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Radionuclide-based imaging of molecular therapeutic targets might facilitate stratifying patients for specific
biotherapeutics. New type of imaging probes, based on designed ankyrin repeat proteins (DARPins), have dem-
onstrated excellent contrast of imaging of human epidermal growth factor type 2 (HER2) expression in preclin-
ical models. We hypothesized that labeling approaches, which result in lipophilic radiometabolites (non-
residualizing labels), would provide the best imaging contrast for DARPins that internalize slowly after binding
to cancer cells. The hypothesis was tested using DARPin Ec1 that binds to epithelial cell adhesion molecule
(EpCAM). EpCAM is a promising therapeutic target. Ec1 was labeled with 125I using two methods to obtain the
non-residualizing labels, while residualizing labels were obtained by labeling it with 99mTc. All labeled Ec1 vari-
ants preserved target specificity andpicomolar binding affinity to EpCAM-expressing pancreatic adenocarcinoma
BxPC-3 cells. Inmurinemodels, all the variants provided similar tumor uptake. However, 125I-PIB-H6-Ec1 had no-
ticeably lower retention in normal tissues, which provided appreciably higher tumor-to-organ ratios. Further-
more, 125I-PIB-H6-Ec1 demonstrated the highest imaging contrast in preclinical models than any other
EpCAM-imaging agent tested so far. In conclusion, DARPin Ec1 in combination with a non-residualizing label is
a promising probe for imaging EpCAM expression a few hours after injection.
1. Introduction

Biopharmaceuticals are the most commonly type of biological mac-
romolecules used in medicine. Biopharmaceuticals, such as monoclonal
antibodies and their derivatives, act specifically on malignant cells car-
rying a particular cancer-specificmolecular abnormality (molecular tar-
get). This permits selective elimination of cancer cells but spares normal
tissues, making these biopharmaceuticals attractive for treatment of
disseminatedmalignancies. However, heterogeneity ofmolecular target
expression is a serious issue in targeted cancer therapy [1]. Tumors
without expression of a particular target would not respond to the spe-
cific treatment, but patients would be exposed to potential side effects.
logy, Genetics and Pathology,
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A common practice (e.g. in selecting patients for HER2-targeting ther-
apy) is to perform an analysis of the target expression using tumor bi-
opsy material [2]. The major problem is the invasiveness of such
procedures hampering multiple biopsies. This prevents addressing a
discordance of a specific target's expression in synchronous metastases
as well as the changing of target expression due to treatment.

In order to select potential responders, imaging of molecular target
expression using positron emission tomography (PET) or single photon
emission computed tomography (SPECT) could be performed before
treatment. Unlike the biopsy-based methodology, this stratification ap-
proach is non-invasive, repetitive, and provides global information on
target expression in vivo [3,4]. In daily clinical practice, such imaging
would prevent overtreatment of patients with a too low target expres-
sion. Moreover, the selection of potential responders would contribute
to the success of clinical trials for novel targeting biopharmaceuticals.

Several clinical trials have demonstrated the feasibility of imaging
molecular targets using radiolabeled therapeuticmonoclonal antibodies
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Fig. 1. Cellular processing of radiolabeled protein after binding to a cell-associated target
or scavenger receptor. After binding to a molecular target (on cancer cells or normal
tissues) or a scavenger receptor (in proximal tubuli of kidneys) a radiolabeled targeting
protein undergoes an internalization (1). The internalized protein is transferred to
endosomal (2) and then lysosomal compartment (3). In lysosomal compartment, the
protein is undergoing a proteolytic degradation (4). If radiometabolites are charged or
bulky polar moieties, they are excreted by slow externalization process (5). Labels that
are metabolized in this way are called residualizing labels. If radiometabolites are
lipophilic, they can diffuse through lysosomal and cellular membranes (6) and rapidly
“leak” from cells. Such kind of labels are called non-residualizing labels.

217S.M. Deyev et al. / International Journal of Biological Macromolecules 145 (2020) 216–225
[5–7]. The major hindrance in the use of antibodies for imaging is their
large size (molecular weight of 150 kDa). This results in a slow tumor
accumulation of the imaging probe and its slow clearance from the
blood. Therefore, a reasonable imaging contrast might be obtained
only several days after injection. In addition, nonspecific accumulation
in tumors due to the “enhanced permeability and retention” (EPR) ef-
fect reduces the specificity of imaging.

A promising alternative to monoclonal antibodies and their deriva-
tives would be the use of another type of biological macromolecules,
engineered scaffold proteins (ESPs) as targeting probes [8]. The com-
mon feature of such proteins is the use of a robust framework, which
in combination with molecular display enables selecting very high-
affinity binders to different molecular targets [9,10]. The use of non-
immunoglobulin scaffold proteins permits the creation of small (molec-
ular weight in the range of 4–20 kDa) targeting probes with good ex-
travasation properties and rapid tumor localization. Fast renal
excretion of unbound probes facilitates a high imaging contrast just sev-
eral hours after injection [8]. It has to be noted that the affinity of ESP
binders to molecular targets depends on the spatial geometry of their
binding surfaces. Therefore, some ESPs might fit better for the targeting
of certain types of epitopes. Thus, a panel of different types of ESPs
would be desirable for selecting the best imaging probe for each thera-
peutic target.

