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Simple Summary: Targeted therapy of solid tumors represents a great challenge because of
heterogeneity of tumor-associated antigen expression. To overcome this obstacle we propose a dual
targeting therapy based on protein preparations capable of recognizing different of tumor-associated
antigens on a tumor cell producing a directed cytotoxic effect. The dual specific therapy of breast
carcinoma-bearing mice using the designed preparations eliminates both the primary tumor and
distant metastases. The mono-targeting therapy aimed at single tumor-associated antigen did not
suppress metastases at all. The proposed approach can serve as a potential therapeutic strategy that
surpasses mono-specific targeting strategies in the anti-cancer efficacy.

Abstract: We report here a combined anti-cancer therapy directed toward HER2 and EpCAM,
common tumor-associated antigens of breast cancer cells. The combined therapeutic effect is achieved
owing to two highly toxic proteins—a low immunogenic variant of Pseudomonas aeruginosa exotoxin
A and ribonuclease Barnase from Bacillus amyloliquefaciens. The delivery of toxins to cancer cells was
carried out by targeting designed ankyrin repeat proteins (DARPins). We have shown that both target
agents efficiently accumulate in the tumor. Simultaneous treatment of breast carcinoma-bearing mice
with anti-EpCAM fusion toxin based on LoPE and HER2-specific liposomes loaded with Barnase
leads to concurrent elimination of primary tumor and metastases. Monotherapy with anti-HER2- or
anti-EpCAM-toxins did not produce a comparable effect on metastases. The proposed approach can
be considered as a promising strategy for significant improvement of cancer therapy.
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1. Introduction

Cancer is a second leading cause of death globally and one of the biggest challenges facing
biomedical scientists. Despite the considerable progress made in targeted cancer treatment,
the heterogeneity of solid tumor greatly limits precision oncology therapy. Dual targeting strategies
applying targeting moieties recognized different receptors in tumor population can be a solution of
this problem.

Tumor targeting with naked antibodies and antibody-drug conjugates has become an established
strategy for cancer-related therapy in clinics, particularly if conventional therapies have failed [1,2].
However, antibodies have practical limitations due to their poor expression yield and aggregation
tendency, at least for some constructs [3,4]. A solution might come from the use of alternative non-IgG
binding scaffolds [5,6]. Due to their small size, high affinity to target and robust production scaffold
proteins represent an attractive alternative to immunoglobulin proteins.

Previously designed ankyrin repeat proteins (DARPins), a novel class of non-IgG scaffolds based
on naturally occurring ankyrin repeats [7] have been shown to bind to protein targets with specificity
and affinity exceeding those of antibodies [7–10]. DARPins are small (13−20 kDa), highly soluble in
water, very stable and lack cysteine residues. A number of DARPin molecules that specifically bind to
different tumor-associated antigens, such as human epidermal growth factor receptor 2 (HER2) or the
epithelial cell adhesion molecule (EpCAM) overexpressed in breast and ovarian cancer cells, have been
developed [8–12].

The transmembrane protein HER2 is one of the most well-studied tumor markers;
its overexpression represents a hallmark of many types of tumors associated with an increased
risk of metastasis and resistance to chemotherapy [13]. The epithelial cell adhesion molecule (EpCAM)
has also emerged as a promising structure for targeted therapy of solid tumors. EpCAM is expressed
at low levels on basolateral cell surfaces of some normal epithelia [14]. In contrast, high levels
of homogenously distributed EpCAM are detectable on cells of epithelial tumors [15,16], and its
overexpression represents an independent prognostic marker for reduced survival in patients with
breast and ovarian cancer [17,18].

As a tumor-targeting moiety for delivery of cytotoxic agents (e.g. toxic proteins), DARPins
are widely used in modern research [19–21]. Toxins of bacterial origin are widely used as cytotoxic
component in anticancer therapy [21–25]. In this work we use ribonuclease Barnase (Bn) from
Bacillus amyloliquefaciens [26] and Pseudomonas exotoxin A secreted by gram-negative bacteria
Pseudomonas aeruginosa with removed or inactivated human B-cell recognition sites (LoPE) [27].
The cytotoxic action of Bn is based on its high ribonuclease activity, LoPE irreversibly inhibits
eukaryotic elongation factor eEF2 that leads to protein biosynthesis blocking in a cell.

Previously we reported a novel method for preparation of HER2-targeted liposomes (80–90 nm
in diameter), each containing thousands of encapsulated protein molecules [28]. Here we use this
approach for the preparation of liposomes loaded with RNAse Bn for anti-HER2 cancer therapy.
We have shown that simultaneous treatment of animals with anti-EpCAM fusion toxin based on
LoPE and HER2-specific liposomes loaded with Bn leads to concurrent elimination of primary tumor
and metastasis.

2. Results

2.1. In Vitro Characteristics of Liposomes Loaded with Bn

Previously we have shown that liposomes functionalized with HER2-specific DARPin can be an
effective vehicle for proteins delivery to cancer cells [28]. Here we used this method for the preparation
of ligand-targeted liposomes comprising large quantities of encapsulated toxic protein for the treatment
of HER2-positive cancer in vivo.
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The protein of non-immunoglobulin scaffold DARPin_9-29 recognizing HER2 with high affinity
(KD 3.8 nM) was used as a targeting module [11]. Ribonuclease Bn from B. amyloliquefaciens [29]
was used as a cytotoxic moiety. DARPin and Bn genes were expressed in Escherichia coli BL21(DE3)
strain as described by us previously [24,28]. RNAse activity of purified Bn was determined using the
acid-insoluble RNA precipitate method [30]. The RNase activity of Bn was shown to be 68 ± 10% of
that of the Bn standard (Figure 1a).

Figure 1. In vitro characteristics of liposomes loaded with Bn. (a) Ribonuclease activity of Bn.
(b) Absorption spectroscopy of Bn-loaded liposomes (blue curve). Red curve is a sum of spectral
curves corresponding to 6 µM Bn and 1 mg/mL liposomes (dotted grey curves). (c) Cryo-EM images of
“empty” (upper panel) and Bn-containing liposomes (lower panel) at pH = 7.5. Scale bar = 100 nm.
(d) Hydrodynamic size distribution by the intensity of DARP-Lip(Bn) and Lip(Bn) measured with the
DLS technique.

The encapsulation of Bn into liposomes is based on electrostatic interaction between proteins
(positively charged at pH lower than pI) and a phospholipid membrane (charged negatively) at mild
acidic pH. Extrusion of the proteolipid mixture through a 100 nm pore size membrane filter yielded
unilamelar vesicles containing high quantities of proteins. The spectrum of Bn containing liposomes
(Figure 1b, blue curve) can be fairly simulated (Figure 1b, red curve) by summing spectral curves
corresponding to ~1.1 nM liposomes (concentration of the vesicles is 1 mg/ml suspension [28]) and
6 µM Bn (Figure 1b, dotted grey curves). The Bn to liposome molar ratio, which corresponds to the
number of protein molecules in a liposome is thus equal to about 5454 (6000 nM/1.1 nM).

The morphology of the liposomes was assessed using cryo-EM. Cryo-EM images of both empty
(Figure 1c, upper panel) and loaded with Bn (Figure 1c, lower panel) liposomes revealed unilamilar
vesicles with round shape and distinctive lipid bilayer. As one can see from Figure 1c, the inside of the
empty liposomes (the intra-liposome cavity) looks the same as the background, while some electron
density is observed inside the Bn-containing vesicles. These observations are consistent with the very
large number of Bn molecules that we succeeded to encapsulate per liposome.

