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Abstract. The upregulation of epithelial cell adhesion mole‑
cule (EpCAM) expression, found in a substantial fraction of 
renal cell carcinomas (RCCs), renders it a potential molecular 
target for the treatment of disseminated RCC. However, 
the heterogeneous expression of EpCAM necessitates first 
identifying the patients with sufficiently high expression of 
EpCAM in tumors. Using the specific radionuclide‑based 
visualization of EpCAM might enable such identification. The 
designed ankyrin repeat protein, Ec1, is a small (molecular 
weight, 18 kDa) targeting protein with a subnanomolar affinity 
to EpCAM. Using a modified Ec1, a tracer was developed 
for the radionuclide‑based visualization of EpCAM in vivo, 
i.e., an EpCAM‑visualizing designed ankyrin repeat protein 
(EVD). EVD was labelled with either technetium‑99m using 
technetium tricarbonyl or with iodine‑125 (as a surrogate 
for iodine‑123) by coupling it to para‑[125I]iodobenzoyl 

([125I]PIB) groups. Both the 125I‑labelled EVD (125I‑EVD) 
and 99mTc‑labelled EVD (99mTc‑EVD) bound specifically to 
EpCAM‑expressing SK‑RC‑52 renal carcinoma cells. The 
binding affinity (KD value) of 99mTc‑EVD to SK‑RC‑52 cells 
was 400±28 pM. The tracers' uptake in SK‑RC‑52 xenografts 
at  3 h after injection was 5.2±1.4%ID/g for 125I‑EVD and 
6.0±1.4%ID/g for 99mTc‑EVD (no significant difference). These 
uptake values in SK‑RC‑52 xenografts were significantly 
higher (P<0.001) than those in Ramos lymphoma xenografts 
(used as EpCAM‑negative control). The tumor‑to‑blood 
uptake ratio was significantly higher for 99mTc‑EVD (25±6) 
compared with that of 125I‑EVD (14±3). However, 125I‑EVD 
was associated with higher tumor‑to‑liver, tumor‑to‑salivary 
gland, tumor‑to‑spleen and tumor‑to‑intestinal wall ratios. 
This makes it the preferable tracer for visualizing EpCAM 
expression levels in the frequently occurring abdominal 
metastases of RCC.

Introduction

Renal cell carcinoma (RCC) is the leading type of malignant 
tumor originating from the kidneys, and makes up about 90% 
of all malignant renal tumors  (1). RCC develops from the 
epithelium of the proximal tubules and collecting ducts in 
the kidneys. According to the WHO classification, there are 
different subtypes of kidney carcinomas: clear cell, papillary, 
chromophobe and collecting duct carcinomas. The identifica‑
tion of renal cell carcinoma subtypes is essential in clinics, 
because RCC constitutes a heterogeneous group of tumors 
with prognostic uncertainty (2).

The incidence of RCC is increasing, and the treatment 
results remain unsatisfactory. Although patients with early 
disease can be treated with surgery at a high success rate, 
nearly 50% of RCC patients die within 5 years after being 
diagnosed (3). The decisive factor determining the clinical 
outcome is the development of distant metastases, and the 
5‑year survival rate of patients with metastatic lesions is less 
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than 10% (4). The use of non‑targeted chemotherapy for the 
treatment of metastatic‑RCC patients' is associated with indis‑
criminate toxicity (5). Currently, there is no chemotherapy 
for advanced kidney carcinoma providing high objective 
response rates. Chemotherapy in combination with cytokines 
(IFN‑alpha and IL‑2) or only cytokines have been studied, but 
this treatment is not effective and leads to additive toxicity (3). 
Due to the low efficiency of existing treatments, it is necessary 
to develop new approaches for both the therapy and diagnosis 
of renal cell carcinoma. Regarding new therapy approaches, 
some advances have been achieved by targeting either the 
vascular endothelial growth factor receptor or the mamma‑
lian target of rapamycin (5,6). Another promising treatment 
approach that has emerged, is the use of immune‑checkpoint 
inhibitors (7). Still, there is an urgent need for the identifica‑
tion of new molecular targets and biomarkers, as well as the 
development of new targeted therapies for RCC (7).

One particularly promising molecular target for RCC is the 
epithelial cell adhesion molecule (EpCAM). EpCAM is highly 
expressed in multiple carcinoma types and promotes tumor 
proliferation. Importantly, EpCAM overexpression has been 
detected in a large fraction of RCC cases. There has also been 
a continuous development and evaluation of EpCAM‑targeting 
therapeutics which include monoclonal antibodies or antibody 
fragments as well as their drug‑ and toxin‑conjugates (8‑12), 
the EpCAM‑targeting trifunctional T‑cell engaging antibody 
catumaxomab (Removab®) (13), targeted toxins based on scaf‑
fold proteins (14,15), and chimeric antigen receptor‑modified 
T cells (16). Importantly, catumaxomab was successfully used 
in the treatment of malignant ascites which originated from 
EpCAM‑positive renal cell carcinoma (17).

