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Le développement de vecteurs de livraison non viraux a des fins thérapeutiqueS &flplBTDP SO H X U
dans les derniéeres années. Le chitessst un polymeére cationique naturel ayant la capacité de
IRUPHU GHVY QDQRSDUWLFXOHV ORUVTX{LO HVW PpODQJp j GI
ARN interférents (pARNI). Les efforts pour identifier les parametres moléculaires favorisant une
bioactLYLWp RSWLPDOH QfRQW SDV pWp FRQFOXDQWY HQ UDLVR
GITXQLIRUPLWp GHV SURWRFROHV GH WUDQVIHFWLRQ GH O
différences au niveau des sources de chitosane utilisé. Cette giésntreprise afin de répondre

aux objectifs suivantsl) 7THVWHU HW YDOLGHU OfHIILFDFLWp GH W
SUpPFPGHPPHQW LGHQWLILpHV FRPPH NR@BashidgDeRHExaBiReX U OD O
OTLQIOXHQFH GHV S DU DyReg \deUddacetllgrion YLOA) tpTrixadse m@qeulaire

(Mn) et le ratio N:P) et extrinséques (sérum, pH, force ionique et conditions de mélange) sur les
FDUDFWpPULVWLTXHYV SK\VLFRFKLPLTXHV GHV SDUWLFXOHV O
de sSOHQoDJH OD WR[LFLWp PpWDEROLTXH OD JpQRWRI[LFLW,
chimiothéque de chitosanes hautement caractérisgsSétectionner des formulations ayant des
caractéristiques optimales relatives a la taille, le potentiel 2. QW pJULWp GHV QDQRSI
capacité de ces dernieres a induire un silencage spécifique du géne en question tout en étant
sécuritaire, ett) Caractériser la biodistribution des nanoparticulessliexicités et leus potentiel

de silencage génigusuite a des injections intraveineuses chez la souris.

8QH pWXGH LQLWLDOH D GpPRQWUp TXH OH FKLWRVDQH LQW
cellules transfectéem vitro. Une méthode enzymatique simple et peu colteuse a permis de

U p F X S pRNHtal® ffour des applications moléculaires tel que la PCR en temps réel. De plus,
cette étude a permis de réduire le biais (-130%) associé aux nanoparticulels@abées a la
VXUIDFH GHV FHOOXOHY ORUV GH PHVXUHaerGIXx.QLYHDX GTLQ\
En outre, la digestion enzymatique du chitosane pourrait étre effectuée en présence de guanidium,
XQ DIJHQW FKDRWURSLTXH SUpPpVHQW GDQV OH WDPSRQ GH O\\
de cette méthode. Avec la résolution de @kstacle technique, nous avons sélectionné des
formulations ayant démontré, auparavant, une efficacité de transfection élevée pour la livraison
GY%$'1l SODVPLGLTXH &HV IRUPXODWLRQV RQW pWp FDUDFWpU
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surfaciqe (potentiel zétg) leur capacité de protéger les pARNi contre les nucléases et leur
efficacité a transfecter, de fagon non toxique, différentes lignées cellulaires.
Les nanoparticules ainsi formées étaient sphériques et leur taille variait entre 40nat. 1ID@
plus, les résultats ont démontré que la protection contre les nucléases dépendait de la masse
moléculaire et du ratio N:P. Par ailleurs, une haute efficacité (~80%) de silencage génique, en
présence de sérum (10%), a pu étre atteinte dans plugjeées cellulaires. Pour la premiére fois,
des nanoparticules avaient pu étre obtenues a un faible ratio N:Pamtaainsiune différence
frappante avec la littérature. Nos résultats ont pu démontrer la cause de ce bais favorisant la

sélection de nanopticules a haut ratio NP testée dans la littérature.

'DQV OD SHUVSHFWLYH GH FRPSUHQGUH OYLQIOXHQFH GX GH
moléculaire (Mn) du chitosane ainsi que du ratio3l VXU OfHIILFDFLWyptrGl WUDQV
toxiciWp OD JpQRWRI[LFLWp OfKpPRFRiR SibWheEhididathéquettW OD EL
chitosans hautement caractérisés a été produite a de diffei2At§98%, 92%, 80% et 72%) et

Mn (5, 10, 40, 80 et 120 kDa) et mélangée alexspARNI a des ratiod :P de 51 et 30:1. Les
nanoparticules, ainsi formées, ont été caractérisées posartddias et potentiel surfacique en
présencede 10 et 150 MM de dLHIILFDFLWp GTHQFDSVXODWLRQ éé( HW Gl
apH 6.5 et 8 (EE) et a pH 6eb 7.4 respectivementes formulations les plus performantes ont

pWp VPOHFWLRQQpPpHY SRXU XQH FDUDFW pvwhleMD tioRI® sBrO XV SR
OfLQWHUQDOLVDWLRQ GHV QDQRSDUWLFXOHV OYDFWLYLWp
de transfectiom vitro HQ SUpVHQFH GH VpUXP /fKpPRFRRS/DMWHHELOLWDPp
également été examinées pdifférents Mn, ratios NP et doses. Nos résultats ont démontré que
OfLQWHUQDOLVDWLRQ GHVY QDQRSDUWLFXOHV HW OfHIILFDF
OYDXJPHQWDWLRQ GX SRWHQWLHO VXUIDFLTXH REWHQX HQ
minimale de~60-70 monomeregMn ~10 kDa) était requise pour garantir une stabilité et un
VLOHQoDJH HQ SUpVHQFH RX DEVHQFH GH VpUXP [/YHIILFDF
équivalents (~ 8®0%) a ceux du controle positif (DharmaFE Fans toxité métabolique ou
génotoxicité démontrant ainsi la supériorité de notre systéme comparativement aux lipides
FDWLRQLTXHYV TXL RQW GLPLQXp OYDFWLYLWpPp PpWDEROLTXHE
croissante de sérum a négativement influenceé lafeatmonin vitro. Nos résultats indiquent que
OfLQIOXHQFH QpJDWLYH GX VpUXP HVW LQYHUVHPHQW SURSTH
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MnetduratoN 3 /fKpPRFRPSDWLELOLWpPp VIHVW UpYpOpH rWUH Gr¢g
la masse moléculdiH VXJJpUDQW DLQVL OYXWLOLVDWLRQ GYDFLGH
anioniqueetE LRFRPSDWLEOH SRXU GLPLQXHU OYLQWHUDFWLRQ D*
la stabilité colloidale.
Les études de toxiciié vivoont démontré que les nanopauties de chitosane formulées a N:P 5
SRXUUDLHQW rWUH WR O pRBmdikg sMRXA, Takdig g¥eQcdlleS R¥AthesSdd HA
DPpOLRUHQW OD WROpPUDELOLWpP SDU XQ IDFWHXU GYDX PRLC
Contrairement aux nanopatrticules lipidiques, les nanoparticulesRvecVDQV UHYrWHPHQW
HQWUDVQp OfH[SUHYViH&naBires FEMWWER N LLBHMNWRS ,URN- et KC) ni
OfDXIJPHQWDWLRQ GH ELRPDUTXHXUV VpURORJLTXHV WHOV -
créatinine. Une diminution des thrombtey a été uniqguement observée avec les formulations
lipidiques soulignant ainsi des différences majeures avec le chitosane.
/ITDQDO\WVH KLVWRSD WKI& diRit)Jde$ MassesHMpateldd Yoxfirmés le profil
GILOQQRFXLWp REVNDYOMH DMWWXOGHHFEGHWEHR.RGLVWULEXWLRQ FK
accumulation spécifique de nanoparticules dans les tubules épithéliaux proximaux du rein ou 40
50% de silencage a été observé, suggérant ainsi des applications potentielles du systéme au niveau

des maladies rénales.
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Research to develop safe and efficient-nmal gene delivery vectors for clinical applicatidmess
gainedmomentum in recent years. Chitosan is a natural cationic polymer witlaracteristic
property of seHassemblywith small interfering RNA (siRNA) to form nanoparticles with high

vitro and in vivo transfection efficiencies. Previousfforts to identify molecular parameters
favoring optimal bioactivity failed to produce conclusive results because of experimental
discrepancies, lack of uniformity in transfection protocols, differences in chitosan sources, and
poor characterization. In the light of these lacufideproject presented in this thesis was carried
out with the followingobjectivesl) Test and validatéhe transfection efficiency of formulations,
previously identified as optimal for plasmid DN2), Investigate the effect of intrinsic (DDA, Mn

and N:P ratio) and extrinsic parameters (serum, pH, ionic strength and mixing conditions) on
nanoparticle physicahemical characteristics,in vitro cell uptake, knockdown efficiency,
metabolic toxicity, genotoxicity and hemocompatibility using a library of precisely characterized
chitosans, an@®) Identify formulations with optimal characteristics with respect te,ssrface
charge, integrity, knockdown, toxicity followed by theharacterizationof their in vivo
biodistribution toxicity and gene knockdown potential following intravenous administration.

An initial study demonstrated that chitosan interferes withron based extractions of total RNA
from low cell numbers. The digestion of chitosan using a relatively simple and inexpensive
enzymatic method permitted total recoveryhogh-quality RNA. In addition, surface bound
chitosan was shown to bias flow cytomyetdata, evaluating nanoparticle uptake through
fluorescentlylabeled siRNA. Treatment of cells using the chitosanase method reduced false
positive events by around 4IB6%. Surprisingly, enzymatic digestion could be performed in
guanidium, a chaotropic age containing lysis buffer demonstrating the convenience of the
method and allowing for the extracted RNA to be used in quantitative PCR experiment. With the
technical hurdle solved, specific formulations based on designs parameters for plasmid DNA were
characterized for their size, shape, surface charge, nuclease protection and ability to transfect
different cell lines and produce ntoxic target specific knockdown. In contrast to plasmid DNA,
nanoparticles formed with siRNA were all spherical, and thieg ranged from 4Q00 nm. For

the first time, nanoparticles could be obtained at low N:P ratio in striking difference with the

literature. Nuclease protection was found to be molecular weight dependent, and gene silencing in
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the presence of 10 % serumached around 80%. This study demonstrated that nanoparticles

formulated at low N:P ratiereable to form stable nanoparticles and induce target knockdown.

In an attempt to understand the influence of chitosan molecular weight and degree of deacetylatio
on in vitro transfection efficiency, toxicity, genotoxicity, hemocompatibility aimd vivo
biodistribution a library of precisely characterized chitosans was produced at different DDAs
(98%, 92%, 80% and 72%) and Mn (5, 10, 40, 80 and 120 kDa). Theythegr mixed with SIRNA

at N:P ratios of 5:1 and 30:1, and nanoparticles were characterized for their size and surface charge
in the presence of 10 and 150 mM salt. Encapsuldt@) and transfection efficienciegere
characterized at pH 6.5 and 8 for EE and pH 6.5 and 7.i fatro transfection. Formulations
were selected for further characterization of the influence of Mn and N:P ratio on nanoparticle
uptake, metabolic activity, genotoxicity, aimd vitro transfection in the presence of increasing
concentrations of serum. Hemocompatibility amdivo biodistribution were also investigated for
severaMn, N:Pratio,anddose Nanoparticle uptake and gene silencing correlated positively with
increased surfaceharge, which in turn was obtained at high DDA and high Mn. A minimum
polymer length of ~6d0 monomers, or Mn of ~10kDa, was required for stability iandtro
knockdown in the presence or absence of sehuwitro knockdown reached levels equivalent to

the DharmaFECT (~ 80-90%) with no metabolic toxicity or genotoxicity, the former in contrast

to the lipidbased control which severely impaired metabolic acti8grumhadnegative dose
dependent effectsn biological performance, which correlated irsady with increased DDA, Mn

and N:P. The poorin vitro performance above 50% serum concentration is believed to be
multifactorial incause and could not be elucidatBespite the negative effect of serumiritro
transfection efficiency, several repphave demonstraté@avivoefficacy. Hemocompatibility was
found to bedosedependenand increased with both Mn and DDA prompting the use of hyaluronic
acid (HA), a biocompatible and negatively charged polymer, to coat nanopatrticles for limited blood
interaction and improved colloidal stability. Single ascending dose toxicity studies showed that
uncoatedchitosarformulatedat N:P 5 could be tolerated up to 2.5mg/kg siRNA dose, with
nanoparticle coating impwing tolerability by at least folds. In contast to commercially
available, andiver-restrictedlipid nanoparticles (LNPs), both uncoated and-ebated did not
inducepro-inflammatorycytokines such as. L -6, TNF . IFN- and KC, nor had obvious
effects on theliver (ALT, AST, ALP) and kidng (BUN, Creatinine) biomarkers.