Covalent coupling of DARPin_9-29 to the outer surface of the proteoliposome membrane included:
modification of liposomes by 2-iminothiolane (Traut’s reagent), the reaction that introduces SH-groups to
primary amine-containing phospholipids; modification of amino groups of the DARPin by sulfo-EMCS
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(N-ε-maleimidocaproyl-oxysulfosuccinimide ester), a hydrophilic amine- and sulfhydryl-crosslinker;
coupling of the sulfo-EMCS-treated protein to the Traut’s reagent-treated liposomes.

Size and surface charge of DARPin-functionalized (DARP-Lip(Bn)) and non-functionalized
(Lip(Bn)) proteoliposomes were measured by a dynamic light scattering (DLS) system (Zetasizer
NanoZS, Malvern Panalytical, Malvern, UK). The diameters of Lip(Bn) and DARP-Lip(Bn) were
equal to 90.91 ± 20.62 and 105.50 ± 15.96 nm, respectively (Figure 1d). ζ-potential of Lip(Bn) and
DARP-Lip(Bn) were -10.7 ± 0.3 and -13.5 ± 1.5 mV respectively. A slight increase in size and decrease
in ζ-potential prove the high efficiency of chemical conjugation of the target DARPin module with the
liposome surface.

To prove that the proteoliposomes functionalized with DARPin_9-29 specifically interact with
HER2 receptor on the cell surface, HER2-positive BT-474 cells stably expressing NanoLuc luciferase gene
and MDA-MB-231 cells with a normal level of the HER2 expression were incubated with Cy3.5-labeled
DARP-Lip(Bn) or DARPin as described in Materials and Methods. The results of the flow cytometry
measurements indicate that the HER2-recognition property of DARPin in proteoliposomes complex
is completely preserved: BT-474 cells treated with DARP-Lip(Bn) exhibit almost the same shift of
the fluorescence intensity as the cells treated with DARPin as compared to untreated cells (~30- and
~40-fold respectively, Figure 2a). In MDA-MB-231 cells treated with dye-labeled conjugates in the same
conditions, no significant fluorescence intensity shift in relative to the control was detected (Figure 2a).

Figure 2. In vitro characteristics of DARP-Lip(Bn) and EC1-LoPE. (a,c) Normalized flow cytometry
histograms showing specific interaction of DARP-Lip(Bn) and EC1-LoPE with HER2 and EpCAM
receptors respectively. (b,d) In vitro cytotoxicity of DARP-Lip(Bn) and EC1-LoPE respectively.
(e) Combined treatment of cells with DARP-Lip(Bn) and EC1-LoPE. Statistical analyses were performed
using one-way analysis of variance (ANOVA). p < 0.01 versus control cells. Bars indicate SD for 3
independent experiments.

The effect of DARP-Lip(Bn) on cell viability was determined by the cell cytotoxicity test (MTT).
HER2-positive BT-474 cells as well as MDA-MB-231 cells with normal HER2 expression were incubated
with nanomolar concentrations of DARP-Lip(Bn), for 72 h at 37 ◦C. As shown in Figure 2b the
proteoliposomes strongly affected viability of HER2-positive cells. IC50 value estimated using
nonlinear regression analysis was equal to 0.11 nM for BT-474 cells.

2.2. In Vitro Characteristics of EC1-LoPE

Another component used here for protein-based therapy is fusion protein based on EpCAM-specific
DARPin (EC1) and domain I–truncated Pseudomonas exotoxin A with either removed or inactivated
human B-cell recognition sites (LoPE). EpCAM, also known as CD326, is a 40 kDa type I membrane
glycoprotein frequently expressed in human carcinomas, and involved in cell proliferation by linking
to components of the Wnt signaling pathway and regulators of the cell cycle [16,31]. EpCAM attracts
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attention as a target for cancer-related immunotherapy due to its abundant expression in solid tumors,
although its expression in normal epithelia is low [32,33].

Recombinant protein EC1-LoPE was purified as described in Materials and Methods and its
functional activity was investigated in vitro. Flow cytometry has proved that EC1 preserved its
EpCAM-recognizing ability within the fusion toxin: BT-474 cells treated with free EC1 exhibit almost
the same shift of the fluorescence intensity as the cells treated with fusion toxin EC1-LoPE (Figure 2c).
LoPE-mediated cytotoxicity in recombinant protein evaluated by MTT cytotoxicity test is also preserved
and IC50 is equal to 15.3 nM (Figure 2d).

To determine whether targeted liposomes DARP-Lip(Bn) and fusion toxin EC1-LoPE possess
synergistic cytotoxic effect on HER2/EpCAM-positive cancer cells, we incubated BT-474 and
MDA-MB-231 cells with different concentrations of DARP-Lip(Bn) and EC1-LoPE and assessed
cytotoxicity after 72 h by MTT. As shown in Figure 2e, the viability of the HER2/EpCAM-overexpressing
cell line treated with the combination of targeted cytotoxic agents was lower than with either single
agent treatment. At the same time, the MDA-MB-231 cell line showed no decrease in cell viability after
treatment with the combination of cytotoxic agents. Thus, combined treatment makes it possible to use
lower concentrations of either of the toxic agents to reach the same level of cell death.

2.3. In Vivo Tumor Imaging, Tumor Distribution and Animal Treatment

To demonstrate the tumor-targeting capabilities of DARP-Lip(Bn) and EC1-LoPE in living animals,
HER2/EpCAM–overexpressing tumor-bearing athymic BALB/c Nude mice were administered i.p.
with proteoliposomes (10 nM) or fusion toxin (40 µg) conjugated with Cy5.5 as described in Materials
and Methods, and then assessed by a living-animal imaging technique (using IVIS Spectrum CT,
Perkin Elmer, Waltham, MA, USA) at different time points.

As one can see from Figure 3, the dynamics of accumulation in the tumor is different for
proteoliposomes and protein toxin. The highest tumor accumulation was observed at 24 and 5 h
post-injection for EC1-LoPE and DARP-Lip(Bn) respectively (Figure 3). But in any case DARP-Lip(Bn)
as well as EC1-LoPE are good markers for tumor imaging in vivo and displayed highly efficient
tumor targeting.

Figure 3. EpCAM/HER2-positive tumor imaging. Living animal photos confirming specific labeling
of EpCAM (upper panel) or HER2 (lower panel)–overexpressing cells in vivo with EC1-LoPE or
DARP-Lip(Bn).
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To investigate the distribution of DARP-Lip(Bn) and EC1-LoPE in tumor tissue in vivo,
DARP-Lip(Bn) conjugated with Cy3 and EC1-LoPE conjugated with Cy5.5 were injected i.p. in
HER2/EpCAM–overexpressing tumor-bearing athymic BALB/c Nude mice. Microscopic fluorescence
images of the frozen sections of tissue samples were acquired 25 h after EC1-LoPE injection and
6 h after DARP-Lip(Bn) injection. DARP-Lip(Bn) (Figure 4b) and EC1-LoPE (Figure 4c) localized
heterogeneously (according to chaotic blood vessel distribution) in the tumor. Intracellular localization
of both target agents in the tumor with the distinct colocalization in the tumor area is observed
(Figure 4a).

Figure 4. Microdistribution of DARP-Lip(Bn) and EC1-LoPE in the tumor. (a) Overlaid confocal
images of tumor sections in blue (Hoechst 33342), green (Cy3) and red channel (Cy5.5) (Hoechst 33342:
excitation femtosecond laser 740 nm, emission range 400–550 nm; Cy3: excitation laser 514 nm, emission
range 550–630 nm; Cy5.5: excitation laser 561 nm, emission range 650–740 nm). (b,c) Confocal images
of tumor sections in green and red channels respectively.