Designed ankyrin repeat proteins (DARPins) are a type of ESP
consisting of 4–6 repeat modules (each of 33 amino acids) and hav-
ing a molecular weight of 14–18 kDa. DARPins with subnanomolar
affinity for several molecular targets have been selected [10,11]. Pre-
clinical evaluation of HER2-binding DARPins have previously dem-
onstrated very good imaging properties of these ESPs [12–16].
Furthermore, a set of excellent technologies developed by the team
of Prof. Plückthun has enabled the efficient selection of high-
affinity DARPin binders to a variety of therapeutic targets [10]. This
has created a precondition for the efficient development of novel
probes providing high-contrast imaging. Another key factor during
probe development is the labeling strategy (i.e. selection of an ap-
propriate radionuclide and a linker or chelator for its coupling to a
targeting protein).

Selecting a labeling strategy is relatively easy for monoclonal anti-
bodies, since their biodistribution is not critically dependent on the la-
beling strategy, at least when a limited number of chelators per
molecule is coupled [17,18]. Thus, the major criteria are sufficient half-
life of the radionuclide, and the internalization pattern of the antibody
after binding to the cancer cells. Since the bivalent binding of an anti-
body usually triggers internalization, trafficking to a lysosomal compart-
ment and subsequent proteolysis, the preferable type of label would be
a residualizing one, i.e. trapped intracellularly after proteolytic degrada-
tion (For explanation, see Fig. 1). Thus, the vast majority of antibodies
developed for immunoPET imaging are labeled in the same way, i.e.
by coupling of the chelator desferrioxamine (DFO) and a long-lived pos-
itron emitter 89Zr (T1/2 = 78.4 h) [5–7,19].

Selecting the radiolabeling strategy for ESPs is more complicated, as
these probes aremuch smaller and labeling changes their physicochem-
ical properties to a high extent. Our experience with affibodymolecules
has demonstrated that the labeling strategy can influence an ESP's bind-
ing affinity to its molecular target, cellular processing and intracellular
retention of radiometabolites in malignant cells after internalization,
as well as its off-target interaction with normal tissues. The predomi-
nant excretion pathway of the imaging probe, its uptake and retention
in excretory organs and the excretion of its radiometabolites may be af-
fected aswell [20]. This all influences the imaging contrast and therefore
its sensitivity. In pursuit of the highest possible sensitivity, we have
evaluated the influence of eleven different nuclides and more than
one hundred combinations of a nuclide and a chelator/linker on the im-
aging properties of affibodymolecules. This finally resulted in a several-
fold increase in the imaging contrast, but took several years to achieve. It
would be desirable to develop generalizable approaches to the labeling
chemistry thus permitting development of new ESP-based probes pro-
viding high imaging contrast in a more expeditious manner.

The major findings during the development of HER2-imaging
DARPin probes could be summarized as follows: presence of the
hexahistidine tag resulted in an elevated hepatic uptake of DARPins
when labeled using residualizing radiometals; substitution of the
hexahistidine tag by a histidine-glutamate-histidine-glutamate-
histidine-glutamate (HEHEHE- or (HE)3) tag resulted in a three-fold de-
crease in hepatic uptake [12,16]; use of residualizing 99mTc(CO)3-H6-,
99mTc(CO)3-(HE)3- or 111In-DOTA-labels resulted in long retention in
both tumors and normal tissues [12,14,16]; internalization of anti-
HER2 DARPins after binding to HER2 expressing cells was slow. There-
fore, the use of non-residualizing radioiodine labels did not reduce the
tumor uptake in comparison with residualizing labels, especially when
imaging (or ex vivo measurement) was performed several hours after
injection [14]. However, the use of non-residualizing radioiodine labels
resulted in a very significant reduction of uptake in normal tissues, first
and foremost in the liver and kidneys, where DARPins are apparently in-
ternalized [13–15,21]. Thus, the use of a non-residualizing label pro-
vided better imaging contrast for HER2-targeted DARPins. It should be
noted, that directly translating findings made for one DARPin-based
probe to another may be overly optimistic because different DARPins
might differ appreciably from each other. DARPinsmay contain a differ-
ent number of repeats. Moreover, target-specific selection results in a
very different composition of the binding amino acids, which constitute
a substantial fraction of the solvent-exposed surface. It has also been ob-
served that substitution of only three amino acids inG3DARPin resulted
in a noticeable difference in biodistribution [16]. Thismakes it necessary
to test whether the same labeling approach would have a similar effect
on other DARPins.

