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ARTICLE INFO ABSTRACT

Keywords: Apoptosis is an important process that directly affects the response of cancer cells to anticancer drugs. Among
NSCLC different factors involved in this process, the BcL-xL protein plays a critical role in inhibiting apoptosis induced
EGFR-targeted nanomedicine by chemotherapy agents. Henceforth, its downregulation may have a synergistic activity that lowers the
g:};ﬁtin necessary dose of anticancer agents. In this study, anti-Bcl-xL siRNA were formulated within an EGFR-targeted
Gene delivery nanomedicine with scFv ligands (NM-scFv) and its activity was tested in the non-small cell lung cancer (NSCLC)
scFv cell line H460. The obtained NMs-scFv anti-Bcl-xL were suitable for intravenous injection with sizes around 100

nm, a high monodispersity level and good siRNA complexation capacity. The nanocomplex's functionalization
with anti-EGFR scFv ligands was shown to allow an active gene delivery into H460 cells and led to approximately
63% of gene silencing at both mRNA and protein levels. The NM-scFv anti-Bcl-xL improved the apoptotic activity
of cisplatin and reduced the cisplatin ICsq value in H460 cells by a factor of around three from 0.68 + 0.12 pM to
2.21 £+ 0.18 uM (p < 0.01), respectively, in comparison to that of NM-scFv formulated with control siRNA (p >

0.05).

1. Introduction

Lung cancer is the leading cause of cancer-related deaths in the
world, with approximately 1.8 death cases in 2020 (18% of all death
cases caused by cancer) (Bade and Dela Cruz, 2020; Ferlay et al., 2021).
It is a heterogenous cancer that can be divided into two principal forms
including non-small cell lung cancer (NSCLC) and small-cell lung cancer
(SCLC) (Osmani et al., 2018). NSCLC represents approximately 85% of
all lung cancer patients, and around 40% of patients suffering from this
subtype are at an advanced stage when they are diagnosed (Herbst et al.,
2018; Osmani et al., 2018).

Due to the comorbility caused by NSCLC, several treatment strategies
have been developed and proven their effectiveness, including radio-
therapy, chemotherapy, targeted therapy, immunotherapy or the com-
bination of them. Despites these efforts, the 5-year survival of NSCLC
remains relatively low (approximately 20-30%) because of diagnosis at

advanced stages (Min and Lee, 2021). Furthermore, the conventional
chemotherapy remains the mainstay treatment option for NSCLC despite
of the remarkable progress in immunotherapy with anti-PD1 and anti-
PDL1 agents. However, the drug resistance phenomenon is silently
emerging and poses a direct threat to the treatment effectiveness (Kim,
2016; Sosa Iglesias et al., 2018). Different mechanisms of chemotherapy
resistance have been studied and demonstrated in NSCLC, such as i) an
enhancement in DNA repair capacity by upregulating ERCC1 or DNA
polymerase, in drug efflux by activating several drug export transporters
(ATP7A/B, ABCC1/MRP1, ABCC3/MRP3, P-gp), in drug detoxification
by increasing the intracellular concentration of glutathione, in pro-
survival signal pathways (EGFR, STAT3, PI3k/Akt, MAPK, NF-kB), and
in EMT- a related factor to the metastasis or ii) a decrease in drug uptake
by down-regulating Na*/K"-ATPase pumb or CTR1 protein, in cell cycle
arrest by an overexpression in anti-apoptotic proteins (Bcl-xL, Bcl-2)
(Kim, 2016; Min and Lee, 2021; Mirzaei et al., 2021a; Sosa Iglesias

Abbreviations: scFv, single chain variable fragment; NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor; BcL-xL, B-cell lymphoma-extra
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et al., 2018).

Among different chemotherapy agents used for NSCLC patients,
platinum compounds with cisplatin (CIS) as the gold standard is the
main treatment regimen. It can be administered in combination with
third-generation anticancer drugs such as gemcitabine, vinorelbine or
taxanes (Alexander et al., 2020; Suti¢ et al., 2021). However, its appli-
cation is more and more limited by severe side effects and a drug-
resistance phenomenon, such as the overexpression of anti-apoptotic
proteins that leads to an impair in apoptosis in cancer cells (Duma
et al., 2019; Huang et al., 2007). Indeed, CIS causes DNA damages and
induces cellular apoptosis, involving the upregulation of apoptotic
proteins such as Bax or Bak and the downregulation of anti-apoptotic
proteins (BcL-2 and Bcl-xL) (Huang et al., 2007; Lei et al., 2007;
Zhang et al., 2018). It has been proven that the overexpression of Bcl-xL
and Bcl-2 can delay the apoptosis process caused by several cytotoxic
drugs including CIS (Huang et al., 2007; Lei et al., 2007). In fact, CIS
causes the cell death and cell cycle arrest through the formation of DNA
lesion that can be delayed or even deactivated by the overexpression of
Bcl-xL. Therefore, the downregulation of such anti-apoptotic proteins
may have a therapeutic activity on cancer cells' sensitivity to anticancer
drugs (Kim et al., 2004).