To investigate the anticancer potential of proteoliposomes for monotherapy, as well as for the
combined therapy, BT-474/NanoLuc tumor-bearing mice were used. After tumor volume reached
approximately 100 mm3, twenty mice were randomly divided into four groups and treated with
DARP-Lip(Bn) only, DARP-Lip(Bn) plus EC1-LoPE, EC1-LoPE only, or PBS only. Tumor volumes and
body weights were recorded every other day. No significant changes in body weight were registered
during the treatment. As presented in Figure 5a, groups treated with DARP-Lip(Bn) or EC1-LoPE
showed a significant inhibition of tumor-growth with TGI equal to 84% and 74.5%, respectively.
The group of mice subjected to a combined treatment with DARP-Lip(Bn) and EC1-LoPE revealed the
impressive result with TGI equal to 91.8%. Tumors in the control groups displayed a rapid growth and
on day 28 after the treatment the tumor volumes in the control groups were approximately 9 times
larger than the tumor volumes at the start of the experiment (Figure 5a).

Figure 5. In vivo therapy and IVIS imaging: (a) Tumor growth dynamics upon the treatment with PBS,
DARP-Lip(Bn), EC1-LoPE or DARP-Lip(Bn) plus EC1-LoPE. Arrows indicate the time of injection; bars
indicate SD;
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* p < 0.05; (b) Imaging of BT474-NanoLuc tumor xenografts at the beginning (day 0) and at the end
(day 28) of treatment. Mice were injected with 7 µg of furimazine and bioluminescence was recorded
with IVIS Spectrum CT.

The effectiveness of the treatment was also monitored using the IVIS Spectrum CT bioimaging
system (Perkin Elmer, Waltham, MA, USA). Mice were injected i.p. with NanoLuc substrate furimazine
and images were taken immediately. On day 28 of the treatment animals in the control group had large
primary tumors as well as secondary tumor nodes growing in the area of the symmetric lymph node
(Figure 5b). Although in animals treated with either DARP-Lip(Bn) or EC1-PE40 primary tumors were
smaller than in the control group, luminescence imaging revealed distant metastasis in both groups.
In contrast, animals subjected to combined therapy (DARP-Lip(Bn) plus EC1-LoPE) had only minor
primary tumors and did not exhibit distant metastases (Figure 5b).

3. Discussion

Targeting therapy of solid tumors represents a great challenge because of heterogeneity of
tumor-associated antigen expression. Combination therapy, targeting two (or more) different receptors
on a tumor cell has gained considerable attention in the field of oncology in recent years, with numerous
studies demonstrating its significant advantage over monotherapies [34–37].

High levels of the HER2 expression observed in a variety of carcinomas and clinical success
of the HER2-directed monoclonal antibody Herceptin make the HER2 gene product a promising
therapeutic target [38]. EpCAM is also a promising therapeutic target, as numerous studies indicate
its role as a cell surface marker for various types of carcinoma. A clinical study has shown that
coexpression of both HER2 and EpCAM at high levels correlates with poor prognosis in breast cancer
patients [39], suggesting that a drug targeting both these moieties would be highly beneficial to these
high-risk patients.

In the present study we compared antigen-monospecific therapy with dual-specific therapy
based on DARPin-fusion toxic complexes targeted two different tumor-associated antigens, HER2 and
EpCAM. For this purposes we developed HER2-specific liposomes loaded with a large amount of Bn
and created EpCAM-specific fusion protein based on DARPin and LoPE (Figure 1).

The effectiveness of the developed targeted agents for solid tumors as well as metastasis treatment
was evaluated using mouse model with xenograft tumors derived from BT-474 cell line. It was recently
shown that ductal carcinoma cell line BT-474 has a great potential as cancer model with spontaneous
metastasis [40–43]. It was shown BT-474-based tumors can form metastases in lymph nodes, lungs or
spleen with various frequencies. Here we observed the formation of metastasis in inguinal lymph node
after s.c. injection of BT-474 cells in all experimental animals that do not receive any specific treatment,
which makes this tumor model a very convenient tool for tumor and metastasis grow dynamics study.

Antigen specificity and cell toxicity of these protein complexes were thoroughly proved in vitro
(Figure 2). Using whole-body fluorescence imaging we demonstrated that DARP-Lip(Bn) and EC1-LoPE
displayed highly efficient tumor targeting (Figure 3). Fluorescence histochemistry of the frozen sections
of tissue samples revealed intracellular localization of both target agents in the tumor with the distinct
colocalization in the tumor area (Figure 4). We have shown that monotherapy with EpCAM-specific
LoPE or HER2-specific liposomes loaded with Bn significantly reduced primary tumors but did not
affect distant metastases (Figure 5). On the other hand, dual-specific therapy led to elimination of both
primary tumors and metastases.

Dual targeting strategy is widely used in contemporary oncology researches. It includes dual
targeting of different epitopes on one receptor or ligand, dual targeting of a receptor and a ligand, dual
retargeting of toxins (reviewed in [44–46]). Results from all these studies demonstrate that in general
dual targeting strategies outperforms monotreatment.
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The results obtained in this work confirm the advantages of dual targeting therapy, and we can
state that protein therapeutics for dual targeting suggests a new way in cancer treatment and will enter
clinical study in the near future.

4. Materials and Methods

Unless otherwise stated, reagents and chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA) and were used without further purification.

4.1. Proteins

The following proteins were used in experiments. DARPin_9-29 were produced in E. coli and
purified as described in details in our previous work [28]. Wild-type Bn was extracted and purified
from culture media following the method of Hartley [26] with slight modifications.

Recombinant EC1-LoPE was produced in Escherichia coli BL21(DE3) strain cells transformed with
the plasmids pET22-EC1-LoPE. The last plasmid was obtained by replacement of Darpin_ 9-29 gene in
the plasmid pDARP-LoPE [47] with the gene for Darpin-EC1. The Darpin-EC1 nucleotide sequence was
deduced from its amino acid sequence published by Stefan et al. [12], taking into account the codon
usage in highly expressed E. coli genes [48]. The EC1 gene was assembled from chemically synthesized
overlapped oligonucleotides of 50 bp length by PCR and placed into the plasmid pDARP-LoPE between
restriction sites NdeI and EcoRI. Expression and purification procedures for EC1-LoPE were essentially
the same as was described earlier for the protein DARPin-LoPE [47]. Briefly, E. coli was grown in
autoinduction ZYM-5052 medium prepared according to Studier [49] containing 100 µg/ml kanamycin
at 25 ◦C. The cells were harvested by centrifugation at 10,000 × g at 4 ◦C for 20 min, and resuspended
in lysis buffer (200 mM Tris-HCl, 500 mM sucrose, 1 mM EDTA (pH 8.0), 1 mM PMSF and 60 µg/ml
lysozyme). The suspension was diluted 2-fold with distilled water and incubated at room temperature
for 30 min. Cells were broken on ice using a Vibra Cell ultrasonic liquid processor VCX130 (Sonics &
Materials, Inc., Newtown, CT, USA). The cellular debris was pelleted at 70,000 × g at 4 ◦C for 30 min.
After addition of imidazole (30 mM) and NaCl (500 mM), the supernatant was filtered through a
0.22 µm membrane and applied onto a HisTrap HP 1 ml column (GE Healthcare, Little Chalfont, UK)
equilibrated with 20 mM NaPi (pH 7.5), 500 mM NaCl and 30 mM imidazole. The bound proteins
were eluted with a linear 30–500 mM imidazole gradient. The fraction containing EC1-LoPE was
combined, diluted 5-fold with 25 mM Tris-Cl (pH 8.0), and loaded onto a MonoQ 10/100 GL column
(GE Healthcare, Little Chalfont, UK) equilibrated with the same buffer. The bound proteins were
eluted with a linear 0–1 M NaCl gradient. The fractions were analyzed by 15% reducing SDS-PAGE.
Protein concentration was determined by UV spectroscopy using ε280 = 48,220 M−1 cm−1.