Clinical data suggests that EpCAM‑targeted treatment 
is efficient in tumors with high target expression  (18,19). 
However, the level of EpCAM expression is heterogeneous 
in RCC and it was found that the overexpression of EpCAM 
depends on the tumor cell histology. EpCAM expression was 
found in 36.3% of clear‑cell RCC, in 81.3% of papillary RCC 
(pRCC) and in 78.3% of chromophobe RCC (cpRCC) (20). 
This heterogeneous expression of EpCAM in renal carcinoma 
is an essential problem for targeted‑cancer therapy because it 
might cause an overtreatment. Consequently, patient stratifica‑
tion for therapy based on EpCAM expression in tumors is a 
high‑priority task. Typically, target expression is determined 
by the immunohistochemical analysis of biopsy samples (18). 
The invasiveness of these procedures makes it difficult to 
perform multiple biopsies. This, in turn, prevents obtaining 
information about the heterogeneity of expression in different 
metastases or changes in expression that occur over time. The 
radionuclide‑based molecular imaging of EpCAM expression 
is a promising alternative to biopsy‑based methods.

The previously known approach to imaging molecular 
targets, which uses radiolabeled therapeutic monoclonal anti‑
bodies (mAbs), has several disadvantages (21‑23). The large 
size of monoclonal antibodies (molecular weight of 150 kDa) 
causes a slow accumulation of the imaging probes in the 
tumor, along with a slow decrease of their concentration in 
the blood. Consequently, a reasonable imaging contrast might 
be achieved only four to seven days after injection. Another 
factor, which decreases the accuracy of imaging when using 
monoclonal antibodies, is the enhanced permeability and 

retention (EPR) effect, i.e., unspecific accumulation of macro‑
molecules in tumors. This effect decreases the specificity of 
imaging (24). The use of engineered scaffold proteins (ESPs) 
as targeted probes in radionuclide diagnostics is a promising 
option  (25). A comparison of several formats of targeting 
vectors suggests that imaging probes based on engineered 
scaffold proteins provide higher contrast than probes based on 
monoclonal antibodies or their derivatives (25). ESPs typically 
have high binding specificities and affinities to their selected 
therapeutic targets. In addition, their small size facilitates 
rapid localization in tumors and prompt excretion from the 
blood. These features provide a high contrast for imaging on 
the day of injection.

The structure of ESPs determines their affinity to molecular 
targets. Designed ankyrin repeat proteins (DARPins) are ESPs 
built from 4‑6 blocks (each block containing 33 amino acids) 
with a total molecular weight of 14‑18 kDa (26). Previous 
studies have shown that DARPin Ec1 binds to EpCAM with a 
very high affinity, 68 pM (27).

Selecting a strategy for the radiolabeling of ESPs requires 
special attention because these proteins are small (having 
molecular weights between 4  and  20  kDa), and therefore 
labeling could significantly change their physicochemical 
properties and affect their biodistribution pattern.

The aim of this study was to assess the potential of a 
DARPin Ec1 derivative, EpCAM‑visualizing DARPin (EVD), 
for imaging EpCAM in an in vivo RCC model. A residualizing 
99mTc‑label and non‑residualizing 125I‑label were evaluated for 
this purpose.

Materials and methods

Materials and instruments. Iodine‑125 in the form of sodium 
iodide was provided by Perkin Elmer Sverige AB. Instant 
thin‑layer chromatography (iTLC) on iTLC silica gel strips 
(Varian) was used for measurements of radiochemical yield 
and purity. A cyclone storage phosphor system (Packard 
Instrument Company) with the OptiQuant image analysis soft‑
ware (Perkin Elmer) was used for the quantitative assessment 
of iTLC. Cell‑associated activity during in vitro studies and 
organ‑associated activity in biodistribution evaluations were 
measured using an automated gamma‑spectrometer (1480 
Wizard). For animal studies, radioactivity was measured using 
an ionization chamber VDC‑405 (Veenstra Instruments BV) 
for formulation of injected solutions. Cells were cultured in a 
humidified incubator with 5% CO2 at 37˚C in RPMI medium 
(Biochrom) containing 10% fetal bovine serum (FBS) (Merck), 
2 mM L‑glutamine, 100 IU/ml penicillin and 100 µg/ml strep‑
tomycin (all from Biochrom).