DARPin Ec1, which binds to epithelial cell adhesion molecule
(EpCAM) with very high affinity (68 pM), was used as a model to test
the influence of different labeling approaches [22]. The specificity of
Ec1 binding to EpCAM has been demonstrated previously by several or-
thogonal methods [22]. EpCAM (other designations: DIAR5, EGP-2,
EGP314, EGP40, ESA, HNPCC8, KS1/4, KSA, M4S1, MIC18, MK-1,
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TACSTD1, TROP1) is an actively investigated therapeutic target in sev-
eral types of cancer, such as pancreatic adenocarcinoma, ovarian and
breast cancers. Several anti-EpCAM monoclonal antibodies and
antibody-based constructs are under clinical evaluation [23]. EpCAM is
a known biomarker of circulating tumor cells and cancer stem cells
[24]. Our particular selection of DARPin Ec1 for labeling was based on
the consideration that it might be useful for stratification of pancreatic
cancer patients awaiting EpCAM-targeted therapy. Disseminated pan-
creatic cancer is a diseasewhich is difficult to treat [25,26]. In pancreatic
cancer, EpCAM overexpression (intense grade) is found in 23–37% of
patients (depending on the threshold applied) [27,28]. EpCAM-
positive pancreatic cancer stem cells have a 100-fold higher tumori-
genic potential than EpCAM-negative cells [29], which further supports
the development of anti-EpCAM therapies for preventing cancer pro-
gression. However, there is an inter-tumoral and inter-patient hetero-
geneity of EpCAM overexpression [28,30]. Apparently, only tumors
with a high level of EpCAM overexpression respond to EpCAM-
directed treatment [30]. Therefore, we selected pancreatic cancer
BxPC-3 cells as a primary model in our study.

Two variants of Ec1, one with a hexahistidine tag and one with a
(HE)3-tag, were produced and designated H6-Ec1 and (HE)3-Ec1 re-
spectively (Supplementary Fig. S1). To evaluate the use of non-
residualizing labels, H6-Ec1 was labeled directly with 125I (using
Chloramine-T) and indirectly using 125I-N-succinimidyl-4-
iodobenzoate (Supplementary Fig. S2A and B). To evaluate the use of
residualizing labels, H6-Ec1 and (HE)3-Ec1 were labeled with 99mTc
(CO)3 (Supplementary Fig. S2C and S2D). These labelswere selected be-
cause the residualizing properties of 99mTc(CO)3 have been demon-
strated for a variety of targeting proteins in multiple papers in
combination with H6- and (HE)3- (see e.g. [31–36]) tags. This is mani-
fested as a strong retention of activity after reabsorption and internali-
zation in the kidneys (as strong as in the case of 111In or 177Lu). The
non-residualizing properties of the direct iodine label and iodobenzoate
label are also well known (see e.g. [36–38]). Binding specificity, affinity
and cellular processing of all variants were evaluated in vitro using the
EpCAM-expressing BxPC-3 pancreatic cancer cell line. A comparison of
the biodistribution for all variants was performed in mice bearing
BxPC-3 xenografts. The most promising variant, 125I-PIB-H6-Ec1, was
further characterized using biodistribution and imaging experiments.

2. Materials and methods

2.1. Production, characterization and radiolabeling of DARPins

H6-Ec1 (containing a hexahistidine tag) and (HE)3-Ec1 (containing a
HEHEHE tag) were produced based on sequences published by Stefan
et al. [22] using methodology described earlier for anti-HER2 DARPins
[14]. Purification was performed using a combination of immobilized
metal ion chromatography (IMAC) and ion-exchange chromatography
[14]. The purity and authenticity of the purified proteins were analyzed
by liquid chromatography electrospray ionization mass spectrometry
(LC-ESI-MS) on a 6520 Accurate Q-TOF LC-MS (Agilent).

Direct radioiodination of H6-Ec1 and labeling of H6-Ec1 and (HE)3-
Ec1 using 99mTc(CO)3 was performed as described by Deyev and co-
workers [14]. Indirect radioiodination using N-succinimidyl-para-
(trimethylstannyl)benzoate was performed as described earlier for
affibody molecules [39]. All labeled proteins were purified using NAP-
5 size-exclusion columns (GEHealthcare, Sweden). The identity and pu-
rity of radiolabeledDARPinswas confirmed usingHPLC. Radio-high per-
formance liquid chromatography (HPLC) analysis was performed using
a Hitachi Chromaster HPLC system with a radioactivity detector and
Vydac RP C18 column (300 Å; 3 × 150mm; 5-μm) at room temperature
(20 °C). The sample quantity used for analysis was 5 μl. Solvent A was
0.1% trifluoroacetic acid (TFA) in H2O; solvent B was 0.1% TFA in aceto-
nitrile. The flow rate was 1 ml/min, with a 5% B to 80% B gradient over
20 min. The stability of 125I- and 99mTc-labels was assessed by using
challenge reactions containing a large excess of either stable iodide or
histidine, respectively, as described by Vorobyeva and co-workers [13].

2.2. Characterization of radiolabeled DARPins in vitro

Binding specificity and cellular processing of radiolabeled DARPins
were evaluated using EpCAM-expressing BxPC-3 and Panc-1 pancreatic
cancer cells (ATCC) by the method described for anti-HER2 DARPins
[14]. For the specificity test, cells were incubated with 2 nM (equivalent
to ca. 25-fold the KD value) of radiolabeled conjugate and the cell-
associated activity was measured. Cells, pre-incubated with unlabeled
Ec1 (100-fold molar excess), were used as a control.

To evaluate the internalization by cancer cells after binding, BxPC-3
cells were incubatedwith the labeled DARPins (1 nM) at 37 °C. Discrim-
ination betweenmembrane-bound and internalized activity was deter-
mined using a modified acid washmethod [40]. Themaximum value of
cell-bound activity in each dataset was taken as 100% and the data were
normalized to that value.

