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Abstract

The recent approval of Onpattro® and COVID-19 vaccines has highlighted the value of lipid
nanoparticles (LNPs) for the delivery of genetic material. If it is known that PEGylation is crucial
to confer stealth properties to LNPs, it is also known that PEGylation is responsible for the decrease
of the cellular uptake and endosomal escape and for the production of anti-PEG antibodies inducing
accelerated blood clearance (ABC) and hypersensitivity reactions. Today, the development of PEG
alternatives is crucial. Poly(N-vinyl pyrrolidone) (PNVP) has shown promising results for
liposome decoration but has never been tested for the delivery of nucleic acids. Our aim is to
develop a series of amphiphilic PNVP compounds to replace lipids-PEG for the post-insertion of
lipoplexes dedicated to siRNA delivery. PNVP compounds with different degrees of
polymerization and hydrophobic segments, such as octadecyl and dioctadecyl and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE), were generated. Based on the physicochemical
properties and the efficiency to reduce protein corona formation, we showed that the DSPE
segment is essential for the integration into the lipoplexes. Lipoplexes post-grafted with 15%
DSPE-PNVP;3 resulted in gene silencing efficiency close to that of lipoplexes grafted with 15%
DSPE-PEG. Finally, an in vivo study in mice confirmed the stealth properties of DSPE-PNVP3
lipoplexes as well as a lower immune response ABC effect compared to DSPE-PEG lipoplexes.
Furthermore, we showed a lower immune response after the second injection with DSPE-PNVP3
lipoplexes compared to DSPE-PEG lipoplexes. All these observations suggest that DSPE-PNVP3
appears to be a promising alternative to PEG, with no toxicity, good stealth properties and lower

immunological response.



1 Introduction

The recent development of COVID-19 vaccines has shown that lipid nanoparticles (LNPs) and
gene delivery have the potential to revolutionize vaccine development. Indeed, two of the most
widely used COVID vaccines, Comirnaty® et Spikevax® are composed of mRNA complexed in a
novel ionizable lipid nanoparticle [1,2]. In addition to vaccination, the use of lipid nanovectors
such as LNPs carrying mRNA or siRNA could also help to treat difficult-to-treat diseases [3]. In
this context, the 2018 FDA approval of Onpattro® (Patisiran) highlighted the growing interest of
pharmaceutical research in gene delivery. Onpattro®, the first FDA-approved RNAi drug, is
indicated for the treatment of hereditary ATTR amyloidosis [4]. Interestingly, Onpattro® and the
LNP-COVID vaccines have a similar composition: an ionizable lipid, two auxiliary lipids and a

amphiphilic polyethylene glycol lipid (lipid-PEG) [2,5,6].

The use of lipid-PEG in LNP formulations is crucial to increase the blood circulation time and
tumor accumulation, as PEG confers stealth properties by preventing nanoparticles recognition and
uptake by the reticuloendothelial system (RES) [7-9]. PEG is thus commonly used to prevent
protein corona formation around the nanoparticles. Indeed, without PEG grafting, particles are
rapidly covered by blood proteins following intravenous injection, leading to the formation of a
protein corona. This corona is responsible for changes in physicochemical properties (such as size
increase), pharmacokinetics, biodistribution, targeting capacity and cellular uptake, complement
activation and consequently liposomes rapid clearance [10]. The adsorption of blood proteins is a
complex phenomenon that depends on many factors such as the type, size, shape and charge of the

nanoparticles but also the biological environment, pH, temperature, dynamic shear stress...[10,11].

While PEG is crucial to enhance blood circulation time, polymer grafting is also known to reduce

interactions between lipid particles and cell membranes which decreases cellular uptake and



endosomal escape, thus ultimately prevents siRNA delivery and gene silencing. This is the so-

called PEG dilemma.

Moreover, immunogenicity problems can occur with repeated administration of PEGylated
liposomes as anti-PEG IgM antibodies are produced after the first administration. The consequence
of this antibody production can be the “accelerated blood clearance (ABC)”, a phenomenon which
is responsible for the rapid clearance of PEGylated liposomes after subsequent administrations.
Finally, hypersensitivity reactions (HSRs) can also occur and induce potentially severe allergic
reactions [9,12,13]. In 2021, De Vrieze et al. reported severe allergic reactions to the COVID-19
vaccines (11.1 cases per million doses of vaccine) which is much higher than other vaccines
(approximately one case per million doses of vaccine) [14]. These immunogenic issues must
therefore be seriously considered, especially as an increasing number of healthy patients have pre-

existing anti-PEG antibodies related to frequent cosmetic use for instance [13,15].

As many treatment strategies require multiple doses, the development of PEG alternatives that do
not promote an immune response but maintain a long blood circulation time is crucial. Polymers
intended to provide protein repellence around liposome or LNP must meet certain general
requirements. They should be highly water soluble, have good biocompatibility and be easy to
synthesize. Among polymers that have been tested as an alternative to PEG [15-18], namely
poly(glycerols), poly[N-(2-hydroxypropyl) methacrylamide] (HPMA), poly(2-methyl-2-
oxazoline) (PMOX), poly(N-acryloyl morpholine) (PAcM), poly(N,N-dimethylacrylamide)
(PDMA) and poly(N-vinyl pyrrolidone) (PNVP), the latter is particularly attractive due to its
hydrophilicity, biocompatibility and wide use for biomedical applications [19-24]. A few pioneer
studies have notably lifted the veil on the potential of PN'VP for liposomes decoration [17,25-27].

Negatively charged liposomes (PC/Chol/CL phosphatidylcholine/cholesterol/cardiolipin) were



formulated in the presence of ill-defined stearyl-PNVP compounds which inhibited their
interactions with polycations and increased their stability in mouse serum [25]. Such PNVP-
modified liposomes were loaded with nystatin and amphotericin B leading to higher antifungal
activity than non-immobilized antibiotics [26]. Unloaded PNVP-decorated liposomes composed of
hydrogenated soybean phosphatidylcholine/cholesterol/1,1-dioctadecyl-3,3,3°,3’-
tetramethylindocarbocyanine perchlorate (HSPC/Chol/DiD) also showed extended circulation

times without eliciting an accelerated clearance upon repeated administration [17].

However, to our knowledge, PNVP has never been reported as an alternative to PEG for the
decoration of lipoplexes developed for the delivery of siRNAs. In this study, we aim to design a
series of amphiphilic PNVP compounds to replace lipids-PEG traditionally used for post-insertion
of lipoplexes dedicated to siRNA delivery (Figure 1). A library of well-defined PNVP derivatives
with different degrees of polymerization (DP) and various hydrophobic segments was generated.
Single and dual aliphatic chains, such as octadecyl (OD) and dioctadecyl (DiOD), as well as 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) were considered as hydrophobic groups
whereas PNVPs segments with low dispersity and specific molar masses were synthesized by

reversible addition fragmentation chain transfer (RAFT) polymerization.

The ability of the new PNVP derivatives to replace DSPE-PEG for post-insertion into siRNA-
lipoplexes  (1,2-dioleoyl-3-trimethylammonium-propane/Cholesterol/1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) (DOTAP/Chol/DOPE 1/0.75/0.5, 100 nM siRNA, N/P 2.5) was
investigated. Following polymers synthesis and characterizations, several formulations of PNVP
grafted lipoplexes have been produced and analyzed in terms of physicochemical properties, safety,

cellular uptake, immunogenicity and biodistribution in mice.
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Figure 1: Post-modification of siRNA-loaded lipoplexes with amphiphilic PNVP derivatives.