Protein production and radiolabeling. The EpCAM‑specific 
DARPin Ec1 was designed using the binding sequence 
published earlier (27). An amino acid sequence H‑E‑H‑E‑H‑E 
((HE)3‑tag) was introduced to the N‑terminus of DARPin Ec1 
for site‑specific labelling using [99mTc]technetium tricarbonyl 
and to improve its biodistribution. The (HE)3‑containing Ec1 
was designated as EpCAM‑visualizing DARPin (EVD). The 
production of EVD has also been described previously (28). 
Mass‑spectrometry analysis confirmed that the protein had the 
correct mass, which demonstrated its authenticity.
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EVD was indirectly radioiodinated by using N‑succinimi
dyl‑para‑(trimethylstannyl)benzoate as a precursor according 
to a previously published protocol (28,29). A stock solution 
of [125I]iodide in 0.01 M NaOH (5‑15 µl, 17‑42 MBq) was 
added to 10 µl of 0.1% acetic acid in water. A solution of the 
precursor in 5% acetic acid in methanol (5 µl, 1 mg/ml) was 
added to this mixture followed by addition of chloramine‑T 
(20 µg, 5 µl in water). The oxidative iododestannylation reac‑
tion was terminated after 5 min by the addition of sodium 
metabisulfite (30 µg, 5 µl in water). A solution of DARPin Ec1 
(140 µg in a mixture of 40 µl of 0.05 M phosphate‑buffered 
saline, pH 7.5, and 140 µl of 0.07 M borate buffer, pH 9.3) 
was added and the resulting solution was incubated at room 
temperature for 30 min. 125I‑EVD was purified using a NAP‑5 
column (Cytiva, Uppsala, Sweden) which was pre‑equilibrated 
with 1% bovine serum albumin (BSA) in PBS and then eluted 
with PBS. A mixture of acetone:water (4:1) was used as the 
mobile phase for the development of iTLC strips to determine 
the radiochemical yield and radiochemical purity of 125I‑EVD.

Labell ing of DARPin (HE)3‑Ec1 using [99mTc]
[Tc(CO)3(H2O)3]+ was performed as described earlier (28,29). 
The eluate from a technetium generator (500 µl, 3 GBq of [99mTc]
TcO4

‑) was added to a CRS kit. After the kit reconstitution, the 
solution was incubated at 100˚C for 30 min. After incubation, the 
solution containing [99mTc][Tc(CO)3(H2O)3]+ (12 µl) was mixed 
with a solution of EVD (40 µg) in 33 µl of PBS and incubated 
at 60˚C for 60 min. The radiolabeled DARPin EVD was purified 
using NAP‑5 columns pre‑equilibrated and eluted with PBS. 
PBS was used for the development of iTLC strips to determine 
the radiochemical yield and radiochemical purity of 99mTc‑EVD.

Binding specificity and cellular processing assays. The 
EpCAM‑expressing human renal cell carcinoma cell line 
SK‑RC‑52 (American Type Culture Collection) was used for 
in vitro studies. One day before the experiment, 1x106 cells per 
dish were seeded. Groups of three dishes were used per data 
point.

The evaluation of 125I‑EVD's and 99mTc‑EVD's binding 
specificity to EpCAM‑expressing cells was performed using 
a saturation test. To saturate EpCAM binding sites, a 100‑fold 
(200 nM) excess of unlabeled DARPin Ec1 was added to a 
group of three cell‑seeded dishes. An equal volume of media 
only was added to the second group of three cell‑seeded 
dishes. The cells were incubated for 30 min at room tempera‑
ture, thereafter radiolabeled EVD was added to obtain a final 
concentration of 2 nM. The cells were then incubated for 6 h at 
room temperature, and afterwards the medium was collected. 
The cells were washed and detached from the dishes by incu‑
bation with trypsin. The cell suspension was collected, and the 
activity of both the cells and media was measured to calculate 
the percentage of cell‑bound activity. The unpaired two‑tailed 
t‑test was used to determine if a significant difference (P<0.05) 
between binding to pre‑saturated and unsaturated cells existed.

To evaluate the internalization of Ec1 by renal carcinoma 
cells, 99mTc‑EVD (which contained a residualizing label) was 
used. The internalization of 99mTc‑EVD was studied during 
continuous incubation using the acid‑wash method (30).

Radiolabeled 99mTc‑EVD was added to the cells to obtain a 
concentration of 2 nM. The cells were incubated a 37˚C. After 
1, 2, 4, 6 and 24 h of incubation, the media from the plated cells 

was collected. The cells were additionally washed once with 
fresh media. To collect the membrane‑bound fraction, the cells 
were treated with a 0.2 M glycine buffer containing 4 M urea 
at pH 2.0 (which was placed on ice for 5 min before use) which 
caused dissociation of membrane‑bound proteins. Afterwards, 
the cells were washed and treated with 1 M NaOH for 30 min 
in order to collect the fraction containing any internalized 
compound. The activity in every fraction was measured. The 
maximum value of cell‑bound activity in each dataset was 
taken as 100% and the data were normalized to that value.