Gene therapy involving small interfering RNAs (siRNAs) has
emerged as one of the most promising solutions for the specific down-
regulation of these cancer-related proteins (Fire et al., 1998; Singh et al.,
2018; Subhan and Torchilin, 2019). siRNAs' mechanism of action is
based on their interfering activity with cancer-associated target genes
that leads to the protein downregulation and contributes actively to an
enhancement in the therapy efficiency. siRNAs can bring about sub-
stantial benefits to cancer therapy thanks to their potency, specificity
and ability to target any cancer-related genes (Lochmatter and Mullis,
2011; Vinh Nguyen et al., 2020). In case of cisplatin, several studies have
proven the potency of siRNAs in reversing cisplatin resistance by down-
regulating several important tumor-promoting factors such as EZH2,
H1F-1a, EGFR, STAT3, Nrf2, ID1, Nek2, Aktl (Mirzaei et al., 2021a).
Despite their potential, naked siRNA applications are unfeasible in
clinical settings due to their intrinsic nature and because of the presence
of intra- and extracellular barriers (Ben Djemaa et al., 2018; Vinh
Nguyen et al., 2020). For extracellular barriers, naked siRNAs are prone
to be degraded by nucleases in the bloodstream or eliminated by renal
clearance (Mirzaei et al., 2021b). In terms of intracellular barriers, even
if they can escape from enzymatic degradation, there is a high chance
that their highly negative charges hinder their penetration through the
negative cell membrane into their final active site (cytoplasm). For all
previous reasons, siRNAs need to be delivered by an appropriate system
and nanomedicines are one of the most promising siRNA carriers (Ben
Djemaa et al., 2019).

The current study is performed to apply a novel nanomedicine that
has been previously developped and optimized by our team in the active
delivery of anti-Bcl-xL siRNAs into NSCLC cells. Our nanomedicine is
functionalized with anti-EGFR scFv ligands to target EGFR-
overexpressing H460 cells (Vinh Nguyen et al., 2020). The EGFR is a
receptor in the family of tyrosine kinases that is strictly related to cancer
development, metastasis and resistance (Dhomen et al., 2012; Mansour
et al., 2018; Tan et al., 2016; Van den Eynde et al., 2011). The EGFR-
overexpression is a common phenomenon and can be observed up to
80% in NSCLC cases (Liang et al., 2010; Salimath et al., 2015; Vinh
Nguyen et al., 2021). Taking into account the EGFR-overexpression and
the important role of Bel-xL in NSCLC treatment, anti-Bcl-xL siRNAs
were complexed with our targeted nanomedicine (NM-scFv). After-
wards, the Bcl-xL downregulation at both the transcriptional and
translational levels induced by our NM-scFv was assessed and compared
to a non-targeted nanomedicine (NM). The therapeutic activity of the
finalized NM-scFv was then evaluated by an apoptosis assay in combi-
nation or not with cisplatin. Finally, the synergistic activity of our tar-
geted nanomedicine combined with cisplatin was studied using a cell
viability assay.
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2. Materials and methods

2.1. Preparation of targeted nanomedicine with anti-EGFR scFv ligands
for anti-Bcl-xL siRNA delivery

2.1.1. Synthesis of the targeted nanovector (NV-scFv)

The NV-scFv's synthesis was based on our previously published
protocol including three steps: (i) the coupling of a near-infrared fluo-
rescent dye onto the silanized SPION's surface, (ii) the covering of the
silanized SPIONs with a polyethylene glycol (PEG) layer and (iii) the
functionalization of the PEGylated SPIONs with 100% humanized anti-
EGFR scFv ligands (Vinh Nguyen et al., 2020).

2.1.2. Formulation of the targeted nanomedicine (NM-scFv)

Anti-Bcl-xL siRNA (sequence 5-GACUGUGGCCGGCGUGGUU/AAC-
CACGCCGGCCACAGUC-3/, Sigma-Aldrich, St. Quentin Fallavier,
France) and scramble or control siRNA (Ambion®, New-York, U.S.A)
were complexed with NVs-scFv and two cationic polymers namely chi-
tosan (MW = 110-150 kDa, degree of acetylation <40 mol%) and poly-
L-arginine (PLR, MW = 15-70 kDa, Sigma-Aldrich Chimie GmbH, St.
Quentin Fallavier, France), to obtain the corresponding NM-scFv anti-
Bcl-xL and NM-scFv control, respectively, according to the previously
published protocol (Vinh Nguyen et al., 2020). Briefly, siRNAs were
precomplexed with PLR while chitosan was mixed with NVs-scFv. The
complexed siRNA/PLR was then added into the mixture of NV-scFv/
chitosan and homogenized using micropipette mixing and vortexing.
The final siRNA concentration was fixed at 50 nM for internalization
assay, 100 nM for qRT-PCR and Western blot assays, and 2000 nM for
physico-chemical characterization. The mass ratio (MS) was used to
determine the NV-scFv/siRNA ratio. The cationic polymers' content was
defined as the charge ratio or the molar ratio of the positive charges of
polymers and the negative charges of siRNA. All these ratios were
optimized in our previous publication and fixed at 10 to obtain the
optimal siRNA transfection efficiency (Vinh Nguyen et al., 2020).

2.2. Physico-chemical characterization

2.2.1. Size and zeta potential analysis

The hydrodynamic diameter (Dy), the polydispersity index (PDi),
and the zeta potential ({) were determined using a Nanosizer apparatus
(Zetasizer®, Malvern Instrument, UK). The measurement was performed
in NaNO3 0.01 M to fix the ionic strength. The Dy was based on intensity
measurements and were achieved at 25 °C. All measurment were per-
formed in triplicate.

2.2.2. siRNA complexation capacity

To verify the siRNA complexation capacity of our NMs-scFv, the
electrophoresis technique on agarose gel was employed. An agarose gel
at 1% (m/v) was prepared containing 0.01% (v/v) of ethidium bromide
(EtBr) to visualize free siRNA. NMs and NMs-scFv were formulated twice
at 2000 nM in siRNA. The first sample of each formulation was diluted
with water and the second was diluted with heparin 10 g/L at a dilution
factor of 2:1 (v/v). A loading buffer was added and a final content
corresponding to 16 pmol of siRNA per well was deposited. The
migration of samples on the gel was conducted in a Tris-acetate-EDTA
(TAE) 1x buffer for 15 min at 150 V. The visualization of free siRNA
was made with UV-imaging using the EvolutionCapt software on a
Fusion-So0lo.65.WL imager (Vilber Lourmat, Marne-La-Vallée, France).