2  Materials and Methods

2.1 Synthesis of the PNVP Derivatives

The multi-step synthesis of the PNVP derivatives, namely Ethyl (Et)-PNVP, OD-PNVP, DiOD-
PNVP and DSPE-PNVP, is described in detail in the supporting information section (Schemes S1-
S4). Characteristics of the polymers are provided in Tables S1-S4. Nuclear magnetic resonance
(NMR) and size exclusion chromatography (SEC) analyses of the polymers and of their

intermediates are provided in Figures S1-S4.

2.2 Preparation of Liposome and Lipoplex Formulations

Cationic liposomes were prepared by the thin lipid film hydration method as previously described
[28-32]. Briefly, a dried lipid film was prepared with DOTAP, cholesterol and DOPE (1/0.75/0.5
molar ratio) at a final lipid concentration of 5.5 mM. The lipid film was hydrated with RNAse-free

water (ThermoFisher Scientific, Walthman, MA, USA), vortexed and directly extruded (Lipex™



Extruder, Tansferra Nanosciences Inc., Burnaby, Canada) through polycarbonate membranes (5
times on 400 nm and 10 times on 200 nm). DOTAP and DOPE were purchased from Avanti Polar

Lipids, Inc. (Alabaster, AL, USA). Cholesterol was purchased from Sigma Aldrich (Belgium).

The cationic liposomes were then complexed to anionic siRNA by spontaneous charge interaction
to form lipoplexes. Liposomes and siRNA were mixed during 30 min at a N/P ratio of 2.5. siRNA
targeted EGFP (siGFP), an irrelevant siRNA directed against non-human luciferase gene (siGL3)
and fluorescent negative control siRNA (siGL3 Cy 5 and Cy 5.5) were provided by Eurogentec®

(Eurogentec SA, Liege, Belgium). The corresponding sequences are the following: siGFP: sense

strand: 5’-GCAAGCUGACCCUGAAGUUC55-37, antisense strand: 5°-
GAACUUCAGGGUCAGCUUGC55-37; siGL3: sense strand: 5°-
CUUACGCUGAGUACUUCGAUU55-3, antisense strand: 5’-

AAUCGAAGUACUCAGCGUAAGS5-3’; siGL3 Cy5 and Cy5.5 are siGL3 chemically

conjugated with Cy5® or Cy5.5® dyes at the 5’-end of the sense strand.

Lipoplexes were then post-grafted under a stirring process by the addition of the polymers at
different molar ratios (5, 10, 15, 30 or 40 mol% compared to the total of lipid). Briefly, polymers
in RNAse-free water (1 mM) were added to preformed lipoplexes. The resulting mixture was
vortexed for 15 seconds and maintained 1 h at 37°C [30]. 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG) was purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and the amphiphilic PNVP derivatives were

synthetized as described in the section 2.1.



2.3 Physicochemical Characterizations
2.3.1 Size, PdI and Surface Charge

The size (Z-average size) (nm) and the polydispersity index (PdI) of lipoplexes were determined
by Dynamic Light Scattering (DLS) using the Malvern Zetasizer® (Nano ZS, Malvern Instrument,
UK) in RNAse-free water with a fixed angle of 90°. The zeta potential (Zp) (mV) was determined

with the same instrument. All of the experiments were done in triplicate (n=3) at 25°C.
2.3.2 Complexation Efficiency

The uncomplexed siRNA was quantified using a Quant-it™ RiboGreen® RNA assay (Invitrogen™
(ThermoFisher Scientific, Walthman, MA, USA)) according to the manufacturer’s instructions.
Samples of lipoplexes (100 nM siRNA) and siRNA calibration curves were prepared as previously
described [28]. 100 pl of RiboGreen® reagent was added to each well and fluorescence was
measured with the FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices, CA, USA).
Wavelengths of excitation and emission were 485 and 530 nm, respectively. The detected
fluorescence was calculated related to the concentration of free siRNA according to the blank and

the calibration curves. The level of complexed siRNA was then determined.
2.3.3 Membrane Interaction

QCM-D analyses of the polymer/membrane interactions were adapted from previous works
[33,34]. Gold coated sensors (Q-Sense AT-cut quartz crystals, fundamental frequency of 5 MHz)
were cleaned and functionalized by mercaptopropionic acid as reported elsewhere [33,34].
DOTAP/Chol/DOPE (1/0.75/0.5 molar ratio) liposomes were prepared as described above except
that the lipid film was rehydrated with high salt PBS buffer (20 mM PBS and 100 mM NaCl)

instead of RNAse-free water (final liposome concentration of 5.5 mM). Deposition of the



DOTAP/Chol/DOPE membrane onto the sensor was achieved following the membrane deposition
method reported by Martin et al. [33,34]. Briefly, the sensor was exposed successively to high salt
PBS buffer (20 mM PBS and 100 mM NaCl), liposome solution (0.1 mM in high salt PBS), high
salt PBS buffer to remove excess of liposomes, low salt PBS buffer (20 mM PBS and 30 mM NaCl)
to break the liposomes membranes by osmotic pressure, high salt PBS buffer to remove weakly
bound lipids. Proper deposition of the DOTAP/Chol/DOPE membrane was confirmed by a Af of
about 14 Hz. The accordingly modified sensor surface was then exposed to solutions of the

different PNVP derivatives (30 uM in high salt PBS buffer).
2.4 Protein Corona Formation

Protein corona formation was evaluated by Nanoparticle Tracking Analysis (NTA). NTA
measurements were performed using NanoSight NS300 (Malvern Instruments Ltd., UK) equipped
with a 642 nm red laser module. The protocol was inspired by Karim et al. [35]. Lipoplexes were
mixed with heat-inactivated (HI) fetal bovine serum (FBS) (Gibco (Invitrogen™, ThermoFisher
Scientific, Walthman, MA, USA)) at a 2:1 ratio (v/v) and incubated for 2 hours at 37°C under
stirring process. The FBS concentration was chosen to mimic physiological conditions. The
formation of the protein corona around the lipoplexes was assessed by measuring the evolution of
the particle mean size from time 0 to 2 hours after the addition of FBS. Samples were measured in

triplicate (n=3) at 25°C with the red laser and syringe pump speed of 40 (arbitrary unit).
2.5 Toxicity Evaluation
2.5.1 Cell Culture

Human lung adenocarcinoma cells A549 were obtained from the American Type Culture

Collection (ATCC, University Blvd, Manassas, VA, USA). A549 cells and A549 cells stably



expressing GFP (A549/GFP) were maintained in Dulbecco’s modified Eagle medium (DMEM)
(Biowest, VWR, Leuven, Belgium) supplemented with 10% FBS and 1% of PenStrep® (Gibco
(Invitrogen™, ThermoFisher Scientific, Walthman, MA, USA)) at 37°C in 5% CO,-humidified

atmosphere.
2.5.2  Cell Viability Assay

A549 cells were seeded in 96-well plates (5 x 10° cells/well). After 24 h, cells were incubated for
4 h with different concentrations of polymers (different molar ratios from 5 to 150 mol% compared
to the total of lipid used in the lipoplex formulations) or lipoplexes (naked and grafted lipoplexes)
in Opti-MEM™ (Gibco (Invitrogen™, ThermoFisher Scientific, Walthman, MA, USA)) prepared
at a concentration of 100 nM of siGL3. Then, the formulations were replaced by fresh culture
medium containing 10% (v/v) MTT (3-(4,5-Dimethylthiazol-2-yere)-2,5-Diphenyltetrazolium
Bromide) reagent (Invitrogen™ by ThermoFisher Scientific, Bleiswijk, Netherlands), for 3 h at
37°C. Non-treated cells were used as the negative control and cells treated with hydrogen peroxide
solution (H20,, Sigma-Aldrich Chimie GmbH) at 20 mM were used as positive control. The
absorbance was measured at 450 nm using MikroWin 2010 software (Labsis Laborsysteme GmbH,
Neunkirchen-Seelscheid, Germany) on a TriStar’S LB 942 multimode reader (Berthold
Technologies, Vilvoorde, Belgium). The number of viable cells is directly proportional to the

absorbance value.
2.5.3 Apoptosis Assay

A549 cells were seeded in 12-well plates (1.8 x 10° cells/well). After 24 h, cells were incubated in
Opti-MEM™ with naked lipoplexes or grafted lipoplexes prepared with siGL3 at 100 nM. After
24 h, cells were washed with PBS, harvested with Trypsin-EDTA® and collected. The staining of

cells was performed using BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit (BD