Thrombocytopenia was only observed with the LNPs formulated with a native siRNA sequence
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confirming previous reports and highlighting differences with chitoBapeated administration

and histopathological analysis confirdhéhe safety profile of chitosamersusLNPs. In vivo
biodistribution in mice showed accumulation of nanoparticles in the proximal epithelial tubules of
the kidney, where 480% functional knockdown wagbservedand confirmed using multiple

techniques, sugesting potential applications in kidney diseases.
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Table S 62 Efficiency of the primeiprobe pairs used in this study. Reference gene specific primer
probe pairs were tested for their amplification efficiency on complementary DNA (cDNA)
prepared from total RNA extracted from aseated EGFPH1299 cells. In order to validate
that chitosan treatment does not affect reaction efficiency, ppnode paldV VSHFLILF WR
and RPL13A were also tested on cDNA prepared from total RNA extracted from cells treated
(transfected) with 920-30. Formulations were designated [DDA{h (kDa)-N:P ratio].

High N:P was chosen to ensure maximum potential contamiraftiotal RNA with chitosan.
Data show that almost all primprobe pairs passed, except for ACTB, and that chitosan does

not affect amplification effiCieNCY............oooriiiiiiii e 142
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Figure 21. Mechanism of RNA interference induced the siRNA (left side) and the miRNA (right
side) pathways. Adapted from [8]. Copyright 2017, with Nature Publishing Group permission.

Figure 22: The different categories of effirget effects observed with small interfering RNAs.
The cartoon depicts the darget, or the intended effe@eft), the offtarget, or miRNAlike
of - WDUJHW VLOHQFLQJ RFFXUULQJ DIWHU VL51% UHFRJQL
sequences in the transcriptome (middle) and the immune stimulatidargdt effect of
siRNA and/or delivery material used i.e.itlpnanopatrticle (right). Note: other etffirget

effects such as RISC saturation are not depicted in this cartoon. Image adapted from [5].

Figure 23: Different chemical modification used in siRNA design. RNA, ribonucleic acid; PS,
phosphothioate, PS2, phosphodithioate; EA,-arflinoethyl; DNA, deoxyribonucleic acid;
20 -F, 20 -fluoro; 20-OMe 20-O-methyl; 2 0-MOE, 20-O-methoxyethyl; FANA, 20 -
deoxy20 -fluoro- -d-arabinonucleic acid; HM, 46C-hydroxymethyiDNA; LNA, locked
nucleic acid; carboxylic LNA 2 0 ,4@arbocycliecLNA-locked nucleic acid; OXE, oxetane
LNA; UNA, unlocked nucleic acid; 465, 40-thioribonucleis acid; fSRNA, 2 0-deoxy20
-fluoro-40 -thioribonucleic acid; MESRNA, 2 0-O-Me-40 -thioribonucleic acid; 40S-F-
ANA, 20 -fluoro-40 -thioarabinonucleic acid; ANA, altritol nucleic acid; HNA, hexitol
nucldac acid; B, base. Adapted from [106]. Copyright 2017, with permission from Frontiers.

Figure 24: Different architectures ofRNA used in the literature. The canonicatlsiRNA is
the most popular siRNA design and continue to be used in most of the studiesuUDiteate
SsiRNAs such as 2@t siRNA, shRNA, preniRNA mimics, or fork siRNA have been
associated with enhancedtpocy. Asymmetrical siRNAs (aiRNA), asymmetric shorter
duplex siRNA (asiRNA), bulgsiRNAs and sisiRNA were shown to improve silencing
specificity and when associated with lipophilic conjugates becomeelglering. Bluntend
SiRNA are reported to be m®nuclease resistant but can be recognized by PRK and RIG
Singlestranded siRNAs (ssiRNAs) and 16 nt are functional but may require higher siRNA

concentrations. Dumbbedhaped circular siRNAs may have longer silencing duration.
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Passenger strands ateown in black and guide strands in red. Adapted from [106]. Copyright
2017, with permission from FrONTIEIS........uu. e eeecereer e 19

Figure 25 Molecuhbr structure and local arrangement of nucleic acid in lipid nanoparticles. A)
Schematic of the local arrangement of the nucleic acid between the lipid bilayers of
multilamellar (MLV) lipid nanoparticles. B) Cry®EM images of fusion of
DOTAP/Cholesterol (1) liposomes induced by the addition of oligonucleotides. Black
arrows indicate membrane junctions and white arrows indicate a paired membrane. Scale bar:
50 nm. C) Schematic model of MLV liposome or lipoplex formation. Adapted fi38].
Copyright,2017, Elsevier With PermMiSSION. ........uuuuiiiiieiiiiii et 22

Figure 26: Structure of the major siRNA delivery systems. A) First generation lipid nareearti
(LNP) used in prelinical and clinical settings [12, 121]. This type of LNPs is composed of
a mixture of helper lipids i.e. DSPC (yellow), cholesterol (orange), the ionizable lipid
DLIinDMA and PEGC-DMA. b) Cyclodextrirbased polymer nanoparticle (CPEDPs are
synthesized through polymerization of diaminated cyclodextrin (dark green) yielding an
oligomer with diamine groups (blue). The polymer is-eagped with imidazole to improve
endosomal escape. Adamantan (AD), a hydrophobic molecule is usatjugate both PEG
and targeting ligands. AD incorporate into the cyclic core of the cyclodextrin. c¢) First
generation dynamic polyconjugate composed of PBAVE, GalNAc, PEG and the siRNA. d)
Trivalent GalNAs siRNA conjugate. The metabolically stabilized\g\Rs conjugated at the

e WHUPLQXV RI WKH SDVVHQJHU VWUDQG WR WKUHH *DO1¢
molecule. GalNAc mediates hepatocyte entry through recépsed recognition and
subsequent endocytosis. Adapted from [59]. Copyright 2Ra#yre Publishing Group with

LT 41751 o] o PSSR 23

Figure 27: Chemical structure of chitosan (A and D units represeatéytD-glucasamine and
D-JOXFRVDPLQH UHVSHFWLYHO\ $GDSWHG IURP > @ &RS\

Figure 28: Spontaneousassembly of a chitosamucleic acid polyelectrolyte complex, or
nanoparticle through electrostatic interactions. The nucleic acid depicted in this figure is a
circular supercoiled plasmid DNA with a negatively charged phosphate backbone (blue) and

the polymer is positively charged (red). The ball of wool or scrambled egg like structure has
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pKa above the pKa of free polymer (pKa ~6.5). Adapted from [209]. Copyright 2017, with
American Chemical SOCIetY PEIMISSION.........ciiiiiiiiiiiii e 40

Figure 29: Different typeof endocytosis. Image adapted from [227]. Copyright 2017, Dove Press
WITN PEIMISSION.. ..ot e e e e e e e emrn s e e e e e e e e e e e e eeeeesamnnraeeeeeeaeeeeees 46

Figure 210 Schematic illustration of éhuptake pathway and mechanism of endosomal release of
cationic lipid nanoparticles. The schematic considers a reegplependent mechanism of
uptake. The same principle is believed to occur for ionizable lipid nanoparticles following
PEG hydrolysis andbnization in the acidic environment of the endosome lumen. Adapted

[136], Copyright 2017, Elsevier with permiSSiOn.............ooouiiieiiiiimmr e a7

Figure 41. FACS analysis of chitosan/DRWPODN polyplexes uptake in HepG2 cell line. Uptake
R 1 -6fAM labeled DPAVODN in chitosanase treated and untreated cells 24 hours post

WUDQVIHFWLRQ D 7UDQVIHFWLRQ HIILFLHQFRD.ZDBL FDOFXC

Figure 42. Confocal imaging of polyplexes uptakéonfocal microscopy images of HepG2 live
cells 24 h post transfection with ittsan/DPPIV opn polyplexes (N/P=5). Chitosan 9D
(DDA, MW) was labeled with Rhodamine (red), the DRRpn with 6FAM at the

fHIWUHPLW\ JUHHQ DQG WKH FHOO PHPEUDQHV ZHUH V!

(blue). Membrane staining was performedifferentiate between internalized and membrane

[oTo 10T To [ o T0] )Y o (== S 61

Figure 43: Effect of Streptomyces griseushitosanase on yield and integrity of total RNA
extraction. Total RNA extraction was performed on HepG2 cellsfaeatesl with 10 pmol
and 50 pmol of nanoparticles siRNA/chitosan at 3 different N/P ratios indicated by the
formulation code 920-5, 9210-10 or 9210-20 (DDA, MW, N/P). Chitosanase was
resuspended in DMEM pH 6.5 and directly applied to cells at a fimratecdration of

P8 J RI FKLWRVDQ 7RWDO 51% ZDV H[WUDFWHG IURP FK
RU ZLWKRXW FKLWRVDQDVH 7KH GLITHUHQW H[WUDFWLRQ

transfected cells and ndransfected (NT) cells. (nt) = nedtide, L= standard ladder, the
green band is a lower marker, which allows sample alignment and permits comparison for
RIN calculation. RIN= RNA integrity number, is an algorithm based numbering system that
calculate RNA integrity with 10 being the mostaat and 1 being fully degraded......... 62
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Figure 44:. Polyacrylamide gel electrophoresis of chitosan/INPgbn polyplexes bearing
different DDAs and N/P ratios, treated with or without Streptomyces griseus chitosanase. a)
chitosan migration b) ODN migration. Lane 1 to 4 corresponds to chitosafXRiBR
directly incubated with chitosanase during 60 minutes at 37°C. Chitosan digestianthlow
ODN release. Lane 5 to 8 corresponds to chitosarlVBB\ incubated at the similar
conditions without chitosanase. Faster chitosan migration was observed when comparing
lanes 5 and 6 due to different MW of theses formulations. Increased bandynflens 48)

results from greater amounts of chitosan at higher N/P ratioS..............cccoveeeeeeeeennn 63

Figure 45: Total RNA extraction from HepGgansfected cells with 10 pmol siRNA. Following
transfection, cells were treated with chitosanase for: a) 30 min, b) 60 and c) 60 min in lysis
(01U 1 = ST PP PPPPPPP 64

Figure 51: Environmental scanning electron microscapyages of spherical chitosan/dsODN
nanoparticles. (A) 9405 chitosan/dsODMRecQL1 nanoparticles; (B) 8005
chitosan/dsODMNRecQL1 nanoparticles; (C) 8010 chitosan/dsODNRecQL1
nanoparticles; (D) 9205 chitosan/dsODMpoB nanoparticles; (E) 8805
chitosan/dsODMApoB nanopatrticles, and (F) 8010 chitosan/dsODMpoB

NANOPAITICIES.......eeeeeeeei e 86

Figure 52: Chitosan nanoparticle temporal stabilByability was assessed at 0.5, 4, and 24 hours
after complex formation using polyacrylamide gel electrophoresis at a pH of 6.5 (MES 1X)
and pH8 (TAE 1X). Chitosaf2-10 at different N:P ratios (0.5, 2, and 10) was complexed
with (A) dsODNRecQL1 at pH of 6.5; (B) dsODRecQL1 at a pH of 8; (C) d9DN-ApoB
at a pH of 6.5, and (D) dSDN-ApoB at a pH of 8. Unstable nanoparticles release dsODNs
which become visible f#towing EtBr staining on polyacrylamide gel following eethidium

bromide staining of the polyacrylamid gel............cccccooiiiiiiicccc e, 88

Figure 53: Nuclease protection assays of chitosan/dsODN nanocomplexes. (A) Chitoddh (92
5, 8040-5 or 8310-10) complexed with dsODIRecQL1. (B) dsODNRecQL1 remaining
after the DNAse | digestion was assessed using the signal intensity of the treated samples wi
the control (ie, 0 U DNAse | = 100% intensity). This comparison was made between the
samples of the same chitosan formulation. (C) Chitosarl@% 80805 or 8310-10)
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complexed with dsODMpoB. (D) dsODNApoB remaining after the DNAse | digestionsva

similarly asSeSSed @S IN (B)-....cooiiiiiiiiiiiiieiimmr et e e e e e e e e e anan 90

Figure 54. Polyacrylamide gel electrophoresis of chitosan/B®Bon polyplexes bearing
different DDAs and N/P ratios, treated with or without Streptomyces griseus chitosanase. a)
chitosan migration b) ODN migration. Lane 1 to 4 corresponds to chitosafXDiBR
directly incubated with chitosanase during 60 minutes at 37°C. Chitosan digesticthkbow
ODN release. Lane 5 to 8 corresponds to chitosanMVBBy incubated at the similar
conditions without chitosanase. Faster chitosan migration was observed when comparing
lanes 5 and 6 due to different MW of theses formulations. Increased bandynflens 48)

results from greater amounts of chitosan at higher N/P ratios..............ccoovveeeenl 91