2.3. Cell culture experiments

2.3.1. Cell culture

Luciferase stably expressing human non-small cell lung cancer
(H460-Luc) was a gift from CIPA TAAM CNRS UPS44, Orléans, France.
H460-Luc cells were cultured at 37 °C in an atmosphere containing 5%
of CO,. The culture medium was made of RPMI-1640 medium
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supplemented with 10% of FBS, 2 mM of r-glutamine, 1% of penicillin/
streptomycin. Cell harvesting was carried out with trypsin/EDTA
(0.05%) at 80% of confluence.

2.3.2. Internalization assay

The cellular internalization level of NMs and NMs-scFv into H460-
Luc cells was determined and compared by tracking the near-infrared
fluorescence from grafted dyes on NVs (Dylight™680 dye) using flow
cytometry. H460-Luc cells were seeded in a 12-well plate at 1.5 x 10°
cells/well. After 24 h, NMs and NMs-scFv prepared with anti-Bcl-xL
siRNAs in reduced-serum Opti-MEM were added to the cells at a final
concentration of 50 nM in siRNA (or 6.58 mg of iron/L) for 4 h. After 4 h,
a cell culture medium of 20% of serum was added at a dilution factor of
1:1 (v/v) for 20 h. Non-treated cells were used as negative controls. After
24 h, the cells were washed, harvested, and analyzed by flow cytometry
(Gallios flow cytometer, Beckman Coulter, U.S.A). All experiments were
triplicated and treated using Flowing Software 2.5.1 (Turku Bioscience
Centre, Turku, Finland).

2.3.3. Cell transfection

H460-Luc cells were seeded at 3 x 10° cells/well in 6-well plates for
24 h. On the transfection day, anti-Bcl-xL. siRNAs were complexed
within Lipofectamine™ RNAiMAX, NMs, and NMs-scFv and diluted with
serum-reduced medium Opti-MEM at a dilution factor of 1:10 (v/v) to
obtain the siRNA finalized concentration of 100 nM. Afterwards, the
culture medium was removed, and the cells were washed twice with the
HBSS buffer. 1 mL/well of each formulation with complexed siRNAs was
added and the transfection was performed for 4 h. The negative control
was made with Opti-MEM without adding siRNA. After 4 h, 1 mL of the
culture medium enriched in serum (20%) was added and maintained at
37 °C for another 20 h for qRT-PCR analysis or 44 h for Western Blot
assay.

2.3.4. RNA extraction and qRT-PCR analysis

At 24 h after cell transfection, total-RNAs were isolated from
cultured cells using the NucleoSpin RNA kit (Macherey-Nagel, Hoerdt,
Germany) according to the manufacturer's protocol, and subsequently
reverse transcribed into complementary DNAs (cDNAs) by the Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Scientific™, Paisley, UK).
The synthesized cDNAs of the targeted gene (Bcl-xL) and the reference
gene (GAPDH) were assessed, using their specific forward and reverse
primers and the TakyonTM No Rox SYBR® MasterMix dTTP Blue
(Eurogentec, Seraing, Belgium), on a 96-well plate with the CFX96 Real-
Time PCR Detection System (BioRad) thermal cycler. GAPDH, an
endogenous reference gene, was used as a relative quantification stan-
dard to determine the relative expression of Bcl-xL. mRNA level in this
analysis. The sequence of the specific primers used in this analysis were
as follows: forward primer 5'-ATCTCTTTCTCTCCCTTCAG/
CTTTCTGGGAAAGCTTGTAG-3' and reverse primer 5- TTCAGT-
GACCTGACATCCCA/TCCACAAAAGTATCCCAGCC-3' for Bcl-xL and
forward primer 5'-CTTTTGCGTCGCCAG/TTGATGGCAACAATATCCAC-
3’ and reverse primer 5- CAAAAGGGTCATCATCTCTGC/AGTTGT-
CATGGATGACCTTGG-3' for GAPDH. All specific primers were pur-
chased from Eurogentec (Seraing, Belgium). Non-treated cells and the
commercialized transfection reagent (Lipofectamine™ RNAiMAX,
Invitrogen, Carlsbad, U.S.A), abbreviated as Lipofectamine, were used
as negative and positive controls, respectively. To calculate the relative
gene expression of Bcl-xL in each sample, the AACq method was applied.
In this method, the number of quantification cycles (Cq) of the targeted
gene (Bcl-xL) and that of the reference gene (GAPDH) of each sample
were obtained after qPCR. For each replica, the expression of the Bcl-xL
gene was normalized to GAPDH gene expression levels to determine
ACq (ACq = Cqegel-xr) — Cqgarpny). The ACq was averaged and then
normalized to that of the non-treated cells to determine the AACq
(AACq = ACqsample) — ACG(non-treated cells))- The AACq was then expo-
nentially transformed to find the AACq expression, which was equal to
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27 4884 (Byistin, 2004). From that, a normalized, relative gene expression
value of Bcl-xL was determined.