10



Biosciences, Erembodegem, Belgium) according to manufacturer’s instructions. Cells were

analyzed using CytExpert software in CytoFLEX flow cytometer (Beckman Coulter, Inc., US).

2.5.4 Invivo Acute Toxicity in Zebrafish Model

Adult zebrafish (Danio rerio) were maintained while fulfilling the criteria of the Ethical Committee
for the Use of Laboratory Animals at the University of Liege (Protocol #21-2313). Fertilized eggs
were collected, washed with E3 medium, and placed in petri dishes. Fertilized eggs were incubated
at 28°C and maintained on a 14 h day/10 h night period throughout the experiment. Embryos were
collected at 24 hours post-fertilization (hpf), their chorions were removed and the toxicity of
lipoplexes was evaluated. 10 embryos were used per condition in 12-well plates. Embryos were
treated once a day for two days and were observed daily for up to 72 hpf. Each well contained 1.5
ml of E3 medium containing 100 pl of naked lipoplexes or grafted lipoplexes (15% polymer, 1 and
10g siGL3/kg). E3 medium stock solution is composed of 34.8 g NaCl, 1.6 g KCIl, 58 g
CaCl22H20, 9.78 g MgCl-6H2O for a final volume of 2 L of H>0. The pH is adjusted to 7.2 with
NaOH. The E3 stock solution is diluted 60x before use and 100 uL of 1% methylene blue are
added. Treatment dose was replaced once daily for two days, and embryos were observed each day

until 72 hpf.

2.5.5 Hemocompatibility Assay

Hemolysis was tested based on Drabkin method. Briefly, washed red blood cells from three healthy
donors were incubated with lipoplexes for 1 h at 37°C or room temperature (RT) in the presence
of 5% COas. After centrifugation, the supernatant is collected, and hemoglobin concentration is
determined by spectrometric detection of cyanmethemoglobin at 540 nm and expressed in
percentage compared to Triton X-100 (inducing 100% of hemolysis). Platelet aggregation was

tested using a protocol previously described [36] and using a final concentration of lipoplexes of
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200 nM siRNA. Polymers were tested at 15% molar ratio of total lipids. The study protocol was in
accordance with the Declaration of Helsinki and was approved by the Medical Ethical Committee

of the Centre Hospitalier Universitaire (CHU), UCL Namur (Yvoir, Belgium).
2.6  Cell Uptake and siRNA Efficiency
2.6.1 Cellular Internalization

A549 cells were seeded in 24-well plates (1 x 10° cells/well). After 24 h, lipoplexes prepared with
100 nM of siRNA conjugated to Cy5 (siGL3 Cy5) were added to cells for 4 h. Non-treated cells
were used as negative control. After treatment, cells were washed with PBS, harvested with
Trypsin-EDTA® and re-suspended in PBS. 1x10* cells were analyzed by BD FACS Canto™ 11
flow cytometer (BD Biosciences, Franklin Lakes, USA) to measure the intracellular fluorescence

of Cys5.
2.6.2 Gene Silencing Efficiency

A549/GFP cells were seeded in 6-well plates (1.8 x 10° cells/well). After 24 h, cell culture medium
was replaced by 1 mL of Opti-MEM™ containing lipoplexes and grafted lipoplexes prepared with
100 nM of siRNA EGFP (siGFP). Lipofectamine® RNAIMAX (ThermoFisher Scientific,
Walthman, MA, USA) associated with EGFP siRNA was used as the positive control. Cells were
incubated for 4 h at 37°C and then, the formulations were replaced by fresh culture medium. After
72 h, cells were washed with PBS pH 7.4, harvested with Trypsin-EDTA® and re-suspended in 300
uL of PBS. 1 x 10* cells were analyzed by CytoFLEX flow cytometer to measure the GFP

fluorescence intensity of A549 cells.
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2.7  In vivo Evaluation
2.7.1 Animals

Female BALB/c mice aged 8 weeks (20-25 g) were purchased from Janvier Labs (Saint-Berthevin,
France). All animal experiments were evaluated and approved by the Animal and Ethics Review
Committee of the University of Liege (Protocol #21-2397). During the study, animals were housed
in a controlled climate and photoperiod (12 h light-dark cycles) and had free access to water and
food. Three groups with 8 mice/group were divided as following: (i) a control group injected with
PBS, (ii) a group injected with DSPE-PEG lipoplexes, and (iii) a group injected with DSPE-

PNVP; lipoplexes prepared at a concentration of 1 mg/kg of siGL3 Cy5.5.
2.7.2  In vivo Biodistribution and ABC Effect in Mice

The biodistribution and ABC effect were investigated after intravenous injection of 100 pl of
grafted lipoplexes (15% DSPE-PEG and DSPE-PNVP3 polymer) containing 1 mg/kg of control
siGL3 Cy5.5 at N/P 2.5 and isotonized with mannitol, once a week for two weeks. In vivo
fluorescence imagining was performed on live animals 5 h and 24 h after each injection using

Living Image® software in IVIS Spectrum In Vivo Imaging System (PerkinElmer).

One week after the second injection, mice were sacrificed, and the main organs (liver, kidney,

heart, spleen, and lung) were removed to perform ex-vivo fluorescence imaging.

2.7.3 Detection of IgG and IgM anti-PEG or anti-PNVP Antibodies and Pro-Inflammatory

Cytokines

Blood was collected from mice tails on day 7 after the first injection and by cardiac puncture on
day 14. To obtain serum, the blood was placed at RT for 30 min and then centrifuged at 1000 g at

4°C for 15 min.
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The serum collected from mice injected with PBS was used as a negative control. A direct ELISA
procedure was employed to detect PEG- or PNVP-specific IgM and IgG antibodies in the serum.
Briefly, 2 ug of DSPE-PEG or DSPE-PN VP3¢ in ethanol was added to 96-well plates. Coated plates
were allowed to completely air dry. The plates were then washed with PBS and then blocked for 1
h with PBS containing 2% BSA. Diluted serum samples (1:1000) were then added in wells,
incubated for 1 h and washed five times with PBS. Horseradish peroxidase (HRP)-conjugated
antibody diluted 1/1000 in PBS (Goat anti-mouse IgM-HRP (Invitrogen™, Camarillo, USA) or
Goat anti-mouse IgG-HRP (Cell Signaling, Leiden, The Netherlands)) were added in wells. After
45 min, wells were washed five times with PBS. The coloration was initiated by adding TMB
(Invitrogen™). After 30 min, the reaction was stopped by adding sulfuric acid 2 M. The absorbance
was measured at 450 nm using MikroWin 2010 software (Labsis Laborsysteme GmbH,
Neunkirchen-Seelscheid, Germany) on a TriStar’S LB 942 multimode reader (Berthold
Technologies, Bad Wildbad, Germany). All incubations were performed at RT using a plate shaker

(300 rpm).