4.2. Preparation of Bn-Encapsulated Liposomes

The phospholipid suspension was prepared by swelling 0.2 g of L-α-phosphatidylcholine granules
(Soy 40%, 341602, Avanti Polar Lipids, Alabaster, AL, USA) in 10 mL of distilled water for 16-20 h at
ambient temperature. The suspension was further filtered through a 0.8 µm syringe filter and stored at
4 ◦C until used.

An aliquot of 0.5 mL of the phospholipid suspension was mixed with 0.5 mL of Bn (4 mg/mL) in
20 mM K-Pi (pH 7.5). The protein-lipid suspension was frozen and thawed 5 times and subsequently
extruded 19 times through a polycarbonate membrane with 100 nm pore size at ambient temperature
using an Avanti Mini Extruder (Avanti Polar Lipids, Alabaster, AL, USA). The extrusion yields
unilamelar liposomes (SUVs) with an average diameter of 80–90 nm. The liposomes were purified from
the excess of Bn on a Sepharose CL-2B column (10 × 35 mm) equilibrated with 10 mM K-Pi (pH 7.5)
containing 0.2 M NaCl. At high ionic strength the protein dissociates from the outer surface of the
liposome membrane. Chromatography on a Sepharose CL-2B column enabled to completely separate
the liposomes from the protein not associated with the vesicles. The liposome fraction, collected in the
void volume, was stored at 4 ◦C until used.
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4.3. Covalent Coupling of DARPin_9-29 to Liposomes

Covalent attachment of DARPin_9-29 to the outer surface of the liposome membrane was described
in details in [28]. In short, liposomes containing Bn were prepared as described above and incubated
with 6 mM 2-iminothiolane (Traut’s reagent) at ambient temperature for 1 h in 100 mM K-Pi (pH 8.0)
containing 1 mM EDTA. Incubation with Traut’s reagent leads to the attachment of a residue terminated
by SH-group to primary amino groups of the amine-containing phospholipids composing the liposome
membrane. The phospholipid mixture used here (soy PC, 40%, from Avanti Polar Lipids, Alabaster,
AL, USA) consisted of about 16% phosphatidylethanolamine, making it possible to introduce many
SH-groups to the surface of a liposome. The incubation mixture was passed through a NAP-5 desalting
column (GE Healthcare, Little Chalfont, UK) equilibrated in 100 mM K-Pi (pH 7.5). The void volume
fraction (~0.5 mL) was collected and kept on ice.

DARPin_9-29 (2–4 mg/mL) was incubated with a 10-fold molar excess (1–2 mM) of
sulfo-EMCS (N-ε-maleimidocaproyl-oxysulfosuccinimide ester) for 45 min under ambient conditions.
This heterobifunctional amine-to-sulfhydryl linker, containing the succinimide (which specifically
reacts with primary amino groups) and the maleimide (which reacts with thiols) moieties at opposite
ends of the molecule, covalently binds to DARPin_9-29 through one of primary amino groups on the
surface of the protein. The protein lacks SH-groups, thus leaving the maleimide group of the linker
untouched and available for further reaction with the Traut’s reagent-treated liposomes. The DARPin
modification should occur simultaneously with treatment of the liposomes with Traut’s reagent in
order to avoid oxidation of SH-groups introduced to the bilayer. The incubation mixture was passed
through a NAP-5 desalting column (GE Healthcare, Little Chalfont, UK) equilibrated in 100 mM K-Pi
(pH 7.5). The sulfo-EMCS-treated DARPin was mixed with equal volume of the Traut’s reagent-treated
liposomes and incubated for 2 h under ambient conditions. The non-bound DARPin was separated
from the liposomes on a Sepharose CL-2B column (10 × 35 mm) equilibrated with 20 mM K-Pi (pH 7.5).
The void volume fraction was collected and stored at 4 ◦C until used.

4.4. Cryo-Electron Microscopy

Cryo-electron microscopy (cryo-EM) was used for direct visualization of liposomes. Prior to
cryo-EM study 3 µl of liposome suspension were applied to a glow discharged Lacey carbon EM
grid, which was then blotted for 2.5 s at 4 ◦C and vitrified by a rapid plunging into liquid ethane
pre-cooled with liquid nitrogen using Vitrobot Mark IV (ThermoFisher Scientific, Waltham, MA, USA).
The obtained samples were studied using Titan Krios 60-300 TEM/STEM (ThermoFisher Scientific,
Waltham, MA, USA) cryo-EM, equipped with XFEG electron source, TEM direct electron detector
Falcon II (ThermoFisher Scientific, Waltham, MA, USA) and Cs image corrector (CEOS, Heidelberg,
Germany) at accelerating voltage of 300 kV. To minimize radiation damage during image acquisition
low-dose mode in EPU software (ThermoFisher Scientific, Waltham, MA, USA) was used.

4.5. Labeling with Fluorescent Dyes

Fluorescent dyes were obtained from Lumiprobe (Lumiprobe, Hunt Valley, MD, USA). For the
sake of visualization, DARPin, EC1-LoPE or proteoliposomes complexes (DARP-Lip(Bn)) lacking
visible fluorescence were covalently labeled with Cyanine 3.5 (N-hydroxysuccinimide ester) dye.
For the whole-body fluorescence image Bn or EC1-LoPE were conjugated with Cyanine 5.5. For the
fluorescence histological analysis before incorporation into liposomes Bn was conjugated with Cy3
and EC1-LoPE—with Cy5.5.

For the labeling with cyanine dyes, a few grains of the dye were dissolved in water and the
concentration of the solution was determined spectophotometrically. Eight-fold molar excess of the dye
solution was used for conjugation with protein or proteoliposomes complexes. The reaction was carried
out in 0.1 M phosphate buffer (pH 8.5) for 1 h at room temperature to get the dye-conjugate (protein or
proteoliposome). The dye-labeled conjugate was separated from the unbound dye on NAP-5 desalting
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column (GE Healthcare, Little Chalfont, UK) equilibrated in 0.1 M phosphate buffer (pH 7.5). The void
volume fraction was collected and used in flow cytometry or bioimaging experiments.

4.6. Cell Culture

The human breast ductal carcinoma BT-474 (HTB-20™; ATCC) and MDA-MB-231 (human breast
adenocarcinoma, ATCC no. HTB-26) were maintained in DMEM medium (HyClone, Logan, UT, USA)
supplemented with 10% fetal bovine serum (FBS, HyClone) and 2 mM L-glutamine (PanEko, Moscow,
Russia). Cells were cultured in humidified atmosphere with 5% CO2 at 37 ◦C.

4.7. Cell Cytotoxicity

The cytotoxicity of DARP-Lip(Bn) and EC1-LoPE were investigated using standard MTT assay [50].
Cells were seeded on a 96-well plate at 104 cells per well in 100 µL of DMEM supplemented with 10%
FBS and cultured overnight. Proteoliposomes DARP-Lip(Bn) or EC1-LoPE at different concentration
were added to wells in 100 µL of DMEM and cells were incubated for 72 h. Then the medium was
removed and MTT solution (0.5 g/L in 100 µL of DMEM) was added to the cells. Samples were
incubated for 2 h at 37 ◦C, MTT solution was then removed and 100 µL of DMSO was added to the
wells, the plate was gently shaken until the formazan crystals dissolved completely. The optical density
of each well was measured using an Infinite 1000 Pro microplate reader (Tecan, Mannedorf, Zurich,
Switzerland) at a wavelength of λ = 570 nm.

