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Abstract: Anti-cancer targeted therapy is a promising approach. However, the identification of target
molecules over-expressed in a wide range of tumors remains a significant challenge. The aim of this
study was to analyze the expression of cell membrane-exposed heat shock protein 70 kDa (mHSP70)
on different tumor cells and to develop a nanoscale delivery system based on a monoclonal antibody
(mAD) that recognizes mHSP70 and uses chitosan core—shell nanoparticles (NPs). Several types of
tumor cells (breast, pancreas, colon, prostate cancers, and some lymphomas) expressed mHSP70
as was determined by flow cytometry and confocal microscopy both in 2D and 3D cultures. Core
NPs were formed by chitosan (C) conjugated to allocolchicinoid, which was used as a model drug
(D). mAbs (A) targeting mHSP70 were complexed with succinylchitosan and used as NP shells
forming final CAD-NPs. These NPs were characterized by size, charge, and functional activity.
CAD-NPs were shown to have additional toxicity in comparison with CD-NPs in mHSP7-positive
cells. Taken collectively, this study shows that mAb to mHSP70 can be used as a targeting vector in
antitumor therapy.

Keywords: membrane-bound heat shock protein 70; targeting tumor cells; targeted therapy; chitosan
core-shell nanoparticles; allocolchicinoid; 3D cultures

1. Introduction

Cancer is a leading cause of death worldwide. Although there has been significant
progress in recent decades in understanding the mechanisms of tumor transformation
and development and their interaction with the immune system, most clinical approaches
to treating cancer patients are still based on radio- and chemotherapy with or without
adjuvant therapy. Targeted therapy using tumor-specific markers is currently showing great
promise in improving the efficacy of cancer treatment [1,2]. Such markers may include but
have not yet included members of the heat shock protein (HSP) family (e.g., HSP40, HSP60,
HSP70, and HSP90) present on the surface of various types of solid and hematological
malignancies [3-5]. There is now considerable evidence that many tumor cell types are
characterized by the translocation of intracellular HSP70 to the surface of the plasma
membrane (mHSP70), which can be used to target tumor cells. Although no regions in
the structure of mHSP70 have been identified that could explain its binding to the plasma
membrane, a number of studies have demonstrated its electrostatic and hydrophobic
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interaction with specific lipid peptides, including phosphatidylserine (PS) [6-8] and the
glycosphingolipid globoyltriaosylceramide (Gb3) for lipid rafts [9,10].

One possible and promising approach to target the membrane-bound chaperone is
to use monoclonal antibodies (mAbs) against mHSP70, which is present on the surface
of tumor cells. It is well known that antibody preparations that selectively interact with
cancer cells can be used for targeted antitumor immunotherapy [1,2]. HSP70 belongs to
a large family of stress-induced proteins. One of the main functions of these molecules
is to protect intracellular proteins from the damaging effects of various natural stress
factors [11]. In addition, HSP70 plays an important role in the vital activity of cells under
normal physiological conditions, interacting with a wide range of intracellular proteins and
performing auxiliary, so-called chaperone functions. These functions of HSP70 are realized
in the intracellular space, but in some cases, these proteins are also found on the cell surface
and in the extracellular environment. In particular, nHSP70 is found on the surface of the
tumor, virus, or parasite infected [12,13] and stressed cells [14]. We have previously shown
that translocation of HSP70 to the cell surface is observed in cultures of tumor lymphoid cell
lines [15]. The mechanisms of HSP70 translocation to the cell surface and secretion of these
proteins into the extracellular space are poorly understood. It has been shown that HSP70
is transported to the cell surface by a non-classical mechanism independent of the Golgi
apparatus. We have shown that the translocation of HSP70 to the cell surface increases
during the final stages of apoptosis and is probably aimed at stabilizing the membranes
of dying cells [15]. Many groups have also demonstrated the phenomenon of HSP70
secretion in cell cultures from various tissues [16]. The possibility of HSP70 exocytosis
in vivo is suggested by data on the presence of HSP70 in blood serum, both normally
and in various pathologies [17]. It is important to note that such an unusual extracellular
localization of HSP70 activates the immune system. For example, it is now known that
surface HSP70 stimulates the cytotoxic and migratory activities of natural killer (NK)
CD94+ cells [3,18]. Extracellular HSP70 enhances cytokine production and accelerates the
maturation of antigen-presenting dendritic cells [19]. Extracellular HSP70 found in tissues
is considered by many authors to be an “alarm signal” for the immune system [20]. HSP70
has been shown to interact with a number of receptors on the surface of antigen-presenting
cells, namely CD14, CD40, CD91, LOX-1, TLR-2, and TLR-4 [21]. The interaction of HSP70
with lymphoid cells is suggested by studies demonstrating the direct activating effect of
these proteins on peripheral blood T lymphocytes in a number of autoimmune diseases [22].
Information on the direct activating effect of HSP70 on the complement system [23] is also
of undoubted interest, suggesting the possibility of complement-dependent reception of
these proteins by immune system cells. Our preliminary data suggest the possibility of
receptor-independent internalization of extracellular HSP70 by lymphoid cells. Such a
pathway of internalization of exogenous HSP70 may be related to the demonstrated ability
of these proteins to interact with plasma membrane phospholipids [24]. Taken together,
these data suggest an important but poorly understood role for extracellular HSP70 in
the functioning of the immune system. The role of intracellular HSP70 translocation to
the cell membrane surface and the mechanisms involved have not been elucidated. The
conformational features of HSP70 associated with the surface of tumor cells have also not
been characterized. It is precisely because of this circumstance that there are reasonable
ideas that anti-mHSP70 targeting molecules, including monoclonal antibodies, antibody
Fab fragments, and peptides directed against specific parts of the molecule of this protein,
are necessary for the detection of mHSP70 [4,25]. The results of these experiments showed
significant differences in the binding of our monoclonal antibodies to HSP70 expressed on
the surface of a number of tumor cell lines.