Affinity measurements using a LigandTracer. Binding 
affinities of the radiolabeled EVD to living SK‑RC‑52 renal 
carcinoma cells were measured using the LigandTracer 
instrument (Ridgeview Instruments). The TraceDrawer 
Software (Ridgeview Instruments AB) was used for evalu‑
ating the kinetics (31). The binding and dissociation kinetics 
were measured at room temperature. After a background 
measurement, increasing concentrations of radiolabeled EVD 
(1.8 and 5.4 nM) were added to the cells to determine the 
binding kinetics. After the association phase, the cell media 
was replaced and the retention in the dissociation phase was 
measured. The real time association and dissociation data 
were fitted into a one‑to‑one Langmuir binding model using 
the TraceDrawer Software. Both association and dissocia‑
tion rates were determined, and the equilibrium dissociation 
constant was calculated.

Animal studies. Animal studies were performed according 
to national legislation on laboratory animal protection. The 
animal welfare was ensured by following The Guide for Care 
and Use of Laboratory Animals (32). After tumor implanta‑
tion, the tumor size and animal behavior was monitored twice 
a week. To develop RCC xenografts, SK‑RC‑52 cells (107 cells 
in 100 µl media) were subcutaneously inoculated into the 
hind legs of female Balb/c nu/nu mice. The experiments were 
performed two weeks after SK‑RC‑52 cells implantation. 
At the time of experiment, the average mouse's weight was 
18±2 g. The average tumor weight was 0.2±0.1 g (the largest 
tumor volume was 0.28 cm3). A group of four animals point 
was used.

The biodistribution was measured using a dual‑label 
technique. A mixture of both 125I‑EVD (20  kBq/mouse) 
and 99mTc‑EVD (30 kBq/mouse) with a combined mass of 
4 µg/mouse was injected as a solution in 100 µl PBS into 
the tail vein of mice. The biodistribution was measured 3 h 
post‑injection. All animals were sedated by an intraperitoneal 
injection of a lethal dose of anesthesia (ketamine [Ketalar, 
Pfizer], 200 mg/kg of body weight, and xylazin [Rompun], 
20 mg/kg of body weight). The sufficient degree of sedation 
was evaluated by absence of the pedal withdrawal reflex to toe 
pinch. The sedated animals were euthanized by a heart punc‑
ture with following exsanguination. The organs and tissues 
were collected, weighed and their activities were measured. 
The activity of iodine‑125 in each sample was measured 
in the energy range between 18 and 85 keV. The activity of 
technetium‑99m was measured in the energy range between 
110 and 160 keV. These data were then used to calculate the 
percent of labelled compound taken up per gram of sample 
relative to the injected dose (%ID/g).
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To test the specificity of EpCAM targeting in vivo, the 
uptake of tracers in EpCAM‑positive SK‑RC‑52 tumors was 
compared to their uptake in EpCAM‑negative xenografts 
produced using the Ramos lymphoma cell line (American 
Type Culture Collection). Lymphoma is an ideal nega‑
tive control because it, unlike malignancies of epithelial 
origin, does not express EpCAM. On the other hand, Ramos 
lymphoma forms vascularized solid xenografts and might 
reflect nonspecific tumor accumulation in vivo. Ramos cells 
(107 cells) were subcutaneously inoculated into the hind legs 
of another group of female Balb/c nu/nu mice. The experiment 
was performed three weeks after Ramos cells implantation. 
At the time of experiment, the average mouse's weight was 
18±2 g. The average tumor weight was 0.5±0.3 g (the largest 
tumor volume was 0.803 cm3). A group of five animals was 
used. The injected activity and protein mass were the same as 
that used for mice bearing SK‑RC‑52 xenografts. The animals 
were euthanized after sedation (as aforementioned) by a heart 
puncture with subsequent exsanguination 3 h after injection, 
the xenografts were excised, and the uptake of the tracers was 
measured.

SPECT/CT scans of mice (bearing SK‑RC‑52 xenografts) 
injected with 99mTc‑EVD (4 µg, 4.9 MBq) or with 125I‑EVD 
(4  µg, 2.5 MBq) in 100  µl PBS were performed using a 
nanoScan SPECT/CT platform (Mediso Medical Imaging 
Systems). The tumors size was 1.3x0.6 and 0.9x0.7 cm for 
animals imaged using 99mTc‑EVD and 125I‑EVD, respectively. 
Imaging was performed 3  h post‑injection. Immediately 
before imaging, the animals were euthanized by CO2 
asphyxiation (displacement rate 35% per minute), which 
caused them to urinate. In this way, the high activity from the 
urinary bladder is eliminated, which is a frequent artifact in 
preclinical studies. The animals' death was verified by lack of 
respiration and heartbeat and lack of response to toe pinch. 
The animals were positioned in the camera in a prone posi‑
tion, and imaging was performed using the protocol described 
in (28). The scanning time was 30 min.

