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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy drugs are still one of the first treatment options used in many cancers; however, problems such as
Cancer cytotoxic side effects on normal cells after systemic administration and resistance to treatment have reduced the
CD73

use of chemotherapeutics day by day. Targeted delivery of these drugs to the tumor site and sensitization of

EZEZr‘;brizi: cancer cells to death induced by chemotherapy drugs are ways that can overcome the limitations of the use of
SiRN : these drugs. In this study, we designed and generated a novel nanocarrier composed of chitosan lactate nano-

particles (NPs) functionalized by HIV-1 derived TAT peptide (Transactivating transcriptional activator) and
hyaluronate (HA) to deliver CD73 siRNA and doxorubicin to 4T1 and CT26 cancer cells, both in vivo and in vitro,
as a novel combinatorial treatment strategy. The CD73 molecule plays a key role in many cancer cell behaviors
such as proliferation, angiogenesis, metastasis, imunosuppression, and resistance to chemotherapy. Therefore,
we decided to reduce the side effects of DOX by simultaneously transmitting CD73 siRNA and DOX by CL-TAT-
HA NPs, increase the susceptibility of cancer cells to DOX-induced cell death, and stimulate anti-tumor immune
responses, for the first time. These results indicated that simultaneous transfer of CD73 siRNA and DOX to cancer
cells (4 T1 and CT26) increased cell death and inhibited the prolifration and spread of cancer cells. Also, the
preferential aggregation of NPs in the tumor microenvironment reduced tumor growh, promoted the survival of
tumor-bearing mice, and induced anti-tumor immune responses. These findings indicate that CL-TAT-HA NPs are
a good candidate for targeted siRNA/drug delivery to cancer cells and the simultaneous transfer of CD73 siRNA
and DOX to cancer cells using this nanocarrier can be used to treat cancer.
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1. Introduction

The tumor microenvironment, which is composed of cancer cells,
stromal cells, various cytokines, and immune cells can suppress the
immune responses, enhance progression and spread of carcinogenesis,
and manage the response of the tumor cells to various types of treatment
strategies [1,2]. Therefore, controlling and regulating the tumor
microenvironment can prevent cancer progression in the body [3,4].
Our previous studies have shown that targeting cancer cells in the tumor
microenvironment can be an ideal strategy for suppressing development
and proliferation of tumor cells [5-8]. CD73 is one of the critical cell
surface enzymes highly expressed in the tumor microenvironment by
tumor and immunosuppressive cells [9]. CD73, which converts AMP to
adenosine, is regulated by a variety of mechanisms and factors. Various
studies have shown that CD73 is an essential molecule in the growth and
proliferation, angiogenesis, invasion, spread of cancer cells, and drug
resistance and its expression is increased in different types of cancer
[10]. Thus, CD73 has become a useful therapeutic target with its func-
tion in cancer development, and various in vitro and in vivo researches
have shown that targeted blockade of CD73 can be an effective treat-
ment method for treating cancer patients [11].

Researchers have designed and used various approaches to inhibit
target genes in the treatment of various diseases such as cancer. Among
these methods, siRNA technique has been considered by researchers as
an ideal treatment method due to its high ability to block target genes
[12]. The simultaneous delivery of siRNA and chemotherapy drugs by
nanoparticles (NPs) has become an effective cancer treatment strategy
due to reducing drug side effects, increasing siRNA effectiveness, and
synergistic effects. For example, the use of polymer NPs for the simul-
taneous delivery of chemotherapeutic drugs such as paclitaxel, doxo-
rubicin (DOX) and siRNA can reduce the side effects of drugs and restore
their sensitivity to chemotherapy and increase the drug accumulation in
cancer cells [13]. Due to instability and low cell uptake in vivo and in
vitro, siRNA requires a suitable carrier for transferring to tumor cells
[14]. In the present study, we used DOX and anti-CD73 siRNA loaded in
chitosan lactate (CL) NPs functionalized with TAT peptide and hyalur-
onate (HA) to deliver DOX and CD73 siRNAs to tumor cells. Chitosan is
composed of chitin acetylation and contains N-acetyl-d-glucosamine
(acetylated unit) and a-(1-4)-linked d-glucosamine (deacetylated units).
It has been reported that chitosan derivatives can be produced by
varying degrees of chitin acetylation [15]. Chitosan polymer, due to its
unique features such as biodegradability, biocompatibility, and non-
immunogenicity, can be used as a practical and ideal carrier in gene
transfer and drug delivery systems [16]. Due to its positive charge,
chitosan can bind to oligonucleotides (negatively charged) and protect
them from destruction in effective delivery systems to tumor tissue [17].
Various studies have reported that various factors such as N/P (Nitro-
gen/Phosphorus) ratio, degree of acetylation, molecular weight [18],
pH change, and chain length can regulate the cellular uptake of
chitosan-based NPs loaded with oligonucleotides [19]. Previous in vitro
investigations have reported that chitosan salts such as CL are suitable
transfer nanocarrier for siRNA delivery [18,20]. In this study, we coated
the CL NPs with HIV-1-derrived TAT peptide and HA to produce an
appropriate delivery system. There are several methods to increase the
efficiency and cell uptake of NPs into cancer cells. Conjugation of NPs
with cell-penetrating peptides (CPPs) such as HIV-1 TAT is one method
that can dramatically enhance the cell transfection rate. HIV-1 TAT CPP
has a positively charged region that can bind to cell DNA [21]. HIV-1
TAT is rich in hydrophilic arginine and can transport proteins, pep-
tides, plasmid DNA, and oligonucleotides to mammalian cells [22]. Also,
the coating of nanocarriers with HA polymer due to HA interaction with
CD44 molecule overexpressed in cancer cells can significantly increase
NP uptake by cancer cells [23]. It has also been reported that HA may be
suitable for gene and drug delivery methods due to its unique charac-
teristics such as biodegradation and biocompatibility [24].