Chitosan is a deacetylated derivative of the natural polymer chitin [26]. Chitosan is a
biocompatible, nontoxic polycationic biopolymer easily modified due to the availability
of multiple amino and hydroxyl groups in its structure [27,28]. Chitosan nanoparticles,
gels, and scaffolds are often used as drug delivery systems [29]. We have previously
used chitosan conjugated to allocolchicinoid and demonstrated its antitumor activity [30].
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Natural alkaloid colchicine is a mitotic poison that binds to the intracellular protein tubulin
and prevents the formation of the mitotic spindle. This leads to a block in cell proliferation
and reduced cell motility. In clinical practice, it is used in low doses to treat gout, familial
Mediterranean fever, amyloidosis, progressive systemic scleroderma, cirrhosis, and Behget’s
disease. Earlier, colchicine was attempted for the treatment of cancer and discontinued due
to varying sensitivities in patients, but new derivatives of colchicine are currently being
investigated [31-33]. For the preparation of chitosan—allocolchicinoid, a carboxyl group
derivative was previously synthesized, which was also used as a model drug in this work.

This paper aims to prove the concept of whether mHSP70 can be used as a target in
antitumor therapy.

2. Materials and Methods
2.1. Materials

Succinic anhydride (Pierce), 1-ethyl-3-[3-dimethylaminopropyl] N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC) (Pierce), and N-hydroxysuccinimide (NHS) (Reanal
Reanal Finechemicals, Budapest, Hungary) of analytical grade were used as received. Materials
used: Sodium tripolyphosphate (Sigma-Aldrich, St. Louis, MO, USA), calcium chloride (Pacreac,
Barcelona, Spain), acetic acid (Chimmed, Russia), ammonium hydroxide (Chimmed, Moscow,
Russia), ethylenediaminetetraacetic acid (EDTA), (Sigma-Aldrich, USA), fetal bovine serum (FBS)
(HyClone, Logan, UT, USA), RPMI 1640, phosphate-buffered saline (PBS), paraformaldehyde
(Chimmed, Moscow, Russia), L-glutamine, ampicillin (all from PanEco, Moscow, Russia), fluores-
cein isothiocyanate (FITC) (Sigma-Aldrich, USA), Cyanine3-NHS (Lumiprobe, Moscow, Russia),
Hoechst 33342 (Sigma-Aldrich, USA), 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium
bromide (MTT, Sigma-Aldrich, USA).

Chitosan and Its Derivative

Chitosan (C) with a molecular weight (MW) of 30 kDa and a degree of deacetylation
(DD) of 93% was prepared from C with an MW of 1040 kDa and DD of 85% (Aladdin
Chemistry Co., Ltd., Shanghai, China) by chemical depolymerization using nitric acid
as previously described [34]. N-succinyl chitosan with a degree of substitution of 75%
was prepared from C with a MW of 30 kDa using succinic anhydride as previously de-
scribed [35]. The MW was determined by high-performance liquid chromatography (GPC
PSS NOVEMA Max analytical 1000 A column, PSS, Mainz, Germany). Pullulans («PSS»,
Germany) were used as calibration standards. 1H-NMR spectra of C and N-succinyl chi-
tosan were recorded on a Bruker AMX 400 spectrometer (Bruker, Billerica, MA, USA).
4,4-Dimethyl-4-silapentane-sulfonic acid was used as a standard. Chitosans were purified
by extensive dialysis.