Figure 55: Cellular uptake of dsODMpoB nanopaitles 24 hours post transfection in HEK293,
Raw269.7, and HepG2 cell lines. Chitosan formulation$®3, 80-80-5, and 8610-10 were
FRPSOH[HG WR )$0 <A(B &nd ttaHsBec@dy/& 60 pmol/well 24 hours prior
to fluorescencactivated cell saing analysis. (A) Uptake efficiency of ApoB dsODN in
percentage (%). (B) Uptake efficiency of ApoB dsODN in HepG2 cells at different passage

number. DharmaFECT was used as the positive uptake cantrol..................ccccee. 92

Figure 56: Confocal imaging of chitosan/dsODN nanocomplex uptake 24 hours post transfection

Chitosan 9210 (DDA, M, ZDV ODEHOHG ZLWK UKRGDPLQH UHG DQ!

with (6FAM) (green). Chitosan 920 was complexed to dsODNs at an N:P ratio of 5. Cell

PHPEUDQHY ZHUH VWDLQHG SULRU WR LPDJLQJ ZLWK &HO

internalized and membraimund nanoparticles. Images shown represent each separat
channel, with dsODNs in green, chitosan in red, membrane in blue, differential interference
contrast image in grey, and the merged images shown on the bottom left quadrant. (A) LS174T
cells transfected with chitosan/ dsOBRcQL1nanoparticles. (B) HepGeells transfected

with chitosan/dsODMNApoB nanoparticles. (C) HEK293 cells transfected with
chitosan/dsODMNApoB nanopatrticles. (D) Raw 294.7 cells transfected with chitosan/dsODN
APOB NANOPAITICIES. ...ttt e 93

Figure 57: Realtime polymerase chain reaction analysis of the inhibition of RecQL1 and ApoB
gene expression in specific cell lines. LS174T cells were transfected with chitosHi%92
80-40-5, and 8010-10)/siRNA-RecQL1 nanoparticles, whereas HepG2 cells were transfected
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with chitosan (92L0-5)/siRNA-ApoB nanopatrticles. The inhibition percentage was obtained
by comparing the transfected and nontransfected cells, usingiRe7 MPot\W............ 95

Figure 58: Cell viability assessment using the alamarBlassay 24 hours post transfection with
different chitosan/siRNA formulations. To alleviate the apoptotic effect of RecQL1 gene
silencing for a proper assessment of chite&NA toxicity, mock siRNA was used for
transfection in the LS174T cell line. TheepiG2 cell line was transfected with ApoB siRNA.
DharmaFECT was used for comparison purposes whdneeethyl sulfoxidewas used as a

POSItiVE CONLIOl OF TOXICITY.......ccee i e e e e e e e e anes 96

Figure 6 1D QR SDUW L FptentialLgdh iDr@t®n of DDA, Mn, and amine to phosphate
ratio (N:P) measured in the presence of 10 and 150 mM NacCl. A) Nanoparticle size (Z
diameter) vs DDA, Mn and N:P ratio the presence of low ionic strength (10 mM NaCl, pH
PHDVXUHPHQW DW PLQ SRVW LQFXEDWLRQ LQ PHGLX
potential) vs DDA, Mn and N:P ratio in the presence of low ionic strength (10 mM NacCl, pH
5.5). C) Nanopatrticle szvs DDA, Mn and N:P ratio in the presence of high ionic strength
PO 1D&O S+ " 1D QRS D U Whdtetidl) VoDDKD MiHard KNPPU J H
ratio in the presence of high ionic strength (150 mM NaCl, pH 5.5). Data represent the average
+ standead deviation of 3 independent experiments with 2 technical replicates per experiment
(N=3, n=6). Measurements in 150 mM NaCl were taken immediately after adding 150 mM

NaCl. Measurements in 10 mM NaCl were stable over time (see Supp Info Figud® S. 6

Figure 62 Effect of DDA, Mn and N:P ratio on the encapsulation efficiency at two different pH.
Nanoparticles were formed in veaitand incubated either in 25 mM MES (pH 6.5) or 1X TAE
(pH 8.0) for 24 hours then assayed for siRNA release using the-QUAGE 5 L E FasbByH Q
The percentage of siRNA release provided the percent encapsulation efficiency (% EE)
computed relative to nakl SIRNA (N:P 0). Red color corresponds to 100% encapsulation
efficiency (no release) while magenta corresponds to 0% encapsulation efficiency (all
released). Average values from 2 independent experiments Witiedhnical replicates per
experiment. At pH6.5, complete encapsulation (0% release) of the payload is observed at all
DDA, Mn and N:P ratio used to form nanoparticles. However, at pH 8.0, chitosan glucosamine

units become deprotonated and their interaction with siRNA phosphate groups decreases
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promoting payload release. At pH 8, an increase in DDA, Mn and N:P ratio is required to

maintain NANOPArtiCIE INTEGIITY.. ... .vviiiiiiiie e 130

Figure 63 Effect of DDA, Mn, N:P ratio and pH on the biological performance of chitegNA
nanoparticles. Nanoparticles were formed in water following 1:1 (v/v) mixing of chitosan to
siRNA (0.1 mg/mL). EGFPH1299 cells were transfected at a final sSiRNA cotredion of
100 nM. Data represent average + standard deviation of at least 3 independent experiments

with at least 23 technical replicates in each experiment (N=3,-8%6......................... 132

Figure 64 Cell uptake, knockdown, correlations to size and charge, cell toxicity. A) The effects of
DDA, Mn and N:P ratio on uptake were measured in the EGHRR99 cell line 48 hours post
transfection at 100 nM siRNA B) Lack of correlation between EGFP knockdown and
nanoparticle size measured at low and high ionic strength. C) Strong correlation between
(*)3 NQRFNGRZQ DQG QDQR S D-potrntid)Ortdadvded) aDidwHand KiDHJ J H
ionic strength. D) Effect of different formulations prepared at N:P 5 on metabolic toxicity. All
experiments in these figures were performed at pH/A4n the absence of serum. Media
over cells was aspirated and replenishétth complete media 44 hours before analysis. All
data shown represent average of at least 3 independent experiments3witthhical
replicates per experiment (N=3, n8%. Correlation graphs represent average values of size

R Upotential correlated \ihh average values of EGFP knockdown..............cooovvnnees 135

Figure 65 Effect of Mn at 92% DDA (9Mn) and N:P ratio on uptake and knockdown. Thé-BG
H1299 cell line was transfected in the presence of 10% serum at a final SIRNA concentration
of 100 nM. A) Uptake of D¥*' labeled siRNA expressed as median fluorescence intensity
(MFI). B) EGFP knockdown post transfection with anti EGFP nanoparti€led.ack of
EGFP knockdown post transfection with Aangeting siNT nanoparticles; SINT represents a
scrambled siRNA and is an indicator of specificity to the target siRNA sequence. D) Lack of
EGFP knockdown following transfection with chitosan only. Daaresent the average *

standard deviation of 3 independent experiments with 2 technical replicates per experiment

Figure 66 Effect of FBS, chitosan Mn and N:P ratio at 92% deacetylation on EGFP knockdown
in H1299 cells. A) EGFP knockdown measured as the average fluorescence intensity (Fl)

relative to untreated cells 48 h post transfection with SiEGFP. EGEPI9 ells were
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transfected in the absence or presence of 10% serum for a period of 5 hours, media aspirated
and replenished with complete RRU640 media (pH 7-2.4, 290 mOsm) and incubated for

44 hours before analysis. B) EGFP mRNA knockdown measured us®g,q®rmalized

using the geometric average of EIF, Pt\Mand GAPDH and calibrated to untreated cells.
EGFP H1299 cells were treated as described in A. C) Representative confocal laser scanning
microscopy (CLSM) images. EGFP is indicated in green. Irexgderiments, siRNA was
delivered at a final concentration of 100 nM and data in A and B expressed as the average
value of 3 independent experiments wit8 Bechnical replicates per experiment (N=3, =6

S I 0 V7= 18T 2 PP TPPPRPN 139

Figure 67 Effect of chitosan and DharmaF&2ttreatment on reference gene stability. A panel of
10 reference genes was tested for expression stability diviéese experimental conditions.
EGFP H1299 cells were transfected with the following formulations i.e1@8, 9210-30,
92-120-5, 92120-30, 9810-5, 9810-30 and DharmaFetP at a final SiRNA concentration
of 100 nM. Untreated cells were includedlie analysis. A) panel shows the classification of
the least to most stable (left to right) reference gene based avditzge expression stability
values, or geNorm Mscore, computed on the remaining control genes during stepwise
exclusion of the leasttable control gene, for samples from all treatments. B) panel shows the
effect of the exclusion of DharmaF&& from the statistical analysis. C) Panel shows the
effect of the exclusion of both DharmaF@2tand untreated cells from the analysis. The M
Scores were computed using the geNorm statistical package on the average Cq of two

INdePENdENt EXPEIMENLIS. ... .uuiiiiiiiiiiiii ettt bbb eenaas 141

Figure 68 Effect of increasing concentration of serum on the biological performance of
nanoparticles. A) Effect of increasing serum concentration on EGFP knockdown. B) Percent
loss of EGFP knockdown in the presence of 94% serum compared to transfection without
serum. C) Effet of physiological concentration of heparin sulfate (2.5 pg/mL) on payload
release. Low (10 kDa) and high (120 kDa) 92% deacetylated chitosan was formulated with
siRNA at different N:P ratio and incubated for 1 hour in the absence and presence of heparin
sulfate (pH 7.4). Increased fluorescence indicates increased payload release D) Effect of
physiological concentration of BSA (25 mg/mL) on payload release. Low (10 kDa) and high
(120 kDa) 92% DDA chitosan was formulated with siRNA at different N:P ratioraeoubated
for 1 hour in the absence and presence of BSA (PH.Z-4)u..ccooooiiiiiiiiiiiic e 147
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Figure 69 Effect of chitosan Mn and N:P ratio at 92% DDA in vitro toxicity and genotoxicity.
A) Metabolic activity relative to untreated EGAR1299 cells measured by the alamarBlue
assay. Activity was measured 48 h posttransfection. Mock chitosan (M) was used at N:P 30
to assess the effect of siRNA encapsioh on metabolic activity. DharmaF&@ (DF), a
commercial lipidbased system, was used as a comparator. Dimethyl sulfoxide (DS) was used
as positive control of toxicity. B) Effect of increasing Mn and N:P ratio on genotoxicity as
measured using the cemassay parameter "% DNA in tail (PDT)". The PDT represents the
percentage of DNA migrated in the tail of the comet or the proportion of damage to total DNA.
C) Effect of increasing Mn and N:P ratio on genotoxicity as measured using the parameter
"Olive taill moment (OTM)". OTM represents a parameter that is insensitive to the
measurement of tail length. D) Correlation between median PDT and N:P ratio for 10 vs 120
kDa chitosan. For the alamarBfuassay, data represent average metabolic activity + standard
deviation of 3 independent experiments witB Bchnical replicates per experiment (N=3,
n=6-9). For the comet assay, box plots were constructed from data of 2 independent

experiments with more than 100 comet/experiment/treatment................ccccocemeee... 149

Figure 610 Effect of Mn and dose on hemocompatibility via red blood cell (RBC) lysis. Low (10
kDa) versus high (120 kDa) molecular weight chitosaase formulated with HPL{rade
SiRNA at an N:P ratio of 5. Increasing doses of siRNA were mixed with human pooled blood
and % hemolysis determined as per ASERB24 [43]. The concentration of chitosan
(mg/mL) in the test vial (equivalent to the concetidrain total circulating blood volume or
tCBV), the equivalent chitosan dose in mg/kg of body weight and the corresponding siRNA
dose in mg/kg for N:P of 5 are shown. The inset shows data from positive and negative
controls. PolyL-Lysine (PLL), TritonX-100 (TX-100), Polyethylene glycol (PEG), buffer
(excipients at 1% trehalose, 5.8 mM histidine, pH 6.5), Hyaluronic acid 866 kDa (HA) and
siRNA. Data represent the average * standard deviation of 2 independent experiments with 3

6 technical replicate per pg&riment (N=2, N=@2)........ccccerrrrrurmiiiinis e 153