Binding affinities of the radiolabeled DARPins to living BxPC-3 cells
were measured using the LigandTracer instrument (Ridgeview Instru-
ments, Vänge, Sweden) and evaluated using TraceDrawer Software
(Ridgeview Instruments AB, Vänge, Sweden) according to the method
described earlier [41]. Briefly, increasing concentrations of radiolabeled
DARPinswere added to the cells to record the binding kinetics. Thereaf-
ter, the cell media was replaced and the retention in the dissociation
phase was measured. Binding and dissociation kinetics was recorded
at room temperature.

2.3. Animal studies

Animal studieswere performed in agreementwith Swedish national
legislation concerning protection of laboratory animals and were ap-
proved by the Ethics Committee for Animal Research in Uppsala (ethical
permission C5/16 from 26-02-2016).

To select an optimal label, the biodistribution of 125I-PIB-H6-Ec1,
125I-H6-Ec1, 99mTc(CO)3-H6-Ec1 and 99mTc(CO)3-(HE)3-Ec1 was evalu-
ated in BALB/C nu/nu mice bearing BxPC-3 xenografts 3 h post-
injection (pi). To establish BxPC-3 xenografts, 107 cells were implanted
subcutaneously in 8-week old mice. For a specificity control, 107 of
EpCAM-negative Ramos cells were implanted. As HT-29 colorectal can-
cer is a commonly used model in EpCAM studies, the biodistribution of
the most promising Ec1 variant 125I-PIB-H6-Ec1 was evaluated in mice
bearing HT-29 tumors at 3 h pi as well. For this purpose, 5 × 106 HT-
29 cells were implanted subcutaneously in 8-week old mice. At the
time of experimentation (two to three weeks after implantation) the
weights of the animals were 18 ± 2 g. Average tumor weights were
0.56 ± 0.2 g for BxPC-3, 0.3 ± 0.2 g for Ramos and 0.6 ± 0.2 g for HT-
29. Groups of four to eight animals per data point were used.

To select an optimal label, mice were injected with: 125I-PIB-H6-Ec1
and 125I-H6-Ec1 (both non-residualizing labels), 99mTc(CO)3-H6-Ec1
and 99mTc(CO)3-(HE)3-Ec1 (both residualizing labels) and the
biodistribution was measured 3 h pi. The injected activity was 30 kBq/
mouse for 99mTc and 20 kBq/mouse for 125I. The injected protein dose
was adjusted to 4 μg/mouse using unlabeled protein. The labeled pro-
teinswere injected into a tail vein. Themicewere anesthetized by an in-
traperitoneal injection of a ketamine HCl (Ketalar, Pfizer) and xylazine
HCl (Rompun; Bayer) mixture (20 μl of solution per gram of body
weight; Ketalar 10 mg/ml, Rompun 1 mg/ml) and exsanguinated by a
syringe rinsed with diluted heparin (Leo Pharma). Blood and organ
samples were collected, weighed and their activity was measured
using an automated gamma-spectrometer with a NaI(TI) detector
(1480 Wizard, PerkinElmer). The 125I activity was measured in the en-
ergy window from 4 to 80 keV, and 99mTc was measured from 100 to
200 keV. Organ uptake values were calculated as percent injected dose
per gram tissue (% ID/g) except for the intestines, whichweremeasured
as whole sample.



Table 1
Characteristics of radiolabeled Ec1 variants.

Radiochemical
yield (%)

Radiochemical
purity (%)

Binding affinity to
BxPC-3 cells (KD, pM)

125I-H6-Ec1 96 ± 2 99 ± 1 39 ± 3 (n = 2)
125I-PIB-H6-Ec1 23 ± 2 99 ± 0 58 ± 13 (n = 3)
99mTc(CO)3-H6-Ec1 89 ± 3 99 ± 1 51 ± 4 (n = 2)
99mTc(CO)3-(HE)3-Ec1 81 ± 8 98 ± 1 88 ± 13 (n = 2)
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For the most promising variant, 125I-PIB-H6-Ec1, the biodistribution
was additionally measured in mice bearing BxPC-3 tumors at 6 h pi, as
described above. To confirm specificity, the uptake of 125I-PIB-H6-Ec1
was measured in EpCAM-negative Ramos lymphoma xenografts at 6 h
pi. In addition, an in vivo saturation experiment was performed.
EpCAM in BxPC-3 xenografts was saturated by subcutaneous injection
of unlabeled protein at 1.5 mg/mouse 60 min before injection of 125I-
PIB-H6-Ec1, and tumor uptake was measured at 6 h pi. Biodistribution
of 125I-PIB-H6-Ec1 was also measured in BALB/C nu/nu mice bearing
HT-29 xenografts 3 h after injection.

Whole body SPECT/CT scans of mice bearing BxPC-3 tumors and
injected with 125I-PIB-H6-Ec1 (6 μg, 0.35 MBq) or with 125I-H6-Ec1
(6 μg, 2.5 MBq) were performed using nanoScan SPECT/CT (Mediso
Medical Imaging Systems, Hungary). Imaging at 6 h pi was performed
after mice were sacrificed by CO2 inhalation. The acquisition time was
20 min. CT scans were acquired using the following parameters: X-ray
energy peak of 50 keV; 670 μA; 480 projections; and 5.26 min acquisi-
tion time. SPECT raw data were reconstructed using Tera-Tomo™ 3D
SPECT reconstruction technology (version 3.00.020.000; Mediso Medi-
cal Imaging Systems Ltd.): normal dynamic range; 30 iterations; and
one subset. CT data were reconstructed using Filter Back Projection in
Nucline 2.03 Software (Mediso Medical Imaging Systems Ltd.). SPECT
and CT files were fused using Nucline 2.03 Software and are presented
as maximum intensity projections in the RGB color scale.