2.2. Methods
2.2.1. Antibody Production

Hybridomas to HSP70 fragments (2E4, 2E5, 2E11, 2F3, and 6G2) were donated by Vet-
chinin S.S. (State Research Center for Applied Microbiology and Biotechnology, Obolensk,
Russia). Hybridoma cells were cultivated in RPMI-1640 supplemented with 10% fetal calf
serum (FCS) pen-strep-glut (all from PanEco, Moscow, Russia). For antibody production,
2 x 10° hybridoma cells were injected intraperitoneally into BALB/c mice pretreated with
pristane (ICN Biochemicals, Cleveland, OH, USA) a week in advance (500 pL/mouse).
Upon ascite formation, mice were sacrificed, and peritoneal fluid was collected. IgG frac-
tion was purified by column chromatography on protein A sepharose (HiTrap, Sepharose
FF rProtein A, Cytiva, Washington, DC, USA).

2.2.2. Animals

All animal experiments were carried out according to the IBCh RAS IACUUC protocol.
Female BALB/c mice (6-8 weeks) were obtained from the Stolbovaya animal farm (Moscow
region, Russia). For 2 weeks, the mice were housed in plastic cages, with 10-12 per cage,
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under conventional minimal pathogen conditions. They were keptin a 12 h light/dark cycle
at room temperature and fed ad libitum. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of IBCh Animal Research Center (permit number
325 from 14 June 2021).

2.2.3. Two-Dimensional and Three-Dimensional Cell Cultures

Human breast cancer cell lines BT474, BT20, MCFE-7, and HCC1395; colorectal cells HT-
29, HCC116; pancreatic cells PANC1; prostate cancer cells PC-3, Dul45, lymphomas Raji,
Daudi, K562, Jurkat and murine thymoma cell line EL-4 were used (all from Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry RAS collection). Cells were grown in DMEM
or RPMI-1640 media supplemented with 10% fetal calf serum (FCS) pen-strep-glut (all from
PanEco, Moscow, Russia). Cells were incubated in CO, at 37 °C. Cells were passaged by
trypsinization using Trypsin/EDTA solution (PanEco, Moscow, Russia) twice a week. All
cell lines were maintained at low passage numbers and routinely checked for mycoplasma
by PCR.

To prepare multicellular spheroids (3D cultures), 24-well plates (Corning, Glendale,
CA, USA) were coated with poly (2-hydroxyethyl methacrylate (pHEMA) (Sigma, Merck
KGaA, Darmstadt, Germany), dried, and used at request. Cells were grown onto pHEMA-
coated plates in a complete culture medium. Overnight incubation resulted in the formation
of multicellular spheroids (3D cultures).

2.2.4. Flow Cytometry

The expression of mHSP70 was analyzed by flow cytometry. For this, epithelial cells
were trypsinized and washed in a pre-warmed complete culture medium. Fluorochromes
Cyanine3-NHS (Cy3) or FITC labeled antibody to HSP70 (clone REA349, Milnenyi Biotec,
Germany) were added to the cells in complete medium, incubated for 1 h at 4 °C, washed
in PBS and analyzed by flow cytometry using FACScan device (BD, USA). Isotypic control
antibodies (Milnenyi Biotec, Bergisch Gladbach, Germany) were used to identify the specific
binding of mAb. A total of 20,000 events were collected. The results were analyzed using
FlowJo 10 software (BD, Franklin Lakes, NJ, USA).

2.2.5. Confocal Microscopy

For confocal analysis, cells were grown overnight on sterile coverslips in 200 uL of
complete culture medium in 6-well plates (Costar, Washington, WA, USA) (2D cultures) or
3D conditions using pHEMA coated plates. Antibodies to HSP70 (1:1000 dilution) or NPs
(1:100 dilution) were added to the wells and cultivated for 24 h. Hoechst 33342 (Sigma)
was used to visualize nuclei. After incubation, cells were fixed with 1% paraformaldehyde,
washed, and polymerized with Mowiol 4.88 medium (Calbiochem, Nottingham, UK).
Slides were analyzed using Eclipse TE2000 confocal microscope (Nikon, Tokyo, Japan).

2.2.6. Construction of the Delivery System Equipped with the Drug and Antibody
to HSP70

To develop a delivery system containing both the drug and the antibody to HSP70, we
used core—shell format. Core particles were designed to contain the drug; the shell of the
particles was equipped with the antibody.