Figure 611Effect of Mn on the bialistribution of chitosarsiRNA nanoparticles. Nanoparticles
wereinjected in Balb/c nude mice at a dose of 0.5 mg/kg o¥Dibeled siRNA (equivalent

dose of 1.4 mg/kg of chitosan) and organs imaged\wax4 hours post administratian156
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Figure 612 Histological and CLSM images of nanopatrticles accumulated in PTEC. Nanoparticles
were injected in Balb/c nude mice at a dose of 0.5 mg/kg 6f Dabeled siRNA (equivalent
dose of 1.4 mg/kg of dosan), organs perfused and collected 4 hours post administration,
fixed and cryosectioned (5 um). For CLSM, sections were stained with phalloidin red and
Hoechst. (PBS) Phosphate Buffered Saline, (siNaked) nakéd’ Iabeled siRNA, (InV
LNP) Invivofectanine® 2.0-DY®*" siRNA-lipid nanoparticles, (PTEC) Proximal epithelial
tubular cells, (NPs) Nanoparticles. B*YsiRNA = Green, Nucleus = Blue and Brush borders=
= To I €= ox 11 1] = 111 T ) SRR 157

Figure 613 Effect of DDA and Mn on in vivo knockdown in the kidney. A) Size of the injected
nanoparticles. Nanoparticles were rehydrated in excipients to reach a target dose of 2.5 mg/kg,
injectedand the remaining volume, diluted 1:8 in excipients and assessed for size using
dynamic light scattering. B) Polydispersity index (Pdl) of injected nanoparticles. The Pdl was
automatically computed during DLS in A. C) Changes in body weight following plaulti
injections. Mice body weight was monitored for a period of 8 days and measured before
injection and at euthanasia as an indirect assessment of general toxicity. Arrows and cross
represent injection and euthanasia respectively. D) Functional targetdmot in the
kidney. Nanoparticles were manually prepared, frem, rehydrated with excipients and
injected in Balb/c mice at a dose of 2.5 mg/kg siRNA. Sevembtyhours after the last
administration, kidneys were collected, excised, lysed and theDBAenzymatic activity
assessed using the KDalert® assay and normalized to total protein content. Cleveland dot plot
represents 3 animals per treatment group, with average and standard deviation represented in
the form of bars. Statistical significance wasnputed with On&Vay ANOVA followed by
Tukey test for multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001............ 158

Figure 71 Hemocompatibility profiling of uncoated and HA coated chites@&®NA nanoparticles
via red blood cell (RBC) lysis. Low (10 kDa) versus high (120 kDa) molecular weight
chitosans were formulated with HPigade siRNA at an N:P ratio of 5. HA coated
formulaions were formulated at an N:P:C of 2:1:1.5. Increasing doses of siRNA were mixed
with human pooled blood and % hemolysis determined as per ASA924 [49]. The
concentration of chitosan (mg/mL) in the test vial (equivalent to the concentration in total
circulating blood volume or tCBV), the equivalent chitosan dose in mg/kg of body weight and
the corresponding siRNA dose in mg/kg for N:P of 5 are shown. Inset shows data from
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positive and negative controls. PdlylLysine (PLL), TritorX-100 (TX-100), Polyetylene
glycol (PEG), Excipients (1% trehalose, 5.8 mM histidine, pH 6.5), Hyaluronic acid 866 kDa
(HA), siRNA (8 mg/kg) and Invivofectamiffe2.0 (1 versus 8 mg/kg of siRNA). Data
represent the average * standard deviation of 2 independent experimerisweithnical

replicates per experiment (N=2, N=18)............oooriiiiiiiiiiirrm e 192

Figure 72 In vivo Biodistribution of uncoated and HA coated chitos#RNA nanoparticles. A)
Effect of Mn and HA coating on the biodistribution of chitos#RNA nanoparticles.
Uncoated nanoparticles were injected in Balb/c nude mice at a dose of 0.25 mg/kefof DY
labelled siRNA (equivalent dose of 0.7 mg/kg of chitos&t®, coated nanoparticles were
injected at a dose of 0.165 mg/kg of B¥labelled siRNA (equivalent dose of 0.2 mg/kg of
chitosan) and organs imagedxo 4 hours post administration. B) Histological and CLSM
images of nanoparticles accumulated in PTER@noparticles were injected as described
above, organs perfused and collected 4 hoursagmbstinistration, fixed and cryosectioned (5
pum). For CLSM insets, sections were stained with phalloidin red and DAPI. (PBS) Phosphate
Buffered Saline, (siNaked) nakedY® labeled siRNA, (Invivofectamine) lipid
nanoparticles, (PTEC) Proximal epithelial tubular cells, (NPs) Nanoparticles. Lumen (L),
DY®*siRNA = Green, Nucleus (N) = Blue and Brush borders= Red (actin stainind®5

Figure 7 6L]H SRO\GLVSHUVLW\ LQ cbténtdipab cNMtseib&EHSIRNGD U J H
nanoparticles and lipibased nanoparticles (LNPs). Invivofectanfire0 (Inv LNP) were
IRUPXODWHG ZLWK XQPR G LhetHyGmoWitichl &riki $6S ROV LU $ 1292 P H
SiApoB) sequences (panels A, B and C). Invivofectafhid® and Altogen LNPs were
formulated with LNAmodified anttGAPDH siRNA (panels D, E and F).olv molecular

weight chitosan, with a degree of deacetylation of 92% and molecular weight (Mn) of 10 kDa

(92 ZDV IRUPXODWHG ZLWK VL$SR% 1DW RU 9f2PH VL$SR!

(N:P ratio) of 5 (panels A, B and C). Low Mn (10 kDa) and high (#20 kDa) chitosans
were formulated with LNAmodified antGAPDH siRNA at an N:P ratio of 5 (panels D, E
and F). Hyaluronic acid (HA, 866 kDa) coated chitosan nanoparticles {BP2vere
prepared at an N:P ratio of 2 and coated with HA at a phosphatebtuxgl ratio (P:C) of 1.5
SDQHOV $ % & ' ( DQ G-pptenttal pHipidBanopaQictes (LNPs) were
PHDVXUHG LQ SKRVSKDWH EXIIHUHG V p@dntaHof uheostedS +
and HA coated chitosasiRNA nanoparticles wereneasured in excipients (1% trehalose
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(w/w), 5.8 or 3.5 mM histidine, pH 6.5). A) Size-&e diameter in nm), B) Polydispersity
LQGH[ SG, DQG & é¢utentiBldAn&nkdatticlds injected for the assessment

of toxicity. D) Size (Zave diameer in nm), E) Polydispersity index (pdl), and F) Surface

F K D U pHtential) of nanoparticles injected for the assessment of in vivo knockdown
efficacy. Data represent the average + standard deviation of 3 independent experiments with
2 technical replices per experiment (N=3, N=6)........cceviiiiiiiiiiiiiirrneeeeeeeeee 197

Figure 74 Cytokine induction 4 hours post injection of a single ascending dose of
Invivofectamine® 2.0, uncoated and HA coated chitos#iRNA nanoparticles in CD® (ICR)
mice. PBS (Phosphate buffered saline), LPS (Lipopolysaccharide), Inv LNP
(Invivofectamin& 2.0-siRNA Lipid Nanoparticles), siApoB Nat (unmodified aApoB
siRNA sequence), siAptd f2PH 1 2 -rRddifiedk &ApoB siRNA sequence), and
HA (Hyaluronic acid, 866 kDa). Mice were L.V. injected with test articles, serum collected
DQG DQDO\JHG KRXUV SRVW LQMHFWLRQ XVLQJ WKH %LR?3
an animal and ata represent average values + standard deviatiotY @frbmals. Statistical
significance versus PBBeated animals was computed with @Way ANOVA followed by
Dunnett test for multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001. Note: In order
to not bias the average, cytokine levels (animals) below the range of detection (< OOR) were
excluded and not considered as 0 or LLOQ (PG/ML)..........uuuiiiiiiiiiieemiiiieiieieeeceeeenen 199

Figure 75 Hematological profiling of Invivofectamiffe2.0, uncoated and HA coated chitosan
siRNA nanoparticles following single ascending dose administration ¥r1*C{ICR) mice.
PBS (Phosphate buffered saline), LPS (Lipopolysacchariuie),NP (Invivofectamin® 2.0-
SiRNA Lipid Nanoparticles), siApoB Nat (unmodified aApoB siRNA sequence), siApoB

T2PH 12 Pouifigd @ntiApoB siRNA sequence), and HA (Hyaluronic acid, 866
kDa). Mice were intravenously injected with test articleleod collected and analyzed 24
hours post injection at IDEXX Laboratories. Each symbol represents an animal and lines
represent average values + standard deviatior7cdisimals except for InvVLNP siApoB Nat
(8 mg/kg) where 3 animals were assayed for helogy. The gray shaded area represents the
normal values (95% confidence interval, N= 266 divided as,133Q G f) of 812 week
old CD-1® (ICR) mice from Charles Rivers Laboratories (North American colonies) [59].
Statistical significance versus PBi@ated animals was computed with Qiay ANOVA
followed by Dunnett test for multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001.
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Note: Normal range limits in this figure are not firm boundaries and should be used as
guidelines since a large range of values was reported in the literature and could be accounted
for by variation in age, sex, sampling technique and testing methodology$ieiment,

W HF KQ LT X H ittt e e menss e e e e e e e 202

Figure %6 Serological profiling of Invivofectamiffe2.0, uncoated and HA coated chitosiRNA
nangarticles following single ascending dose administration inrl€QICR) mice. PBS
(Phosphate buffered saline), LPS (Lipopolysaccharide), Inv LNP (Invivofect&ngie
SiRNA Lipid Nanoparticles), siApoB Nat (unmodified afpoB siRNA sequence), siApoB

T2mM 12 PihadiiédDantiApoB siRNA sequence), and HA (Hyaluronic acid, 866
kDa), BUN (Blood Urea Nitrogen), ALT (alanine transaminase), AST (aspartate
WUDQVDPLQDVH $/3 $ONDOLQH SKRVSKDWDVH *77 JDP
intravenouslyinjected with test articles, blood collected and analyzed 24 hours post injection
at IDEXX Laboratories. Each symbol represents an animal and data represent average values
+ standard deviation of % animals except for InvVLNP siApoB Nat (8 mg/kg) wheenBnals
were assayed for hematology. The gray shaded area represents the normal values (95%
confidence interval, N= 266 divided as 133D Q G f) of 812 week old CB1® (ICR) mice
from Charles Rivers Laboratories (North American colonies) [59]. Statistignificance
versus PBSreated animals was computed with ©ffay ANOVA followed by Dunnett test
for multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001. Notéormal range limits
in this figure are not firm boundaries and should be used aslmgd since a large range of
values was reported in the literature and could be accounted for by variation in age, sex,
VDPSOLQJ WHFKQLTXH DQG WHVWLQJ PHWKRGROR4\ L H L

Figure #7 Changes in body weight following intravenous nanoparticle administration. A) Percent
change in body weight following a single intravenous injection in-I€ICR) mice.
Invivofectamin€ 2.0 lipid nanoparticles (Inv LNP) were formulated with unmodified

VL$SR% 1DWP HDWIG\OfPRGLILHG $SR% VL51% VL$SR% 9T2PH
PJ NJ 8QFRDWHG FKLWRVDQ ZDV IRUPXODWHG ZLWK VLS$!:
ratio of 5 and injeted at 1 and 2.5 mg/kg. Hyaluronic acid (HA, 866 kDa) coated nanopatrticles
were prepared at an N:P:C of 2:1:1.5 and injected at 1 and 8 mg/kg. The injected doses were
chosen from the hemocompatibility data (Figuré)Avhere the maximum dose results in
hemolysis below the ASTM threshold. B) Percent change in body weight following three 1.V.
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injections in Balb/c mice. Invivofectamifi&.0 (Inv LNP) and Altogen (Altogen LNP) lipid
nanoparticles were formulated with LNAodified GAPDH siRNA (siGAPDH) and inp¢ed

at 2.5 mg/kg. Low Mn (10 kDa) and high Mn (120 kDa) chitosan nanoparticles were
formulated with siGAPDH at an N:P ratio of 5 and I.V. injected at 1 mg/kg. Hyaluronic acid
(HA, 866 kDa) coated nanoparticles were prepared at an N:P:C of 2:1:1.5 antedrge8

mg/kg. The injected doses were chosen from the hemocompatibility data (FHiuvehére

the maximum dose results in hemolysis below the ASTM threshold and following personal
communication with the manufacturers of Invivofectarfii@® and Altoga. For panel A and

B, body weight (g) was collected before each injection and at euthanasia. Red arrows and
crosses illustrate injection and euthanasia respectively. Data represent the average + standard
deviation of 57 mice/group. Phosphate buffered sal(PBS) and lipopolysaccharide (LPS)

WETE USEA AS CONIIOUS. ... e ettt 207

Figure 78 Histopathological comparison of liver and kidneyuessections following intravenous
administration of high doses of uncoated and HA coated nanoparticles. Uncoated and HA
FRDWHG QDQRSDUWLFOHYV ZHUH IRUPXODWHG -@i¢tWWIK ER WK
PRGLILHG $SR% VL513% VHTXHQFMNW:C of5R4 fof uscBReb and W D Q
2:1:1.5 for HAcoated formulations, freezried, rehydrated using excipients and I.V.
injected at a dose of 2.5 (uncoated) and 8 (HA coated) mg/kg siRNA. Animals were
euthanatized 24 hours pesiministration, organ colléed, fixed and processed for
histopathological analysis. Phosphate buffered saline (PBS) and lipopolysaccharide (LPS)
were used as controls. Organs from at least two animals per treatment group were processed
and analyzed. Heart, Lungs and Spleen tisswes fow (1 mg/kg) and high doses (2.5 and 8
mg/kg) are depicted in Supplemental Figure $4. 7Tissues show the absence of
morphological changes, alterations, clots, apoptotic/necrotic cells or infiltration of immune
(o= | PP PEPPPRPRPRR 210

Figure 79 Efficacy of in vivo target knockdown. A) GAPDH activity (U) normalized per tissue
mass (mg). Kidneys were collected, snap frozen in liquid nitroged cortex excised,
KRPRJHQL]JHG SURWHLQ H{WUDFWHG DQG DVVD\HG XVLQJ \
nonsignificant and numbers express % knockdown relative to PBS. B) Western blot detection
of GAPDH in kidney lysate. GAPDH signal was normalizedhe vinculin loading control.