2.3.5. Western blot analysis

At 48 h after cell transfection, cells were harvested and lysed in a
lysis buffer (RIPA buffer + Protease Inhibitor Cocktail, Thermo Fisher
Scientific, Rockford, USA). Cell lysates were centrifuged at 20.000 g for
20 min at 4 °C, and the protein content in supernatants was determined
using a BCA protein assay kit (Sigma-Aldrich Chimie GmbH, St. Quentin
Fallavier, France). Equal amounts of protein lysate (around 20 pg of
protein) were electrophoretically separated on 4-12% polyacrylamide
gels and transferred to nitrocellulose membranes using an iBlot® 2 (life
technologies, Carlsbad, CA). After blocking with milk in TBS-Tween 20
1x at 5% (MT) during 1 h, at room temperature and under constant
agitation, each membrane was incubated with the anti-BcL-xL. mono-
clonal antibody (Abcam, Cambridge, UK, dilution 1/1000 in MT) or the
anti-GAPDH one (ThermoFisher scientific, Rockford, USA, dilution 1/
1000 in MT) for 2 h and subsequently incubated for 1 h with the IgG
anti-rabbit secondary antibody antibody (ThermoFisher scientific,
Rockford, USA, dilution 1/1000 in MT), both at room temperature and
under moderate agitation. After washing, bound antibodies were
detected by an enhanced chemiluminescence kit using the ECL
(Enhanced ChemiLuminescence) solution (ThermoFisher scientific,
Rockford, USA). The percentage of the BcL-xL protein expression in each
sample was estimated by normalizing to the corresponding GAPDH
protein and comparing to those in non-treated cells using the quantifi-
cation function of Imager Fusion-Solo.65.WL (Vilber Lourmat, Marne-la-
Vallée, France).

2.3.6. Apoptosis assay

H460-Luc cells were seeded at 3 x 10* cells/well in 12-well plates for
24 h. NM-scFv anti-Bcl-xL, NM-scFv control at 100 nM in siRNA were
then transfected in the similar conditions used in qPCR assays for a final
volume of 600 pL/well. For non-treated cells or cells treated with
cisplatin alone (a gift from CHU Bretonneau Pharmacy, Tours, France),
abbreviated as CIS, the NM-scFv was replaced by the Opti-MEM me-
dium. At 24 h of incubation, 3.66 pL or 11 pL of CIS at 330 pM was added
into each well to obtain final concentrations at 2 pM or 6 pM, respec-
tively. After 48 h of incubation, cells were harvested and washed twice
with PBS 1 x buffer. Annexin V labelled with Alexa™488 and Propidium
Iodide (PI) were added according to the recommendation from the
manufacturer (Thermo Scientific™). Cells treated with free anti-Bcl-xL
siRNAs, NMs-scFv anti-Bcl-xL, or NMs-scFv control in the absence of
CIS were used as controls. The proportions of cells in early and late
apoptosis were obtained by acquisition of 10,000 cells with MACS-
Quant®10 flow cytometer (Miltenyi).

2.3.7. Cell viability assay

The ICsq values of cisplatin in H460-Luc cells treated or non-treated
with NM-scFv were determined to evaluate chemotherapy efficiency. To
this end, H460-Luc cells were seeded at 3 x 10° cells/well in 96-well
plates for 24 h. After 24 h, the transfection with anti-BcL-xL siRNAs
complexed in NM-scFv was performed in the same conditions of qPCR
assays but for a final volume of 100 pL/well. For cells treated with CIS
alone, the NM-scFv was replaced with the Opti-MEM medium. At 24 h of
incubation, 6.5 pL of CIS at 3300 pM, 330 pM, 33 pM, 3.3 pM, 0.33 pM
and 1.96 pL of CIS at 330 pM and 33 M was added into wells to obtain a
final range of CIS concentrations of 200, 20, 6.33, 2, 0.633, 0.2, and
0.02 pM. The plate was incubated for another 48 h. After this incubation
time, 100 pL of the CellTiter-Glo® reagent (Promega, USA) was added in
each well and the luminescence assay was performed using a microplate
reader. By comparing the light emission of each sample to that of non-
treated cells, the percentage of live cells for each concentration of CIS
and in each condition was determined. The ICsy values were subse-
quently calculated and the cell viability was statistically compared using
GraphPad Prism® v7 (GraphPad Software, San Diego, U.S.A). For
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negative and positive controls, the medium of H460-Luc cells and HoO»
at 20 mM were used, respectively. Moreover, another cellular viability
test was performed in the same conditions with NM-scFv anti-Bcl-xL,
NM-scFv control, non-formulated siRNA anti-Bcl-xL, and NV-scFv and in
absence of CIS.

2.4. Statistics

Values were expressed as means + standard deviations (SD). Dif-
ferences of cell viability between groups in cell viability assay were
compared using the Student's one-tailed t-test. The difference was
considered significant when the obtained p-values were lower than 0.05.
All experiments were triplicated and the obtained data were treated with
the GraphPad Prism® v7 (GraphPad Software, San Diego, CA, U.S.A).

3. Results and discussion
3.1. Formulation and characterizations of NM-scFv anti-Bcl-xL

3.1.1. Formulation and physico-chemical characterizations

Our NM-scFv formulation was based on the complexation between
targeted nanovectors (NVs-scFv), anti-Bcl-xL siRNAs, and two cationic
polymers. This nanoformulation can be divided into two principal steps
including the synthesis of NVs-scFv and the complexation between these
nanovectors, the cationic polymers and anti-Bcl-xL siRNAs (Fig. 1.).

The synthesis of NVs and NVs-scFv was identical to that of our pre-
vious publication (Vinh Nguyen et al., 2020). As expected, the physico-
chemical properties of the obtained NV and NV-scFv (size around 75 nm
and slightly negatively charged around —2 mV) were comparable to
those previously described (Table SI 1). These results prove that the
synthesis pathway is highly reproducible, which sets a strong basis for
further scale-up.