Statistical analysis. The data are presented as the mean ± stan‑
dard deviation of three samples for cell studies or four samples 
for animal studies. Data analyses for in vitro experiments were 
performed using an unpaired two‑tailed t‑test, the statistical 
significance threshold was set at P<0.05. The biodistribution 
data for the dual‑label experiment were also analyzed using 
a paired two‑tailed t‑test, the statistical significance threshold 
was also set at P<0.05. The statistical analyses were performed 
using GraphPad Prism (version 7.02; GraphPad Software, Inc.).

Results

Radiolabeling. EVD was labelled with [99mTc][Tc(CO)3(H2O)3]+ 
using a triple histidine‑glutamate tag, (HE)3‑tag, as a chelator 
to provide a residualizing label with a radiochemical yield 
of 58±16% (n=3). Labeling of EVD with the para‑[125I]
iodobenzoyl group was performed by conjugating it as the 
N‑hydroxysuccinimide ester (N‑succinimidyl‑para‑[125I]
iodobenzoate) to the amino acid groups of lysine with a 
radiochemical yield of 16±3% (n=4). Purification using 
size‑exclusion NAP‑5 columns provided purities over 98% for 
both compounds.

Binding to RCC cells in vitro. For the specificity test, cells of 
the human carcinoma cell line SK‑RC‑52 were incubated with 
2 nM of either 99mTc‑EVD or 125I‑EVD, and the cell‑associated 
activity was measured. In the control group, the binding sites 
of EpCAM were saturated by incubating cells in a 100‑fold 
molar excess of unlabeled Ec1.

The blocking test showed that the pre‑treatment of 
SK‑RC‑52 renal carcinoma cells with a large excess of 
unlabeled Ec1 resulted in a highly significant (P<0.00005) 
reduction in binding for both radiolabeled DARPins (Fig. 1).

According to sensorgrams from the LigandTracer instru‑
ment (Fig. 2), the binding of 99mTc‑EVD to EpCAM‑expressing 
renal carcinoma cells was rapid and showed an association rate 
constant or ka value of 2.7(±0.2)x104 M‑1.s‑1. Its dissociation 
was slow and showed a dissociation rate constant or kd value 
of 1.1(±0.1)x10‑5 s‑1. This resulted in a subnanomolar affinity or 
KD value of 400±28 pM.

Internalization of 99mTc‑EVD, after binding to renal carci‑
noma cells, was evaluated using the acid wash method. The 
data were normalized to the maximum value of cell‑bound 
activity, and the cellular processing data are presented in Fig. 3. 
The total cell‑associated and internalized activity increased 
continuously for the 99mTc‑labeled variant. The internalization 
of 99mTc‑EVD was slow, and only 20% was internalized after 
24 h of incubation.

In vivo studies. The biodistribution evaluation of 125I‑EVD 
and 99mTc‑EVD was measured in Balb/c nu/nu mice bearing 
SK‑RC‑52 renal carcinoma xenografts 3  h post‑injection 
(pi). These data are presented in Figs. 4 and 5. Rapid blood 
clearance was observed for both radiolabeled‑EVD variants. 
The tumor uptake of 125I‑EVD and 99mTc‑EVD did not differ 
significantly. However, there were significant differences 
(P<0.05) in their distribution in normal tissues. The renal 
uptake of 99mTc‑EVD was much higher than the renal uptake 
of its radioiodinated counterpart. Overall, 99mTc‑EVD resulted 
in a significantly lower uptake in the blood, but 125I‑EVD 
provided a significantly lower uptake in the salivary glands, 
liver, spleen, stomach, kidneys and bones.

Based on these biodistribution features, 125I‑EVD provided 
significantly higher tumor‑to‑salivary gland, tumor‑to‑liver, 
tumor‑to‑spleen and tumor‑to‑kidney ratios compared to 

Figure 1. Binding specificity of 99mTc‑EVD and 125I‑EVD to renal carcinoma 
cells. Data are normalized to specific binding of each conjugate. Error bars 
indicate the standard deviation. **P<0.005 vs. blocked control (unpaired 
t‑test). EVD, epithelial cell adhesion molecule‑visualizing designed ankyrin 
repeat protein.
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99mTc‑EVD (Fig. 5). However, 99mTc‑EVD provided a higher 
tumor‑to‑blood ratio.

The uptake of both 125I‑EVD and 99mTc‑EVD in 
EpCAM‑negative Ramos lymphoma xenografts was signifi‑
cantly lower (P<0.0001) than in EpCAM‑expressing SK‑RC‑52 
xenografts (Fig.  6). This suggests that the recognition of 
EpCAM is a prerequisite for the accumulation of both tracers 
in tumors, i.e., the uptake is EpCAM‑specific.