The inset shows an actual example of a western blot membrane used for quantification. The
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membrane shows three different animals injected with PBS (control) and with-®Z1
mg/kg siGAPDH). Numbers in the histogram cohswrepresent % knockdown relative to
PBS. C) Qualitative assessment of GAPDH knockdown in the kidney by
immunohistochemistry. Panels a, b, ¢, and d show a kidney section collected from a PBS
treated animal, stained with aiGAPDH antibody (a and b) andotype control (c and d).
Panels e, f, g, and h show a kidney section collected from a chitosaf-%)2reated animal,
stained with antGAPDH antibody (e and f) and isotype control (g and h). Data represent
average values * standard deviation of 5 alsreacept for 920205 siGAPDH (1 mg/kg)
where 4 animals were assayed. Statistical significance versudr&®&d animals was
computed with On&/ay ANOVA followed by Dunnett test for multiple comparisons: *p<
0.01, **p <0.001, ***p < 0.0000L.......cuumiiieeeiiiiiiiitieenree e e s ertirere e e e e s ssbeannnreeeeeeeeennneees 216
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Figure S. 61 Nanoparticle colloidal stability versus time. The effectpofymer length on
nanoparticle size was investigated in medium containing 10 and 150mM salt (NaCl) over a
period of 1h. Nanoparticles were prepared in water by manual mixing of chitosan and siRNA
(0.1mg/mL) at 1:1 v/v to reach an N:P ratio of 5, dilute®lii:media and size measured over
time. Measurements were conducted at 0, 7.5, 15, 30 and 60 minutes post dilution. Data

represent the average of 2 independent experiments. Each DLS measurement consisted of 15
(ST 012 PP 129

Figure S. & Effect of EGFPH1299 cell number on the reduction of alamarBluacreasing cell
numbers were seeded in 96 well plate, one day prior to the addifi alamarBIu@.
Absorbance at 570 and 600nm was read 4 hoursipmgbation and % reduction calculated

using the following equation:” NA@ Q?IPAEK. BE#&SFALl: 84 aA4'&s#at F

A4'&E#H"3s ZKHU HoW théimdlar extQ FWLRQ FRHIILFLH@WwxidizedRl1 DODF

| R U Repi the molar extinction coefficient of the reduced form, A absorbance of test well,

$1 DEVRUEDQFH Rl QHJDWLYHRZHIQV P HG P B3 @ED.ABU % O X H

optimal number of cellso be seeded 24 hours post transfection and tested for toxicity 48

hours post transfection with nanopatrticles was determined to be 5,000 cells/well.134

Figure S. 63 siRNA encapsulation efficiency of low and high Mn chitosan. Nanoparticles were
formed in water by manual mixing of siRNA (0.1mg/mL) with chitosan at different N:P ratio,
incubated in low ionic strength pH controlledffenss (MES pH 6.5, TE pH 7.4 and TAE pH
8.0) for 24 hours and siRNA release quantified using the QUah€E 5 L E F*Nddd\H The
percent SiRNA release was quantified relative to naked siRNA or N:P 0. At pH 6.5, complete
SsiRNA encapsulation was observedamdjess of the Mn and N:P ratio used. At pH 7.4 and
8.0, siRNA release shows a Mn and N:P dependence with higher Mn and N:P ratio required
for efficient encapsulation. However, at physiological pH and at N:P ratio of 5, the 5 and

10kDa chitosans were altle encapsulate siRNA 60 and 80% respectively.............. 138

Figure S. &4 Pairwise comparison on normalization factors to determine thenoniminumber of
reference genes needed for accurate normalization using the Vandsompele model. A) All
treatments, B) Excluding DharmaF&@&, C) Excluding DharmaFet® and untreated cells.
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A minimum of 3 reference genes needs to be used for accurate zatioalivhen comparing

e | =T L[] 4 | VTP 144

Figure S. € Effects of charge density, chain length and N:P ratio on-degendent EGP
knockdown. Nanoparticles were formulated with either SIEGFP-EBEP) or siNT (non
targeting) and EGFPH1299 cells transfected in the presence of 10% FBS at increasing
SiRNA concentrations. DharmaF8@ was used a positive control to benchmark aéfic
EGFP knockdown was analyzed 48 hours post transfection using flow cytometry. Data
represent average values * standard deviation of 2 independent experiments with 2 technical

replicates Per EXPEIMENL.........ooi i erer e eeeeas bbb e e e e e e e e e e e eenns 146

Figure S. €6 Representative images of comets 48 hours post transfection with nanoparticles. The
montage was prepared with ImageJ. Hydrogen peroxiggftat 100 and 200 uM was used
as positive control for genotoxicity. DharmaFeét siRNA nanoparticles were used as a
comparator. Formulations at low and high Mn-d@2and 92120) were prepared at different
N:P ratio (5, 30, 60 and 120) and transfected at fa®&NA concentration of 100 nM
(~0.00132 mg/mL). Equivalent concentration of chitosan at specific N:P ratio was 0.004,
0.018, 0.037 and 0.074 mg/mL for the N:P 5, 30, 60 and 120 respectively. Naked chitosan, or
mock (M), was used as a control to accoumtthe effect of the SIRNA sequence. Typical
comets are observed post treatment with the positive control. Adépssdent increase in

comet tail length can be seen when comparing 100 vs 200404 H................evnennen. 150

Figure S. 67 Effect of sSiRNA and salt concentration on nanoparticle size. In a previous experiment
(Figure 61, A), the effect of DDA and N:P ratio on nanoparticle size was founketo
negligible relative to Mn, when particles were mixed with siRNA (0.1mg/mL) and suspended
in 10mM NacCl (pH 5.5). As a consequence, one chitosan and one N:P ratio i.e. DDA 92%;
N:P 5 were selected to further study the effect of siRNA (mg/mL) and NaCl) (mM
concentration on nanopatrticle size. The latter was measured in 10mM NaCl using 10 versus
120kDa following manual mixing with specific sSiRNA concentration (mg/mL). For size
measurements using dynamic light scattering, particles were formed as descrthed in
materials and methods of this manuscript and diluted (1:8) either in 10 or 150mM NaCl and
size measured after 2.5 min pastubation. A) 9210-5 B) 92120-5. Data represent the
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average + standard deviation of two independent experiment with a ed¢hpicate in each
EXPEMHMENT (NT2, NMT0)e. i i i e e eeeeeeeetireee e e e e ettt e et e e e e e e e e emnnnnes 159

Figure S. 7l1Hemocompatibility profiling of uncoated and HA coated chites&NA
nanoparticles via erythrocyte aggregation. Low (10 kDa) versus high (120 kDa) molecular
weight chitosans were formulated with HPig€ade siRNA at an N:P ratio of 5. HA coated
formulations were formulated at an N:P:C of 2:1:1.5. Increasing doses of sikMNAMixed
with  human pooled blood, incubated and imaged for qualitative assessment of
hemagglutination. In the absence of hemagglutination, erythrocytes (RBC) deposit in the
bottom of the WUshaped well and form a ring (see Noeated, PEG, siRNA iB). In contrast,
when hemagglutination occurs, aggregates become visible, stay suspended in solution and
depending on the extent of agglutination may prevent the formation of thd)imgeatment

samples at different doses of SIRNB). CONtrolS.............ceeeiiiiiiiiiiiiieeeiccecce e 193

Figure S. 72 Cytokine levels prénjection of Invivofectamin® 2.0, uncoated and HA coated
chitosarsiRNA nanoparticles into CD1 micePBS (Phosphate buffered saline), LPS
(Lipopolysaccharide), Inv LNP (Invivofectamine® ZSRNA Lipid Nanoparticles), siApoB

Nat (unmodified anti$SR% VL51% VHTXHQFH VL $ S Rriedifi§id2dntd 12 PH

ApoB siRNA sequence), and HA (Hyaluronic acicg68Da). Mice were intravenously
injected with test articles, serum collected and analyzed 4 hours post injection using the
BioPlex 200 system. Each symbol represents an animal. Note: In order to not artificially
manipulate the average, cytokine levels ifaals) that were below the range of detection (<
OOR) were excluded and not considered as 0 or LLOQ (pg/mL)..........ccooovrriiiiees 200

Figure S. 73 Histopathological comparison of liver and kidney tissue sections following
intravenous administration of low doses of uncoated and HA coated nanoparticles. Uncoated
and HA coated nanopatrticles were formulated with unmodified (siApoB Nat) at an N:P:C
ratio of 5:1:0 for uncoated and 2:1:1.5 for Fodated formulations, freeairied, rehydrated
using excipients and intravenously injected at a dose of 1 mg/kg siRNA. Animals were
euthanatized 24 hours pesiministration, organ collected, fixed and processed for
histopathological analysis. Tissues show the absence of morphological changes, alterations,

clots, apoptotic/necrotic cells or infiltration of immune cells..............coiiiieeeeeen. 211
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Figure S. 74 Histopathological comparison of spleen, heart and lung tissue sections following
intravenous administration of high doses of uncoated and HA coated nanoparticles. Uncoated
and HA coated nanoparticles were for@lD WHG ZLWK HLWKHU XQPRGLILHG
PHWK\O PRGLILHG $SR% VL51% 9f2PH $SR% DW DQ 1 3 & |
2:1:1.5 for HAcoated formulations, freeadried, rehydrated using excipients and
intravenously injected at a dose of Ruicoated) and 8 (HA coated) mg/kg siRNA. Animals
were euthanatized 24 hours pasiministration, organ collected, fixed and processed for
histopathological analysis. Phosphate buffered saline (PBS) and lipopolysaccharide (LPS)
were used as controls. Orgafrom at least two animals per treatment group were processed
and analyzed. Tissues show absence of morphological changes, alterations, clots,

apoptotic/necrotic cells or infiltration of immune cells.............cccceeiiiiiiiececeee, 213



xlili
/1,67 2) %2;(6

Box. 21 The hepatiCc ASGP r€CEPLAL......ccccceieeeeiieeieeieeee e 38

Box. 22 Endocytosis definition, pathways, and dynamics............ccccccevvveemveevieeieneeeee.. . 46



H-NMR
1T2PH
ACTB
ALP
ALT
ANOVA
ApoB
AS
AST

ASTM

Balb/C
bPEI
BSA
BUN

CD-1(ICR)

CLSM

xliv
[,672) 6<0%2/6 $1' $%2%%$7,216
Micro
Nuclear magnetic resonance
12 PHWK\O PRGLILHG EDVH
Actin B
Alkaline phosphatase
Alanine transaminase
Analysis of Variance
Apolipoprotein B
Anti-sense strand
Aspartate Transaminase