IL-1B and TNF-a pro-inflammatory cytokines were analyzed in postmortem serum using
commercial ELISA kits (Mouse IL-1 beta ELISA kit and Mouse TNF-alpha ELISA Kkit;
Invitrogen™, Vienna, Austria). The dosage was performed according to manufacturer’s

procedures.
2.8  Statistics

Values were expressed as means =+ standard deviations (SD) for at least n=3. GraphPad Prism 7
was used for statistical analysis. Data were compared among groups using the one-way ANOVA

test for in vitro experiments and two-way ANOVA test for in vivo experiments, followed by the

14



Tukey’s or Dunnett’s post-test depending on the experiment. The difference between groups was

considered significant when p-value <0.05 (*), <0.01 (**), <0.001 (***) or <0.0001 (***%*),
3 Results and Discussion
3.1 Synthesis of PNVP Derivatives

To impart amphiphilicity to PNVP and allow its anchoring into the membrane of the lipoplexes,
this hydrosoluble polymer sequence was end-functionalized with different hydrophobic groups,
namely OD, DiOD and DSPE. The general synthesis strategy, shown in Figure 2, involves the
RAFT polymerization [37,38], a tool of choice for the preparation of well-defined functional

polymers of interest for biomedical applications, in particular PNVP-based materials [39,40].
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Figure 2: General strategy for the synthesis of the amphiphilic PNVP derivatives.
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Briefly, various OD-PNVP and DiOD-PNVP compounds were produced via RAFT polymerization
of NVP using octadecyl- or dioctadecyl-functional xanthates (OD-XA and DiOD-XA) as chain
transfer agents. The synthesis of the DSPE-PNVP derivatives was achieved by a two step-process
based on (i) RAFT of NVP initiated by a xanthate containing a succinimidyl carbonate (SC-XA)
and (i1) coupling of the resulting succinimidyl carbonate-PNVP (SC-PNVP) with the amino group
of DSPE. The DP of PNVP and so the molar mass of the hydrophilic part, was adjusted by the
monomer/RAFT agent ratio. Table 1 summarizes the PNVP structures prepared accordingly and
tested to decorate lipoplexes in the next sections. Synthesis and characterization of the PNVP
compounds are detailed in the SI (Schemes S1-S4, Tables S1-S4, Figures S1-S3). All polymers
were purified by repeated precipitation, prolonged dialysis in water and lyophilization. In
agreement with previous studies [41], this treatment induced the hydrolysis and removal of the
terminal xanthate as confirmed by the 'H NMR analysis (Figures S1-S3). In the case of DSPE-
PNVP;, the XA removal was achieved by treatment with lauroyl peroxide (LPO) at 80 °C in
isopropanol as reported by Destarac et al. [42,43] (Figure S4A). Proper elimination of the XA
terminal group of DSPE-PNVP;3,was confirmed by the disappearance of the xanthate characteristic

absorption peak at 290 mm in the size exclusion chromatography-UV curves (Figure S4B).
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Table 1. Characteristics of the PNVP derivatives.

Polymer Dp? My Nvr P De
(g/mol)

Et-PNVPyo 19 2100 1.14
OD-PNVPys 18 2000 1.19
OD-PNVP3; 31 3400 1.21
OD-PNVPy4 40 4400 1.32

DiOD-PNVP» 26 2900 1.21
DiOD-PNVPys 48 5300 1.21
DiOD-PNVPs3 83 9200 1.23
DSPE-PNVPy; 43 4800 1.14
DSPE-PNVP; 30 3300 1.18

2 Degree of polymerization of PNVP calculated based on the My, nur. °
M, of PNVP determined by 'H NMR. ¢ Determined by SEC DMF/LiBr

with a PS calibration.

3.2 Physicochemical Properties of Grafted Lipoplexes

The post-insertion of the amphiphilic polymers into lipoplexes was evaluated by measuring several
physicochemical properties of post-grafted lipoplexes (size, Pdl, charge (Zp) and encapsulation
efficiency) compared to naked lipoplexes (Figure 3). Et-, OD-, DiOD-, and DSPE-PNVP polymers
were added in different proportions to the lipoplexes (10, 15, 30 and 40% to total lipids (%mol)).
Et-PNVP is a polymer comprising an ethyl segment too short to confer amphiphilic properties and
consequently insert into lipoplexes. Thus, no change in the physicochemical properties of
lipoplexes is expected in the presence of the Et-PNVP. This polymer was used as a negative control

while DSPE-PEG was used as a positive control.

The Z-average size of naked-lipoplexes was around 200 nm and did not further increase

significantly with increasing amounts of the different polymers (Figure 3A). Although a trend of
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decreasing size was observed with increasing polymer concentration, especially for the DSPE-PEG
and DSPE-PNVP4; polymers. For the DSPE-PNVP4; lipoplexes (40%), the size was even
significantly reduced compared to naked lipoplexes. The size of lipoplexes was therefore slightly
affected by the addition of polymers except when large quantities of DSPE-PNVP4; were added, a

phenomenon also observed for DSPE-PEG.

The polydispersity index (PdI) of lipoplexes (below 0.1 for naked lipoplexes) increased
significantly for DSPE-PNVP lipoplexes as well as for PEGylated lipoplexes (PdI > 0.2 at 10, 15,
30 and 40% of DSPE-PNVP and DSPE-PEG polymers), reflecting a higher heterogeneity of the
dispersion after the post-insertion. OD- and DiOD-PNVP lipoplexes induced a non-significant
increase of the PdI (0.1 - 0.2 at 15, 30 and 40%). Similar results have been previously described
and attributed to their different conformations in function of quantities around the lipoplexes [30].
We showed that the Pdl of grafted lipoplexes is mainly affected by the addition of polymers
containing the hydrophobic DSPE segment (DSPE-PEG and DSPE-PNVP) which can be due to an

effective insertion within the membrane of the lipoplexes (Figure 3B).

The surface charge (Zp) of all formulations was also evaluated (Figure 3C). PEGylation is known
to reduce the surface charge of cationic liposomes [44] by masking the positive charges [30]. As
expected, except for Et-PNVP lipoplexes, a decrease of the Zp was observed for all formulations
compared to naked lipoplexes (around + 45 mV). At 40%, OD- and DiOD-PNVP lipoplexes
showed a residual positive surface charge (between +10 and +30 mV) while DSPE-PNVP
lipoplexes showed a negative Zp (around -15 mV) as observed with PEGylated lipoplexes. This
difference can be explained by the negative charge of the DSPE segment. As expected, the
treatment of lipoplexes with Et-PNVP did not change their surface charge suggesting a poor

anchoring of this polymer at the surface of the carrier. By contrast, the decrease of the surface
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charge observed for the other formulations might indicate that OD-, DiOD- and DSPE-PNVP

polymers are present on the lipoplexes surface and, at least partially, mask their surface charge.