SPECT/CT imaging confirmed the findings of direct 
ex vivo measurements (Fig. 7). Both 99mTc‑EVD and 125I‑EVD 
provided a clear visualization of SK‑RC‑52 renal carcinoma 
xenografts. Although there was some background activity in 
the whole body, in the case of 125I‑EVD, the contrast of the 
tumor visualization was high. It has to be noted that some spots 
with elevated activity accumulation (hot spots) were visible in 
the left femoral muscle of the mouse injected with 125I‑EVD. 
Most likely, these hot spots are reconstruction artefacts, as the 
image obtained using radioiodinated tracer is more pixelated. 
Most importantly, 125I‑EVD provided a much higher tumor 
contrast with respect to the kidneys and liver, which are 
the major metastatic sites for renal cell carcinoma. Overall, 
125I‑EVD was the better probe for imaging EpCAM‑expressing 
renal cell carcinomas.

Discussion

The overexpression of EpCAM, in an appreciable proportion 
of RCC cases (including the most frequent clear cell and papil‑
lary histological subtypes), makes it an attractive molecular 
target for the treatment of this disease. Still, a large number of 
patients have RCC tumors without sufficiently high levels of 
EpCAM expression for targeted therapy. This necessitates the 
stratification of patients for targeted anti‑EpCAM treatment. 
Radionuclide‑based molecular imaging would potentially 
enable a non‑invasive analysis of EpCAM‑expression levels in 
disseminated RCC cases.

Single‑photon emission computed tomography (SPECT) 
offers the advantage of easy access around the world. Unlike 
positron emission tomography (PET), it is relatively available 

at hospitals in Africa, South America and Asia, where PET 
centers are not so common. Thus, the development of a 
SPECT‑compatible imaging probe might have a greater impact 
on global healthcare.

The most suitable nuclides for SPECT imaging are 
technetium‑99m (T1/2=6  h, Eg=140  keV) and iodine‑123 
(T1/2=13.3  h, E=159  keV). The energy of the gamma‑ray 
photons from these nuclides provides an optimal combination 
of spatial resolution and photopeak registration efficiency for 
modern gamma‑cameras. An additional advantage of tech‑
netium‑99m is its production using the 99Mo/99mTc‑generator, 
which makes it cheaper and more readily available. However, 
the main criterion for suitability of an imaging probe is 
the sensitivity of imaging that it provides. The sensitivity 
depends on the imaging contrast, which is determined by 
the tumor‑to‑background uptake ratios for the main meta‑
static sites. The partial volume effect (which complicates 
visualization of small metastases) can be reduced with high 
tumor‑to‑background ratios.

Common metastatic sites for RCC include the lung (in 50‑60 
percent of metastatic cases), bone (in 30‑40 percent), liver (in 
30‑40 percent) and brain (in 5 percent) (33). Accordingly, the 
most suitable tracer for imaging EpCAM in disseminated 
RCC should provide high tumor‑to‑lung, tumor‑to‑bone and 
tumor‑to‑liver uptake ratios. The tumor‑to‑brain ratio is less 
important because the brain uptake is generally very low for 
protein‑based imaging probes when the blood‑brain barrier 
is still intact. The judicious selection of a labelling strategy 
(i.e., a radionuclide, a chelator or linker for its coupling and 
the position of radionuclide coupling), which provides the 
lowest uptake in the aforementioned organs, would ensure 
the highest tumor‑to‑organ ratios and therefore result in the 
highest imaging sensitivity.

The fact that the selected labeling strategy determines 
the biodistribution of radiolabeled scaffold proteins is well 
established (25,34). For example, it has been demonstrated 
that an increase in negative charges on the N‑terminus of affi‑
body molecules (by selecting an appropriate combination of 
chelator and radionuclide) reduces their hepatic uptake (35). 

Figure 2. Representative ligand tracer sensorgram of 99mTc‑epithelial cell 
adhesion molecule‑visualizing designed ankyrin repeat protein binding to 
renal carcinoma cells. The first arrow indicates the moment of addition of 
the first concentration of the radiolabelled designed ankyrin repeat protein 
(1.8 nM), and the second arrow indicates the addition of the second concentra‑
tion (5.4 nM). Cell‑bound activity is presented as CPS. CPS, counts per sec.