American Section of the International Association for Tes

Materials

Bagg albino mice is a general purpose inbred mice
Branched Polyethylenimine

Bovine serum albumin

Blood Urea Nitrogen

Cluster of differentiation 1 (CEl) mice, is a general purpose Sw

albino outbred mice

Confocal Laser Scanning Microscopy



Cr

CS

Da

DDA

DLS

DMEM-HG

DOE

DPC

dTBH

DYo647

EGFP

EPR

ESEM

EU

FAM

FBS

FDA

GalNAc

xlv

Creatinine

Chitosan

Dalton, molar mass unit
Degree of deacetylation
Dynamic light Scattering

'XOEHFFRYV OLQLPDO (VVHQWLDO OH
(4.5g/L)

Design of experiments; statistical method to design conclt

experiment with minimal trials and/or samples
Dynamic Polyconjugate

Diluted total blood hemoglobin

Fluorescent dye from Dharmacon

Enhanced Green Fluorescent Protein
Enhanced retention and permeation effect
Environmental Scanning Electron Microscopy
Endotoxin Unit

Fluorescein isothiocyanate

Fetal bovine serum

Food and Drug administration

N-acetylagalactosamine



GAPDH
GPC
H1299
HA

Hb
HPLC
HRP
ICH

1gG

IL-6
IFN-

Inv

KC
KD
kDa

LNA

Glyceraldehyde -phosphate

Gel permeation chromatography

Human adenocarcinoma lung cell line
Hyaluronic acid

Hemoglobin

High Performance Liquid Chromatography
Horseradish peroxidase

International Conference on Harmonization
Immunoglobulin G

Interleukin 1 beta

Interleukin 6

Interferon Gamma

Invivofectamine; A commercially available

formulation

Chemokine homologue to 18
Knockdown

Kilo Dalton, 1000 dalton

Locked nucleic acid

cationic

Xlvi

igp



LNP

IPEI

LPS

MIQE

MiRNA

Mn

MRNA

mV

Mw

N:P ratio

N:P:C ratio

NBF

nm

NT

NHP

ODN

Xlvii

Lipid nanoparticles; In this thesis LNP is used as an umbrella
referring to cationicjonisable, neutral or any lipid based syst

able to encapsulate and deliver nucleic acid into cells
Linear Polyethylenimine

Lipopolysaccharide; lipid molecules composing the o1
membrane of gram negative bacterial. LPS are potent induce

cytokines and activate TL-R

Minimum Information for Publication oQuantitative Realime

PCRExperiments

microRNA

Average number molecular weight
Messenger RNA

Milli -volt

Molecular weight

Nitrogen to phosphate molar ratio
Nitrogen to phosphate to carboxyl molar ratio
Neutral Buffered Saline
Nanometer

Non-treated

Non-Human Primate

Oligonucleotides



Xlviii

PBS Phosphate buffered Saline

pDNA Plasmid DNA

PEG Polyethylene glycol

PEI Polyethylenimine

PFH Plasma free hemoglobin, proportion of hemoglobin free in

plasma without RBC lysis

PS Phosphotioate

gPCR Quantitative real time PCR

R? Pearson correlation coefficient
RISC RNA inducing Silencing Complex
RNA Ribonucleic acid

RNAI RNA interference

RPMI-1640 Roswell Park Memorial Institute medium number 1640
SDS Sodium Dodecyl Sulfate

PAGE Polyacrylamid Gel electrophoresis
SiRNA Small interfering RNA

TBH Total blood hemoglobin

TLR Toll-Like Receptors

TNF-. Tumor necrosis factor alpha

-potential Zeta potentia] Nanoparticule surface charge



B 1752'8&7,21

1.1 Introduction

The traditional drugbased toolbox employs small molecules, and biologics, as target agonists or
antagonists to promote the intended therapeutic effects. This approach has been historically
effective incontrolling,and sometimgalleviating,symptoms without completely remediating the
fundamental causes of the disease. Advancement in the understanding of molecular mechanisms
underlying pathologies, proteprotein interactions and the mechanism of action of small
molecules enabled the discoyef new targets, and improvement of treatment modalities without
curing the disease. Gene therapy is an experimental technique that uses genes to treat or prevent
diseases. In contrast to the traditional dbaged toolbox, i.e. small molecules and biasggene

therapy offers the potential and promise to correct the underlying cause of the disease.
Traditionally, the concept relied on the idea of replacing a defective gene with the correct sequence
for proper expression. However, the discovery of RNi&rfierence (RNAI), a process by which

short single or double stranded oligonucleotides induce gene knockldasvrevolutionized the

concept.

In the RNAI process, shodoublestrandedRNAs (SiRNA) are recognized by a protein complex
and guide, through base complementarity, the cleavage of target [@&n€his powerful and
specific technique was later found to be difficult to implement as a therapeutic modality due to
nuclease gsesitivity and rapid eliminatiothroughthe kidneyq42-4]. In addition, offtarget effects

have been associated with the introduction of siRiAe body. Thesefbtarget effects were
divided into two categorieviz. sequencalependent andgequencéndependent effect$5].
Sequencalependenmechanisra are related to either the partial complementarity of the siRNA
sequence to other trangats in the cell cytoplasm or through recognition of the siRNA sequence
by endogenous pattern recognition recep(®RR) and subsequent immune stimulatif@, 6].
Sequencandependent effects occur when exogenous siRNA sequences compete with endogenous
regulatorsof gene expression for the RNAI machinery resulting in dysregulated gene expression
patterngi.e. inhibition andor expression of genes and pathwaydlogether, these barriers limit

the translation of siRNA into a clinical reality. Early human trial¢efl to produce the intended

effect and were associated with toxicitjds7, 8]



2

Strategies to improve nuclease resistance and redutargét effectsvere developed and include
chemical modificatioa and the use of delivery systenTdhe latterprovide means to protect the
payload by physically encapsulating and isolating it from nucleases. In addition, delivery systems
augment cell entry and facilitapayload release into the cell cytoplafnl10]. Endosomatelease

can be achieved by different means and dependthe material used for delivery. The most
advanced systems in clinictlals are composed of lipidand polymetbased nanoparticles or
molecular conjugatg11-13]. Lipid nanopatrticles (LNPs) demonstrate high efficiemcyivobut

are associated with severe toxidityl-17] and limit payload delivery to the livggromptingthe

development of safer delivery systems with hepatic and extrahepatic capdHilifi8}

Chitosanis a natural cationic polymer characterized by its tunable properties, biodegradability,
ease of production, low cost and is gally recognized as s&f#9]. In acidic conditions, chitosan
spontaneousljorms nanoparticles in the presence of nucleic acid, and molecular profedies
degreeof deacetylation and molecular weighgn be adjusted to favor nanoparticle stability and
efficient transfectiorf19-21]. Most reprts evaluatingphysicochemicaparameters for efficienn

vitro siRNA delivery were performed using partly deacetylated (DDA -8%%) chitosan
formulatedat very high amine to phosphate ratio (N:P ratt@5) [20, 2227]. Such formulations

could pose significant practical problems farvivo delivery such aspremature dissociation,
limited dosing, blood incompatibility and napecific effects due to large quantities of fegeess
chitosan. Although potenin vitro gene knockdown (KD) habeen achieved, experimental
discrepancies, differences in chitosan sources, and lack of characterization rendered results
inconclusive in identifying optimal parameters for SIRNA delij@8j. Reports correlating vitro
transfection efficiency (TE) as a function of chitoskeyree of deacetylath (DDA), molecular

weight (Mn) and N:Pratio have been contradictof20, 21, 23, 25, 29]in addition,due to its
cationic natureghitosancan interact with blood components, activate platelets, induce erythrocyte
lysis [30] and, depending on its DDA, cause cytokine expression through macrophage/monocyte
stimulationfollowing in vitro stimulation olocal administratiofi31, 32] These aspects of toxicity,

at least in thaeanoparticle field, have been neglecf2@-25, 27, 29, 3310] with in vivo reports

often using extremely high N:P ratios, basedrowitro findings, without reporting any signs of
toxicity and/or parameters such as clinical signs, hematolagictbr serological biomarkeja2,

24, 4144]. In addition, and in contrast to LNPB® vivo induction of cytokines was new
characterized. Therefore, a systemic study with accurately characterized chitosans that investigates
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the effect of intrinsic (DDA, Mn and N:P ratio) and extrinsic parameters (serum, pH, ionic strength
and mixing conditions) on cell uptake vitro transfection efficiency, toxicity, genotoxicity,
hemocompatibility andin vivo biodistribution acute toxicity and demonstrates knockdown
following 1.V. administration of nanoparticles is neededensure successful translation of this

promising polymemto an effective delivery system with potential applications in the clinic

The researclpresentedn this thesis attempto address the aforementioned issues and elucidate
the effect of chitosan molecular parameters on nanoparticle physicochehacatteristicand
bioactivity. In addition, the research aims to characterize the toxacitibiodistributiorprofiles

of chitosan nanoparticles following intravenous administration and compare it to commercially

available lipid nanopatrticles.

1.2 Problematic

Several papers have been published demonstrating the efficacy of chitosan and-bhdedgan
nanoparticles to inducaen vitro and in vivo target specific knockdown. Attempts to identify
molecular properties favoring efficient knockdown failed to geeecanclusive results as to the
role of chitosan degree of deacetylation (charge), molewdaght (chain length), andmire to
phosphate ratio (mixing ratio) on nanoparticle physicochemical characteristics and bioactivity. In
addition, the role of extrinsic factors such as pH, serum proteins, and ionic strength was not
elucidated for chitosabhased nanoparticles encapsulasifgNA andwassimply assumed based

on previous experiences witasmid Earlier studies have reporta@plicationof nanoparticles
formed athigh molecular weight and mixing ratio (N:P ratio > 25), therefore limiting dosing and
potentially causing dramatin vivo side effects. Buschmaretal as well as seeral other groups
clearly statedwhile reviewing past datdhat lack of uniformity in transfection protocols, and
differences in chitosan sources, cell lines, methods and poor characterization gemneled

conclusions difficult.

Moreover, none of the published work characterized the acute or chremnotoxicity following

single or repeated administration. Therefore, data on immune stimulation, hematological and
serological (systemic) toxicitidgs much needed to understand the limitations ofsjgtem and
mechanisms therecofherefore, hireeobjectives were elaboraténl decorticateéheaforementioned

problemati¢ and are stated in secti@tB of this chapter.



1.3 Research Hypotheses an@bjectives

Il General objective

The research presented here was carried out with an objective to explore and identify molecular
properties, or parametgffactors), favoringefficientand nortoxic delivery of small interfering RNA,

both in vitro and in vivo. Furthermore, acute toxicityhiodistribution and potency of selected
formulations were investigated in animal studies designed as per reggaideimesandcompared

to lipid nanoparticles.

EE Studyl

Thepurposeof this study was to test selected formulations proven to be optimahitro plasmid
DNA delivery and demonstrate the efficiency of said formulations to transfect multiple cells lines

and induce potent gene knockdoatiow N:P ratio

1.3.2.1 Hypothesis 1
We hypothesized that, coaty to previous literaturf20, 22, 23, 25, 26]Jlow molecularweight
chitosangzomplexedat low N:P ratios represent suitable formulations for SIRNA delivery and gene
knockdown;similar to observations with plasmid DN&pecific hypotheses testdardugh this
study included the following:
f low molecular weighthitosans formulatedat low N:P ratio are able to transfect multiple
cell lines and induce potent gekieockdown
f formulationsat low N:P ratios assure sufficient protection and efficient delivery of the
siRNA cargq
f the requirement for high N:P ratio observedhe previous literature is due éoroneous
assessment of nanoparticle stability at high pH and subsequent selection of stable

nanoparticles foin vitro assessment.

1.3.2.2 Objective 1

Select formulations based on design parameters in Laateatupreparaanoparticles at a low N:P
ratio and characterize their phgschemical propertie¢i.e. size, surface charge, stability at

different pH) and ability to transfect multiple cell lines.



E Study 2

The purposesof this study wereto 1) understand the correlati between nanoparticle

physicochemical properties and knockdostficiency, 2) identify molecular parameters favoring

efficient delivery and potent target gene knockdown @pa@haracterizethe effects of these

parameters on cell viability and g#axicity.