The effect of polymer grafting on siRNA complexation efficiency was evaluated. Naked lipoplexes
showed a complexation rate higher than 90%. The complexation rate remained close to 88% for
Et-, OD- and DiOD-PNVP lipoplexes, whatever the percentage and the length of the hydrophilic
chain. This contrasts with the complexation rate observed with DSPE-PNVP and DSPE-PEG
lipoplexes for which the complexation efficiency of siRNA dropped to around 45% in the presence
of 40% of these polymers, regardless of the hydrophilic chain length (Figure 3D). Interestingly,
similar results were previously observed with PEGylated lipoplexes. Hattori et al. also observed
an increase in the free siRNA fraction for PEGylated lipoplexes [12]. The decrease in siRNA
complexation could be explained by a partial release of the encapsulated siRNA due to DSPE-
based polymers insertion into the lipoplexes. Post-treatment of the lipoplexes with Et-, OD- and
DiOD-PNVP, however, did not disturb the encapsulation of siRNA which might suggest that the
latter do not efficiently insert into lipoplexes in contrast to their DSPE counterparts. This
hypothesis was confirmed by NTA analyses showing more complex size distribution profiles when
lipoplexes were grafted with DSPE-PNVP or DSPE-PEG polymers (15%) (Figure 3G-H)
compared to naked lipoplexes or lipoplexes to which OD-PNVP polymers were added (Figure 3E-

F).

No significant impact of the hydrophilic chain length on size, Pdl, surface charge and encapsulation

efficiency was observed.
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Figure 3: Impact of lipoplex (N/P 2.5, 100 nM) post-grafting with increasing percentages (0, 10,
15, 30, 40% molar ratio of total lipids) of polymers on physicochemical properties: Z-average
diameter (nm) (A), PdI (B), Zeta Potential (Zp) (mV) (C) and siRNA complexation (%). Each
value represents the mean +/- standard deviation (SD) of three independent experiments (n=3).
Statistical analyses were performed by one-way ANOVA, followed by the Tukey’s test. (D).
Particle distribution profiles given by NTA of (E) naked lipoplexes or lipoplexes grafted with 15%
(F) OD-PNVP4, (G) DSPE-PNVP30 and (H) DSPE-PEG.

To gain insight into the interactions of the different PNVP derivatives with lipoplexes, we
monitored their binding with a model lipid bilayer via quartz crystal microbalance with dissipation
analysis (QCM-D). The liposome membrane was mimicked by a supported lipid bilayer (SLB)

consisting of DOTAP/Chol/DOPE deposited onto gold coated quartz crystals by a procedure
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adapted from literature [33,34] (Figure S5). The SLB was then exposed to a continuous flow of
polymer solutions (30 pM) and sensor frequency changes due to polymer binding were converted
into deposited masses according to the Sauerbrey equation [45,46] (Am = -C.Af/n) (Figure 4). No
frequency change was observed for Et-PNVP confirming the absence of membrane interaction in
case of PNVP compounds deprived of long aliphatic chain (Figure 4A). A sharp decrease in
frequency (Af ~ 9 Hz) was observed upon OD-PNVP addition followed by a marked increase in
frequency during the final rinse highlighting a weak anchoring of this polymer within the SLB
(Figure 4B). For DiOD-PNVP, Af only reached 2 Hz corresponding to 5 ng.cm™ but the deposited
mass density was preserved during washing (Figure 4C). Finally, a classical adsorption profile
was recorded for DSPE-PNVP with a gradual decrease in frequency until Af ~9 Hz corresponding
to 23 ng.cm™ (Figure 4D). Importantly, the deposited mass was maintained during the final rinsing
demonstrating the efficient binding of DSPE-PNVP. An increase of dissipation (AD > 0) was also
measured in line with a softer surface structure due to the presence of a hydrated PNVP layer onto
the SLB (Figure S6b). Finally, curves of the different quartz crystal overtones (from 5 to 13%)
mostly overlapped confirming the insertion of DSPE-PNVP within the SLB rather than the simple
deposition on the upper surface of the latter (Figure S6a) [34].

In summary, Et-PNVP, OD-PNVP and DiOD-PNVP showed inexistent, transient, and limited
interaction with the DOTAP/Chol/DOPE membrane, respectively, whereas efficient binding was

achieved with DSPE-PNVP.

These observations corroborated the DLS, Zp and NTA measurements, suggesting a significant
change in the structure and charges of the lipoplexes, essentially for DSPE-PNVP, and that the
grafting of polymers containing a DSPE moiety occurs in a different and more efficient manner

than those containing OD or DiOD chains.
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Figure 4: Af traces (7th harmonic) from QCM-D monitoring of the deposition of (A) Et-PNVP;9,
(B) OD-PNVP34, (C) DiOD-PNVPy and (D) DSPE-PNVP3 at a concentration of 30 pM on
DOTAP/Chol/DOPE (1/0.75/0.5 molar ratio) membranes at 25°C. The arrows designate the
polymer solution addition (arrow down) and the final rinsing with buffer (arrow up). Blue regions

correspond to buffer elution periods.

3.3 Formation of the Protein Corona

Figure SA and 5B show the increase in lipoplex mean size observed after 2 h of incubation in HI
FBS. For naked lipoplexes, the formation of a protein corona resulted in changes in the distribution
profile characterized by an increase in particle mean size (shift of the curve towards larger size)
(Figure 5A). The same observation was made for Et-, OD- and DiOD-PNVP lipoplexes. On the
contrary, DSPE-PNVP and DSPE-PEG lipoplexes showed less disturbed and more superimposed

size distribution profiles compared to the initial profile, showing that the adsorption of FBS
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proteins was strongly reduced. As explained above, the profiles of DSPE-PEG and DSPE-PNVP
lipoplexes were already disrupted at To due to the insertion of the polymers into the lipoplexes but
thereafter they were less disrupted in presence of FBS (Figure 3G-H). These observations confirm
that DSPE-PEG and DSPE-PNVP were effective in preventing protein corona formation around
the lipoplexes. Although it was difficult to confirm the maintenance of a constant particle size over
time due to the more dispersed distribution of lipoplexes containing 15% DSPE-PNVP or 15%
DSPE-PEG, it was possible to use the average particle size by monitoring individual particles
(NTA). By comparing the average size before and 2 hours after the addition of FBS, the formation
of the protein corona could be assessed (Figure 5B). For Et-, OD-, and DiOD-PNVP lipoplexes, a
similar size increase to naked lipoplexes was observed (about 100 nm), independently of the
hydrophilic chain length. Below 15% of DSPE-PNVP or DSPE-PEG, the increase in the mean size
of lipoplexes was not significantly different from that of naked lipoplexes, demonstrating
comparable adsorption of proteins around the lipoplexes. In contrast, when DSPE-PNVP and
DSPE-PEG are used at a concentration of at least 15%, the increase in average particle size is
significantly reduced compared with that of naked lipoplexes. For DSPE-PNVP polymers, a
minimum amount of 15% was necessary to effectively avoid an increase in lipoplex size and thus

avoid the formation of the protein corona as also observed with 15% DSPE-PEG.

These results confirmed the importance of the DSPE segment to efficiently insert into the

lipoplexes and consequently protect particles from the formation of the protein corona.
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Figure 5: (A) Particle size (in nm) distribution profiles obtained before and after 2 h of incubation
in heat-inactivated (HI) serum (33.33% v/v) (respectively in grey and black) using the NTA
method. (B) Increase in the lipoplex mean size after 2 h in HI FBS (measured using the NTA
method). Each value represents the mean +/- standard deviation (SD) of three independent
experiments (n=3). Statistical analyses were performed by one-way ANOVA, followed by the
Tukey’s test.
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3.4 Evaluations of Toxicity

3.4.1 Toxicity of Polymers and Post-grafted Lipoplexes in cellulo

The toxicity of polymers alone was first evaluated in cellulo using MTT assay. A549 cells were
treated with different amounts of polymers up to a molar ratio of 150. Except for OD-PNVP5 and
DiOD-PNVPyg, all polymers did not show cell mortality (> 80% of viable cells after 24 h of

treatment) and were comparable to DSPE-PEG for all tested amounts (Figure 6A).