Although similar NPs such as CL [18], Ch-HIV-1 TAT [25], Ch-DOX
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[26], CL-PEG [27], Ch-PEG-PLGA [28], or CL-FA-PEG [29] have been
used in previous studies, a novel CL-TAT-HA NPs developed in this study
have advantages over them. For example, compared to the mentioned
NPs, this generated nanoformulation is coated with HIV-1 TAT and HA
that exhibits high cell transfection rate and high CD44-targeting po-
tential. Our recent studies also confirmed the advantage of using HIV-1
TAT or HA for selective cancer cell targeting [30,31]. Both studies
showed that targeting CD44 molecule expressed on cancer cells by HA-
conjugated NPs is an efficient siRNA-delivery strategy. Based on a pre-
vious report that showed DOX could increase the expression of mole-
cules involved in adenosine metabolism, including CD73 and CD39 in
human breast cancer, melanoma, and leukemia cell lines [32], we
decided to use a novel strategy to reduce an effective dose of DOX and
inhibit the suppression of anti-tumor immune responses (due to upre-
gulation of CD73 by DOX) via inhibiting the CD73 molecule. Therefore,
our goal in this study was to use a novel nanocarrier system to facilitate
the delivery of DOX to cancer cells, increase the effectiveness of the
drug, reduce the effective dose of DOX, and prevent DOX-mediated
CD73 upregulation. We also aimed to increase the susceptibility of
cancer cells to DOX by inhibiting the expression of CD73 molecules and
at the same time inducing anti-tumor immune responses.

This study proposed a new treatment method based on CD73 sup-
pression and DOX delivery using CL-TAT-HA NPs in 4T1 and CT26
tumor cell lines. CL-TAT-HA NPs, which were synthesized for the first
time, could deliver DOX and anti-CD73 siRNA to cancer cell lines and
significantly suppressed the angiogenesis, invasion, proliferation, and
migration of cancer cells.

2. Materials and methods
2.1. Reagents

Chitosan (MW: 50 kDa, DD: 96%) and hyaluronan were purchased
from Cayman Chemical (Michigan, USA). EDC [1-Ethyl-3-(3-dimethyl
aminopropyl) carbodiimide], sodium iodide [33], Sodium azide
(NaN3) were obtained from Sigma-Aldrich (Mannheim, Germany). The
synthetic TAT peptide (C (Npys) GRKKRRQRRR, purity: 92%) was ob-
tained from Merck (Darmstadt, Germany). The MTT assay kit was
bought from Santa Cruz (Santa Cruz, CA, USA). CD73 specific siRNAs
and control siRNA were purchased from Sigma-Aldrich (Mannheim,
Germany). Doxorubicin hydrochloride (DOX-HCI) was bought from
Cayman Chemical (Michigan, USA).

2.2. Cell lines and mice

CT26 (colorectal) and 4T1 (breast cancer) murine cell lines were
bought from the Pasteur Institute (Tehran, Iran). The cells were seeded
in RPMI-1640 medium (ATCC, USA) with FBS (10%) and 100 units/ml
antibiotics (Penicillin/streptomycin) (Sigma) and maintained at 37 °C in
the CO, incubator (5%). BALB/c mice (8 weeks old) were obtained from
Pasteur Institute (Tehran, Iran) and maintained under standard condi-
tions. All animal tests were performed based on the instructions of
Tabriz University of Medical Sciences' ethics committee. According to
previous research [11,34], tumor bulk formed subcutaneously on the
mouse's right flanks after injection of tumor cells (7 x 105), and the
tumor bulk was measured every 48 h.

2.3. Generation and characterization of the CL-TAT-HA NPs loaded with
SiRNA/DOX

CL was produced according to the instructions of our previous
research [35]. Briefly, 250 mg of chitosan powder (50 kDa) was added to
3 ml of the lactic acid solution and mixed for 25 min. In the next step, 20
ml of distilled water was added and mixed for 24 h. The synthesized CL
was then collected and lyophilized. In the next step, the obtained
mixture in distilled water was dialyzed for four days, and after
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centrifugation, the supernatant was dried and frozen. Subsequently,
mixture of CL (1 mg/ml in PBS, pH 7) was mixed with DOX solution (0.2
mg/ml in PBS, pH 8) and TPP (sodium tripolyphosphate) (0.5 ml, 0.6
mg/ml) at ambient condition for 24 h. The free DOX was removed from
the CL-DOX solution through ultrafiltration by using a 1.0-K molecular
weight cutoff membrane. To conjugate CL-DOX with TAT-HA, the TAT
peptide (1.0 mg/0.3 ml PBS) was added and incubated at room tem-
perature for 2 h and then kept at 4 °C overnight. Finally, 1 ml of HA (1
mg/ml) was added to the mixture, vortexed at 4000 rpm, and then
incubated for one day. Eventually, 5 pug of siRNA solution was mixed
with the CL-TAT-HA-DOX solution for 40 min and kept at room tem-
perature for 1 h.

2.4. Measurement of size and zeta potential

The medium size, PDI (polydispersity indexes), and zeta potential of
CL-TAT-HA NPs loaded with DOX/siRNA were evaluated by a dynamic
light scattering device (Nano-ZS; MalvernInstruments, Malvern, UK).
After dissolving in distilled water, the samples were measured at a
detection angle of 95°, a wavelength of 640 nm, and a temperature of
26 °C.

2.5. Evaluation of NPs structure

Raman spectroscopy was used to evaluate the chemical bonds of CL
and TAT peptide. The LabRAM HR spectrometer (CRAIC Technologies,
Inc., USA) was also applied to analyze Raman spectra. The Raman
spectrometer uses 16 mW power irradiation and a laser with a wave-
length of 780 nm. Also, we applied the FTIR test to examine the chemical
structure of synthesized NPs.