Figure 3. Cellular processing of 99mTc‑epithelial cell adhesion molecule‑visu‑
alizing designed ankyrin repeat protein by renal carcinoma cells during 
continuous incubation. Error bars indicate the standard deviation. Error bars 
may not be visible because they are smaller than the data point symbols.
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It has also been found that by using the negatively charged 
(HE)3‑tag as a chelator for [99mTc][Tc(CO)3(H2O)3]+ at the 
N‑terminus of DARPins G3 (36) or Ec1 (29), a significant 
decrease of activity accumulation in the liver was observed. 
Results of previous studies (36,37) suggest that the uptake 
of DARPins in liver is not target‑specific, but depends 

on unspecific interaction of protein‑surface amino acids 
and a chelator with hepatocytes. In this case, it cannot 
be suppressed without re‑engineering of the DARPins. 
Considering the importance of detecting hepatic metastases 
in RCC, the use of (HE)3‑tag as a chelator was selected for 
the 99mTc‑labelling of EVD in this study.

Figure 4. Comparative biodistribution of 99mTc‑EVD and 125I‑EVD at 3 h post‑injection in mice bearing renal carcinoma xenografts. Data are presented as 
percent ID per gram. Error bars indicate the standard deviation. *P<0.05, 99mTc‑EVD vs. 125I‑EVD (paired t‑test). EVD, epithelial cell adhesion molecule‑visu‑
alizing designed ankyrin repeat protein; ID, injected dose.

Figure 5. Comparison of tumor‑to‑organ ratios for 99mTc‑EVD and 125I‑EVD at 3 h post‑injection in mice bearing renal carcinoma xenografts. Error bars 
indicate the standard deviation. *P<0.05, 99mTc‑EVD vs. 125I‑EVD (paired t‑test). EVD, epithelial cell adhesion molecule‑visualizing designed ankyrin repeat 
protein.
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 An alternative strategy, which was also utilized in this study, 
is based on the use of non‑residualizing labels, i.e., combina‑
tions of a nuclide and a chelator or a linker, which can diffuse 
through lysosomal and cytoplasmic membranes after inter‑
nalization and lysosomal degradation of the targeting protein. 
Usually, such properties are demonstrated when proteins 
have been labelled with bromine‑76, iodine‑123, iodine‑124, 
iodine‑125 or iodine‑131, because proteolysis of such proteins 
results in lipophilic radiometabolites capable of diffusing 
through membranes. It is essential when using this approach, 
that a targeted protein is internalized rapidly by excretory 
organs (e.g., liver and kidneys) but slowly by cancer cells. To test 
this approach in the current study, we evaluated radioiodinated 
Ec1. We have used the radionuclide iodine‑125 (T1/2=59.4 d) 
as a surrogate for iodine‑123. These nuclides are identical 
from both a chemical and biochemical point of view, but the 
longer half‑life and lower‑energy electromagnetic radiation of 
iodine‑125 make it more convenient for development work. It 
should also be noted that while leakage from excretory organs is 
a common feature of non‑residualizing radioiodine labels, when 
coupled to scaffold proteins their influence on biodistribution 
is different. For example, the use of [(4‑hydroxyphenyl)‑ethyl]
maleimide (HPEM) as a prosthetic group, for the radioio‑
dination of both anti‑HER2 DARPin G3 and anti‑EpCAM 
DARPin Ec1, resulted in a massive hepatobiliary excretion and 
accumulation of activity in the gastrointestinal tract (37,38). 
Since excess activity in the gastrointestinal tract would compli‑
cate the imaging of abdominal metastases in RCC, this method 
was excluded from the current study.

One particular approach to radioiodination includes 
so‑called direct radioiodination, i.e., when an in‑situ oxidized 
radioiodine attacks the tyrosine residues of a protein. The 
main radiometabolite of directly‑iodinated proteins is radio‑
iodotyrosine, which has typical non‑residualizing properties. 
An advantage of direct radioiodination is usually the high 
labelling yield. Although there is a risk that iodination of 
tyrosines might reduce the binding strength of scaffold 

proteins  (39), directly‑radioiodinated DARPins have been 
shown to preserve their binding capacity (29,40). An alter‑
native method to radioiodination is an indirect approach by 
conjugating a radioiodobenzoyl (e.g., PIB) group. The yield 
of such labeling is typically lower than the yield of direct 
radioiodination. However, an advantage of this labeling 
approach is the rapid excretion of radiometabolites from the 
blood without accumulation in any other organ or tissue. A 
comparison between directly and indirectly radioiodinated 
DARPins G3 and Ec1, has shown that the redistribution of 
radiometabolites from the directly iodinated variants resulted 
in appreciably elevated activity uptake in the blood, organs 
expressing the Na/I‑symporter and a number of other tissues 
(including the gastrointestinal tract). However, the indirectly 
iodinated variants (using radioactive‑PIB) demonstrated 
appreciably lower activity uptake in these organs and higher 
tumor‑to‑organ ratios in the abdomen  (29,41). Therefore, 
indirect radioiodination using [125I]PIB was selected for the 
imaging of EpCAM expression in RCC.