Afterwards, the NVs and NVs-scFv were complexed with anti-Bcl-xL
siRNAs, chitosan and PLR using the optimized component ratios, which
had been obtained previously (Vinh Nguyen et al., 2020). Table 1
showed the colloidal properties of the NMs and the NMs-scFv anti-Bcl-
xL. All NMs and NMs-scFv were approximately 100 nm in size, with a
low polydispersity index (<0.3), and bare slightly positive charges.
These physico-chemical properties are suitable for intravenous injection
(IV) and similar to those of NMs or NMs-scFv formulated with control
siRNA, reflecting a high reproducibility for our formulation with
different kinds of siRNAs (Vinh Nguyen et al., 2020). According to the

+
OAOD

~._ anti-BelxL
N, SiRNA

'S, NV-scFv
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Table 1
Physico-chemical properties of NMs and NMs-scFv for anti-Bcl-xL. siRNA
delivery.

Batch Dy (nm) PDi ¢ (mV)
NM anti-Bel-xL 99.0 + 2.5 0.27 £+ 0.004 +7.7 £ 1.3
NM-scFv anti-Bel-xL 104.3 + 2.9 0.25 + 0.003 +10.0 £ 1.2

literature, current siRNA delivery systems using electrostatic forces are
usually challenged by the lack of reproducibility and a large size of the
finalized complex (Ben Djemaa et al., 2019). At this point, our NM-scFv
system presents several advantages including i) a good reproducibility
for several sequences of siRNAs and ii) a smaller size and a higher
monodispersity for IV administration. Taking a previous study of our
team with NMs functionalized with cell penetrating peptide (CPP) but
using similar components (SPIONs, chitosan, PLR and siRNA) as an
example, the obtained NMs had a larger size around 175 nm, a higher
PDi of 0.34 and + 14.2 mV in charge (Ben Djemaa et al., 2018). In that
study, the component ratios were not similar (MR = 10, CR = 2, CS =
30), leading to another organization of the serval components. In
another study of Veiseh et al., the authors used SPIONs covered by
polyethylene glycol (PEG)-grafted with chitosan, and polyethylenimine
(PEI) to deliver siRNA into cancer cells. Despite the chemical conjuga-
tion used in that study, the finalized NMs had a bigger size (111.9 £+
52.4 nm) than that of our NM-scFv. Besides, the authors had to use a
double concentration in siRNA (around 200 nM) to obtain a comparable
GFP silencing efficiency to that obtained with our NM-scFv (Veiseh
et al., 2010; Vinh Nguyen et al., 2020). These results demonstrate the
robustness and the high reproducibility level of our formulation in
comparison to other nanoplatforms described in the literature for siRNA
delivery in spite of their relatively weak electrostatic forces.

3.1.2. siRNA complexation capacity

One of the most challenging issues for the therapeutic applications of
siRNAs is their degradation by nucleases (Ben Djemaa et al., 2019).
Therefore, an efficient siRNA delivery system must be able to success-
fully protect siRNAs from nucleases. In a preliminary study, we
demonstarted that if siRNAs are fully complexed within our NMs, they
will be well protected from the degradation using ribonuclease A (Bru-
niaux et al., 2017). Therefore, in the current study, we first studied the
complexation capacity between our NM-scFv and siRNAs using the
electrophoresis assay.

Chitosan

G

V?.«
:*[» .

@  supcrparamagnetic Iron Oxide Nanoparticles (SPION)
~—\. Polyethylene glycol (PEGgyq)
+ Dylight®6s0
=

scFv anti-EGFR

Fig. 1. Schematic representation of NM-scFv anti-Bcl-xL formulation.
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In the case of the anti-Bcl-xL siRNA, since we planned to use the
siRNA dose at 100 nM and 2000 nM for further in vitro and in vivo studies
respectively, NMs and NMs-scFv anti-Bcl-xL were prepared at 2000 nM
for siRNA complexation tests. As shown in Fig. 2A, the gel agarose
electrophoresis was made for NMs and NMs-scFv anti-Bcl-xL. with/
without added heparin. On one hand, without heparin addition, no
fluorescent band of free siRNAs was detected for both NMs and NMs-
scFv anti-Bcl-xL. On the other hand, when heparin is added, the NMs
and NMs-scFv anti-Bcl-xL. were destabilized and free siRNAs were
liberated. As a result, fluorescent bands corresponding to liberated Bcl-
xL siRNAs at the same intensity as naked siRNAs were observed for both
NMs and NMs-scFv. All aforementioned results demonstrated that at the
siRNA dose of 2000 nM, siRNAs were successfully and completely
complexed in our NMs. In the literature, the application of cationic
polymers such as chitosan and PLR has been described to be able to
complex and protect efficiently siRNAs. For instance, Kim et al. suc-
ceeded in formulating nanoparticles via electrostatic complexation be-
tween negatively-charged hyaluronic acid and cationic poly L-arginine
(PLR) and siRNAs. Those obtained NPs were showed to be stable in
several serum concentrations and possessed a bigger size than our NM-
scFv (Kim et al., 2009).

3.1.3. Targeting and internalization assay into H460-Luc cells

To confirm the active targeting property of anti-EGFR scFv ligands
grafted on NM-scFv, cellular uptake levels of NMs and NMs-scFv anti-
Bcl-xL into EGFR-overexpressing H460-Luc cells were compared after
24 h of incubation. As shown in Fig. 2B, by monitoring the fluorescence
signal of Dylight™680 attached on the inorganic core of the nano-
vectors, a better internalization level by a factor of 1.5 (p < 0.01) was
achieved for our targeted NMs-scFv in comparison to that of non-
targeted NMs, revealing the in vitro active targeting properties of our
nanoplatforms. In our previous publication for the same kind of NM-scFv
in triple negative breast cancer cells MDA-MB-231, a similar factor of
difference was observed (Vinh Nguyen et al., 2020). This observation is
really encouraging, as this strategy has been proven potential as a mean
to develop a novel nanomedicine able to simultaneously target several
kinds of cancers.

