mice with

LS174T subcutaneous xenografts. B. Tumor to non-tumor ratios. Values are presented as mean %ID/g

and error-bars correspond to SD (n=4)
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Fig. 5 Biodistribution 4 h pi of 1 and 70 µg of 99mTc(CO)3-HEHEHE-Z08699 in female Balb/c nu/nu

mice with subcutaneous xenografts. Values are presented as mean %ID/g and error-bars correspond to

SD (n=4)

Fig. 6 Imaging of HER3 expression, 4 h pi, in LS174T colorectal carcinoma xenografts in Balb/c

nu/nu mouse using 99mTc(CO)3-HEHEHE-Z08699. Coronal image with scale 0-140 %ID/g (A) and 0-3

%ID/g (B), arrows point at liver (L), kidneys (K), and tumor (T). Tumor volume was 0.15 cm3.
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Table 1. Surface plasmon resonance data for HEHEHE-Z08699 affibody molecule

ka

(1/Ms)

kd

(1/s)

KD

(M)

hHER3 2.93*106 8.50*10-5 2.27*10-11

mErbB3 3.32*106 1.74*10-4 5.26*10-11

Table 2. In vitro stability of [99mTc(CO)3]
+-labeled affibody molecules. Incubation in PBS at

room temperature (RT) was performed to determine shelf-life. The challenge was performed
by incubation with excess of histidine at 37oC during 4 h. The data are presented as an
average of the two experiments with maximum error.

HEHEHE-Z08699 Z08699-His6

PBS 99.7±0.0 99.5±0.1
500-fold excess of histidine 99.55±0.05 98.4±0.1
5000-fold excess of histidine 99.0±0.2 97.05±0.05
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Expression, purification and characterization of HEHEHE-Z08699

The DNA sequence encoding Z08699 was amplified by PCR using primer incorporating NdeI and XhoI

restriction sites as well as codons for an N-terminal HEHEHE-tag. The PCR product was subcloned

into a pET26b+ vector (Novagen) and correct DNA sequence was verified by BigDye Thermo Cycle

Sequencing reactions using an ABI Prism 3700 instrument (Applied Biosystems, Foster City, CA).

The vector was subsequently transformed by heat shock into E. coli (Rosetta) and cells from a single

colony were cultivated in TSB+YE media at 37 °C prior to induction of protein expression by IPTG (a

final concentration of 1 mM) at an OD600 of approximately 1. Cells were grown over night at 25 °C

before harvest by centrifugation, cell lysis by addition of lysis buffer (7 M Guanidinium chloride, 47

mM Na2HPO4, 2.65 mM NaH2PO4, 10 mM Tris-HCl, 100 mM NaCl) and incubation at 37 °C for 2

hours and 150 rpm. The soluble protein-containing fraction was isolated by centrifugation and

subsequently filtered (0.45 μm). The HEHEHE-tagged Affibody molecule was purified by IMAC (GE

Healthcare) under denaturing conditions. Subsequently, the buffer of the eluted protein was exchanged

to PBS by dialysis (Slide-A-Lyzer, 3.5 kDa cutoff, Thermo Scientific, Rockford, USA). Further

purification was performed by preparative reverse-phase high-performance liquid chromatography

(RP-HPLC) using C18 columns on an Agilent 1200 HPLC system (Agilent Technologies, Santa Clara,

CA) at a flow rate of 3 ml/min using a 17.5 minute gradient of 25 - 35 % B (A, 0.1 % triflouroacetic

acid (TFA) in H20; B, 0.1 % TFA in CH3CN). The molecular mass of the purified protein was

analyzed by LC/MS (Agilent Technologies 6520 ESI-Q-TOF) and the purity was determined using

analytical RP-HPLC on C18 columns. 40 μg of protein was injected and eluted using a 20 - 50 % B

gradient over 25 minutes at a flow rate of 0.8 ml/min. The purity was calculated by comparing the

integrated peak area corresponding to the Affibody molecule versus the area of all other peaks. The

equilibrium dissociation constants of HEHEHE-Z08699 interacting with murine and human HER3,

respectively, was determined by surface plasmon resonance (SPR) interaction analysis using a

BIAcore 3000 instrument (Biacore AB, Uppsala, Sweden). Two surfaces on a CM-5 sensor chip (GE

Healthcare, Uppsala, Sweden) were immobilized with mouse HER3-FC (R&D systems) and human

HER3-Fc (R&D systems), by NHS/ECD amine-coupling chemistry according to the manufacturer’s

instructions. Affibody molecule was injected in duplicate with a flow rate of 50 μl/min in a dilution
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series consisting of three different concentrations ranging from 60 nM to 15 nM. After each injection,

the flow-cell surfaces were regenerated by two injections of 30 μl of 10 mM NaOH. The acquired

sensorgrams were subtracted with the response from a non-immobilized surface and a blank injection.