The labeling procedures for both 99mTc‑EVD and 125I‑EVD 
provided conjugates with radiochemical purity over 98%, which 
makes their clinical application possible. The binding of both 
conjugates to EpCAM‑expressing renal carcinoma cells was 
significantly reduced by pre‑saturating the EpCAM‑binding 
sites. This demonstrated that neither labeling procedure 
compromised the EpCAM‑specific binding character of the 
targeting protein. In order to evaluate the internalization rate 
by RCC cells, we used 99mTc‑EVD with its residualizing label. 
If the non‑residualizing radioiodine label was used instead, it 
would have resulted in leakage of radiometabolites from the 
cells and an underestimation of the internalized activity. The 
internalized activity was found to be below 15% of the total 
cell‑bound activity after the first 6 h of incubation, i.e., the 
internalization of 99mTc‑EVD by RCC cells was slow. Because 
of this slow internalization, the retention of activity in tumors 
in vivo should not be affected by the residualizing properties 
of the label, but rather, it should mainly depend on the strength 
of the tracers' binding to their molecular target (located on the 
membranes of malignant cells). The binding affinity of radio‑
labeled Ec1 to SK‑RC‑52 renal carcinoma cells was very high, 
400±28 pM, which is a prerequisite for successful targeting 
(with both 99mTc‑EVD and 125I‑EVD) to be achieved.

The results from the biodistribution experiments 
confirmed equal targeting efficiency for both 99mTc‑EVD 
and 125I‑EVD. The tumor uptake of both tracers did not 
differ significantly at 3 h after injection (5.2±1.4%ID/g for 
125I‑EVD vs. 6.0±1.4%ID/g for 99mTc‑EVD). Importantly, the 
accumulation of both tracers in the SK‑RC‑52 xenografts was 
EpCAM‑dependent. However, the main difference observed 
was between the uptakes of tracers in normal tissues. The 
blood‑born activity was low, but the concentration was signifi‑
cantly higher (P<0.05) for 125I‑EVD (0.37±0.06%ID/g) than 
it was for 99mTc‑EVD (0.25±0.06%ID/g). This difference is 
most likely due to the retention pattern of radiometabolites 
in the kidneys. Previous studies demonstrated that DARPins 
clear rapidly form blood via kidneys, but they are reabsorbed 
in proximal tubules after glomerular filtration. This reab‑
sorption cannot be blocked with a co‑infusion of lysine or 
Gelofusine (42), which blocks sometimes for other radiola‑
beled proteins or peptides. In the case of a residualizing label, 

Figure 6. Specificity of EpCAM targeting in vivo. Comparison of (A) 125I‑EVD 
and (B) 99mTc‑EVD in EpCAM‑expressing SK‑RC‑52 renal carcinoma and 
EpCAM‑negative Ramos lymphoma xenografts. Data are presented as 
percent ID per gram. Error bars indicate the standard deviation. P‑values 
(unpaired t‑test) are provided. EpCAM, epithelial cell adhesion molecule; 
EVD, epithelial cell adhesion molecule‑visualizing designed ankyrin repeat 
protein; ID, injected dose.
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this phenomenon results in high renal uptake of activity after 
injection of anti‑HER2 or anti‑EpCAM DARPins labeled with 
residualizing radiometals (28,36,38). In this study, metabolites 
from the residualizing [99mTc][Tc(CO)3]+ label remained in the 
kidneys after reabsorption and degradation (the renal uptake 
was 184±6%ID/g) while the metabolites of the [125I]PIB label 
left the kidneys (the renal uptake was 5±1%ID/g). It is conceiv‑
able that a part of the renal metabolites from the [125I]PIB 
label appears in the blood and contributes to the total activity 
concentration in the blood. The difference in radiometabo‑
lite retention is the most plausible cause of the significantly 
higher (P<0.05) technetium‑99m activity in the salivary 
gland, liver, spleen and intestines. This difference in the 
biodistribution is linked with the significantly higher (P<0.05) 
tumor‑to‑salivary gland, tumor‑to‑liver, tumor‑to‑spleen and 
tumor‑to‑intestinal wall ratios for 125I‑EVD. These findings 
were confirmed by experimental microSPECT imaging. The 
apparent higher imaging contrast for tumors in abdominal 
tissues makes 125I‑EVD a better imaging probe for visualizing 
EpCAM expression in metastases of renal cell carcinoma and 
for selecting patients for EpCAM‑targeted therapy.

In conclusion, the low retention of 125I‑EVD radiome‑
tabolites in normal tissues ensures high tumor‑to‑organ uptake 
ratios and results in a high imaging contrast for the visualiza‑
tion of metastases of RCC. Radioiodinated DARPin Ec1 is the 
most suitable imaging agent for the selection of RCC patients 
for EpCAM‑targeted therapy.
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