2.6. Scanning electron microscopy

SEM electron microscopy (Metropolitan-Vickers-UK) was performed
to assess the morphology of NPs. Briefly, a drop of the nanoparticle
mixture was placed on the lam and then dried in an incubator and
covered with a layer of carbon in argon atmosphere. Finally, the samples
were evaluated by Anix Emica software.

2.7. Stability of produced NPs in serum

Gel electrophoresis was used to assess the serum stability of CL-TAT-
HA NPs loaded with siRNA/DOX, as described previously [36]. First,
about 200 pl of siRNA-loaded CL-TAT-HA nanoparticles was added to
100 pl of FBS and stirred at room temperature. In the next step, the
samples were analyzed by gel electrophoresis at 2, 4, 8, 16, 24, 36, and
48 h after incubation.

2.8. siRNA/DOX release profile assay

Based on our previous reports [37], the siRNA and DOX release
patterns were evaluated. Briefly, CL-TAT-HA NPs loaded with siRNA and
DOX were mixed in 5 ml of PBS (pH 6 and 7.4) and then moved to a
dialysis membrane bag (8 kDa; SLS, UK). The dialysis bag was floated in
45 ml PBS under vibration (100 rpm) at room temperature. Finally, to
evaluate the release profile, 1 ml of PBS at predetermined times (0, 2, 4,
8, 16, 24, 36, 48, 72 h) were collected and analyzed at 490 nm by UV
spectrophotometer [38].

2.9. Cellular uptake assay

Flow cytometry technique (Becton-Dickenson, USA) and confocal
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microscope (Zeiss, LSM 880, Germany) were used to analyze the cellular
uptake of NPs. In brief, 1 x 10° cells were cultured in six-well plates in 3
ml of RPMI medium with 10% FBS for 24 h. Then, the seeded cells were
treated with CL-TAT-HA NPs loaded with FITC-siRNA and DOX and
incubated for 48 h at 37 °C. These cells after washing with PBS (pH 7.4)
were fixed with fixation buffer (5% formaldehyde + PBS) for 30 min.
The cells were also stained with DAPI for 5 min to stain the cells' nucleus
and then washed thoroughly with PBS. For flow cytometric testing, cells
were seeded in a six-well plate and incubated until 70% confluence,
transfected with NPs functionalized with TAT-HA or free NPs. The
cultured cells were first washed with PBS and then separated from the
plate bottom by trypsin. These cells were centrifuged four times and
then washed again by PBS, and efficacy of transfection of NPs was
analyzed by flow cytometry.

2.10. RNA extraction and gPCR

The qPCR assay was performed to investigate the mRNA expression
of target genes after treatment with siRNA/DOX-loaded NPs in the CT26
and 4T1 cell lines. TonkBio™ RT reagent kit (Tonk Bioscience LLC.,
USA) was applied to obtain the total RNA, and c¢DNA synthesis kit
(Sigma-Aldrich, USA) was applied to produce 450 ng cDNA of total RNA.
The qPCR amplification reaction was applied by using StepOne Real-
Time PCR System (Applied Biosystems Inc., USA) by applicating PCR
Master Mix (SYBR Green, Thermo Scientific). Formula 2 AACT \yas
applied to examine the target genes' quantitative mRNA expression
level, and the melt curve was applied to analyze the target gene
expression curve.

2.11. Western blot assay

Western blot test was applied to investigate the protein expression
levels of CD73, Bcl-2, BIM, MMP2, and MMP9 factors. First, CT26 and
4T1 cells were treated with different treatment groups. The protein
samples were then denatured and loaded by SDS buffer (Sigma-Aldrich,
Mannheim, Germany) in 15% polyacrylamide gel and then moved to
polyvinylidene difluoride membrane. In the next step, the poly-
vinylidene difluoride membrane was blocked at 37 °C for 2 h by TBS
buffer (55 mM Tris, 0.2% T tween 20,155 mM sodium chloride, pH 7.4),
and then incubated with primary anti-CD73 antibodies and anti-GAPDH
mAbs (eBiosciences) at 6 °C for one day. Finally, after washing with
PBST and adding HRP conjugated Abs (LifeSpan BioSciences) the
membrane was incubated for 2 h. Western blot detection kit (Cayman
Chemical, Michigan, USA) was performed to analyze the reaction bands.

2.12. Assessment of Doxorubicin IC50

To investigate IC50 of free DOX and DOX-loaded NPs, CT26 and 4T1
cells were treated with accumulating concentrations of DOX in the 96-
well plates and incubated for 24 h. IC50 of free DOX and DOX-loaded
NPs assessed using an ELISA Reader at 570-630 nm (Organon
Teknika, Turnhout, Belgium).

2.13. Investigation of siRNA loading efficiency

By measuring the concentration of unloaded siRNA in the superna-
tant of centrifuged CL-TAT-HA NPs, the loading efficiency of siRNA in
CL-TAT-HA NPs was investigated. In summary, 250 pl of NP-CL-TAT-HA
(1 mg/ml) were loaded with siRNA (2, 4, 8, 10, and 20 pg) and centri-
fuged at 16,000 rpm for 15 min and the siRNA content in the superna-
tant was then assessed by microplate reader. Finally, the loading
efficiency of siRNA was obtained applying the following equation [6]:

Loading efficiency (%) : [1 — (OD of siRNA in the supernatant/OD of primary siRNA amount)] 100

85:
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2.14. Examination of drug encapsulation and drug loading efficiency

To assess the DOX loading and encapsulation efficiency, 6 mg of the
CL-TAT-HA NPs was added in 12 ml of phosphate buffer (0.1 mg/ml).
Then the increasing doses of DOX (1 pM) (5, 6,7, 8,9, 10, 11, 12,13, 14
and 15 pl) were dissolved in the solution and after 2 h, the solution was
centrifuged (20 min, 16,000 rpm) and the amount of unencapsulated
DOX was measured by using a UV spectrophotometer at 350 nm. DOX
loading and encapsulation efficiencies were obtained by the following
equations [39]:
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at 630 nm.