A)

Naked NM NM-scFv
siRNA anti-Bcl-xL anti-Bcl-xL
I I I
Heparin - -+ - + - +

Electrophoretic
migration

International Journal of Pharmaceutics: X 4 (2022) 100139
3.2. Transfection efficiency of siRNA anti-Bcl-xL in NSCLC cells

3.2.1. Downregulation of Bcl-xL. mRNA in cancer cells treated with NM-
scFy anti-Bcl-xL

To determine whether anti-Bcl-xL siRNAs were successfully deliv-
ered into cancer cells and exerted their activity, a Bcl-xL gene silencing
experiment in H460-Luc cells with NMs and NMs-scFv anti-Bcl-xL was
performed. The non-targeted and targeted NMs anti-Bcl-xL were incu-
bated with H460 cells for 24 h. After 24 h of transfection, the quanti-
tative PCR (qPCR) technique was used to evaluate the gene silencing
effect performed by our NM-scFv and NM anti-Bcl-xL at the mRNA level.
To this end, the normalized relative gene expression values of Bcl-xL
gene in H460-Luc cells treated with NMs and NMs-scFv anti-Bcl-xL
were determined.

As shown in Fig. 3A, our positive control, Lipofectamine, exerted a
near perfect gene silencing effect compared to the non-treated cells.
Both NMs and NMs-scFv showed a Bcl-xL gene knockdown activity. This
result revealed that anti-Bcl-xL siRNAs loaded in either NMs or NMs-
scFv were able to cross the membrane barriers, got access to the cyto-
plasm and performed their interfering activity on the target mRNAs.
However, a greater gene silencing activity by a factor of 1.9 was ob-
tained for NMs-scFv compared to NMs (p < 0.01), which confirmed the
benefit of using anti-EGFR scFv ligands as targeting moieties. In addi-
tion, our NMs-scFv have been proven appropriate for IV administration,
whereas available commercialized transfection reagents including Lip-
ofectamine are not (Vinh Nguyen et al., 2020). Moreover, the treatment
with Lipofectamine was traumatic for the cells, as reflected by abnormal
cellular morphology visible under microscope observation after the in-
cubation, whereas such phenomenon was not observed in the case of
H460 cells treated with our NM-scFv.

3.2.2. Downregulation of Bcl-xL protein in H460 cells treated with NM-
scFy anti-Bcl-xL

At the protein level, Western blot analysis was performed at 48 h
after transfection to evaluate the transfection efficiency of our NMs.
Fig. 3B illustrates the expression of Bcl-xL protein in H460-Luc cancer
cells induced by NMs, NMs-scFv, and Lipofectamine as positive control.
A better downregulation activity by a factor of 1.7 was achieved for
NMs-scFv compared to NMs. As expected, this transfection efficiency is
lower than that of the positive control (62.8% vs 84.9%). Nevertheless,
our NM-scFv has earned its place among the most effective siRNA
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Fig. 2. A) Gel agarose electrophoresis assay to detect free anti-Bcl-xL siRNA in NM and NM-scFv with (+) or without (—) heparin. B) Dylight™680 fluorescence
signal of H460-Luc cells non-treated or treated with NM anti-Bcl-xL and NM-scFv anti-Bcl-xL after 24 h of contact. All experiments were in triplicate, and one

representative experiment is presented.



P.V. Nguyen et al.

A)

1.000
- 1.000 -
X
]
-]
"6 0.800
e
2
a
2 0.600
o
x
o 0.383
@ 0.400
2
S
&
Q
o 0.200

0.047
0.000 -

N <& g A

2 » g g

¢ N & &

(og & &
(X2 & N
Sl & &
W & D
e@

International Journal of Pharmaceutics: X 4 (2022) 100139

B) & od
> @ N
S e g &
s 5 &
& 5 ¢ g
s & s &
s & 3
§ & s s
’_;\ f_;\
Bel-xL - © S —
GAPDH s St S et Wt St
e 84.9 ™ Lipofectamine
< 800 B NM-scFv anti-Bcl-xL
= 700 62.8 7 NM anti-Bcl-xL
2 00
% 50.0 44 7
E ////
[
2 300 ///
o
E 200 /
: | 1
100
oo Ll // ///

Fig. 3. Bcl-xL mRNA (A) and Bcl-xL protein (B) expression determined by qPCR after 24 h and by Western Blot after 48 h, respectiveley in H460-Luc cells treated
with Lipofectamine™RNAimax, NM anti-Bcl-xL or NM-scFv anti-Bcl-xL. Results are the mean values + SD of three separate experiments.

nanovectors whose transfection efficiency varies from 60% to 88% (Ben
Djemaa et al., 2019). In our previous study, a transfection efficiency of
around 68% was obtained in triple negative breast cancer cell-line
(MDA-MB-231) with a model anti-GFP siRNA (Vinh Nguyen et al.,
2020). In these studies, there is a difference in the nature and localiza-
tion of the target proteins. The GFP gene is artificially introduced into
MDA-MB-231 cells and are located in the cell cytoplasm, whereas the
Bcl-xL one is mainly present on the outer membrane of mitochondria
even if it also present in the cytosol, endoplasmic reticulum and nucleus
(Popgeorgiev et al., 2018). As a result, the transfection of anti-Bcl-xL
siRNAs are theoretically much more difficult than that of GFP. For
example, by using a nanocomplex made of dendrimers functionalized
with aptamers as targeting moieties for the delivery of anti-Bcl-xL
shRNA, Ayatollahi et al. obtained a reduction of 55% in Bcl-xL expres-
sion (Ayatollahi et al., 2017). In another study of Taghavi et al. using

targeted carbon nanotubes, a gene silencing effect for Bcl-xL gene of
around 41.7% was achieved (Taghavi et al., 2016). In our case, a com-
parable gene knockdown activity was obtained with our NM-scFv for a
new kind of cancer cell-line and a therapeutic siRNA. This result high-
lights clearly the interest of our nanosystem in the delivery of different
kinds of siRNAs. Consequently, this potency may be useful to target
simultaneously different cancer-associated genes in regardless of their
localization in cancer cells.