2.4. Statistical analysis

Statistical analysis was performed using Prism 8.1.1 software
(GraphPad Software Inc). A 2-tailed unpaired t-test was applied to
find a significant difference for comparison of two sets of data. For com-
parison of more than two sets of data, a 1-way ANOVA with Bonferroni
multiple comparisons post-hoc test was used.

3. Results

3.1. Ec1 production and labeling

Two constructs, H6-Ec1 and (HE)3-Ec1, were produced in E. coli and
purified using IMAC followed by ion-exchange chromatography. The
authenticity of the conjugates was confirmed by LC-ESI-MS, which
demonstrated excellent agreement between calculated and found mo-
lecular weights (Fig. 2). For H6-Ec1, the calculated molecular weight
was 18,349 and the found molecular weight was 18,348, and for (HE)
3-Ec1, the calculated molecular weight was 17,980 and the found mo-
lecular weight was 17,980. The difference between calculated and
found molecular weight was thus 1 and 0 Da, respectively. The purity
of both variants was over 95%.

Characteristics of the labeling procedures and labeled DARPins are
presented in Table 1. Size-exclusion chromatography provided radio-
chemical purities over 98%. All labels were stable under the challenge
reaction conditions (i.e. no measurable release of radionuclides from
their conjugates).
Fig. 2. Deconvolution results from mass-spectr
3.2. Characterization of radiolabeled DARPins in vitro

Results from the blocking test demonstrated that pre-treatment of
BxPC-3 and Panc-1 cells with a large excess of unlabeled Ec1 caused a
highly significant (p b 0.00005) reduction in binding of the radiolabeled
DARPins. This demonstrated a saturable hence specific character of
binding. The cell-bound activity values were similar for all variants
and were higher for BxPC-3 cells compared to Panc-1, reflecting their
higher EpCAM expression levels [42] (Supplementary Fig. S3).

LigandTracer measurements (Table 1) demonstrated that all
radiolabeled Ec1 variants had a picomolar affinity, indicating very little
influence of the labeling approaches on their binding.

Data concerning the cellular processing of radiolabeled DARPins are
presented in Fig. 3. A characteristic feature of radiolabeled Ec1was slow
internalization (ca. 25%was internalized after 24 h incubation). Both the
total cell-associated and internalized activity increased continuously for
the technetium-labeled variants while there was a plateau between 6
and 24 h for the radioiodinated DARPins. This plateau could be ex-
plained by the non-residualizing properties of the iodine labels and
the consequent diffusion of iodine catabolites out of the cells after
internalization.
3.3. In vivo studies

Data concerning the biodistribution of radiolabeled Ec1 variants in
mice, bearing BxPC-3 xenografts 3 h post-injection (pi), are presented
in Fig. 4A. Rapid blood clearance was characteristic for all variants.
Low radioactivity in the gastrointestinal tract (with contents) and high
kidney retention of the residualizing labels suggested a renal excretion
pathway. Tumor uptake for all variants did not differ significantly. How-
ever, therewere noticeable significant differences (p b 0.05) in their dis-
tribution throughout normal tissues. The renal uptake of 99mTc-labeled
DARPins was N20-fold higher compared to their radioiodinated coun-
terparts. 99mTc(CO)3-H6-Ec1 had the highest uptake in the liver and
spleen. Use of the HEHEHE tag for labeling with 99mTc resulted in a sig-
nificantly reduced uptake in the liver, spleen, pancreas and stomach
compared with 99mTc(CO)3-H6-Ec1. Despite this, the hepatic uptake of
99mTc(CO)3-(HE)3-Ec1 was still higher than the tumor uptake. The
radioiodinated DARPins had appreciably lower hepatic and renal up-
takes. However, there was obvious evidence of the redistribution of
radiometabolites for the direct iodine label, e.g. elevated activity in the
ometry of H6-Ec1 (A) and (HE)3-Ec1 (B).



Fig. 3. Cellular processing of: (A) 99mTc(CO)3-H6-Ec1; (B) 99mTc(CO)3-(HE)3-Ec1; (C) 125I-H6-Ec1; (D) 125I-PIB-H6-Ec1 by BxPC-3 cells. Cells were incubatedwith the conjugates (1 nM) at
37 °C. Data are presented as the mean of three samples ± standard deviation (SD). Error bars might not be seen when they are smaller than data point symbols.
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blood, salivary gland, stomach and gastrointestinal tract. Overall, 125I-
PIB-H6-Ec1 had the lowest uptake in normal tissues. Accordingly, 125I-
PIB-H6-Ec1 provided significantly higher tumor-to-organ ratios
compared to the other radiolabeled Ec1 variants (Fig. 4B). The only ex-
ceptions were the tumor-to-lung (no significant difference with 99mTc
(CO)3-(HE)3-Ec1) and tumor-to-kidney ratios (significantly higher for
125I-H6-Ec1).