Next, cell viability was assessed with grafted lipoplexes containing irrelevant siGL3 (Figure 6B).
A slight decrease in cell viability (=10%) was observed for cells treated with naked lipoplexes. A
significant decrease in cell viability (= 40%) was also observed with all grafted lipoplexes.
However, it is important to note that the viability remained comparable between cells treated with
DSPE-PEG lipoplexes and those treated with PNVP lipoplexes. Because MTT assay cannot
discriminate between cell death per se (cytotoxicity effect) and reduction in cell proliferation
(cytostatic effect), an apoptosis assay was next performed. A549 cells were treated with grafted
lipoplexes. No significative increase in apoptotic cell death was observed after incubation with all
formulations (Figure 6C). In addition, microscopic observations of cells showed no presence of
floating dead cells after treatment with all tested PNVP lipoplexes even after prolonged incubation
period (data not shown). These results suggest that decrease in cell viability observed by MTT
assay after treatment with PN'VP lipoplexes is likely related to reduction of cell proliferation, and

not due to an increase in apoptotic cell death.
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Figure 6: Cell viability of A549 cell line treated for 24 h with (A) polymers at various amounts
(molar ratio compared to the total of lipid, from 5 to 150) and (B) lipoplexes or grafted lipoplexes
determined using MTT cell viability assay. (p = 0.6548 for Lipoplexes; p < 0.001 for OD-PNVP;s,
OD-PNVP31, OD-PNVP4, DiOD-PNVPy, DiOD-PNVP4s, DiOD-PNVPg3, DSPE-PNVP3o,
DSPE-PNVP4; and DSPE-PEG). (C) Percentage of live cells incubated for 24 h with lipoplexes or
grafted lipoplexes measured using Annexin V-FITC/PI apoptosis assay (p = 0.3295 for Lipoplexes,
p>0.9999 for OD-PNVP3, p = 0.8389 for DIOD-PNVPs3, p > 0.9999 for DSPE-PNVP3 and p >
0.9999 for DSPE-PEG). Each value represents the mean +/- standard deviation (SD) of three
independent experiments (n=3). For MTT test, each independent experiment represents the mean
of a quadruplicate. Statistical analyses were performed using a one-way ANOVA test where each
group was compared to the group untreated cells.

26



3.4.2 Toxicity in a Zebrafish Model

We then tested the toxicity of the DSPE-PNVP lipoplexes on Zebrafish which became a widely
used model to elucidate the in vivo behavior (toxicity, biodistribution, pharmacokinetic, therapeutic
effect) of nanoparticles. The zebrafish model is currently commonly used to determine the toxicity
of a drug in the early stages of a study. Indeed, because of the transparency of the embryos, it is
possible to investigate the cause of toxicity with a cost-effective, rapid and high fidelity method.
Moreover, with about 70% of genes in common with humans, the zebrafish model can be used as
a predictive tool. Changes in organ size or shape, or impact on embryonic development will be an

indicator of biological toxicity [47-50].

After 2 doses, no specific toxicity was observed compared to the control as shown in Figure 7. The
morphology of embryos looked normal at any concentration tested: non-curved tail or body axis
deformation, no pericardial or yolk sac edema, normal embryonic development compared with the
control. Based on these results, it can be concluded that the DSPE-PNVP lipoplexes are not toxic

in these live organisms.
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Figure 7: Assessment of lipoplex (100 nM siGL3) toxicity in Zebrafish model after two
administrations at 10g siRNA/kg (72 hpf) compared with control condition. (A) Control (B) Naked
lipoplexes (C) PEGylated lipoplexes (D) DSPE-PNVP; lipoplexes(E) DSPE-PNVP4; lipoplexes.

3.4.3 Impact on Human Normal Blood Function

To plan parenteral administration, the blood biocompatibility of lipoplexes was evaluated.
Compared with the control (Triton X-100), all lipoplex formulations (OD-, DiOD-, and DSPE-
PNVP/PEG lipoplexes (15%)) did not show a significant hemolytic (Figure 8A) or platelet

aggregation effect (Figure 8B).

All these results suggest the safe use of these formulations as a PEG alternative.
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Figure 8: Hemocompatibility assays of lipoplexes and grafted lipoplexes (15% polymer),
performed at a final concentration of siGL3 of 200 nM. (A) Human RBC lysis (% of hemolysis) in
whole blood after 1 h incubation with formulations at 37°C. Triton X-100 1% is used as a positive
control. (B) Platelet aggregation induced by collagen in the presence of the different formulations.
H>O0 is used as negative control. Results are expressed as % of response, normalized to H>O. Each
value represents the mean +/- standard deviation (SD) of three independent experiments (n=3).
Statistical analyses were performed by using one-way ANOVA, followed by the Dunnett’s post-
test.
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3.5 Cell uptake and Gene Silencing

One critical step for an efficient gene silencing is the siRNA internalization and release. This step
is considered as one of the most important limitations of PEGylated lipoplexes as polymer grafting
is known to reduce interactions with cell membranes and subsequently decrease cellular uptake

and endosomal escape preventing siRNA delivery and gene silencing [51-54].

3.5.1 Cell Uptake

To evaluate the capacity of grafted lipoplexes to cross the cell membrane and gain access to
cytoplasm, the intracellular fluorescence intensity of labeled-Cy5 GL3 siRNA-lipoplexes was
measured. As shown in Figure 9A, compared to naked lipoplexes, the cell internalization of
lipoplexes was reduced by about 80% after the grafting of DSPE-PEG on their surface. This

observation is consistent with the well-known PEG dilemma [30,44,55-57]. Compared with naked
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lipoplexes, the presence of OD- and DSPE-PNVP polymers did not reduce the amount of
internalized fluorescent siRNA. For DiOD-PNVP lipoplexes, cellular penetration seemed to be
dependent on the length of the hydrophilic chain. Indeed, the intracellular fluorescence intensity
decreased with short hydrophilic chain. A lower uptake was observed when cells were treated with
lipoplexes post-inserted with DiOD-PNVP2s and DiOD-PNVP4g compared with DiOD-PNVPg;3
lipoplexes. This effect was almost comparable to the one observed for DSPE-PEG lipoplexes.
Finally, lipoplexes grafted with DSPE-PNVP3;y and DSPE-PNVP4; were able to penetrate
approximately 4 and 5-fold more efficiently than the DSPE-PEG lipoplexes, respectively. Thus,
for the majority of DSPE-PNVP lipoplexes, the cell uptake is higher than that of DSPE-PEG

lipoplexes.