3.3. Synergistic activity of NM-scFv anti-Bcl-xL and cisplatin

In the literature, the downregulation of the Bcl-xL protein was
proven useful when it comes to enhance chemotherapy efficiency in
various kinds of cancer including the NSCLC (Andriani et al., 2006; Lei
et al., 2007). As the inhibitory activity of our NMs-scFv anti-Bcl-xL was
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Fig. 4. Apoptosis assay using flow cytometry after staining with annexin V-FITC/propidium iodide (PI). H460 cells were treated with NM-scFv control or NM-scFv
anti-Bcl-xL with/without cisplatin. A) Cells were classified as healthy cells (Annexin V—, PI-), early apoptotic cells (Annexin V+, PI-), late apoptotic cells (Annexin
V-+, PI+), and damaged cells (Annexin V—, PI+). B) Percentage of H460 cells in early and late apoptosis among different treatment options. This experiment was in

duplicate and one representative experiment is presented.
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proven for H460 cells, their therapeutic activity, especially their syn-
ergistic activity with chemotherapeutic agents, were evaluated in the
current study. To this aim, the apoptotic and cytotoxic activity of
cisplatin (CIS), an anticancer medication normally used as the mainstay
for NSCLC treatment, was evaluated in H460-Luc cells, treated either
with the combination of our NM-scFv anti-Bcl-xL and CIS or with CIS
alone.

3.3.1. Apoptosis assay

Firstly, an apoptosis assay was carried out to determine whether our
NM-scFv anti-Bcl-xL can enhance the apoptotic activity of cisplatin
(Fig. 4). As shown in the Fig. 4, in absence of cisplatin, all negative
controls with NM-scFv anti-Bcl-x1 or NM-scFv control did not show any
impact on the H460-Luc cells' apoptosis. The cancer cells treated with
these formulations presented a negligible proportion of cells entering in
the early or in the late apoptosis (around 1%). When cisplatin was
added, at both concentrations of 2 pM or 6 uM, a remarkable increase in
the cellular population in early apoptosis and in late apoptosis was
achieved for the combination of NM-scFv anti-Bcl-xL. + cisplatin
compared to the use of cisplatin alone (an increase by a factor of 1.7 and
1.3 at 2 pM and a factor of 1.45 and 1.1 at 6 pM, respectively). In
addition, at both concentrations of cisplatin, the combination of control
NM-scFv formulated with scramble siRNA and cisplatin did not show
any impact in the percentage of cells entering in apoptosis, compared to
CIS alone. Especially, the apoptotic activity, as mainly reflected by the
percentage of cancer cells in early apoptosis, of the combination NM-
scFv anti-Bcl-xL + cisplatin at 2 pM was found to be comparable to
that of the monotherapy of cisplatin at 6 pM (11.4% vs 12.3%, respec-
tively). All these results revealed that: i) without the chemotherapy
agent, the NM-scFv anti-Bcl-xL. does not have any impact on the
apoptosis process of H460-Luc cancer cells in the present treatment
scheme, ii) there is a synergistic activity between NM-scFv anti-Bcl-xL +
cisplatin that helped to improve the apoptotic or therapeutic activity of
this anticancer agent, and iii) the addition of our NM-scFv anti-Bcl-xL in
the treatment may help to reduce the CIS dose by a factor of three and is
certainly helpful to reduce both its side effects and the emergence of
drug resistance.

3.3.2. Cellular viability test

To better confirm the synergistic activity between our NM-scFv anti-
Bcl-xL and cisplatin, a cellular viability test was carried out in H460 cells
treated with different NMs-scFv (anti-Bcl-xL or control), non-formulated
siRNA anti-Bcl-xL or NVs-scFv. As shown in Fig. 5, no cytotoxicity was
observed for H460 cells treated with these formulations, reflecting that
at the tested concentration of 100 nM in siRNA (13.3 g of iron/L), none
of these nanoparticles have an impact on the viability of this cancer cell
line. Nevertheless, the ICsq value of H460-cells treated with NMs-scFv
anti-Bcl-xL siRNA + CIS was effectively and significantly reduced in
comparison to those treated with NMs-scFv control + CIS, or CIS alone
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(0.68 £0.12puM vs 3.11 + 0.17 pM and 2.2 + 0.18 pM, respectively). In
comparison to the study of Lopez-Ayllon et al., the ICs value of CIS for
H460 cells was determined to be 1.02 pM, which is lower than that in
our study. This difference is probably due to the time dependent activity
of CIS. Indeed, Lopez-Ayllon et al. incubated CIS on the cancer cells for
72 h, whereas it was reduced to 48 h in our study (Lopez-Ayllon et al.,
2014). Besides, statistical analysis showed that the cellular viability for
the cells treated with NMs-scFv anti-Bcl-xL + CIS was significantly lower
than that corresponding to single treatment with CIS (p < 0.01) and
NMs-scFv control + CIS (p < 0.01), while no significant difference in the
survival rate was obtained between control NMs-scFv + CIS and CIS
alone (p > 0.05).