Regarding 125I-PIB-H6-Ec1, increasing the time between injection
and biodistribution measurements to 6 h resulted in a significant
(p b 0.05) decrease in activity in all organs and tissues (except the rest
of the GI tract) but not in tumors (Table 2). This resulted in a significant
increase in all tumor-to-organ ratios (except the tumor-to-intestine
ratio) at the later time point (Table 3).

The results of the specificity test (Fig. 5) demonstrated that uptake of
125I-PIB-H6-Ec1 in EpCAM-negative Ramos xenografts was much lower
(p b 0.0005) than in EpCAM-positive BxPC-3 xenografts. In addition,
saturation of EpCAM by pre-injecting unlabeled Ec1 resulted in a signif-
icant (p b 0.0005) reduction in tumor uptake.

SPECT/CT imaging demonstrated that 125I-PIB-H6-Ec1 provided high
contrast imaging of BxPC-3 xenografts (Fig. 6A). Besides tumors, only
the kidneys demonstrated a noticeable activity uptake. By comparison,
125I-H6-Ec1 (Fig. 6B) had lower renal uptake than 125I-PIB-H6-Ec1, but
higher uptake in other abdominal organs and tissues, especially the
stomach.

Since a number of reported EpCAM imaging probes were evaluated
using HT-29 colorectal cancer xenografts [43,44], we performed
biodistribution studies of 125I-PIB-H6-Ec1 inmice bearing HT-29 tumors
at 3 h after injection (Table 4). The overall pattern of biodistributionwas
similar to the BxPC-3 model at 3 h pi, with somewhat higher activity in
the blood, salivary glands, stomach, pancreas, small intestine and mus-
cles (p b 0.05). The uptake of 125I-PIB-H6-Ec1 in HT-29 tumors was at
the same level as the uptake in BxPC-3 tumors (3.2 ± 0.6 vs. 3.8 ±
0.9%ID/g; p N 0.05). In this model 125I-PIB-H6-Ec1 provided tumor-to-
blood ratio of 10±1, tumor-to-liver ratio of 12±1, and tumor-to-mus-
cle ratio of 26 ± 5 at 3 h pi.
4. Discussion

This study has demonstrated that DARPin Ec1 can be labeled using
several approaches and still preserve its specificity (Fig. S3) and affinity
(Table 1) of binding to EpCAM-expressing cells in vitro. Importantly, the
internalization of radiolabeled Ec1 by cancer cells was slow (Fig. 2). This
suggested that the residualizing properties of the label might not be
critical for good retention of the activity in tumors. Instead, the preser-
vation of high affinity was considered more important. On the other
hand, a typical feature of non-residualizing labels is that they could facil-
itate a rapid release of activity from organs and tissues where the probe
could have been internalized due to off-target interactions. Indeed, the
tumor uptakes for all the tested radiolabeled variants did not differ sig-
nificantly at 3 h after injection, but therewas a striking difference innor-
mal organ uptakes (Fig. 4A). The most prominent difference was in
renal uptake, where both 99mTc(CO)3-H6-Ec1 and 99mTc(CO)3-(HE)3-
Ec1 demonstrated a high retention of activity while activities from
125I-PIB-H6-Ec1 and 125I-H6-Ec1 (both with non-residualizing labels)
were rapidly released. Another important example was the hepatic up-
take, as the liver is themain metastatic site for manymalignancies [45].
The hepatic uptake of 99mTc(CO)3-H6-Ec1 was high (12.9 ± 0.6%ID/g),
which was similar to the HER2-targeting DARPin 9_29 labeled using
the same method [13,14].

Experience with other ESPs, affibody molecules, showed that re-
placement of the hexahistidine tag with the more hydrophilic nega-
tively charged HEHEHE-tag reduced uptake in the liver ten-fold when
labeledwith 99mTc(CO)3 [46,47]. However, the use of this tag did not re-
duce the hepatic uptake of an ADAPT ESP which was similarly labeled
with 99mTc(CO)3 [48]. Thus, it cannot be generalized that the HEHEHE-
tag has the same effect on biodistribution for all ESPs. The use of this
tag for labeling Ec1 reduced the hepatic uptake 2.3-fold (Fig. 4A). This
is in agreement with the data for the anti-HER2 DARPin G3 [16],
where the hepatic uptakewas reduced 3-fold. This indicates that similar
effects of the HEHEHE-tag might be expected for other DARPins, inde-
pendent of their binding sites. However, the hepatic uptake of 99mTc



Fig. 4. Biodistribution (A) and tumor-to-organ ratios (B) of 125I-PIB-H6-Ec1, 125I-H6-Ec1, 99mTc(CO)3-H6-Ec1 and 99mTc(CO)3-(HE)3-Ec1 in BALB/C nu/nu mice bearing BxPC-3 xenografts
3 h after injection. Data are presented as mean ± SD for four mice. *Data for the gastrointestinal tract with content are presented as %ID per whole sample.
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(CO)3-(HE)3-Ec1was still higher than the tumor uptake, which reduces
the value of this probe for cancer imaging.

The non-residualizing radioiodine labels provided appreciably lower
uptake in both the kidneys and liver (Fig. 4A). However, redistribution
Table 2
Biodistribution of 125I-PIB-H6-Ec1 in BALB/C nu/nu mice bearing BxPC-3 xenografts 3 and
6 h after injection. Data are presented asmean %ID/g±SD for four-eightmice. Data for the
rest of the GI tract with contents are presented as %ID per whole sample.