Subsequently, the sensorgrams were fitted to a 1:1 interaction model for determination of the

dissociation rate constants (kd) and the association rate constants (ka) using BIAevaluation 3.2

software (Biacore Life Science, GE Healthcare, Uppsala, Sweden). Secondary structure content and

thermal stability was analyzed by circular dichroism spectroscopy using a JASCO J-810

spectropolarimeter instrument (JASCO, Tokyo, Japan). Sample was diluted to 0.5 mg/ml in PBS and

the ellipticity was measured at 221 nm while heating the samples from 20 °C to 90 °C (5 °C/min).

Circular dichroism spectrum (250-195 nm) of the sample was measured at 20 °C before and after the

thermal unfolding.

Analysis of radiolabeled Affibody molecules

Labeling yield and radiochemical purity was determined by radio-ITLC (150-771 DARK GREEN
strips, Biodex Medical Systems), eluted with PBS. In this system, labeled Affibody molecules remain
at the origin while all forms of non-bound 99mTc migrate with the solvent front. Radio-ITLC was
cross-validated by SDS-PAGE and size-exclusion chromatography.

For radioSDS-PAGE, a sample of 99mTc(CO)3-HEHEHE-Z08699 was incubated with a four-fold bigger
volume of NuPAGE LDS Sample Buffer (Life Technologies Corporation) at 70°C for 10 min.  A
control sample containing 99mTc-pertechnetate was treated in the same way. The samples were loaded
in different wells of NuPAGE Novex® 4-12% Bis-Tris Gel (Life Technologies Corporation) and
analyzed  at 200 V constant. The distribution of radioactivity on the gel is shown in Fig.S1.

Figure S1. SDS PAGE analysis of 99mTc(CO)3-HEHEHE-Z08699. Distribution of radioactivity along
lanes was visualized and quantified using Cyclone Storage Phosphor System. Lane 1. 99mTc(CO)3-

HEHEHE-Z08699. Lane 2. 99mTc-pertechnetate was used as a marker for low molecular weight
compounds
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High-performance liquid chromatography (HPLC) analysis was performed using a system
from Beckman consisting of a 126 pump, a 166 UV detector and a radiation detector
(Bioscan) coupled in series. UV detection was performed at 220 nm.  Data acquisition and
handling were performed using the Beckman System Gold Nouveau Chromatography
Software Package. The Superdex Peptide 10/300GL (GE Healthcare) column was eluted with
0.05 M phosphate buffer, pH 7.0 containing 0.15 M NaCl at 0.5 mL/min.  The column was
calibrated using monomeric and dimeric forms of Affibody molecules.

Figure S2. Size-exclusion chromatograms of 99mTc(CO)3-HEHEHE-Z08699. UV (A) and radioactivity
(B) of 99mTc(CO)3-HEHEHE-Z08699.
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Table S1. Biodistribution of 99mTc(CO)3-HEHEHE-Z08699 and 99mTc(CO)3-Z08699-His6 in

female NMRI mice 4 h after intravenous injection. Uptake is expressed as %ID/g and

presented as an average value for 4 animals ± SD. Data for the gastrointestinal (GI) tract with

content and carcass are presented as % of injected dose per whole sample.

HEHEHE-Z08699 Z08699-His6

Blood 0.16±0.02a 0.41±0.06
Salivary glands 1.0±0.2 a 2.3±0.3
Lung 1.3±0.1 a 2.3±0.4
Liver 3.0±0.5 a 9.8±0.6
Spleen 0.34±0.08 a 0.84±0.09
Stomach 1.6±0.3 a 3.3±0.1
Small intestine 4.0±0.3 a 8±1
Kidneys 128±28 94±10
Muscle 0.10±0.03 a 0.20±0.02
Bone 0.15±0.03 a 0.49±0.06
GI tract* 15±3 14±1
Carcass* 7±2 a 9.3±1.0

a – significant difference between conjugates
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Table S2. Biodistribution and tumor uptake of 99mTc(CO)3-HEHEHE-Z08699 in female tumor

bearing Balb/c nu/nu mice 4 h after intravenous injection. Uptake is expressed as %ID/g and

presented as an average value for 4 animals ± SD. Data for the gastrointestinal (GI) tract with

content and carcass are presented as % of injected dose per whole sample.