2.18. Boyden chamber assay

Boyden chamber assay was applied to examine cell migration [31].
In this method, 1 x 10° CT26 and 4T1 cells transfected with siRNA/DOX
loaded NPs and cultivated in upper chamber of 24-well boyden chamber
plates containing polycarbonate filters with a pore size of 7 pm for 24 h.
Also, RPMI-1640 supplement with 10% FBS was added to the lower
chamber. The accumulated cells in lower chamber were stained with 1%

Loading capacity (%) : (Total amount of drug — nonencapsulated drug/weight of NPs) 100

Encapsulation efficiency (%) : (Total amount of drug — nonencapsulated drug/total amount of drug) 100

2.15. MTT toxicity assay

MTT assay was applied to examine the toxicity of CL-TAT-HA NPs
loaded with siRNA and DOX in 4T1 and CT26 cell lines. In brief, 1.5 x
10* cancer cells were cultured in 96-well plates and after adherence to
the plate treated with NPs loaded with optimized amounts of CD73-
siRNA (70 pm siRNA) and DOX (100 nM for 4T1 and 300 nM for
CT26). It should be noted that these concentrations of siRNA and DOX
were used for all subsequent in vitro assays. After 24 and 48 h, the su-
pernatant was removed, and fresh RPMI was replaced, then 20 pl of the
MTT mixture was added to each well and incubated for 5 h. In the last
step, after removing the supernatant, 150 pl/L of DMSO was added and
incubated for 45 min. The toxicity of NP was assessed using an ELISA
Reader at 600-640 nm (Organon Teknika, Turnhout, Belgium).

2.16. Investigation of cell apoptosis

Apoptotic effect of siRNA/DOX loaded NPs in CT26 and 4 T1 cells
was evaluated by the Annexin V-FITC/PI apoptosis kit [31]. In brief, the
1 x 10* cells were cultured in six-well plates for 24 h. The cells were
then treated with NP, free DOX, NP-DOX, NP-siRNA, and NP-siRNA-
DOX treatment groups. After 24 h, the cells were centrifuged and
washed 4 times with PBS and dissolved in 150 pl of annexin V binding
buffer. Then, the cells were stained with 4 pl of annexin V-FITC at 37 °C
for 30 min. Finally, 10 pl of propidium iodide was added to each tube 10
min before loading in devise. Finally, the results were detected and
analyzed by flow cytometry assay.

2.17. BrdU assay

The BrdU assay was used to investigate the suppressive effect of
siRNA/DOX-loaded CL-TAT-HA NPs on cancer cell proliferation [40].
Briefly, 4 x 10° CT26 and 4T1 cells were seeded in 96-well plates and
incubated for 24 h. After treatment of cancer cells with siRNA/DOX
loaded NPs for 24 h, 10 pl of BrdU solution was added to each well for 5
h. Then 100 pl of HRP-conjugated mouse anti-BrdU antibody was added
to each well. Then, after one wash, 100 pl of tetramethyl benzidine was
added. Finally, after 1 h, HySO4 solution was applied to stop the reac-
tion, and then the adsorption was measured using an ELISA Plate Reader
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crystal violet after fixation in methanol and counted by Olympus BX51
Fluorescence Microscope (Olympus, Tokyo, Japan).

2.19. Invasion assay

Invasion assay applied to assess the invasion potential of cancer cells.
Briefly, the matrigel matrix was used to cover the upper surfaces of the
transwell membranes. 5 x 10* of the 4T1 and CT26 cells cultured inside
the transwell membrane treated with siRNA-DOX loaded NPs and were
given 48 h to invade the other membrane. Non-invasive cells were
removed from the upper part of the transwell membrane and the cells at
the bottom of the filter were stained with Diff-Quick (Santa Cruz, CA,
USA) and analyzed under a microscope.

2.20. Biodistribution and pharmacokinetics study of NPs

For biodistribution studies, 2 mg/kg CL-TAT-HA-DOX/siRNA and
free-DOX were injected intravenously into four groups of tumor-bearing
mice. Also, the same amount of saline was administered to control mice.
Blood samples were then collected at 4, 8, 16, and 24 h after injection.
Finally, after 24 h, to examine the level of DOX in vital organs such as
kidney, liver, spleen, brain, heart, lung, and tumor tissue, all mice were
killed, and then the organs were extracted, weighed, and lyophilized. In
the next step, for homogenization of tissue and blood samples, acidic
isopropanol Mini-Bead beater-1 (Biospec, OK) was added and centri-
fuged, and then the samples were maintained at 4 °C. The supernatant of
centrifuged samples was applied to assess the DOX content intensity at
470 nm/520 nm.

2.21. Flow cytometry

The frequency of CD8" CD44" T cells was examined by flow
cytometry using isotype control mAbs, CD44-PE, and CD8-FITC mAbs
(Biolegend, CA, USA). In summary, 10° cells were mixed in 60 pl of
staining buffer and incubated with fluorochrome-labeled mAbs for 1 h at
4 °C. The cells were washed three times and assessed using a FLOWJO
software and BD FACS caliber flow cytometer (Becton-Dickenson) [41].

2.22. ELISA

ELISA test was performed to measure cytokines secreted by T cells.
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Fig. 1. Physicochemical properties of CL-TAT-HA NPs. NPs exhibited a size of 118 nm, PDI <0.24, and zeta potential of +9 mV (a and b). FTIR spectra demonstrate
the bonds that indicate the formation of CL-TAT-HA NPs (c). Also, Raman spectroscopy was used to evaluate the chemical bonds of CL and TAT peptide reactions (d).
NP's morphology was investigated via SEM (e). Gel electrophoresis was used to assess the serum stability of NPs loaded with siRNA and DOX (f). The siRNA/DOX
release patterns of NPs were evaluated at 6 and 7.4 pH values (g). (CL: Chitosan lactate. TAT: Transactivating transcriptional activator. HA: Hyaloronate. NP:
Nanoparticle. FTIR: Fourier-transform infrared spectroscopy. SEM: scanning electron microscope. DOX: Doxorubicin).