1.3.3.1 Hypothesis 2

We hypothesized that molecular parameters favaeifigient SiRNA delivery are different than

those foundfor plasmid DNA. Specific hypotheses testetiraugh this study included the

following:

f nanoparticle surface charge is the most important parametetatthg transfection
efficiency,

f in contrast to plasmid DNA deliveryransfectionand knockdowrefficienciesare not
influenced by media pH, and nanoparticlategrity is conserved at high pH with an
increase in the degree of deacetylatioojecular weight and N:Ratio;

f in contrast to plasmid DNA delivery, anoparticles prepared dtigh degres of
deacetylation and molecular weiglhdre able to transfect ¢gland induce potent gene
knockdown

f serumhas a negative impact on low molecular weight formulations throagbparticle
destabilization

f increasing bothmolecular weight and N:P ratio does not iefice toxicity and
genotoxicity

f nanoparticlehemocompatibility shows a dose, degree of deacetylatmah naolecular
weightdependence

f nanoparticlehemocompatibility can be abrogated with hyaluronic acid cogtEmnmitting

improvedin vivodosing.

1.3.3.2 Objective 2

Produce and screen a library of fulharacterized chitosans tavestigate the influence of

physicochemical parametefse. degree of deacetylation, molecular weight and N:P rato)
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nanoparticle sizesurface charge {potential) integrity (xserumandat differentpH), metabolic
toxicity, genotoxicity, hemocompatibilitycell uptake and target knockdown efficiency

B Study 3

The aims of this study were 19 investigatan vivo biodistribution,2) investigatammunological
(i.e. cytokine production)hematological, serological and hisédipological toxicity of single
ascending doseand 3) investigate theefficacy of chitosarsiRNA nanoparticles following

intravenous administration in mice.

1.3.4.1 Hypothesis 3

We hypothesized that administration of swdmolytic doses of chitosasinontoxic compared to
lipid nanoparticles and induseotent gene knockdown at the site of accumulat®pecific

hypotheses testebdrbugh this study included the following:

f bothuncoated and hyaluronic acid coateshaparticles do not induce cytokinepegssion

following intravenousadministration

f bothuncoated and hyaluronic acid coated nanopartadesot induce hematologicahd

serological toxicities such as thrombocytopenia, and incldadeey and livebiomarkers

f both uncoated and hyaluronacid coated nanoparticle® not induce histopathological

changes in maitissuesand losssin bodyweights;

f similar to polyethylereimine (PEI), uncoatedchitosannanoparticlesare eliminated by the

reticuloendothelial system aratcumulate in lungs, liver, spleen and kidney where they

induce potent genenockdown

f hyaluronicacid coated nanoparticles have a different biodistribution pattern compared to

uncoatedormulations

f hyaluronicacid nanoparties demonstrataigher knockdan efficiency in accumaited

sites due to improved hemocompatibility and increased doses



1.3.4.2 Objective 3

Inject nanoparticles to mice and investigate biottigtron usingwholeanimalin vivoimaging to
define the site of accumulation, and confirm findings usimgivo imaging followed by confocal
microscopyFormulate nanoparticles with a nativefi@mmatory andchemically modified fon
inflammatory)siRNA sequencg andnject(atincreagng doses)nto mice via the tail vein. Assess
pro-inflammatory cytokine induction 4 hours pagtministration using a multiplex system, collect
blood and main organ24 hours posadministration ofnanoparticle and assess hematological,
serological and istopathological toxicity. Formulate nanoparticles with a chemically modified
SiRNA targeting the glyceraldehyde phosphate gene (GAPDH) asmodel to demonstrate
functional g@e knockdown in target tissues.

1.4 Brief structure of the thesis

The thesis is anposed of nine chapters, starting with a general introduofitime subject, and a

brief description of the problematic, objectives and thesis struc@tagpter 2 preseng a concise
literature review of the following subject mattet3 RNAiI mechanism of action?) the
pharmacokinetic and pharmacodynamics considerations for the proper translation llof sma
interfering RNA (siRNA) based RNAB) the main delivery systems including chitosan dhd

brief description of the mechanism of cell entry and endosomal escape in order to familiarize the
reader with the subject of this theszhapter 3 introduces the core of the thesis, and dessribe
subsequent chapte@hapters 4 5, 6 and7, present the main findings as published and submitted
manuscripts.These manuscripts are incorporated in the thesis with modifications only in the
formatting and represent an exact copy of the published or submitted material. The thesis concludes
with the last two chapters composedao$hort discussion i@hapter 8, and conclusions/future
perspectives ihapter 9. The bibliography o€Chapters4, 5, 6 and7, can be found at the end of
each chapter, while the bibliography of chapfier and8 canbe found at the end of the thesis.
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Small interfering RNA (siRNA) and antisense oligonucleotides (ASO) are potent moleadthles
therapeutic potenti§®, 4, 12, 13, 45, 46]The pharmacokinetic (PK) and pharmacodynamics (PD)
properties ofthese molecules depend on several factors such as structure, modifications,
formulation and route of administratiof2, 4]. This chapter presents a brief summary of the RNAI
process,pharmacodynamsg; and kinetic properties, chemical modification, different delivery
systems, including chitosan and the mechanism of endosomal entry and escape. In thishehapter,

reader is referred to reviews of more limited scope and of greater depth on particular topics.

2.1 RNAI mechanism of action

RNA interference (RNAI) was discovered in 1998 and quickly recognized as a promising approach
to block diseas@romoting genes vigenespecific silencing. RNAI revolutionized the concept of
gene regulation and shed light on the function ofomaing sequences in the genome. RNAi was
found to be responsible for the regulation of vital processes such as cell growth, tissue
differentiation, and cell proliferation. Dysregulation in the endogenous RNAI process was linked

to cardiovascular and neurological diseasesedsas a plethora of cancddy

In the RNAI processgenespecificsilencing is guided by three types of smadihcodingdouble
stranded oligonucleotides namely microRNAs (miRNA), Piéracting RNA (piRNA) and
small interfering RNAs (SiIRNA)PIWI-interactingRNAs are restricted to germline cells and will
not be further explored in this chapter. microRNAs are naturally transcribed from intragenic
regions of the genome or within introns as lotgublestrandedprimary microRNA pri-
mMiRNAS); such transcripts aat least 100@tlong and contain single or clustemoublestranded
hairpins Figure 2-1). The premiRNA is processed in the nucleus into an apprately 70
nucleotideg~ 70nt) sterrloop structure called the prasor microRNA (premiRNA) [47, 48]by
the microprocessor complex (MPC). The MCP is composed of Drpgsha48] a type 2
ribonuclease Il with an important role in ribosor®RMA possessinf9], and thedsRNA-binding
protein Pash0]. The premiRNA is exported to the cytoplagil] via anExportin5 mediated
process[52] where it is further shortened by a type RNase enzyme called Dicer into an
approximately 2zZhucleotide matureloublestrandedmiRNA (Figure 2-1). One of the duplex

strands, the guide strand, also known astiisensetrand (AS), is recognized and incorporated
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into a nucleic acigrotein complex called RISC (RNAduced Silening Complex), where

AGO2, a member of the conserv&yonautefamily of proteins, is the catalytmore in plants and
animals[53] 7KH PL51% JXLGH VWUDQG G DWHROMDW B,G & RSN KIHJITR
target messenger RNA (MRNAFigure2-1).

In contrast to miRNA, small interfering RNAs are exogenousileotide dumxes Figure2-4)

and bypass the processing steps of miRNA and directly enter the RNAI pathways through direct
RISC loading. As for miRNA, the siRNA guide, or AS strand is incorporated into RISC which then
guides the silencing complex to the target mRNHg(re2-1). Both miRNA and siRNA duplexes
demonstrate strand asymmetry summarizeprbferentialoading of one of the strands into RISC.

It was proposed that the duplex strand displaying weaker thermodynamic energy (binding energy)
DW LWV 9 HQG LV DOZD\V L Q FriRedi&es géhvsie@citifa,\83Rthiwugii 5,6 & D
direct sequence speciftRNA cleavagegPTGS)or translational repression (TRyhe choice
between PTGS and TR is dictated by the extent of sequence coenpéeity betweerthe seed

region and target mRNAwith full sequencecomplementarity pnmoting PTGS while partial
compknentarity, as in he case of most miRNAayorstranslational repression and accumulation

of MRNA in P bodie@-igure2-1).

[—> :I"ol H ) Ti) Drosha) B)
Pri-miRNA Pre-miRNA
Nucleus
IR dsRNA Cytopl .Il._JJ_UL:: Pre-miRNA
pu— Cytoplasn -
6@ — O
Dicer processing
and RISC loading
p— Aieam
a0 @
mEmr  SIRNA mr_ >
» ECOY EGO
g RISC RISC E
£ | cle: \A) <
< ><g unv MIRNA) 4
Z e iy
l RISC activation 1
= RISC
RISC Translational | (
(efe) repression @
TN mRNA W mRNA
[mRNAT MRNA
cleavage degradation

— P-body

Figure2-1: Mechanism of RNA interference induced the siRNA (left side) and the miRNA (right
side) pathways. Adapted frof8]. Copyright 2017, with Nature Publishing Group permission.
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2.2 Pharmacokinetic and pharmacodynamic consideratioa for
effective RNAI

Several factors limit the efficacy of siRNA to induce the intended effects in theytgplasm
(pharmacological site of action). These barriers affect both the pharmacokinetics and
pharmacodynamics of siRNA and are presented in se2iibh 2.2.2 and2.2.3of this chapter.

Il Physiological barriers to siRNA delivery

In order to mediate their intended effects, the relatively large (~ 14 kDa), hydrophilic and
polyanionic siRNA molecules ne¢all) circulate in the bloodstreard) extravasate to thatendel

target tissue3) diffuse locally,4) pass through the cytoplasmic membrab)eescape from the
acidic environment of the endosome and fin&l)yoad into the RNAiI machinerythe first two

steps are eliminatenh the case oliocal delivery In each and every step of this processefense
mechanism has been warranted through evolution in order to protect the integrity of cells and their
higher structures. In blood, naked and unmodified siRNA face rapid recognition and degradation
by serum endoand exenucleases. In addition, sSiRNAs and theéggradation productzereadily
eliminaiedthrough glomerular filtratiomnd hepatobiliary excretid®6]. Rapid renal énination

occurs due to the relatively small size of the siRNA molecules (size below #i® n@ pores

[57] of the filtration slits in the glomeruli). Numerous studies have shown that naked, and non
chemically modified siRNAwererapidly eliminated fom thebloodstreanwith half-lives of less

than 5 minute$41, 58] In contrast to naked siRNA, metabolically stabilized siRNAs have been
shown to ciculate up to 50 mirtes[41, 58] For instancephosplorothioate(PS) modification of

the backbone favors interactions with serprateinsand limits renal secretion. Although such
modification improves nuclease resistance, permitting extravasation to tissue, additional hurdles
such as specific targeting and cellular translocatemain Moreover, electrostatic repulsion
forces between theegatively charged siRNA phosphate and the negatively chargedraramb

limit passive diffusiorf2]. Encapsulatin, or conjugationof siRNA (see sectioB.3) breals down
several of these barriers permitting potent gene kamen (reviewed 2, 4, 11, 59). However,
delivery materials face similar challenges with endosomal escape beingstratelimiting step

[2,9, 13, 60, 61]
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Table2-1 Biological barriers for siRNA deliveryheimpactof each barrier on performance and

strategies to overcome the barriers.

Barriers Impact Solutions
¥ Aggregation ¥ Surface modifications e.g. PEGylation
% Rapid clearance ¥ Physical encapsulation of payload
Serum  proteing

and nucleases

Y

Ya

Nonspecific uptake

Toxicity

Y

Payload metabolic stabilization (e.g. chemi

modifications)

Tissue specificity

Ya

Nonspecific uptake

E7Z

Size

Cell ak % Nanoparticle decoration or payload conjugat
ell uptake of : o o .
_ o ¥ Poor intended effect with tissue or cell specific ligands (e.g. antibod
internalization _
transferrin, galactose, GalNAgC)
¥ Endosomal escape agents i.e. cell penetrg
peptides, membrane destabilizing agents
Mellitin, PBAVE).
Endosomal escap % Optimization of lipid formulationscomposition
¥ Poor target knockdow|  and inclusion of fusogenic lipids and cholester
efficiency _ _
¥ Acid labile bonds
¥, Optimization oflipid pKa (e.g. ioniable lipids)
RISC load ¥ Optimization of payload sequence (¢
oadin
J WKHUPRG\QDPLFV TVWDEL
¥ Toxicity (e.g. immune % Payload designs
Off-target effects stimulation, .I.<nockdowr % In vitro high throughput screening
of unspecific genes

genotoxicity

Y

Metabolic stabilization and pattern designs
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EEl Structural factors affecting siRNA-induced RNAI

Several factors can affect the potency of the RNAI effect. For instance, incorrect strand selection

can trigger the silencing afff-target genes complementary to the intended passenger, or sense,
strand and decreasige potencyof the antisensestrand. Increasing the asymmetry of the duplex
through A8 HQULFKPHQW LQ WKH 1 H1Q énsBrichsl théddebded/stvdldiR2Q G KH O S
antisense) is selected by RISC. In addition, strategies such as the incorporation of unlocked nucleic
DFLGV 81% LQWR WKH T HQG R Imkvekyariestrart SdeQi@2H Q KD Q FH
$V\PPHWU\ FDQ DOVR EH HQKDQFHG E\ EORFNL®@H usRyVUDFHO
selective modification (i.emethylation) of the hydroxyl grougt WKH § HQG RI WKH VHQ
during solid phase synthegi83]. As activated RISC are dew of helicase activityl, 64], mMRNA

secondary structures can block access to the target site and reduce potamayagevithms (i.e.