Xenograft LS174T BT474
Injected protein dose 1 µg 70 µg 1 µg 70 µg
Tumor 2.2±0.3 0.3±0.1 1.7±0.6 0.38±0.06
Blood 0.35±0.04b 0.16±0.02 0.26±0.05 0.18±0.02
Salivary glands 1.2±0.1 0.33±0.06 0.9±0.3 0.30±0.02
Lung 1.22±0.07 0.37±0.05 1.4±0.2 0.43±0.04
Liver 5.5±0.6b 2.6±0.3 3.1±0.4 1.7±0.1
Spleen 1.4±0.2b 0.9±0.1 0.51±0.09a 0.4±0.2
Stomach 1.4±0.1 0.34±0.06 1.4±0.2 0.35±0.05
Small intestine 4±1 0.49±0.06 2.8±0.5 0.44±0.08
Kidney 158±12 194±14 162±16a 187±19
Muscle 0.19±0.05 0.092±0.009 0.15±0.02 0.100±0.009
Bone 0.34±0.06a,b 0.27±0.05 0.17±0.04a 0.18±0.04
GI-tract 10±1 5.1±0.8 6.3±0.5 1.8±0.3
Carcass 7.1±0.9 3.2±0.5 7.5±0.9 3.5±0.2

Tumor to non-tumor ratio
Blood 6±2 7±3
Salivary glands 1.9±0.5 3±2
Lung 1.8±0.3 1.3±0.5
Liver 0.4±0.1 0.5±0.1
Spleen 1.6±0.5 3.2±0.9
Stomach 1.6±0.3 1.2±0.5
Small intestine 0.7±0.2 0.6±0-2
Muscle 12±5 11±4
Bone 7±1 10±4

a – no significant difference between 1 and 70 µg

b – significant difference between LS174T and BT474 xenografted mice
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Table S3. Biodistribution and tumor targeting of 99mTc(CO)3-HEHEHE-Z08699 in female

Balb/c nu/nu mice with LS174T xenografts after intravenous injection. Uptake is expressed as

%ID/g and presented as an average value for 4 animals ± SD. Data for the gastrointestinal

(GI) tract with content and carcass are presented as % of injected dose per whole sample.

1 h 4 h 8 h
Tumor 3.9±0.4 2.2±0.3a 2.1±0.3b

Blood 1.0±0.1 0.35±0.04 a 0.23±0.03 b

Salivary glands 2.3±0.3 1.2±.1 a 0.8±0.1 b

Lung 2.3±0.3 1.22±0.07 a 0.9±0.1 b

Liver 8±1 5.5±0.6 a 4.7±0.5
Spleen 1.5±0.4 1.4±0.2 1.5±0.3c

Stomach 2.6±0.3 1.4±0.1 a 1.2±0.1
Small intestine 9±2 4±1 a 2.4±0.3
Kidneys 170±30 158±12 142±10 c

Muscle 0.24±0.02 0.19±0.05 0.12±0.03 b, c

Bone 0.5±0.1 0.34±0.06 0.33±0.09 c

GI-tract 9.9±0.9 10±1 3.8±0.4 b

Carcass 12±1 7.1±0.9 a 6.0±0.4 b

Tumor to non-tumor ratio
1 h 4 h 8 h

Blood 3.9±0.5 6±2 a 9.1±0.7 b

Salivary glands 1.7±0.2 1.9±0.5 2.46±0.08d

Lung 1.67±0.06 1.8±0.3 2.3±0.2 b

Liver 0.49±0.09 0.4±0.1 0.44±0.05 c

Spleen 2.8±0.9 1.6±0.5 1.4±0.2 d

Stomach 1.5±0.1 1.6±0.3 1.78±0.05 d

Small intestine 0.5±0.1 0.7±0.2 0.9±0.2 d

Muscle 16.0±0.6 12±5 19±6 c

Bone 8.1±1.0 7±1 7±1 c

a – significant difference between 1 and 4 h pi

b - significant difference between 4 and 8 h pi

c – no significant differences between any time points

d - significant difference between 1 and 8 h pi