First, 10° T cells were stimulated with tumor cell lysate (TCL) (80 pg/ml)
and then maintained in a culture medium at 37 °C and 5% CO,. After
three days, the supernatant was collected, and the secretion of IL-10, IL-
4, IL-17, IFN-y, and Granzyme B was evaluated based on the ELISA Kkits'

instructions (Invitrogen, Carlsbad, USA) [27].
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2.23. Histopathological analysis

In order to investigate the tumor histomorphometric characteriza-
tion, dissected tumors were fixed in 10% buffered formalin and
embedded in paraffin using standard methods. Three 4 pm serial sec-
tions were taken from each tissue and stained with hematoxylin and
eosin (H&E). Then, sections were scanned using a digital slide scanner
(Panoramic DESK, 3D Histech, Hungary).
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Table 1
Primer sequences.
Gene Forward Reverse
name
B-Actin 5'- 5-ACGGATGTCAACGTCACACT-3'
GGTCATCACTATTGGCAACG-3'
CD73 5'- 5'-TAGATGGGCACTCGACACTTG-3'
TCCTGCAAGTGGGTGGAATC-
3
MMP9 5'- 5'-
ACACGACATCTTCCAGTACC-3' CAGGAGGTCGTAGGTCACGTAGC-
3
MMP2 5-TGTGTCTTCCCCTTCACTTT- 5'-GATCTGAGCGATGCCATCAA-3’
3
BIM 5'- 5'-ATTTGAGGGTGGTCTTCAGC-3’
GAGATACGGATTGCACAGGA-
3
BCL-2 5'- 5-ACAATCCTCCCCCAGTTCAC-3'
GGCTGGGGATGACTTCTCTC-3’
Table 2
The physicochemical characteristics of the generated nanoparticles.
Parameter CL CL-DOX CL-TAT- CL-TAT-HA-
HA-DOX DOX/siRNA
Size 88 + 3.2 96 + 3.9 108 + 4.1 118 £ 3.4
PDI 0.26 + 0.29 + 0.3 £+ 0.06 0.24 £+ 0.05
0.04 0.05
Zeta potential (mV) 12+1.3 13.6 £ 11 +1.8 9+1.6
1.7
siRNA encapsulation 92
efficiency (%)
DOX encapsulation 85
efficiency (%)
DOX loading capacity 8.4

(%)

Evaluation of the microvessel density was performed based on the
previous report [7]. Briefly, the sections were analyzed with two
different magnifications (40x and 400x). In the first, the most vascular
region of the tumor which is known as hot spot area was detected at 40 x
magnification. The number of microvessel was then evaluated in the hot
spot region at 400x and stated as the number of microvessel/field.
Moreover, the percentage of necrotic area in the tumor was examined by
the Panoramic Viewer analysis software. In order to evaluate angio-
genesis, the amount of tumor hemoglobin was examined by ELISA
method as previously described [42].

2.24. Statistics

Statistical comparison of experimental outcomes was applied utiliz-
ing SPSS statistical software (SPSS, Chicago, IL, USA). The ONEWAY
ANOVA method assessed the results. Kaplan-Meier method was also
used for the estimation of the survival rate in the different therapeutic
groups. P values less than 0.05 were considered significant. All tests
were repeated twice and performed in triplicate.

3. Result
3.1. Physicochemical properties of chitosan lactate TAT-hyaluronate NPs

According to Fig. 1a, b and Table 1,the DLS results indicated that the
CL-TAT-HA NPs loaded with siRNA/DOX have a size of 118 nm, PDI <
0.24, and zeta potential of +9 mV, which these results indicates that the
CL-TAT-HA NPs had suitable properties for siRNA/DOX delivery.

As shown in Fig. 1c, the chemical structures of generated NPs was
investigated by evaluating the FTIR spectra of chitosan, CL, CL-DOX,
and CL-TAT-HA-DOX. Adsorption at 1602 cm ' indicates the N—H
group in chitosan, adsorption at 1735 cm™! corresponds to the lactate-
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related carboxyl group (C=0) in CL, adsorption at 1320 cm-1 corre-
sponds to C—C linkage of DOX and adsorption at 1650 em ! indicates
the hyaluronate peak. Binding of HIV-1 TAT peptide to NPs is done by
disulfide bonding. As shown in Fig. 1d, the Raman experiment results
show that the TAT peptide is wholly bond to CL NPs' surface via the S—S
bond at 510 cm™!. SEM was applied to assess the morphology of NPs that
exhibited a uniform spherical morphology (Fig. 1le).

The serum stability of siRNA/DOX-loaded CL-TAT-HA NPs was
examined using gel electrophoresis at specified times. The results
showed that siRNA release started at 24 h and NPs entirely emptied
siRNA after 36 h (Fig. 1f). siRNA/DOX release profiles were examined in
PBS at pH 7.4 (normal conditions) and pH 6 (tumor microenvironment
conditions). As shown in Fig. 1g, the rate of siRNA/DOX release from CL-
TAT-HA NPs increases with decreasing pH. The results also showed that
in the first 24 h, NPs were able to start releasing their siRNA, and also, in
the first 36 h, the NPs released 50% of their content.

Also, CL-TAT-HA and CL NPs' siRNA encapsulation efficiency was
investigated using UV visible spectrophotometry at 480 nm. As shown in
Table 2, the siRNA loading efficiency of CL-TAT-HA NPs was calculated
to be 92%. In addition, DOX loading and encapsulation efficiencies of CL
NPs were measured. According to the results, the DOX loading and
encapsulation efficiencies were calculated to be 8.4% and 85%,
respectively.