4.8. RNAse Activity

Ribonuclease activity of Bn was tested on yeast RNA by the acid-insoluble RNA precipitation
assay as described in [30]. Protein solution in 40 µL buffer (0.125 M Tris-HCl, pH 8.5) was mixed with
160 µL of yeast RNA at 2 g/L and incubated at 37 ◦C for 15 min. The RNAse reaction was stopped by
adding 200 µL of 6% HClO3 and incubating at 4 ◦C for 15 min. Undigested RNA was separated by
centrifugation at 16,000 × g for 10 min at 4 ◦C and absorption (OD260) of supernatant was measured.
According to [30], this value is proportional to the RNAse activity of the tested protein.

4.9. Flow Cytometry

Cells (2 × 105) of each cells line were treated with 50 nM protein or 0.5 nM proteoliposome
dye-labeled conjugate for 10 min at 37 ◦C in complete medium. After that the cells were washed 3
times with PBS and analyzed with flow cytometer NovoCyte 3000 (Bioscience, San Diedo, CA, USA).
Cy3.5 fluorescence was excited with a laser at 561 nm and the emission of the dye was detected using a
615/20 bandpass filter. Autofluorescence level was determined on protein-untreated cells. A minimum
of 50 000 events was collected for each sample and the data were processed with NovoExpress software.

4.10. Measurements of Proteoliposomes Size and Zeta-Potential

For size and zeta-potential experiments, proteoliposomes were diluted 1:1 with PBS. All the
measurements were performed using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK)
at room temperature. Experiments were made in triplicate and the results are given as means ±
standard deviation.

4.11. Tumor-Bearing Mice

Six- to eight-week-old female BALB/c nu/nu athymic mice (22–25 g) were purchased from the
SPF (specified pathogen-free) licensed nursery of the Shemyakin-Ovchinnikov Institute of Bioorganic
Chemistry of the Russian Academy of Sciences. Mice were housed in specific-pathogen-free facilities
with a 12-h light-dark cycle, fed with sterilized enriched laboratory food and supplied with water and
food ad libitum. All experimental procedures were approved by the Animal Care and Use Committee
of the Institute.
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For tumor generation mice were inoculated subcutaneously with 2 × 106 cells BT-474 stably
expressing NanoLuc luciferase gene [51]. Inoculation of cancer cells was performed in 30% Matrigel
(Corning, NY, USA) in culture medium. Tumor size was measured with Vernier calipers across
two diameters every other day and the tumor volume (V) was calculated according to the
formula: V = length ×width2/2 [52].

4.12. In Vivo Tumor Imaging

To demonstrate the tumor-targeting capabilities of DARP-Lip(Bn) and EC1-LoPE in living
animals, tumor-bearing athymic BALB/c Nude mice were administered intraperitoneal (i.p.) with
proteoliposomes (10 nM) or fusion toxin (40 µg) conjugated with Cy5.5. The isoflurane inhalation for
anesthesia was performed using the RAS-4 Rodent Anesthesia System (Perkin Elmer, Waltham, MA,
USA). Living animal were than visualized using the IVIS Spectrum CT imaging system (Perkin Elmer,
Waltham, MA, USA) with the following excitation filters: 640, 675 and 710 nm and emission filters: 680,
700, 720, 740, 760 and 780 nm, followed by Living Image software processing and autofluorescence
subtraction using a Living Image Spectral Unmixing Tool. As a control of uniform settings for all
acquired images, a tube containing 10 nM DARP-Lip(Bn-Cy5.5) or EC1-LoPE-Cy5.5 was imaged along
with the animals.

4.13. Histological Analysis

To investigate the microdistribution of DARP-Lip(Bn) and EC1-LoPE in tumors, before loading
into liposomes Bn was conjugated with Cy3 and EC1-LoPE was conjugated with Cy5.5. Tumor-bearing
mice were injected i.p. with EC1-LoPE-Cy5.5. DARP-Lip(Bn-Cy3) were injected i.p. 19 h later. 6 h after
liposomes injection, the mice were euthanized and the tumors with the surrounding healthy tissues
were excised. The fresh derived tumors were mounted on a platform with Neg-50™ frozen section
medium (Richard-Allan Scientific™, Canton, MI, USA) and rapidly frozen at -26 ◦C. Sections of frozen
tissues were performed on a ThermoFisher device using the standard method. Frozen cross sections,
15 µm thick, were placed on glass slides, air-dried and cell nuclei were additionally stained with 2 nM
Hoechst 33,342 (Invitrogen, Carlsbad, CA, USA) for 10 min at 25 ◦C. Then the sections were washed
twice with PBS, air-dried, and mounted under a cover glass in glycerol.

Sections were analyzed immediately after preparing under an LSM-710-NLO confocal microscope
(Carl Zeiss, Oberkochen, Germany) using 514 nm laser for excitation Cy 3.0 and 633 nm laser for Cy 5.5.
Fluorescence was detected in the range of 550–630 nm for Cy3.0 and in the range 650–740 nm for Cy 5.5.
Hoechst was exited at 740 nm using femtosecond laser Chameleon Ultra II (80 MHz, 140 fs, tunable
in 690–1060 nm, Coherent Inc., Santa Clara, CA, USA) and the emission was detected at 400–550 nm.
To acquire the images, a 20× Plan-Apochromat (NA 0.8) objective was used.

4.14. In Vivo Tumor Therapy

Twelve days after the inoculation, when tumor volumes reached ~100 mm3, twenty animals were
randomly split into 4 groups. Treatment was carried out every other day according to the following
schedules: 1) i.p. injection of 100 µL of 10 nM (~70 µg Bn) DARP-Lip(Bn), 10 doses; 2) i.p. injection of
40 µg EC1-LoPE (i.p.), 10 doses; 3) i.p. injection of 100 µL of 10 nM DARP-Lip(Bn) and 40 µg EC1-LoPE
(i.p.), 10 doses; 4) i.p. injection of 100 µL PBS (control group). The tumor sizes and body weights
of mice were controlled every other day. Mice were euthanized when tumors reached a volume
of ∼1000 mm3. To calculate tumor growth inhibition coefficient (TGI), the following formula was
used: TGI (%) = [(Vcontrol-Vtreatment) × 100%]/Vcontrol, where V is the tumor volume at a selected
time point.

4.15. Bioluminescent Imaging in Vivo

In vivo bioluminescence imaging was performed on IVIS Spectrum CT system (Perkin Elmer,
Waltham, MA, USA). The BT-474/NanoLuc bearing mouse was placed in an anesthesia chamber
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and isoflurane inhalation was performed using the RAS-4 Rodent Anesthesia System (Perkin Elmer,
Waltham, MA, USA). Furimazine was administered i.p. at a dose of 7 µg per animal, the mouse
was then moved to the IVIS Spectrum CT imaging chamber, and data acquisition started one minute
after the introduction of the substrate. All bioluminescence data were normalized to the acquisition
conditions and are displayed in radiance (photons/s/cm2/str).

4.16. Statistics

The data (MTT-test and tumor volume measurements) were statistically processed using one-way
analysis of variance (ANOVA).