3.5.2 Gene Silencing Efficiency

The next step of the proof-of-concept is to evaluate the impact of the polymer on lipoplex gene
silencing efficiency. To address this question, A549 cells stably expressing GFP were used and the
ability of naked lipoplexes and grafted lipoplexes to transfect a siRNA against GFP (siGFP) was
determined. The inhibition of the GFP fluorescence intensity is therefore an indicator of siRNA
transfection efficiency, which combines cellular entrance, delivery/release, and degradation of
target mRNA. We found that naked lipoplexes decreased the fluorescence by about 60% after 72
h. As expected, due to the PEG dilemma, PEGylated lipoplexes decreased the fluorescence less
than naked lipoplexes (about 40%). OD-PNVP derivatives with different hydrophilic chain length
did not significantly decrease the GFP fluorescence. Interestingly, DiOD- and DSPE-PNVP
lipoplexes efficiently decreased the fluorescence (decrease of fluorescence comprised between
25% and 51%) (Figure 9B). The length of the hydrophilic chain length DIOD-PNVP seems to

affect the siRNA transfection efficiency. Indeed, DiIOD-PNVP4s and DiOD-PNVPs;3 lipoplexes
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showed a significant decrease in GFP fluorescence while DiOD-PNVP2s lipoplexes did not. This
transfection efficiency seems to be correlated to the cell uptake as well. Indeed, the most
internalized formulation (DiOD-PNVPs; lipoplexes) was the most efficient to inhibit the GFP
expression in cells. At the same time, the internalization of DiOD-PN VP3¢ was the lowest of DiOD-
PNVP grafted lipoplexes. Concerning DSPE-PNVP lipoplexes, an increase in the hydrophilic chain
length tends to decrease the efficiency. Furthermore, with respect to the impact of the polymer
percentage, the best polymer concentration seems to be 15% as higher percentage seems to have a
negative effect. Our results seem to be consistent to what was observed with PEGylated liposomes.
It is known that the efficacy of PEGylation mainly depends on two factors: (i) the chain length and
(i1) the surface coverage density. PEG200 polymer is widely used because it has an appropriate
chain length. Indeed, short PEG (PEG750 or shorter) are not able to efficiently increase the liposome
blood circulation time while longer PEG (PEGsoo0 or more) have a significant negative impact on
cellular uptake and endosomal escape [58]. Moreover, higher coverage is obtained when a high
molar ratio of PEG is used (total lipid ratio) and PEG molecules can adopt a brush-like
configuration leading to a better steric barrier, but also greater prevention of gene delivery in tumor
cells [13,44]. It seems that a similar dilemma can be observed with DSPE-PNVP and DSPE-PEG,
as gene silencing appears to decrease when increasing the surface coverage density or/and chain
length increase. Lipoplexes post-grafted with 15% DSPE-PNVP3 or DSPE-PEG give similar gene
delivery efficiency. As with DSPE-PEG, the chain length and surface coverage of DSPE-PNVP3
could be a good compromise between the prevention of protein corona formation and efficient gene

delivery.
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Figure 9: Effect of PNVP derivatives on (A) Cellular uptake of lipoplexes and grafted lipoplexes
in A549 cells. Intracellular fluorescence intensity of siGL3 Cy5 was detected by flow cytometry
after 4 h of incubation. Each value represents the mean +/- standard deviation (SD) of three
independent experiments (n=3). Statistical analyses were performed using a one-way ANOVA test
where each group was compared to cells treated with naked lipoplexes (group Lipoplexes) (p =
0.1726 for OD-PNVPy3, p = 0.7360 for OD-PNVP31, p = 0.4573 for OD-PNVP4, p = 0.0026 for
DiOD-PNVPz, p = 0.0265 for DiOD-PNVPss, p = 0.5093 for DiOD-PNVPs3, p = 0.9047 for
DSPE-PNVP3, p = 0.9971 for DSPE-PNVP4; and p = 0.0020 for DSPE-PEG). (B) Gene
knockdown (MFI, %) in A549/GFP cells when transfected with lipoplexes carrying siGFP (100
nM) compared with naked lipoplexes, lipoplexes grafted with DSPE-PEG and with
Lipofectamine® RNAIMAX (black line) after 72 h of transfection (n=3). Statistical comparisons
with untreated cells were performed by one-way ANOVA, followed by the Tukey post-test.

3.6  Invivo Assay in Mice
Considering the physicochemical results, the low toxicity as well as the good internalization and
efficiency to silence target mRNA, lipoplexes grafted with 15% DSPE-PNVP3, were selected and

compared with DSPE-PEG in immunocompetent BALB/c mice.
3.6.1 Biodistribution

To study the biodistribution and the ability to induce stealth properties, DSPE-PNVP3p and DSPE-
PEG lipoplexes coupled with fluorescent siGL3 Cy5.5 were intravenously injected twice (once a
week). The fluorescence intensity of lipoplexes was monitored by in vivo imaging 5 h and 24 h
post-injection. 5 h after the first and the second injection of DSPE-PEG or DSPE-PNVP3g

lipoplexes, a significant fluorescence intensity was detected in mice injected with both
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formulations. After the second injection, the fluorescence observed 5 h later tends to be slightly
higher than that observed after the first injection. 24 h after each injection, the fluorescence
decreased, except for mice injected with DSPE-PNVP3 lipoplexes that displayed a weak but
significant fluorescent signal 24 h after the second injection (Figures 10A). The more rapid
clearance of DSPE-PEG lipoplexes is likely related to the drastic accumulation of anti-PEG
antibodies, which could form "antigen-antibody" complexes with newly administered PEGylated
nanoparticles, leading to biodistribution/pharmacokinetic changes and accelerated organism
elimination. Such important elevation of anti-PEG antibodies levels upon repeated injections of
PEGylated lipoplexes could pose a real challenge for individuals by inducing severe adverse
reactions such as hypersensitivity reactions. These results suggest that there is less ABC effect for

DSPE-PNVP3 lipoplexes.

A post-mortem investigation of the biodistribution of DSPE-PEG and DSPE-PNVP3 lipoplexes,
was performed on mice’s organs including liver, spleen, heart, lung, and kidney. The quantification
of the fluorescence intensity showed a high signal of Cy5.5 of DSPE-PEG and DSPE-PNVP3
lipoplexes in kidney. A weak fluorescence was also detected in the heart whereas the other organs
(liver, lung, and spleen) were completely negative (Figures 10B and 10C). The absence of hepatic
accumulation for both formulations suggests good stealth properties of both DSPE-PEG and DSPE-
PNVP lipoplex formulations, which do not seem to be cleared by the MPS (mononuclear phagocyte
system). However, both lipoplex formulations were found to be mainly trapped in the kidney
suggesting nanoparticles-kidney interactions and renal clearance. The abilities of DSPE-PEG and
DSPE-PNVP3 lipoplexes to either fully experience renal clearance or accumulate in certain parts
of the kidney probably rely on a combination of various physicochemical characteristics such as

their diameters, surface charge, structural properties, morphology.
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3.6.2 Immune response: assessment of IgM and IgG production and proinflammatory cytokines

Natural or synthetic nanoparticles, depending on their characteristics and compositions, can
interact with the immune system and therefore may modulate immune system function. Soluble
mediators, such as antibodies (e.g. IgG, IgE, IgM) and cytokines, are often measured to predict
immunomodulatory effects of nanomaterials and the possibility of inflammation-mediated toxicity

[59].

IgM are mainly produced in the early phase after the first exposure to an antigen and are rapidly
replaced by IgG, which represents a later-stage response and ensures long-term humoral response.
To assess the presence of anti-polymers (anti-PEG and anti-PNVP) antibodies and give an
overview of their time evolution after repeated administrations, we measured IgG and IgM levels
7 days post first and second dose injection using ELISA assay. Figure 10D shows the serum levels
of anti-PEG IgG and anti-PEG IgM antibodies, seven days after each dose, compared with PBS
injection used as a control. We observed the production of anti-PEG IgM after the first injection,
confirming that the first administration of PEG-NPs stimulates responses by host immune systems.
This level of anti-PEG IgM further increased after the second administration, with around 3-fold
induction compared to the first injection. DSPE-PEG lipoplexes also induce production of anti-
PEG IgG, which is also further increased after the second injection. The enhancement and longer
lasting time of both anti-PEG IgM and IgG upon the second injection implies that an immune

memory likely occurs.