3.2. CL-TAT-HA NPs significantly entered cancer cells and suppressed the
expression of CD73

The cellular uptake of functionalized NPs with TAT-HA and non-
functionalized NPs was assessed by confocal microscopy. As shown in
Fig. 2a, confocal microscopic results showed that NPs coated with TAT-
HA had dramatically enhanced cellular uptake compared to non-
targeted NPs. Besides, the cellular uptake of NPs was also examined
by flow cytometry. The results showed that TAT-HA-conjugated NPs
were transfected into about 78% of cancer cells, while free NPs were
transfected into only 35% of cancer cells (Fig. 2b).

After confirming the entry of nanoparticles into cancer cells, their
function in inhibiting CD73 gene expression was assessed by the qPCR
and western blot tests. As demonstrated in Fig. 2¢, The results showed
that treatment of cancer cells with DOX increased CD73 expression
(approximately 100%) while DOX translocation with NPs had less effect
on increasing CD73 expression (approximately 40-60%). On the other
hand, transfection of cancer cells with CD73 siRNA significantly sup-
pressed the expression of this molecule (approximately 90%) and pre-
vented the DOX-dependent CD73 upregulation (approximately 70%).

Also, the Western blot test was applied to examine the CD73
expression at the protein level. The results of the protein analysis were
very similar to the results of assessing the mRNA level of the CD73
molecule (Fig. 2d).

3.3. Silencing of CD73 significantly enhanced DOX-induced cell
cytotoxicity

The IC50 values of free DOX and DOX encapsulated by NPs in 4T1
(Fig. 3a) and CT26 (Fig. 3b) cell lines were examined by treatment of
cancer cells with increasing concentrations of DOX for 24 h. The MTT
test data showed that DOX encapsulation in NP has increased cytotox-
icity, leading to a notable reduction in the IC50. As shown in Fig. 3c, the
IC50 of DOX decreased from 1097 to 451 nM in CT26 cancer cells and
from 437 to 138 nM in 4T1 cells.

Also, therapeutic groups' cytotoxicity, including untreated, free NPs,
NP-CD73 siRNA, free DOX, NP-DOX, and NPs-CD73 siRNA-DOX on
CT26 and 4T1 cancer cells after treatment with NPs loaded with CD73
siRNA (80 pM) and DOX (100 nM for 4T1 and 300 nM for CT26) was
examined at 24 and 48 h. As shown in Fig. 3d-e, the data showed that
although the CL-TAT-HA or CD73-siRNA loaded NP treatment groups
alone do not have high toxicity to cancer cells, the combination therapy
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of CD73 siRNA loaded CL-TAT-HA NPs and DOX dramatically reduced
cancer cell survival up to 48 h.

Flow cytometry assay was also performed to evaluate treatment
groups' apoptotic effects on cancer cells using the annexin V-FITC/PI
staining. As shown in Fig. 3f-g, therapeutic groups of NPs loaded with
DOX and NP-CD73 siRNA could increase apoptosis in both cancer cell
lines. Also, combination therapy group significantly increases the rate of
apoptosis in these cell lines. What was evident in both MTT and flow
cytometry analysis was that delivery of DOX using NPs increased the
effect of the drug on cancer cell death. Its combination with CD73
silencing also increased the susceptibility of cancer cells to DOX-
mediated death with an additive effect.

In order to investigate the mechanism of induced apoptosis by
combination therapy, the expression of factors involved in cell survival
including Bcl-2 and BIM was evaluated by qPCR and Western blotting.
The data indicated that combination therapy additively increased BIM
expression and decreased Bcl-2 expression in both cancer cell lines
(Fig. 3h—j).

3.4. Codelivery of siCD73 and DOX markedly inhibits proliferation and
metastasis potential of cancer cells

The BrdU assay was applied to investigate the suppressive impact of
siRNA/DOX-loaded CL-TAT-HA NPs on cancer cell proliferation. As
shown in Fig. 4a, the results showed that although both treatment
groups of NPs loaded with CD73 siRNA or DOX alone could effectively
inhibit cancer cell proliferation, the highest suppression of cancer cell
proliferation capacity was observed in combination therapy group.

In addition, boyden chamber test was applied to examine the effect
of therapy groups on cancer cell migration. The results showed that
while both NP-DOX and NP-siRNA CD73 therapies could reduce cancer
cell migration, the combination therapy group had the most significant
migration reduction (Fig. 4b).

As important factors involved in the process of cancer cell metastasis,
the expression of MMP2 and MMP9 factors was also evaluated at both
mRNA and protein levels by qPCR and western blot tests. The data
showed that combination therapy dramatically decreased MMP-2 and
MMP-9 expression levels (Fig. 4c—e).

In addition, invasion assay performed to assess suppressive effect of
siRNA/DOX-loaded CL-TAT-HA NPs in the invasion of cancer cells. As
shown in Fig. 4f-g, the data showed that NP-DOX and NP-siRNA CD73
could somewhat decrease cancer cells' invasion. However, the highest
rate of cancer cell invasion inhibition was observed in combination
therapy by CD73 siRNA and DOX loaded NPs.

3.5. Accumulation of NPs in the tumor site and simultaneous delivery of
CD73 siRNA and DOX significantly suppresses tumor growth and enhances
anti-tumor immune responses

Biodistribution of NPs was performed using the DOX loaded in CL-
TAT-HA NPs fluorescence signals. As shown Fig. 5a, the results
showed that DOX loaded in NP was detectable in serum for a long time
than free DOX. We also assessed the amount of DOX in the organs and
tumor tissue of tumor-bearing mice 24 h after injection. As shown in
Fig. 5b—c, there was no high concentration of free DOX at the tumor site
after injection, while a high amount of DOX loaded on NPs was accu-
mulated at the tumor site. The data also reported that small concen-
trations of DOX detected in the brain, kidneys, lungs.