3 h 6 h

Blood 0.22 ± 0.05⁎ 0.07 ± 0.01
Salivary gland 0.15 ± 0.03⁎ 0.05 ± 0.01
Lung 0.46 ± 0.04⁎ 0.16 ± 0.01
Liver 0.30 ± 0.07⁎ 0.075 ± 0.008
Spleen 0.20 ± 0.08⁎ 0.06 ± 0.01
Pancreas 0.12 ± 0.02⁎ 0.03 ± 0.01
Small intestines 0.16 ± 0.06⁎ 0.07 ± 0.02
Stomach 0.19 ± 0.03⁎ 0.05 ± 0.02
Kidney 8 ± 2⁎ 1.6 ± 0.4
Tumor 3.8 ± 0.9 3.2 ± 0.8
Muscle 0.08 ± 0.01⁎ 0.026 ± 0.004
Bone 0.35 ± 0.08⁎ 0.24 ± 0.05
Rest of GI tract 0.19 ± 0.05 0.25 ± 0.09

⁎ Significant difference (p b 0.05) between uptake at 3 and 6 h after injection.
of radiometabolites of 125I-H6-Ec1 still resulted in elevated activity up-
take in a number of tissues, first and foremost, in the salivary gland
and stomach. Labeling Ec1 by conjugation with 125I-N-succinimidy-
para-iodobenzoate resulted in the rapid excretion of radiometabolites,
enabling a high ratio between activity concentration in the tumor and
major metastatic sites for pancreatic cancer (the liver, lung and
Table 3
Tumor-to-organ ratios of 125I-PIB-H6-Ec1 inBALB/C nu/numice bearing BxPC-3xenografts
at 3 and 6 h after injection. Data are presented as mean ± SD for four-eight mice.

3 h 6 h

Blood 18 ± 4⁎ 50 ± 17
Salivary gland 26 ± 7⁎ 62 ± 21
Lung 8 ± 2⁎ 20 ± 5
Liver 13 ± 1⁎ 43 ± 12
Spleen 20 ± 3⁎ 55 ± 21
Pancreas 32 ± 11⁎ 99 ± 40
Small intestines 25 ± 4⁎ 46 ± 8
Stomach 20 ± 4⁎ 65 ± 24
Kidney 0.5 ± 0.1⁎ 2.1 ± 0.5
Muscle 48 ± 6⁎ 126 ± 29
Bone 10.8 ± 0.8⁎ 14 ± 2
Blood 18 ± 4⁎ 50 ± 17

⁎ Significant difference (p b 0.05) between uptake at 3 and 6 h after injection.



Fig. 5. In vivo specificity of EpCAM targeting using 125I-PIB-H6-Ec1. Uptake was
significantly (p b 0.00005) higher in EpCAM-positive BxPC-3 xenografts than in either
EpCAM-negative Ramos or blocked BxPC-3 xenografts. EpCAM blocking was done by
pre-injecting a large excess of unlabeled Ec1. Data are presented as mean ± SD for four
to eight mice.

Table 4
Biodistribution and tumor-to-organ ratios of 125I-PIB-H6-Ec1 in BALB/C nu/nu mice bear-
ing HT-29 xenografts 3 h after injection. Data are presented as mean %ID/g ± SD for five
mice.

Uptake, %ID/g T/O ratio

Blood 0.32 ± 0.06 10 ± 1
Salivary gland 0.3 ± 0.1 10 ± 3
Lung 0.53 ± 0.07 6 ± 1
Liver 0.27 ± 0.03 12 ± 1
Spleen 0.19 ± 0.03 17 ± 3
Pancreas 0.26 ± 0.07 13 ± 5
Small intestines 0.3 ± 0.07 12 ± 5
Stomach 0.4 ± 0.1 8 ± 2
Kidney 5 ± 1 0.7 ± 0.3
Tumor 3.2 ± 0.6 –
Muscle 0.13 ± 0.02 26 ± 5
Bone 0.3 ± 0.05 11 ± 2
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abdominal organs [49]). For 125I-PIB-H6-Ec1, tumor-to-blood ratios of
18± 4 and tumor-to-pancreas ratios of 32± 11 were achieved already
at 3 h after injection (Table 3). The tumor uptake did not decrease by
6 h, while uptake in normal tissues decreased further (Table 2). This re-
sulted in a noticeable increase in tumor-to-organ ratios. For example,
the tumor-to-blood ratio increased to 58 ± 19 and the tumor-to-pan-
creas ratio to 99 ± 40. The data from this study are in good agreement
with data for HER2-targeting DARPins [21] despite the structural differ-
ences in theDARPin variants. Overall, our studies demonstrated that the
influence of label types on biodistribution is similar for different
Fig. 6. SPECT/CT imaging of EpCAM-positive BxPC-3 xenografts at 6 h pi using: (A) 125I-
DARPins, which should streamline a process of development of
DARPin-based imaging probes.