1. Core particles. Allocolchicinoids containing a carboxyl group were used as a model
drug (further “D”). D was immobilized on chitosan (“C”), producing a CD conjugate. To
this end, 30 pL from a 20 mM solution in DMSO (30.7 pg) of D was dissolved in 1 mL
of distilled water. Upon shaking, EDC (1 mg) and NHS (0.5 mg) dissolved in 50 pL
of water were added dropwise to D-COOH and kept for 1 h at 4 °C. Chitosan 30 kDa
0.2% (w/v) solutions were prepared in 0.4% acetic acid. To form CD conjugate, 4 mL of
chitosan (2 mg/mL) was dropwise mixed with the activated D and kept at shaking 1 h
for conjugation. NPs were formed by the ionotropic gelation method. Tripolyphosphate
(TPP) solution (Sigma-Aldrich, Munich, Germany) (1.0%) was added dropwise under
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magnetic stirring at 30 rpm until opalescence occurred, which was estimated by a Specol
11 spectrophotometer (Carl Zeiss Jena, Germany) at 590 nm. The resulting C-NPs particle
suspension was diluted 10 times in water and 2 times centrifuged at 700x g for 20 min
in Ultracel-100K (Amicon Ultra, Millipore, Ireland) to remove bystander products. The
concentrated NPs were re-suspended in 4 mL of PBS.

2. Shell succinyl chitosan. In parallel, 2 mL (2 mg/mL, 4 mg in total) of N-succinyl
chitosan, dissolved in PBS, was mixed with 2 mg of 2E4 antibody at shaking for 1 h.

3. Final particles (“CAD-NPs”) were formed by mixing CD-NPs from step 1 and
succinyl chitosan—antibody complex from step 2. Core-shell NPs were formed by elec-
trostatic interaction between positively charged CD-NPs and negatively charged succinyl
chitosan—antibody complex. As controls, several other NPs were generated (Table 1). To
obtain Cyanine3-NHS or FITC labeled variants of NPs, 10 puL of the dyes were added to
200 puL of core NPs and incubated for 20 min. Fluorescent-labeled NPs were washed from
free dyes, as described above.

Table 1. Structure of NPs used in this work.

NP Samples 1 2 3 4 5
Name CAD-NPs * CSD-NPs CA-NPs CS-NPs C-NPs
Chitosan (core) + + + + +
Succinoyl chitosan . N N . .
(shell)

Anti-HSP70 antibody + - + - -
Murine IgG - + - + -
Allocolchicinoid (drug) + + - - -

* C—chitosan; A—mAb; D—allocolchicinoid; NPs—nanoparticles.

2.2.7. Characterization of NPs and Dynamic Light Scattering (DLS)

The protein content of NPs was analyzed by BCA (ThermoScientific, Walthan, MA,
USA). The quantity of D in NPs was measured by spectrophotometry (Beckman Coulter,
Washington, DC, USA) using allocolchicinoid as standard.

The average diameter of NPs was determined using 90 Plus Particle Size Analyzer
(Brookhaven, Holtsville, NY, USA) in water (25.0 +/— 0.1 °C) at a scattering angle of
90° and wavelength of 661 nm using Big Particle Sizing Software (90Plus Particles Sizing
Software Vers. 4.20). The Zeta potential of NPs was determined in 10 mM KCl solution
using identical Big Pal Zeta-Potential ver 5.78 analyzer hardware and software.

2.2.8. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis was performed by depositing 1 uL
of CAD-NPs diluted 1:50 in DI water on a clean silicon wafer. After drying at room
temperature, the silicon wafer was placed on an SEM sample holder and analyzed by using
Helios G4 PFIB (ThermoFisher Scientific, Waltham, MA, USA) at high voltage (5 kV) in
secondary electron mode with 250,000 x magnification.

2.2.9. Cell Cycle Analysis

The cell cycle was analyzed using propidium iodide-stained DNA. Cells were incu-
bated with NPs for 72 h in 2D conditions, trypsinized, washed in ice-cold PBS, fixed by
70% cold ethanol, and left for 2 h at —20 °C. Thereafter, cells were washed twice in PBS,
stained with 50 ng/mL of propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) in PBS,
10 ug/mL of DNAse, and analyzed by flow cytometry using FACScan device (BD, Franklin
Lakes, NJ, USA). The results were analyzed using Flow]Jo software.

2.2.10. MTT-Assay

The cytotoxic effect of NPs was estimated by a standard 3-(4, 5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazolium bromide (MTT) test. In short, different dilutions of NPs were
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prepared on a separate plate in 100 pL; 10* cells per well were then added in 100 pL.
Non-treated cells served as controls. Plates were incubated for 72 h. For the last 3 h,
250 ug/mL of MTT was added in 10 pL to each well. After the incubation, the culture
medium was removed, and 100 puL dimethylsulfoxide was added to each well. Plates
were incubated at shaking for 15 min to dissolve formazan. Optical density was read on
spectrophotometer Titertek (UK) at 540 nm. Results were analyzed using the Excel package
(Microsoft). The viability index was calculated as ODexperiment/ODcontrol, where OD
was MTT optical density.