Also, we investigated the effect of treatment groups on tumor growth
in two different mouse xenograft models. As shown in Fig. 5d-e,
although the CD73 siRNA-NP and NPs-DOX treated groups alone could
significantly inhibit tumor growth, combination therapy by CD73-siRNA
and DOX loaded CL-TAT-HA NPs had the maximum effect on reducing
tumor growth.

Also, the survival rate of mice treated with different treatment
groups was examined. As shown in Fig. 5f-g, combination therapy
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significantly enhanced survival rate compared to the control and single
treatment groups.

In the next step, we investigated the effect of treatment groups on the
immune responses in tumor-bearing mice. As shown in Fig. 5h, combi-
nation therapy by of CD73 siRNA and DOX loaded NPs compared to the
control group can effectively increase CD8"CD44" T cells in tumor
samples, thereby enhancing antitumor responses. It should be noted that
cells treated with NP-siCD73 could also increase the frequency of
CD8"CD44" T cells similar to what observed in combination therapy,
while none of the other treatment groups had a significant effect on the
frequency of these cells.

Also, to assess the impact of the treatment on the granzyme B, [FN-y,
IL-4, IL-10, and IL-17 secretion from T cells, these cells were collected
from tumor tissue, stimulated with tumor lysate and secretion of these
factors was evaluated by ELISA. The data showed that the highest in-
crease in granzyme B, IFN-y, and IL-17 secretion and the greatest
decrease in IL-4 and IL-10 levels were observed after combination
therapy and to lower extent by NP-siCD73 treatment. Similarly, none of
the other therapeutic groups had a significant effect on the secretion of
granzyme B, IFN-y, IL-4, IL-10, and IL-17 (Fig. 5i-m).

Besides, the impact of treatment groups on the population of
immune-suppressing Tregs was evaluated using Flow cytometry in
tumor-bearing mice. The data showed that the combination therapy
group and NP-siCD73 group could significantly inhibit the expansion of
Treg cells in the tumor microenvironment; however, other therapeutic
groups had no significant impact on the frequency of these cells
(Fig. 5n).

3.6. Combination therapy by CD73 siRNA and DOX loaded NPs
suppressed tumor necrosis and angiogenesis in tumor-bearing mice

To investigate the anti-angiogenic impact of combination therapy on
angiogenesis in tumor-bearing mice, tumor histomorphometric charac-
terization and vessel density was evaluated histologically by using the
H&E staining of the tumor sections. As demonstrated in representative
fields, the impact of combination therapy on tumor angiogenesis is
significantly visible (Fig. 6a). Combination therapy and to a lesser extent
CD73 siRNA and DOX loaded NPs notably reduced the number of blood
vessels in tumor sections (Fig. 6b). Moreover, the hemoglobin levels in
the tumor site, which indicate angiogenesis extent, reduced flowing
treatment by CD73 siRNA and DOX loaded NPs (Fig. 6¢).

As shown in Fig. 6d and e, histological analysis of paraffin-embedded
tumor sections derived from control and treated mice indicated that the
percentage of necrotic area was markedly decreased in tumors of CD73
siRNA and DOX loaded NPs.

4. Discussion

Cancer cells in the tumor microenvironment cause the spread and
progression of carcinogenesis in the body by producing various secre-
tory proteins, factors, and cytokines [43]. Adenosine is one of the most
important secretory molecules in the tumor microenvironment that has
a high ability to suppress immune responses. Adenosine concentration in
the tumor site is approximately 20-30% higher than the normal site,
which increases tumorigenesis [35,44]. Adenosine, produced from
molecules such as CD39 and CD73 expressed on tumor and immune
cells, can suppress immune responses by binding to adenosine receptors
(AR) on Treg and MDSC cells [45,46]. Various studies have shown that
suppression of immune responses can be prevented by inhibiting aden-
osine production [11,47-49]. One of these methods is to reduce the
expression or block the CD73 molecule. The CD73 molecule has been
reported to be overexpressed in different cancers and plays a crucial role
in metastasis, angiogenesis, and tumor growth and blocking and inhib-
iting the CD73 molecule reduce tumorigenesis [50]. Various researches
have reported that suppression of the CD73 molecule by various
methods, such as CD73 -specific enzyme inhibitor (APCP) [51] or anti-
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Fig. 6. Combination therapy by CD73 siRNA and DOX loaded NPs suppressed tumor necrosis and angiogenesis in tumor-bearing mice. Representative fields
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CD73 siRNA [40], can inhibit cancer development. The data from our
previous studies indicate that the CD73 molecule can dramatically
enhance metastasis and invasion of cancer cells [40,52]. Zhi et al. also
reported that CD73 siRNA could inhibit the activity and expression of
MMP-9 and MMP-2 and prevent breast cancer progression [53]. In
another study, Azambuja reported that blocking CD73 could reduce the
cell proliferation of glioma cancer cells [54].

On the other hand, CD73 expression has been shown to be associated
with resistance to chemotherapy [55,56] and induce expression of CD73
in cancer cells [32,57]. Loi and colleagues have been shown that
chemotherapy with DOX significantly increase CD73 expression in
human breast cancer (MDA-231, MDA-468, SKBR3, BT474, ZR75, and
T47D), melanoma (A2058 and LOX-1MV1), and leukemia (RPMI-8226
and Kasumi-1) cell lines. They demonstrated that systemic
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administration of DOX (2 mg/kg) in combination with anti-CD73 anti-
body or CD73 antagonists could significantly suppress tumor growth in
tumor-bearing mice [32]. One of the major drawbacks of the previous
report was the systemic administration of DOX, which can be associated
with non-specific function with many cytotoxic and physiological side
effects. Also, the performance of DOX following systemic administration
requires the use of high doses. In addition, due to the expression of CD73
molecule as well as the very important physiological roles of CD73 and
its product, adenosine, in different parts of the body, systemic inhibition
of this molecule using monoclonal antibodies or antagonists can be
associated with risk in the clinic. Based on these concerns, we decided to
use a novel strategy to specifically inhibit CD73 in the tumor area and
deliver DOX to cancer cells. Therefore, we designed and produced CL
NPs functionalized with HIV-1 derived TAT peptide and HA polymer for
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Fig. 7. Blockade of CD73 using siRNA loaded CL NPs functionalized with TAT-HA and loaded with DOX can effectively prevent tumor growth. CL-TAT-HA NPs could
deliver DOX and anti-CD73 siRNA to cancer cells and significantly suppress the survival, invasion, proliferation, and migration of cancer cells.