5. Conclusions

The present study provides evidence that dual targeting therapy of solid tumors with protein-based
toxic preparations recognizing different tumor-associated antigens is effective not only in eliminating the
growth of primary tumor, but also in preventing the development of distant metastases. The proposed
approach can be considered as a potential strategy with the efficacy significantly exceeding that of the
mono-specific targeting therapy.

Author Contributions: Conceptualization, G.P., S.D.; Methodology, E.S., G.P., V.S., A.R., A.S., A.K.; Validation, E.S.
and G.P.; Formal Analysis, E.K.; Investigation, E.S., G.P., A.R., V.S., R.K.,; Resources, S.D. and G.T.; Data Curation,
G.P., S.D.; Writing—Original Draft Preparation, G.P., E.S.; Supervision, S.D.; Project Administration, G.P.;
Funding Acquisition S.D. All authors have read and agreed to the published version of the manuscript.

Funding: In vitro investigations and in vivo bioimaging experiments were supported by the Russian Science
Foundation (project no. 19-14-00112). In vivo therapy was supported by the Russian Foundation for Basic Research
(project no. 19-54-06001). Histological analysis and confocal imaging were supported by the Russian Foundation
for Basic Research (project no. 20-02-00928). Cryo-EM studies were supported by the Russian Science Foundation
(project no. 20-14-18010).

Acknowledgments: The authors acknowledge the support and the use of resources of the Resource Center for
Probe and Electron Microscopy at the NRC “Kurchatov Institute” and the Center for collective use of scientific
equipment No. 74834 “Technological and diagnostic center for the production, research and certification of micro
and nanostructures” in GPI RAS.

Conflicts of Interest: The authors declare that there is no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the
decision to publish the results.

References

1. Schrama, D.; Reisfeld, R.A.; Becker, J.C. Antibody targeted drugs as cancer therapeutics. Nat. Rev. Drug Discov.
2006, 5, 147–159. [CrossRef]

2. Weiner, L.M.; Murray, J.C.; Shuptrine, C.W. Antibody-based immunotherapy of cancer. Cell 2012, 148,
1081–1084. [CrossRef]

3. Willuda, J.; Honegger, A.; Waibel, R.; Schubiger, P.A.; Stahel, R.; Zangemeister-Wittke, U.; Plückthun, A.
High thermal stability is essential for tumor targeting of antibody fragments: Engineering of a humanized
anti-epithelial glycoprotein-2 (epithelial cell adhesion molecule) single-chain Fv fragment. Cancer Res. 1999,
59, 5758–5767.

4. Ewert, S.; Honegger, A.; Plückthun, A. Stability improvement of antibodies for extracellular and intracellular
applications: CDR grafting to stable frameworks and structure-based framework engineering. Methods 2004,
34, 184–199. [CrossRef]

5. Plückthun, A. Designed Ankyrin Repeat Proteins (DARPins): Binding Proteins for Research, Diagnostics,
and Therapy. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 489–511. [CrossRef]

6. Löfblom, J.; Frejd, F.Y.; Ståhl, S. Non-immunoglobulin based protein scaffolds. Curr. Opin. Biotechnol. 2011,
22, 843–848. [CrossRef]

7. Binz, H.K.; Amstutz, P.; Kohl, A.; Stumpp, M.T.; Briand, C.; Forrer, P.; Grütter, M.G.; Plückthun, A.
High-affinity binders selected from designed ankyrin repeat protein libraries. Nat. Biotechnol. 2004, 22,
575–582. [CrossRef]

http://dx.doi.org/10.1038/nrd1957
http://dx.doi.org/10.1016/j.cell.2012.02.034
http://dx.doi.org/10.1016/j.ymeth.2004.04.007
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134654
http://dx.doi.org/10.1016/j.copbio.2011.06.002
http://dx.doi.org/10.1038/nbt962


Cancers 2020, 12, 3014 13 of 15

8. Jost, C.; Schilling, J.; Tamaskovic, R.; Schwill, M.; Honegger, A.; Plückthun, A. Structural basis for eliciting
a cytotoxic effect in HER2-overexpressing cancer cells via binding to the extracellular domain of HER2.
Struct. Lond. Engl. 1993 2013, 21, 1979–1991. [CrossRef]

9. Tamaskovic, R.; Simon, M.; Stefan, N.; Schwill, M.; Plückthun, A. Designed ankyrin repeat proteins (DARPins)
from research to therapy. Methods Enzymol. 2012, 503, 101–134. [CrossRef]

10. Verdurmen, W.P.R.; Luginbühl, M.; Honegger, A.; Plückthun, A. Efficient cell-specific uptake of binding
proteins into the cytoplasm through engineered modular transport systems. J. Control. Release 2015, 200,
13–22. [CrossRef]

11. Steiner, D.; Forrer, P.; Plückthun, A. Efficient selection of DARPins with sub-nanomolar affinities using SRP
phage display. J. Mol. Biol. 2008, 382, 1211–1227. [CrossRef] [PubMed]

12. Stefan, N.; Martin-Killias, P.; Wyss-Stoeckle, S.; Honegger, A.; Zangemeister-Wittke, U.; Plückthun, A.
DARPins recognizing the tumor-associated antigen EpCAM selected by phage and ribosome display and
engineered for multivalency. J. Mol. Biol. 2011, 413, 826–843. [CrossRef]

13. Deyev, S.M.; Lebedenko, E.N.; Petrovskaya, L.E.; Dolgikh, D.A.; Gabibov, A.G.; Kirpichnikov, M.P.
Man-made antibodies and immunoconjugates with desired properties: Function optimization using
structural engineering. Russ. Chem. Rev. 2015, 84, 1–26. [CrossRef]

14. McLaughlin, P.M.; Harmsen, M.C.; Dokter, W.H.; Kroesen, B.J.; van der Molen, H.; Brinker, M.G.; Hollema, H.;
Ruiters, M.H.; Buys, C.H.; de Leij, L.F. The epithelial glycoprotein 2 (EGP-2) promoter-driven epithelial-specific
expression of EGP-2 in transgenic mice: A new model to study carcinoma-directed immunotherapy. Cancer Res.
2001, 61, 4105–4111. [PubMed]

15. Balzar, M.; Winter, M.J.; de Boer, C.J.; Litvinov, S.V. The biology of the 17–1A antigen (Ep-CAM). J. Mol. Med.
1999, 77, 699–712. [CrossRef] [PubMed]

16. Went, P.T.; Lugli, A.; Meier, S.; Bundi, M.; Mirlacher, M.; Sauter, G.; Dirnhofer, S. Frequent EpCam protein
expression in human carcinomas. Hum. Pathol. 2004, 35, 122–128. [CrossRef] [PubMed]

17. Gastl, G.; Spizzo, G.; Obrist, P.; Dünser, M.; Mikuz, G. Ep-CAM overexpression in breast cancer as a predictor
of survival. The Lancet 2000, 356, 1981–1982. [CrossRef]

18. Spizzo, G.; Went, P.; Dirnhofer, S.; Obrist, P.; Moch, H.; Baeuerle, P.A.; Mueller-Holzner, E.; Marth, C.;
Gastl, G.; Zeimet, A.G. Overexpression of epithelial cell adhesion molecule (Ep-CAM) is an independent
prognostic marker for reduced survival of patients with epithelial ovarian cancer. Gynecol. Oncol. 2006, 103,
483–488. [CrossRef]

19. Martin-Killias, P.; Patricia, M.-K.; Stefan, N.; Rothschild, S.; Plückthun, A.; Zangemeister-Wittke, U. A novel
fusion toxin derived from an EpCAM-specific designed ankyrin repeat protein has potent antitumor activity.
Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2011, 17, 100–110. [CrossRef]