Regarding anti-PNVP antibodies, we observed the accumulation of both anti-PNVP3¢ IgM and IgG
after the first injection of DSPE-PNVP3¢ lipoplexes. More importantly, no increase of circulating
anti-PNVP3o IgM and IgG was observed after the second administration. The level of IgM and IgG

against DSPE-PNVP3p was even slightly decreased compared with the first injection. This time
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course analysis of anti-PNVP IgG and anti-PNVP IgM demonstrated that no significant booster
effect was observed after repeated administrations. Compared to DPSE-PEG, PNVP-grafted
lipoplexes fail to generate boostable immune memory responses. These results therefore suggest

that PNVP exhibit less potent immunogenicity than do PEG.

As stated above, studies have reported that nanoparticles can trigger cytokines production, which
is associated with inflammatory responses. The levels of proinflammatory cytokines are often
measured as biomarkers of nanoparticle immunomodulatory effects and immune-mediated toxicity
[59]. Therefore, we investigated the effect of DSPE-PEG or DSPE-PNVP3y on the systemic
production of two most common pro-inflammatory cytokines (TNFa, IL-1p) after the two rounds
of intravenous injection. As shown in Figures 10F and 10G, no increase in the level of IL-1 and
TNF-a was detected in the serum of mice injected with DSPE-PEG lipoplexes or DSPE-PNVP3
lipoplexes compared to the PBS control group. This result indicates that the intravenous
administration of these grafted lipoplexes did not induce systemic inflammation-related responses
in vivo. In accordance with the lack of toxicity in vitro, on human blood and in in vivo zebrafish

model, these results demonstrated the safety of DSPE-PNVP3¢ lipoplexes for in vivo applications.

Based on these results, PNVP-modified liposomes or lipoplexes could be proposed for the chronic
administration of various active molecules, including siRNAs. Since DSPE-PNVP3, grafted
nanoparticles exhibited a weaker immune response in vivo compared to PEGylated lipoplexes, we
can assume that the ABC effect could be minimized. This would allow lipoplexes to have an
extended circulation time and accumulate more effectively at the target site, which is particularly
crucial in the context of tumor accumulation. In addition, we were able to show that the use of 15%
DSPE-PNVP prevented the nanoparticles from interacting with plasma proteins, thus avoiding the

formation of the protein corona. This effect should guarantee stealth properties identical to those
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observed with DSPE-PEG grafted nanoparticles, which will further increase the elimination half-
life and therefore guarantee a long-term pharmacokinetics. This approach opens up promising
perspectives for more effective therapies in the treatment of challenging diseases like cancer. As
another reported limitation associated with the use of PEG is the risk of severe immune reactions,
replacing the PEG polymer with PNVP derivatives, which offer similar benefits but have lower
immunogenicity, could contribute to safer treatments or vaccinations [60]. The increasing number
of patients with anti-PEG antibodies who have been previously exposed to PEGylated products

(such as cosmetics, food and pharmaceuticals) underlines the importance of this approach.
4 Conclusion

A library of PNVP compounds with tunable hydrophilic and hydrophobic segments was generated
with the goal to propose PEG alternatives for post-insertion modification of lipoplexes dedicated
to efficient siRNA delivery associated with good stealth properties and less immune response.
Amphiphilic polymers based on PNVP and single (OD) or dual aliphatic chains (DiOD), as well

as DSPE as hydrophobic groups were synthesized.

Based on physicochemical properties and the efficiency in reducing protein corona formation, we
observed that the DSPE segment is essential for the integration into the lipoplex structure by post-
insertion. A similar gene silencing efficiency was observed for DSPE-PNVP;¢ and for DSPE-PEG
lipoplexes, confirming the famous PEG dilemma and that this dilemma also exists for DSPE-

PNVP.
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Figure 10: (A) Biodistribution of DSPE-PEG and DSPE-PNVP3 lipoplexes detected using in vivo
imaging. /n vivo fluorescence intensity was measured after 5 h and 24 h of the first and the second
intravenous injection (p < 0.0001 for DSPE-PEG and DSPE-PNVP3 after 5 h of the 1%t and the 2™
injection, p = 0.6717 for DSPE-PEG and p = 0.5491 for DSPE-PNVP; after 24 h of the 1
injection, p = 0.0785 for DSPE-PEG and p = 0.002 for DSPE-PNVP3 after 24 h of the 2™
injection). The body accumulation of DSPE-PEG and DSPE-PNVP; lipoplexes prepared with
siRNA GL3 Cy5.5 was detected by (B) measuring the fluorescence intensity (p < 0.0001 for DSPE-
PEG and DSPE-PNVP3 in kidney and heart, p = 0.0903 for DSPE-PEG in liver, p = 0.1124 for
DSPE-PNVP3 in liver, p = 0.4593 for DSPE-PEG in lung , p = 0.5631 for DSPE-PNVP3 in lung,
p = 0.659 for DSPE-PEG in spleen and p = 0.7824 for DSPE-PNVP3 in spleen) using (C) ex-vivo
fluorescence imaging in kidney, heart, liver, lung and spleen. The evolution of IgM and IgG
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production in mice was detected using ELISA assay one week after the first and the second
injection of (D) DSPE-PEG lipoplexes and (E) DSPE-PNVP3q lipoplexes. Results were compared
to a negative control group injected with PBS. /n vivo toxicity of DSPE-PEG and DSPE-PNVP3
lipoplexes was evaluated by detecting pro-inflammatory cytokines (F) IL-18 (p = 0.6105 for
DSPE-PEG and p= 0.9842 for DSPE-PNVP30) and (G) TNF-a (p = 0.6735 for DSPE-PEG and p
= 0.3315 for DSPE-PNVP30). Each value represents the mean +/- standard deviation (SD) of at
least 7 mice (n = 7 or 8). For ELISA assay, the result of each mouse represents the mean of a
duplicate. Statistical analyses were performed by two-way ANOVA test. In Figures A, B, F and G,
results of the DSPE-PEG and DSPE-PNVP3 groups were compared to that of the PBS group.

In vivo experiments in mice showed the absence of liver accumulation for both DSPE-PEG and
DSPE-PNVP lipoplexes. A slight but significant extended circulation time was observed for the
DSPE-PNVP lipoplexes 24 h after the second injection. The results demonstrated that DSPE-PNVP
does not stimulate the production of IgM/IgG following repeated administration, suggesting a less
potent immunogenicity than do PEG. The coating of the surface of the lipoplexes with PNVP likely
avoids recognition by the immune cells, impairs the ABC phenomenon and subsequently prolong
the blood circulation time of these lipoplexes. Furthermore, no systemic pro-inflammatory
response was observed for these PNVP-grafted lipoplexes as evidenced by unaltered level of

proinflammatory cytokines compared to control conditions.

For the first time, this study presents an innovative approach to replace lipid-PEG with an
alternative based on lipid-PNVP, a non-toxic and biocompatible polymer. Our study demonstrated
the potential biological impact of PNVP polymers for post-insertion modification of lipoplexes.
DSPE-PNVP3o displays good stealth properties, less immunological response and no
immunotoxicity. With excellent in vitro and in vivo behaviors, DSPE-PNVP polymers could
therefore be proposed as interesting alternatives to DSPE-PEG for the delivery of siRNA lipoplexes

or other lipid nanoparticles. This study, which involved a complete screening of different lipid-

38



PNVPs to select the best formulation for in vivo studies, offers promising prospects for the delivery

of siRNA and other active molecules, and will require further in vivo evaluation.
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