simultaneous delivery of anti-CD73 siRNA and DOX to cancer cells.
Firstly, the use of NPs means that we do need the minimum dose of DOX,
and secondly, we have increased the efficiency of the minimum dose of
DOX by inhibiting CD73. On the other hand, by inhibiting CD73, we
solved the immunosuppression problem and thus increased the immune
system responses. It has been shown that CL NPs are suitable for genes
and drug delivery in treating gastrointestinal diseases, eye infections,
and cancer therapy [58,59]. Our previous studies also showed that CL
NPs have a very high ability for genes and drugs delivery, both in vitro
and in vivo [31,60]. In this study, we applied HIV-1 TAT peptide to in-
crease the cellular transfection ability of CL NPs. Accordingly, Rahmat
and colleagues reported that coating of TAT peptide on chitosan-TGA/
PDNA NPs increased the transfection efficiency and endosomal escape
of these NPs [61]. Various studies have shown that HIV-1 TAT peptide
has a high ability to bind to the neuropilin-1 receptor expressed in
cancer cell lines such as CT26, 4T1, and MDA-MB-231, thereby
increasing the cellular uptake of NPs conjugated to these peptides [62].
The HIV-1 TAT peptide can bind to the surface of the CL NPs via a di-
sulfide bond. Studies have shown that disulfide (s-s) bonds can promote
the stability of nanocarriers in the body's biological fluid and enhance
the controlled release of NPs and the efficacy of gene therapy [63,64]. In
addition to TAT peptide, we also conjugated the generated NPs with HA
to facilitate CD44-mediated uptake of cancer cells. Accordingly, several
studies have been shown that conjugating NPs with HA polymer, the
main CD44 ligand expressed on various cancer cells, can be a useful
technique for increasing the transfection of NPs into cancer cells through
active targeting [33,65]. Zhang and colleagues also reported that HA-
coated chitosan NPs (100-200 nm) efficiently deliver Cy3-labeled
siRNA by binding to the CD44 receptor expressed in A549 cancer cells
and prevent cancer progression by suppressing the Bcl2 gene [66]. One
of our goals in this study was to reduce the effective dose of DOX by
using targeted NPs and confine its effect to the tumor microenviron-
ment. Our results showed that DOX transfer using CL-TAT-HA NPs could
reduce the effective dose of this drug by about 2.5 times (Fig. 3a—c).
Interestingly, our results showed that concomitant inhibition of the
CD73 molecule could increase the susceptibility of cancer cells to DOX-
induced death. Similarly, Qiao and coworkers showed that treatment of
MDA-MB-231 and MDA-MB-468 cells with anti-CD73 antibody (3F7)
could enhance cytotoxic effects of DOX in these cells [67]. After inves-
tigating the anti-cancer properties of targeted anti-CD73 siRNA and DOX
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delivery in vitro, the effect of this treatment strategy on tumor growth in
two different mouse cancer models, the survival rate of mice, and the
induction of anti-tumor immune responses were investigated. The re-
sults showed that combination therapy could effectively reduce tumor
growth in both mouse models compared to other treatment groups. NP-
siCD73 or NP-DOX could also significantly suppress tumor growth
compared o control groups. Compared to the results obtained in the
study of Loi et al., it can be concluded that the therapeutic strategy used
in our study is more capable of controlling tumor growth. In their study,
anti-CD73 antibody could not affect tumor growth. Moreover, they
could not show a synergism impact of combinaded anti-CD73 antibody
and DOX therapy. This difference in the effectiveness of the treatment
strategy becomes more pronounced when we compare the survival re-
sults of mice; where in our study only one mouse died up to 90 days after
combination therapy, whereas in the previous study all mice died within
65 days [32].

Regarding the effect of combination therapy on immune responses,
our study showed that combination therapy and NP-siCD73 could in-
crease the proliferation of effective CD8" T cells and increase the
secretion of granzyme B and IFN-y, IL-17, while reducing the abundance
of IL-10 and IL-4 in the tumor site. On the other hand, NP-DOX and free
DOX had little effect on either of these immune responses. In a study by
Loi et al., a combination therapy of APCP (CD73 inhibitor) and DOX
synergistically increased the frequency of antigen-specific CD8" T cells
and secreted IFN-y secretion. Surprisingly, they could not demonstrate
induction of these immune responses following treatment of tumor-
bearing mice with APCP alone [32], which was in contrast with our
results. What may seem a bit contradictory at first glance in our study is
why, given that DOX induces CD73 expression (Fig. 2¢), little effect has
been shown in suppressing immune responses in the tumor site. The
answer is that although DOX can increase the expression of CD73 in
tumor cells, due to its effect on reducing tumor size (by killing tumor
cells) (Fig. 5d and e) it can decrease the number of cancer cells and
reduce the pressure on the immune system in the tumor region. Based on
our recent experience [37], we assumed our therapeutic approach may
affect the induction of this critical tumor-promoting factor. So, we
investigated the extent of vessel density and necrotic tumor area in
various mice groups. Our results showed that downregulation of CD73
and administered DOX in tumors significantly reduced the vessel density
and necrotic tumor area (Fig. 6).
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These findings indicate that CL-TAT-HA NPs are a good candidate for
co-delivery CD73 siRNA and DOX to cancer cells (Fig. 7), which should
be further considered regarding safety and efficacy issues in various
cancer patients.
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