20. Proshkina, G.M.; Shilova, O.N.; Ryabova, A.V.; Stremovskiy, O.A.; Deyev, S.M. A new anticancer toxin
based on HER2/neu-specific DARPin and photoactive flavoprotein miniSOG. Biochimie 2015, 118, 116–122.
[CrossRef]

21. Sokolova, E.; Proshkina, G.; Kutova, O.; Shilova, O.; Ryabova, A.; Schulga, A.; Stremovskiy, O.; Zdobnova, T.;
Balalaeva, I.; Deyev, S. Recombinant targeted toxin based on HER2-specific DARPin possesses a strong
selective cytotoxic effect in vitro and a potent antitumor activity in vivo. J. Control. Release 2016, 233, 48–56.
[CrossRef]

22. Ruiz-de-la-Herrán, J.; Tomé-Amat, J.; Lázaro-Gorines, R.; Gavilanes, J.G.; Lacadena, J. Inclusion of a Furin
Cleavage Site Enhances Antitumor Efficacy against Colorectal Cancer Cells of Ribotoxin α-Sarcin- or RNase
T1-Based Immunotoxins. Toxins 2019, 11, 593. [CrossRef]

23. Balandin, T.G.; Edelweiss, E.; Andronova, N.V.; Treshalina, E.M.; Sapozhnikov, A.M.; Deyev, S.M. Antitumor
activity and toxicity of anti-HER2 immunoRNase scFv 4D5-dibarnase in mice bearing human breast cancer
xenografts. Invest. New Drugs 2011, 29, 22–32. [CrossRef] [PubMed]

24. Edelweiss, E.; Balandin, T.G.; Ivanova, J.L.; Lutsenko, G.V.; Leonova, O.G.; Popenko, V.I.; Sapozhnikov, A.M.;
Deyev, S.M. Barnase as a new therapeutic agent triggering apoptosis in human cancer cells. PLoS ONE 2008,
3, e2434. [CrossRef] [PubMed]

25. Proshkina, G.M.; Kiseleva, D.V.; Shilova, O.N.; Ryabova, A.V.; Shramova, E.I.; Stremovskiy, O.A.; Deyev, S.M.
[Bifunctional Toxin DARP-LoPE Based on the HER2-Specific Innovative Module of a Non-Immunoglobulin
Scaffold as a Promising Agent for Theranostics]. Mol. Biol. 2017, 51, 997–1007. [CrossRef]

http://dx.doi.org/10.1016/j.str.2013.08.020
http://dx.doi.org/10.1016/B978-0-12-396962-0.00005-7
http://dx.doi.org/10.1016/j.jconrel.2014.12.019
http://dx.doi.org/10.1016/j.jmb.2008.07.085
http://www.ncbi.nlm.nih.gov/pubmed/18706916
http://dx.doi.org/10.1016/j.jmb.2011.09.016
http://dx.doi.org/10.1070/RCR4459
http://www.ncbi.nlm.nih.gov/pubmed/11358833
http://dx.doi.org/10.1007/s001099900038
http://www.ncbi.nlm.nih.gov/pubmed/10606205
http://dx.doi.org/10.1016/j.humpath.2003.08.026
http://www.ncbi.nlm.nih.gov/pubmed/14745734
http://dx.doi.org/10.1016/S0140-6736(00)03312-2
http://dx.doi.org/10.1016/j.ygyno.2006.03.035
http://dx.doi.org/10.1158/1078-0432.CCR-10-1303
http://dx.doi.org/10.1016/j.biochi.2015.08.013
http://dx.doi.org/10.1016/j.jconrel.2016.05.020
http://dx.doi.org/10.3390/toxins11100593
http://dx.doi.org/10.1007/s10637-009-9329-2
http://www.ncbi.nlm.nih.gov/pubmed/19789841
http://dx.doi.org/10.1371/journal.pone.0002434
http://www.ncbi.nlm.nih.gov/pubmed/18560598
http://dx.doi.org/10.1134/S0026893317060140


Cancers 2020, 12, 3014 14 of 15

26. Hartley, R.W.; Rogerson, D.L. Production and purification of the extracellular ribonuclease of Bacillus
amyloliquefaciens (barnase) and its intracellular inhibitor (barstar). I. Barnase. Prep. Biochem. 1972, 2,
229–242. [CrossRef]

27. Liu, W.; Onda, M.; Lee, B.; Kreitman, R.J.; Hassan, R.; Xiang, L.; Pastan, I. Recombinant immunotoxin
engineered for low immunogenicity and antigenicity by identifying and silencing human B-cell epitopes.
Proc. Natl. Acad. Sci. USA 2012, 109, 11782–11787. [CrossRef]

28. Deyev, S.; Proshkina, G.; Baryshnikova, O.; Ryabova, A.; Avishai, G.; Katrivas, L.; Giannini, C.;
Levi-Kalisman, Y.; Kotlyar, A. Selective staining and eradication of cancer cells by protein-carrying
DARPin-functionalized liposomes. Eur. J. Pharm. Biopharm. Off. J. Arbeitsgemeinschaft Pharm.
Verfahrenstechnik EV 2018, 130, 296–305. [CrossRef]

29. Hartley, R.W. Barnase and barstar: Two small proteins to fold and fit together. Trends Biochem. Sci. 1989, 14,
450–454. [CrossRef]

30. Rushizky, G.W.; Greco, A.E.; Hartley, R.W.; Sober, H.A. Studies on B. Subtilis Ribonuclease. I. Characterization
of Enzymatic Specificity. Biochemistry 1963, 2, 787–793. [CrossRef]

31. Maetzel, D.; Denzel, S.; Mack, B.; Canis, M.; Went, P.; Benk, M.; Kieu, C.; Papior, P.; Baeuerle, P.A.;
Munz, M.; et al. Nuclear signalling by tumour-associated antigen EpCAM. Nat. Cell Biol. 2009, 11, 162–171.
[CrossRef] [PubMed]

32. Baeuerle, P.A.; Gires, O. EpCAM (CD326) finding its role in cancer. Br. J. Cancer 2007, 96, 417–423. [CrossRef]
[PubMed]

33. Van der Gun, B.T.F.; Melchers, L.J.; Ruiters, M.H.J.; de Leij, L.F.M.H.; McLaughlin, P.M.J.; Rots, M.G. EpCAM
in carcinogenesis: The good, the bad or the ugly. Carcinogenesis 2010, 31, 1913–1921. [CrossRef] [PubMed]

34. He, J.; McLaughlin, R.P.; van der Noord, V.; Foekens, J.A.; Martens, J.W.M.; van Westen, G.; Zhang, Y.;
van de Water, B. Multi-targeted kinase inhibition alleviates mTOR inhibitor resistance in triple-negative
breast cancer. Breast Cancer Res. Treat. 2019, 178, 263–274. [CrossRef] [PubMed]

35. Harding, J.J.; Zhu, A.X.; Bauer, T.M.; Choueiri, T.K.; Drilon, A.; Voss, M.H.; Fuchs, C.S.; Abou-Alfa, G.K.;
Wijayawardana, S.R.; Wang, X.A.; et al. A Phase Ib/II Study of Ramucirumab in Combination with
Emibetuzumab in Patients with Advanced Cancer. Clin. Cancer Res. 2019, 25, 5202–5211. [CrossRef]