The uptake of 125I-PIB-H6-Ec1 in human pancreatic cancer xeno-
grafts in mice is around 3.2%ID/g (Tables 2 and 4). 111In-DTPA-
octreotide (111In-Octreoscan) has been used for routine clinical imaging
of neuroendocrine tumors since themid-90s. Apparently, the tumor up-
take of this tracer is sufficient for clinical use. The tumor uptake of 111In-
DTPA-octreotide in amurinemodel is 4.2±1.0%ID/g (AR42J xenografts,
4 h after injection) [50], 2.5± 0.2%ID/g (in NCI-H69 xenografts 4 h after
injection) [51] and 3.9 ± 1.0% ID/g (in AR42J xenografts, 3 h after injec-
tion) [52]. Thus, both the absolute uptake values and tumor-to-organ
ratios provided by 125I-PIB-H6-Ec1 are sufficient to start a clinical
translation.

Several probes for EpCAM visualization have been evaluated previ-
ously. In the 1990s, the pan-carcinoma expression of EpCAMmotivated
the development of radiolabeled monoclonal antibodies and their frag-
ments for cancer staging. A radiolabeled murine monoclonal antibody
111In-DTPA-MOC-31 was evaluated for imaging of small-cell lung can-
cer [53]. Primary tumors or metastases were visualized in five out of
six patients at 48 to 72 h after injection. An obvious issue with 111In-
DTPA-MOC-31 was the hepatic uptake and hepatobiliary excretion,
which was associated with relatively unstable labeling of antibodies
using heptadentate DTPA [53]. An interesting findingwas that although
PIB-H6-Ec1 and (B) 125I-H6-Ec1. Arrows indicate: T- tumor, K-kidneys, S- stomach.



223S.M. Deyev et al. / International Journal of Biological Macromolecules 145 (2020) 216–225
expression of EpCAM has been documented in a number of tissues (e.g.
gastrointestinal and respiratory tracts, thyroid) [54], the uptake of 111In-
DTPA-MOC-31 in these tissues was quite low. For example, the activity
in the abdomen was found in feces but not in the intestinal walls. The
authors concluded that EpCAM in normal epithelia did not bind the im-
aging probe due to an intact basal membrane that forms a barrier
against antibodies [53]. Similar observations have also been made for
the 99mTc-labeled F(ab)2 fragment of the anti-EpCAM antibody 323/A3
[55] and the Fab fragment of the anti-EpCAM antibody nofetumomab
(NR-LU-10) [56]. These findings suggest that imaging of EpCAM-
expressing tumors and metastases in the abdomen is possible if an im-
aging probe has low hepatic uptake and hepatobiliary excretion. 99mTc-
labeled Fab nofetumomab merpentan has been approved by the FDA in
1998 (trade name Verluma) for the staging of lung cancer, gastrointes-
tinal, breast, ovary, pancreas, kidney, cervix, and bladder carcinomas.
However, 18F-FDG has outcompeted this imaging probe. In the murine
model used herein, 125I-PIB-H6-Ec1 demonstrated appreciably lower
uptake in the blood, lungs, liver, spleen, intestines and stomach at 3 h
after injection compared to that of 99mTc-Fab NR-LU-10 at 4 h after in-
jection [57]. This resulted in noticeably higher tumor-to-organ ratios
for 125I-PIB-H6-Ec1. Thus, PIB-H6-Ec1 could be utilized for imaging
EpCAM expression using SPECT (with 123I as a label) and PET (using
124I).

Prior to this study, several other formats of probes for imaging
EpCAM have been evaluated in mice. The use of full-length IgGs pro-
vided peak uptake at 2–3 days after injection, and the tumor-to-blood
ratio did not exceed five at that time point [58,59]. A 99mTc-labeled
anti-EpCAM 4D5MOC-B scFv provided tumor-to-blood ratios of 1.4
and 5.3 at 4 and 24 h after injection, respectively [60]. However, the
tumor uptake was lower than the liver uptake at both time points
[60]. In an interesting study performedby Eder and coworkers [43], a se-
ries of anti-EpCAM scFv42 derivatives (monomer, diabody, tribody and
IgG) was constructed, labeled with 68Ga and evaluated in mice bearing
HT-29 xenografts. The best variant, the diabody, had a tumor-to-blood
ratio of 2, and the tumor-to-liver and tumor-to-lung ratios were be-
tween 1 and 2 at 3 h pi. 89Zr-labeled AMG110, a bispecific T-cell engager
antibody construct which targets EpCAM, is probably the best probe
previously evaluated [44]. It provided tumor-to-blood ratios of approx-
imately 35, 55 and 65 at 24, 72 and 144 h after injection, respectively.
However, the tumor-to-liver ratiowas notmore than one. A comparison
of 125I-PIB-H6-Ec1 with other EpCAM-imaging probes, evaluated in HT-
29model in earlier studies, demonstrated that 125I-PIB-H6-Ec1 provides
the highest EpCAM imaging contrast on the day of injection in preclini-
cal studies to date.

5. Conclusions

Selecting anoptimal labeling strategy enables a substantial improve-
ment in DARPin-mediated imaging of expression of therapeutic molec-
ular targets in vivo. This study confirmed that knowledge concerning
one type of DARPin can be generalized for other types. When a
DARPin-based probe is slowly internalized by cancer cells, the use of a
non-residualizing label is preferable. Indirectly radioiodinated DARPin
H6-Ec1 provided high-contrast imaging of EpCAM-expressing xeno-
grafts a few hours after injection and is a promising tracer for imaging
EpCAM expression in pancreatic cancer.
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