2.2.11. Statistical Analysis

Statistical analysis was performed using Student’s t-test. Comparison values of p < 0.05
were considered statistically significant.

3. Results
3.1. Expression of HSP70 by Tumor Cells

Cells of different origins were characterized by the expression of mHSP70 using com-
mercial antibodies to HSP70. To model tumor growth in vivo, 3D cultures were compared
with 2D ones. Several breast cancer cell lines (BT-474, BT20, MCF-7, HCC1395), colorectal
(HT-29, HCC116, SW837), pancreatic (PANC1), prostate cancer cells (PC-3, Dul45), lym-
phomas (Raji, Daudi, K562, EL-4) were analyzed. Many cells do express mHSP70 on the cell
membranes (Figure 1A,G); others (BT474, HT-29, HCC116, Daudi, K562, EL-4) are almost
negative in 2D cultures (Figure 1C,G-I). Many, but not all, started their expression in 3D
conditions (Figure 1). Confocal microscopy also supported these results, as documented by
brighter staining in 3D versus 2D cultures (Figure 1E,F). Of note, more HSP70 was translo-
cated on the outer layer of the spheroids (Figure 1F). Lymphomas were mostly negative,
However, Raji cells were positive both in 2D and 3D cultures (Figure 1I). These results
indicate that HSP70 can be used as a targeting vector to treat different types of cancer.

100 4 100

T 80 1 A - 80 c
N i s 1
T 60 1) =
2 £%°7) £
Zo 40 g 40 |
20 A 20 |
0 vyt 0 =l e ]
100 3 | 100 3
B - | D
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a 60 E604
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Figure 1. Expression of mHSP70 by different types of cells cultivated in 2D and 3D conditions.
(A-D): Binding of anti-HSP70 antibodies to breast cancer BT20 (A,B) and colorectal cells HT-29
(C,D) incubated
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in 2D (A,C) or 3D (B,D) conditions analyzed by flow cytometry. Autofluorescence is shown in pink,
and mHSP70 expression is shown in blue. (E,F): Confocal images of BT20 cells incubated in 2D (E) or
3D (F) conditions. Nuclei are stained in blue, scale bar 30 um. (G-I): Ratios of mean fluorescence
intensity (MFI) of anti-HSP70 labeled cell to isotype control MFI for different cells incubated in 2D
and 3D conditions.

3.2. Trans-Membrane Orientation of HSP70

The role of intracellular HSP70 translocation to the surface of the cell membrane and
its mechanisms have not been deciphered to date. The conformational features of HSP70,
associated with the surface of tumor cells, also were not characterized earlier. To this
end, we used antibodies to full, N-, and C-fragments of HSP70. Among five hybridomas
available, 2F3 recognized full-length HSP70 (Figure 2A, line 1), 2E5, and 6G2—N-fragment
(line 2); and 2E4 and 2E11—C fragment (line 3). The titers of each IgG were more than
300,000. Analysis of antibody binding to mHSP70 positive cells PC-3 and negative ones
Daudi demonstrated that antibody to the C fragment showed the highest fluorescence on
PC-3 and did not bind the negative cells (Figure 2B,C). The antibody to N-fragment also
bound PC-3 However, at a lesser level. These results evidenced that mHSP70 orientation
on the membrane is stochastic, with substrate binding C-domain more exposed than the
regulatory one N-domain. As soon as the cells before flow cytometry were treated with
trypsin, which can cut off or truncate some proteins from the membranes, antibodies to
HSP70 fragments binding to PC-3 cells were also analyzed by confocal microscopy. It
appeared that anti-C fragment antibody 2E4 bound better than the others to full-length 2F3
or N-fragment (Figure 2D-F).

- 100 100 7
A — B Auto c
p 4 2F3-N o
™ 50 2E4-C 50
- = ) B
- & 60 2E5.F 2 60 -
- E g
. S 40 3 40
|
- }
- 20 ] 20 |
- \
0 0 ;
T ——TTrTrr T T T

HSP70-FITC HSP70-FITC

Figure 2. Orientation of mHSP70 on the plasma membrane. (A): Gel electrophoresis of HSP70
fragments used for antibody production. M- marker, full length (1), N-fragment (2), and C-fragment
(3) of HSP-70. (B,C): Recognition of HSP70 by antibodies to full length (HSP70-F), C-(HSP70-C),
or N-fragments (HSP70-C) on PC-3 (B) or Daudi (C). Autofluorescence is shown in pink, HSP70
expression—in different colors. (D-F): Confocal microscopy of PC-3 cells stained by FITC-labeled
antibodies (green) to full length (D), C-fragment (E) or N-fragments (F). Nuclei are stained in blue,
scale bar—23 um.
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3.3. Development of Core—Shell Delivery System Targeting mHSP70 C Fragment

Expression of mHSP70 on the tumor cell allows the use of the antibodies to HSP70 as
a targeting molecule. Antibody 2E4 to C-fragment of HSP70 was selected as the targeting
vector. Earlier, we synthesized furanoallocolchicinoid, a derivative of the antimitotic drug
colchicine, containing a carboxyl group [30] (Figures 3A and S1). This molecule was used
as a model drug.