36. Yang, Y.; Zhu, F.; Wang, Q.; Ding, Y.; Ying, R.; Zeng, L. Inhibition of EZH2 and EGFR produces a synergistic
effect on cell apoptosis by increasing autophagy in gastric cancer cells. OncoTargets Ther. 2018, 11, 8455–8463.
[CrossRef]

37. Gazzah, A.; Boni, V.; Soria, J.-C.; Calles, A.; Even, C.; Doger, B.; Mahjoubi, L.; Bahleda, R.; Ould-Kaci, M.;
Esler, A.; et al. A phase 1b study of afatinib in combination with standard-dose cetuximab in patients with
advanced solid tumours. Eur. J. Cancer 2018, 104, 1–8. [CrossRef]

38. Plosker, G.L.; Keam, S.J. Trastuzumab: A review of its use in the management of HER2-positive metastatic
and early-stage breast cancer. Drugs 2006, 66, 449–475. [CrossRef]

39. Spizzo, G.; Obrist, P.; Ensinger, C.; Theurl, I.; Dünser, M.; Ramoni, A.; Gunsilius, E.; Eibl, G.; Mikuz, G.;
Gastl, G. Prognostic significance of Ep-CAM AND Her-2/neu overexpression in invasive breast cancer.
Int. J. Cancer 2002, 98, 883–888. [CrossRef]

40. Iorns, E.; Drews-Elger, K.; Ward, T.M.; Dean, S.; Clarke, J.; Berry, D.; Ashry, D.E.; Lippman, M. A New Mouse
Model for the Study of Human Breast Cancer Metastasis. PLoS ONE 2012, 7, e47995. [CrossRef]

41. Nanni, P.; Nicoletti, G.; Palladini, A.; Croci, S.; Murgo, A.; Ianzano, M.L.; Grosso, V.; Stivani, V.; Antognoli, A.;
Lamolinara, A.; et al. Multiorgan Metastasis of Human HER-2+ Breast Cancer in Rag2−/−;Il2rg−/−Mice and
Treatment with PI3K Inhibitor. PLoS ONE 2012, 7, e39626. [CrossRef] [PubMed]

42. Cleris, L.; Daidone, M.G.; Fina, E.; Cappelletti, V. The Detection and Morphological Analysis of Circulating
Tumor and Host Cells in Breast Cancer Xenograft Models. Cells 2019, 8, 683. [CrossRef]

43. Shipunova, V.O.; Komedchikova, E.N.; Kotelnikova, P.A.; Zelepukin, I.V.; Schulga, A.A.; Proshkina, G.M.;
Shramova, E.I.; Kutscher, H.L.; Telegin, G.B.; Kabashin, A.V.; et al. Dual Regioselective Targeting the Same
Receptor in Nanoparticle-Mediated Combination Immuno/Chemotherapy for Enhanced Image-Guided
Cancer Treatment. ACS NANO 2020, acsnano.0c03421. [CrossRef]

44. Brinkmann, U.; Kontermann, R.E. The making of bispecific antibodies. mAbs 2017, 9, 182–212. [CrossRef]
45. Weidle, U.H.; Kontermann, R.E.; Brinkmann, U. Tumor-Antigen–Binding Bispecific Antibodies for Cancer

Treatment. Semin. Oncol. 2014, 41, 653–660. [CrossRef] [PubMed]
46. Kontermann, R. Dual targeting strategies with bispecific antibodies. mAbs 2012, 4, 182–197. [CrossRef]

http://dx.doi.org/10.1080/00327487208061474
http://dx.doi.org/10.1073/pnas.1209292109
http://dx.doi.org/10.1016/j.ejpb.2018.06.026
http://dx.doi.org/10.1016/0968-0004(89)90104-7
http://dx.doi.org/10.1021/bi00904a028
http://dx.doi.org/10.1038/ncb1824
http://www.ncbi.nlm.nih.gov/pubmed/19136966
http://dx.doi.org/10.1038/sj.bjc.6603494
http://www.ncbi.nlm.nih.gov/pubmed/17211480
http://dx.doi.org/10.1093/carcin/bgq187
http://www.ncbi.nlm.nih.gov/pubmed/20837599
http://dx.doi.org/10.1007/s10549-019-05380-z
http://www.ncbi.nlm.nih.gov/pubmed/31388935
http://dx.doi.org/10.1158/1078-0432.CCR-18-4010
http://dx.doi.org/10.2147/OTT.S186498
http://dx.doi.org/10.1016/j.ejca.2018.07.011
http://dx.doi.org/10.2165/00003495-200666040-00005
http://dx.doi.org/10.1002/ijc.10270
http://dx.doi.org/10.1371/journal.pone.0047995
http://dx.doi.org/10.1371/journal.pone.0039626
http://www.ncbi.nlm.nih.gov/pubmed/22737248
http://dx.doi.org/10.3390/cells8070683
http://dx.doi.org/10.1021/acsnano.0c03421
http://dx.doi.org/10.1080/19420862.2016.1268307
http://dx.doi.org/10.1053/j.seminoncol.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25440609
http://dx.doi.org/10.4161/mabs.4.2.19000


Cancers 2020, 12, 3014 15 of 15

47. Sokolova, E.A.; Shilova, O.N.; Kiseleva, D.V.; Schulga, A.A.; Balalaeva, I.V.; Deyev, S.M. HER2-Specific
Targeted Toxin DARPin-LoPE: Immunogenicity and Antitumor Effect on Intraperitoneal Ovarian Cancer
Xenograft Model. Int. J. Mol. Sci. 2019, 20, 2399. [CrossRef] [PubMed]

48. Henaut, A.; Danchin, A. Escherichia coli and Salmonella Typhimurium Cellular and Molecular Biology; American
Society for Microbiology: Washington, DC, USA, 1996; Volume 2.

49. Studier, F.W. Stable expression clones and auto-induction for protein production in E. coli. Methods Mol. Biol.
Clifton NJ 2014, 1091, 17–32. [CrossRef]

50. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

51. Proshkina, G.M.; Shramova, E.I.; Shilova, O.N.; Ryabova, A.V.; Deyev, S.M. Phototoxicity of flavoprotein
miniSOG induced by bioluminescence resonance energy transfer in genetically encoded system
NanoLuc-miniSOG is comparable with its LED-excited phototoxicity. J. Photochem. Photobiol. B 2018,
188, 107–115. [CrossRef]

52. Geran, R.I.; Greenberg, N.H.; Macdonald, M.M.; Schumacher, A.M.; Abbott, B.J. Protocols for
screening chemical agents and natural products against animal tumors and other biological systems.
Cancer Chemother. Rep. 1972, 3, 59–61.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms20102399
http://www.ncbi.nlm.nih.gov/pubmed/31096563
http://dx.doi.org/10.1007/978-1-62703-691-7_2
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1016/j.jphotobiol.2018.09.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	In Vitro Characteristics of Liposomes Loaded with Bn 
	In Vitro Characteristics of EC1-LoPE 
	In Vivo Tumor Imaging, Tumor Distribution and Animal Treatment 

	Discussion 
	Materials and Methods 
	Proteins 
	Preparation of Bn-Encapsulated Liposomes 
	Covalent Coupling of DARPin_9-29 to Liposomes 
	Cryo-Electron Microscopy 
	Labeling with Fluorescent Dyes 
	Cell Culture 
	Cell Cytotoxicity 
	RNAse Activity 
	Flow Cytometry 
	Measurements of Proteoliposomes Size and Zeta-Potential 
	Tumor-Bearing Mice 
	In Vivo Tumor Imaging 
	Histological Analysis 
	In Vivo Tumor Therapy 
	Bioluminescent Imaging in Vivo 
	Statistics 

	Conclusions 
	References