These results indicate clearly that the Bcl-xL protein downregulation
induced by our NM-scFv anti-Bcl-xL provides a synergistic effect with
CIS, in enhancing its cytotoxic activity on H460 cells. The same phe-
nomenon has been also observed in the literature, as the use of gene
therapy to down-regulate anti-apoptotic proteins such as Bcl-2 or Bel-xL
were useful to improve the therapeutic activity of different chemo-
therapeutic drugs in a broad range of tumors (Cao et al., 2007; Kim et al.,
2004). For example, in a study of Lei et al., the authors showed that the
suppression of Bcl-xL led to a greater growth inhibition of another kind
of CIS-resistant lung cancer (A549) cells that demonstrated also the
perspective of this strategy (Lei et al., 2007). In another study of Mu
et al., the combination of anti-Bcl-xL siRNAs and cisplatin resulted also
in a better anticancer activity at in vivo level than the monotherapy of
cisplatin in prostate cancer (Mu et al., 2009). Besides, the synergistic
activity of the combination between other anticancer agents such as
doxorubicin and anti-Bcl-xL interfering RNA has been also confirmed
(Ebrahimian et al., 2017). One of the most outstanding example was that
of Taghavi et al., the authors used targeted carbon nanotubes modified
with branched PEI-PEG and aptamers as a vehicle for shRNA delivery in
gastric cancer. A reduction of 58.9% in Bcl-xL expression was obtained
in cells treated with the targeted nanoparticles. Astonishingly, in com-
bination with doxorubicin, a remarkable synergistic activity was clearly
demonstrated, as reflected by a remarkable reduction in ICsg value by a
factor of 58 in cancer cells treated with the targeted NPs in comparison
to that of cells treated with free drug (Taghavi et al., 2016). In another
study of Kim et al., the authors used PEI-PEG nanoparticles functional-
ized with aptamers as active targeting for the co-delivery of anti-Bcl-xL
shRNAs and doxorubicin. Interestingly, the authors demonstrated that
ICs0 values of such targeted nanoparticles were approximately 17-fold
less than those for the mixture of shRNA delivered by lipofectamine
and free drug, highlighting the benefit of co-encapsulate anti-cancer
drugs and iRNAs within a nanosystem (Kim et al., 2010). Therefore, the
encapsulation of an anticancer agent is scheduled for the next step of the
current study that may help to better improve the anticancer activity of
our targeted NM-scFv.

Furthermore, in some kinds of tumors such as bone cancer, the in-
hibition of Bel-xL protein was shown to be more effective to enhance the
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Fig. 5. A) Viability of H460 cells treated with NM-scFv, NV-scFv and non-formulated siRNA at 100 nM in siRNA (13.3 g of iron/L); B) Viability of H460-Luc cells
treated with different concentrations of cisplatin (CIS) alone or in combination with NM-scFv anti-Bcl-xL siRNA or NM-scFv control for 48 h of incubation. Results are

the mean values + SD of three separate experiments.
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efficiency of chemotherapy than that of Bcl-2 (de Jong et al., 2018). In
lung cancer, a study of Leech et al. showed that the treatment of NSCLC
cells (A549 cells) with anti-Bcl-xL antisense oligodesoxynucleotides at
600 nM that inhibited from 70% to 90% Bcl-xL expression, had an
effective apoptotic activity. In contrast, the same treatment did not show
any effect on the apoptosis of small cells lung cancer cells (Leech et al.,
2000). These findings reveal that the Bcl-xL inhibition with siRNAs is a
specific treatment for the NSCLC. All together, these observations sug-
gest that the role of each member of the Bcl-2 family in each kind of
cancer needs to be clarified and the choice of appropriate target proteins
is a prerequisite to the treatment success. In our case, thanks to the
flexibility in the choice of siRNAs, our nanoformulation is suitable for
different kinds of siRNAs and therefore can be used to target different
(onco)proteins. In particular, a mix of different siRNAs to target simul-
taneously different (onco)proteins may be achieved with our
nanosystem.

In addition, the synergistic activity between our NM-scFv anti-Bcl-xL
and chemotherapy agents may contribute also to the fight against the
emergence of resistance by reducing the administration dose of these
anticancer agents. Indeed, several studies have revealed that the Bcl-xL
overexpression is a frequent phenomenon in cancer and strictly related
to the chemoresistance of the NSCLC (Andriani et al., 2006; Lu et al.,
2021). Consequently, a new strategy to better exploit the Bcl-xL gene
therapy was introduced in this study and might be a potential solution to
reduce the CIS dose used in clinical. Especially, in the case of patients
with severe side effects caused by CIS, a lower necessary dose can help to
improve both drug effectiveness and tolerance. For further studies, the
potential of our NM-scFv formulated with Bcl-xL siRNAs in CIS-resistant
cancer cells will be evaluated both in vitro and in vivo.

4. Conclusion

In the frame of this study, a targeted nanomedicine with anti-EGFR
scFv moieties was applied for the active delivery of anti-Bcl-xL siRNA
into NSCLC cells. The obtained results demonstrate that our NM-scFv
anti-Bcl-xL. was suitable for IV administration in terms of physico-
chemical properties, providing complete complexation with the
formulated siRNA, then delivered them actively and efficiently into their
active site. Consequently, much greater downregulation of the target
gene (Bcl-xL) was achieved in cancer cells treated with our functional-
ized NM-scFv than in those with the non-functionalized NM, which was
confirmed both at the mRNA and protein levels. Ultimately, the syner-
gistic activity of our NM-scFv anti-Bcl-xL in combination with cisplatin
was proven in vitro in NSCLC H460 cells, as reflected by an enhancement
in its apoptotic and cytotoxic activity with a significant reduction by a
factor of three in the ICsq value of the combination compared to that of
the solitary CIS treatment. Furthermore, the high level of reproducibility
of this nanoformulation and the capacity of actively targeting a broad
range of EGFR-positive cancers are proofs of its potential for in vivo and
clinical translation in an attempt to reduce the necessary dose of
chemotherapy in cancer treatment.
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