N
A 1 h, shaking 1 h, shaking
Drug (Allocolchicinoid) — Chitosan, 30 kDa —— TPP —D-NPs ;'/ M
_ 7N, TPP drop wise, shaking.
ERGMNHS, pH=6 \ +/ 10 min, Zeta potential +25 mV

@ 1h, shaking

[/ .
& Succinoyl chitosan, 30 kDa — \h; 4 — SC-Antibody @
PBS. pH=7 ‘

H O 0O
CD-NPs —  SC-Ab — CAD-NPs

Drop wise, shaking,
10 min, Zeta potential —12 mV

Figure 3. Scheme of the delivery system synthesis. (A): Particles were formed by sodium tripolyphos-
phates from allocolchicinoid (drug) activated by EDC/NHS and conjugated to chitosan 30 kDa (C).
(B): Anti-HSP70-C fragment antibody (Ab) 2E4 was mixed with succinoylchitosan (SC), forming the
complex via electrostatic interaction. (C): Final particles (CAD-NPs) were formed by electrostatic
interaction between positively charged drug-chitosan particles (D-NPs) and the SC-Ab complex.
(D): Confocal image of CAD-NPs-FITC. Scale bar—11 pm.

The idea in the construction of the core-shell delivery system was based on hiding
the drug inside the system and exposing the targeting antibody on its surface. The scheme
of the synthesis is shown in Figure 3. The construction of core-shell NPs using positively
charged biopolymer chitosan and its negatively charged derivative succinyl chitosan was
described elsewhere [36]. We used standard quantities of polymers to form the particles.
The main problem was incorporating the antibody to HSP70 into the delivery system. Pilot
experiments were run to select the method for antibody binding to the polymer. It appeared
that the EDC/NHS chemical binding of the antibody severely compromised the binding
efficacy of the antibody. Finally, passive binding of the antibody to negatively charged
succinyl chitosan was chosen (Figure 3B). Combining core particles and shell polymer with
the immobilized antibody resulted in the complete core—shell particles (Figure 3B). For
visualization, fluorescent dye FITC was incorporated at stage A after the incubation of
chitosan with the drug. An overview of the particles is shown in Figure 3D.

3.4. Characterization of Core—Shell Delivery System Targeting mHSP70 C Fragment

The diameter of core nanoparticles formed by chitosan and core-shell NPs formed by
chitosan, drug, succinoyl chitosan, and antibody or irrelevant murine Ig was estimated
by DLS. The diameter of empty core NPs was 60-105 nm (Figure 4A, Table 2); inclusion
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of the drug did not change the diameter significantly, while covering the core NPs with
succinylchitosan—antibody complex increased the diameter to 160-270 nm independently
of which antibody was used (Figure 4B). SEM analysis demonstrated heterogenic particles
smaller than 100 nm in diameter (Figure 4C). This is likely due to water loss when drying
the particles for SEM. The polydispersity of NPs is shown in Table 2. The Zeta potential
of the core and core-shell NPs was +25 4+ 5 and —12 £ 8 mV, accordingly. Production
of negatively charged delivery system is important as positively charged nano-, micro-
particles can activate platelets and provoke thrombosis at intravenous injection.
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Figure 4. Characteristics of the delivery systems. (A,B): Dynamic light scattering of chitosan NPs (C-
NPs) (A), chitosan-anti-HSP70-C fragment antibody drug conjugated NPs (CAD-NPs) (B); (C): SEM
analysis of CAD-NPs. Scale 100 nm; (D): Viability assay of CSD-NPs, CS-NPs, and CA-NPs using
PC-3 cells. (E,F): Cell cycle analysis of CD-NPs (E) and C-NPs (F) in PC-3 cells. CAD-NPs were used
at 500-time dilution. Cells were incubated for 72 h and analyzed by flow cytometry. Numbers 1, 2,
3 correspond to apoptosis, G1, and G2/M cycles accordingly. Control cells are shown in pink and
after the incubation with the samples—in blue.

Table 2. Characteristics of NPs.

NP Samples 1 2 3 4 5
Parameters CAD-NPs CSD-NPs CA-NPs CS-NPs C-NPs
Diameter, nm 199 +/— 60 198 +/— 60 181 +/—50 179 +/— 60 80 +/—20
Polydispersity (Rel. Var.) 0.30 +/—0.05 0.12 +/— 0.08 0.06 +/— 0.02 0.21+/—0.15 0.03 +/— 0.05
Zeta potential, mV —12+/—4 —14+/-5 -12+/—5 —15+/—4 +25+/—5
Protein, pg/mL 155+/—7 160 +/— 14 180 +/— 20 165 +/— 12 0
Drug, uM 501 +/— 30 500 +/— 42 0 0 0
Chitosan, mg/mL 2 2 2 2 2
Succinoyl chitosan, mg/mL 0.5 0.5 0.5 0.5 0.5
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The next aim was to analyze the functional activity of the drug incorporated into the
core particle by chemical conjugation. The cytotoxic assay showed that the activity of the
drug D was preserved (Figure 4D). Polymeric components and antibodies were nontoxic.
The main mechanism of colchicine and its active derivatives is binding to tubulin. This
means blocking mitotic spindle formation and cell division. This activity was analyzed by
cell cycle in PC-3 cells. Only drug-containing NPs blocked PC-3 cells in the G2/M phase,
as shown earlier [37], while C-NPs did not affect it (Figure 4E,F).

3.5. Characterization of 2E4 Antibody Activity in Core-Shell Delivery System

Finally, it was important to estimate the binding activity of the 2E4 antibody after
inclusion into the delivery system. This was fulfilled using PC-3 cells positive for mHSP70
expression. Including the antibody into the system partially decreased the binding activity,
possibly due to the effect of polymers surrounding the antibody (Figure 5A,B). Analysis of
the targeting effect of antibody to mHSP70 demonstrated that CAD-NPs were more toxic to
tumor cells than CSD-NPs loaded with the irrelevant murine IgG (Figure 5C, blue versus
green lines accordingly). The CSD-NPs not containing the antibody to mHSP70 were still
toxic, which were shown in vitro and in vivo [30]. These results were studied in different
cell lines with close results (Table 3).

A B C
190:3 100 7 12 —e—CAD-NPs
i | 'S —+—CSD-NPs
g 80 ] "\'| 380 ] \l\»j > '
N I’I { N |" | g 0.8
[ 60 ] L - h n 0 7
ET 1M E% 1) g
(] | — L0 7
Z 40 _J \ 240 _f =
| o
\ ‘w 0.4 1
20 | 20 ] >
‘ 0.2 1
0
0 N _ SIS 1
0 10 100 1000 10,000 0 10 100 1000 10,000 1 10 100 1000

Drug concentration, uM

HSP70-Cy3

Figure 5. Specific binding and cytotoxicity of the delivery systems. (A,B): Flow cytometry of free 2E4
(A) and CA-NPs (B) binding to PC-3 cells. Control cells are shown in pink, and after the incubation
with the samples, in blue. (C): Viability of PC-3 cells after incubation with antibody-drug conjugates
CAD-NPs (blue) and control CSD-NPs (green). Data are shown as indices of proliferation. The
statistical difference is shown with the bracket. (D-F): Confocal microscopy images of PC-3 3D
cultures incubated 24 h with C-NPs (D), CAD-NPs (E), and CSD-NPs (F) stained with secondary
antibody to murine IgG-FITC (green). Spheroids are stained with MitoTrackerRed.
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Table 3. Cytotoxicity (IC50) of different preparations.
PC-3 BT-20 SW837 PC-3 BT-20 SW837
Dilution uM
1 CAD-NPs 500+/—90  800+/—100  230+/—20 1.0+/-02 0.6 +/—-0.1 22+/-02
2 CSD-NPs 100 +/—10 50+/—-7 50+/—-8 50+/—-1 100+/—-22 10.0+/—1.8
Ratio 5.0 16.0 4.6
3 CS-Nps <10 <10 <10 >2000 >2000 >2000
4 CA-NPs <10 <10 <10 >2000 >2000 >2000
C-NPs <10 <10 <10 >2000 >2000 >2000

Additionally binding activity of the delivery systems was analyzed by confocal mi-
croscopy in 3D cultures of PC-3 cells. Antibody penetration was studied by its staining us-
ing secondary anti-mouse IgG-FITC. Control C-NPs were not found in the cells (Figure 5D);
CAD-NPs containing 2E4 antibody penetrated deeper into the 3D spheroid (Figure 5E),
while CSD-NPs bound the cells but did not penetrate (Figure 5F).

Taken collectively, an efficient protocol of the delivery system to mHSP70-positive
cells was developed, permitting the usage of antibodies to HSP70 as a targeting vector in
antitumor therapy.

4. Discussion

Over the past decade, immunotherapy of oncological diseases using monoclonal anti-
bodies against tumor-associated antigens has become increasingly widespread. Currently,
several antibody-based companies are producing more than a dozen drugs for the treat-
ment of cancer patients, and a large number of new antitumor therapeutic antibodies are
in clinical trials [2]. The development of new approaches to antitumor immunotherapy is
based on the ability of monoclonal antibodies against specific markers of cancer cells to
induce not only antitumor responses associated with the direct interaction of the antibodies
with malignant tissue but also cytostatic effects by blocking tumor cell growth. Cytostatic
effect by blocking tumor cell receptors, receptor-mediated apoptosis of target cells, comple-
ment development and antibody-dependent cytotoxic antitumor immune response, and
formation of long-term adaptive antitumor immune response are all possible mechanisms
of this therapy [38]. Obviously, one of the most important factors in the development
of new drugs for targeted immunotherapy using monoclonal antibodies is the search for
biomarkers of malignant neoplasms, i.e., antigenic structures on the surface of cancer
cells that are absent or characterized by a minimal level of expression in normal tissues.
However, for many antigens considered to be tumor-associated membrane structures, this
condition is only partially met. In most cases, tumor-specific antigens include molecules
characterized by a significantly higher level of expression on the surface of cancer cells
than on normal cells. However, the known biomarkers of cancer cells include a number of
unique antigens that are not detectable in normal tissues but are expressed on the surface of
tumor cells. These include several variants of heat shock proteins, including HSP70, which
are present on the surface of many types of tumor cells.

Chitosan possesses antimicrobial, mucoadhesive, wound healing, and immunomodu-
latory properties. Chitosan NPs have been extensively investigated for treating various
diseases, including cancer [39-41]. High encapsulation efficiency, good stability in biologi-
cal fluids, biodegradability, and biocompatibility make chitosan an attractive material to
develop nanocarriers for tumor targeting therapy [41,42]. Different types of chitosan-based
nanocarriers and core-shell NPs have been designed for the passive or active delivery
of anti-cancer drugs [43—47]. Model drugs such as methotrexate, doxorubicin, and pa-
clitaxel loaded onto chitosan carriers were delivered into tumor cells both in vitro and
in vivo [48-51]. Among antibody-loaded chitosan nanocarriers, Lazer et al. suggested
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targeting the colon cancer cells using antibodies to doublecortin-like kinase 1 (DCLK1) [52].
Overexpression of DCLK1 is reported in colon, gastric, renal, pancreatic, and other cancers.
Chitosan-folic acid-antibody NPs were prepared from Chitosan-Folic acid conjugate and
antibody solution using TPP, as in our case. The authors demonstrated that such NPs
induced apoptosis and inhibited the migration and invasion of colon cancer cells. Another
example of targeting antibody-based chitosan NPs was presented by Kumar Mehata et al.,
who decorated NPs using Trastuzumab binding with human epidermal growth factor
receptor type-2 (HER-2). Docetaxel-loaded chitosan NPs were in the range of 126-186 nm
and showed an enhanced cellular uptake and cytotoxicity in HER-2 positive SK-BR-3 cells
both in vitro and in vivo [53].

Recently, we showed that coating supermagnetic iron oxide nanoparticles (SPI-ONs)
with antibodies against HSP70 enhanced their antitumor activity [54,55]. There is a pos-
sibility to combine targeting of surface HSP70 on tumor cells with the inhibition of its
chaperone function in these cells [56].

In our model, we target epithelial tumor cells that express HSP70 on the surface, specif-
ically in multi-cellular spheroids that mimic tumor growth in vivo. We have developed a
complex core—shell delivery system targeting mHSP70. C-fragment of HSP70 was shown
to be better exposed on the cell surface and can be recommended for targeting tumor cells
than full-length or anti-N-fragment HSP70 antibodies. Using the anti-C-fragment HSP70
2E4 antibody, polymeric chitosan-based core—shell nanoparticles were developed. We
showed that the chemical conjugation of colchicine derivative to chitosan did not interfere
with the antimitotic activity of the drug. Such conjugation prevents the drug from leaking
into the blood. Passive antibody loading onto succinylchitosan via electrostatic interaction
was sufficient to deliver the drug to the HSP70-positive cells. However, other chemical
conjugations can improve the functional activity of the delivery system (more antibodies
can be loaded, less loss in blood, and longer storage achieved).

The results obtained have demonstrated a reliable and significant targeting effect of
anti-HSP70 monoclonal antibodies.
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