OligoWalk) were developed in order to optimize the design of sSiRNA duplexes, and select potent
sequences for furthen vitro screening. These algorithms not only takéiaccount mRNA
structureg65] but also incorporate design rules to consider the internal stadfitity dupleX66].

The general ruke for effective siRIA can be summarized as follo&$ Low G/C content (36 to

50%),2) A or U base preferred in position 1 of the AS straé8)& bias toward low internal stability

DW WKH 6 WWUBPIQIXW 1 $baiwdrdde Bflinfeks repedh) at least 3 A/U bases

at position 1549, 6) A/U bases at position 10 (substrate for Ago2 cleavage) and 19, akd 7) A
richness in positions-I [66]. Irrespective of how accurate these predictive algorithms are, it is
always encouraged to carry aoivitro screening for potency and validate and ofttarget efects

using proper controlg’].

Hll Potential toxicities

Three types of toxicities or ofarget effects have been reported in the literature and are described
in section.2.3.1 2.2.3.2and2.2.3.3below. It is important to mention that these-tifget effects
or toxicities are dependent not only upon the siRfd4uencéut also upon theomposition of the

delivery vehicle.

2.2.3.1 MicroRNA like off-target effects

In general,miRNA-like off-target effects occur through nspecific partial complementarity
EHWZHHQ WKH DQWLVHQVH VHTXHQFMH DT &R WWKHKH TPELW LBIRGR\OC
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(Figure 2-2). miRNA like off-target effects were discovered when different siRNA sequences

targeting the same gene led to différémanscriptomic signaturel$7]. In a follow-up study,

Jacksoretal VKRZHG WKDW QXFOHRWLGH PLVPDWFK LQ-tAkggtH $6 VW

knockdown, but introduced new genomic signatures witkw set of genes being silencg@s].

Theanalysis of the offarget transcript sequences revealed partial complementarities with the seed

region of the siRNAthe seed region is a sequence gfugleotides that playakey role in target

recognitionthroughbase complementarityniRNA off-targetHITHFWV DUH QRW UHVWULF

but could also be induced if SIRNA share partial complementattitycoding regions (ORF$$7].

Design algorithms, incorporating basic local alignment search tools (BLAST), have been

developed to select for minimal seed regioiPc® O HP H Q W D U L V893-72). MoWevéf Sfiese

strategies are not error proof and/or are limited since partial homology with@@EOH {875 LV

unavoidable[71]. In addition to careful designs, chemical modifications such as methylation
120H KDYH GHPRQVWUDWHG L PidRNAVikELoY targetveifets (38]JP L W L JD W

Incorporation of other chemical modifications such as UNA&dgegion) and locked nucleic acid

(LNA) abrogated the number dafff-target transcrips by more than 90%472]. Both these

modifications seem to affect the interactioatween the AS and AQo(RISC) and decrease

FRP SOHPHQW D WIRsWithoWw afedvinghpotend@2, 68, 73]

SIRNA Delivery vehicle
3

cr

= C

5

Perfectly-matched mRNA Imperfectly-matched 3’ UTRs Myeloid/dendritic cell uptake
— W
~0 o
/\&50/\&:0 ~0 _
<)
3 . X
M y ®" Cytokines
\
L gy, S [ g 2y
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Figure2-2: The different categories of eférget effects observed with small interfering RNAs.
The cartoon depicts the darget, or the intended effect (left), the-tdfget, omiRNA-like off-
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WDUJHW VLOHQFLQJ RFFXUULQJ DIWHU VL51% UHFRJQLWLRQ
the transcriptome (middle) and the immune stimulatiortafjet effect of SIRNA and/or delivery

material used i.e. lipid nanoparticle (right). Note: othettaffjet effects such as RISC saturation

are not depicted in thsartoon. Image adapted frd®]. Copyright 2017, with Natungublishing

group permission

2.2.3.2 Immune stimulation properties

siRNA, and the delivery materials (secti®1d), have the potential to activate the innate immune
response and stimulatee productionof cytokines. Immune activation is generally associated with

the activation of pattern recognition eptors (PRR) such as Tdllke Receptors (TLR)KRigure

2-2). siRNA-dependenimmune stimulation has been associated with the endosome bound TLR

3, TLR-7, and TLR8; TLR-3 is also expressed on plasma membranes. The interaction between a
TLR and a siRNAsequencactivates downstream signaling pathwalgsading to the transcription

and subsequent expressionpbinflammatorygenes (i.e. cytokines) such @asmor Necrosis
Factoralpha(TNF-. D @i@rleukin6 (IL-6). In contrast to TLEB, the activation of TLR/ and

8 have been demonsteadtto be sequenaepenént[74-78]. BesideTLRs, cytoplasmic sensors

such as the retinoic acid inducible gene (R)&nd protein kinase R (PKR) are ablegoognize
doublestrandedRNA and mediate interferoFN) responseg6, 79]. These intracytoplasmic
sensors represeatsecondayer of protection that evolved to counteract direct cytoplasmic loading

of dsRNA (viruses) or poor TLR recognition. In an attempt to relate sequence motifs and TLRs,
several groups revealed the importance of features such as RNA length, seauaestcecture of

siRNA on immune activation. However, no consensus on either the nature of the immune
stimulatory motifs or on the design rules has been reported to date. It seems that uridine (U) and
guanosine (G) rich sequences including UG dinucleatid® Q@GUY § D btént Sctivators of

TLR [5, 80]. NeverthelessGU-rich sequences do not account for allmune responses to siRNA

since sequences lacking U and G nucleotides can stitlghitent TLR activatiorf76, 78] These
findings cemonstrate the difficulty in defining immuséimulatory motifs and suggest that proper
selection of inert sequences is best achieved through experimental screening. However, the most
promising strategy to reduce immune stimulation seems to involve ch@maddications Section

224 )YRU LQVWDQFH LW KDV EHHQ HVWDEOLVKHG WKDW 1 Pl

even eliminate the innate immune response. Jadgd demonstrated that a minimum of two
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modificationsis required in selected positions to abrogatenune stinulation in PBMCg[81].
Severalother type R1 PRGLILFDWLRQV 4, Etc.)/deScril@lrsectpHn2.2.4have

also been demonstrated to inhibit immune activity to some extent.

2.2.3.3 Sequencendependentoff-target effects.

As siRNA and endogenous microRNA share the same machinery, competition between these two
types of molecules can potentially disturb endogenous gene regulation. Several studies
demonstrated the saturability of the RNAI pathway and showed toxic effectsboatio andin
vivo[82-85]. For instance, mice lethality was demonstrated following the delivery of plasmid DNA
encoding short hairpin RNA (shRNAEhRNA are transcribedn the nucleus, mimic pre
microRNA, processed by Drosha and exported to the cytoplasm via Expavtiere they are
further processed by Dicer, load RISC and mediate R8#}i The observed lethality was related

to Exportin5 saturation and impairment of nuclear transport due to theopeprcleavge by

Drosha [85, 86] Sequencéndependentoff-target effects were also demonstrated to occur
downstream of Exportid, in the cytoplasm, via direct competition RISC loadingd83, 87]

Although chemical modification can abrogaequencelependentoff-target effects, improve
nucleag resistance, reduce imnaustimulation (sectior2.2.4 and improve potency, they are
unable to reduce such sequence independeriargiét effects. In fact, chemical modifications,
especially with novel chemistries being incorporated could increase this type of negative effects.
In light of a recent reportamonstratingong-lasting knockdown (6 month) following saie
administration in humafi3], and the subsequent announcement by Alny#aarmaceutical that
immunoprecipitation experiments in mouse hepatocgtesvedthat sSiRNA AS strands remain
loaded ino RISC months after dosinfB8], sequence independent -tdirget effects shoujd

therefore pe seriously investigated ftong-termtoxicity.

Hl Improvement of SIiRNA PK/PD properties through chemical

modifications

RNAI clinical application has met with some significant obstacles suldwasellular uptake due
to the polyanionic nature of SIRNA, serumstability, and low pharmacokineticsff-targeteffects,
toxicity and potenimmunestimulation A variety of chemical modification has been proposed to

address these issues. Such modifices can be classified into four major categoriBssugar
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modifications,2) backbone modificationg) base modifications ang) terminal modifications. A
QXPEHU RI VXFFHVVIXO VL51% PRGLILFDWLRQV KDYH IRFXVHC
since W K HOH fis not required for siRA activity [89] 6XFK PRGLILFDW-DRQV LQF
PHWK\OD®DRQ -®@fnethoxylethyl $0-02( -@ DO O \‘Q-ethymine -@-

alkylamine, fluorine modification () -deoxy ffluoroarabinonucleicD FL G 1) $1$ DQG
Locked Nucleic Acid (LNA) among otherBifure2-3). In general, all these modifications improve
VHUXP VWDELOLW\ ELQGLQJ DIILQLW\ DQG UHGXFH-Q-PPXQH \
methylation of sugar moieties can be well tolestdteroughout the duplex siRNA making it one of

the most popular and versatile sSiRNA modifications. However, contradicting results have been
REVHUYHG ZLWK VRPH JURXSV U H-®Rd Wddfchtion KenheDdddhdH Q X P E
decrease siRNA aciity [89-92] while others reported that fully mifigéd SiRNA are functional

[93] -®-MOE modified siRNA has been used togiirthe pain related catiarhannel P2X3 and

resulted in successful gene targetimgivo[94]. This modification was found to be most effective

ZKHQ XV HG-dveghavgkrHthe 5iRNA sequence most proballg to the fact that bulkier

nucleotides are not welblerated in the siRNA duplexes.

The fluorine modification is probably one of thestknown siRNA modifications that coef
improved serum stabilitf95] and increased binding affinityFigure 2-3). Reports demonstrated
W K DRWnodification is well tolerated wheapartial modification is perfamed on both strands
[89, 96, 97]or whenthe sSIRNA sequence ifully modified [98]. Chamge in the stereochemistry of
) 51% OHD GF/AMARa wgll-toleratedmodification that increases serum stapind
binding affinity [99, 100]that was initially developed as a DN#walog[101, 102] Anotherkind
of accepted modificationavolvesthe use of DNA bases. Such modifications are well tolerated as
foverhangs ardr in limited numbers within the bagmiredregion of a siRNA duplex103].
Substitution with the dsDNA in the-®@ UHJLR Q Bewd aiVtkeHguifle strand gives active
duplexes withreduced offtarget effect$104, 105]
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Figure2-3: Different chemical modification used in siRNA design. RNA, ribonucleic acid; PS,
phosphothioate, PS2, phosphodithioate; EA-2minoethyl; DNA, deoxyribonucleic acid; 20
F, 20-fluoro; 20-OMe 20-O-methyl; 2 0-MOE, 20-O-methoxyethyl; FANA, 20 -deoxy-20 -
fluoro- -d-arabinonucleic acid; HM, 4€C-hydroxymethydiDNA; LNA, locked nucleic acid;
carboxylic LNA 2 0 ,40carbocycliecLNA-locked nucleic acid; OXE, oxetathéNA; UNA,
unlocked nucleic adi 40-S, 40-thioribonucleis acid; fSRNA, 2 0-deoxy20 -fluoro-40 -
thioribonucleic acid; MESRNA, 2 0-O-Me-40 -thioribonucleic acid; 46S-F-ANA, 20 -fluoro-
40 -thioarabinonucleic acid; ANA, altritol nucleic acid; HNA, hexitol nuclaaid; B, base.

Adapted from{106]. Copyright 2017, with permission from Frontiers.

Backbone modifications include tplosplorothioate(PS), theboranophosphat¢éhe amide linked
DQG WKH 1 1 Qé @S offedcqnparabld®WLQ7]or lower potencief89] compare
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to native siRNA. Excessive or fully modified duplexes were asttiaith increased toxicity

[107] and decreased potency when modifications o@tuthe center of the duplejl08].
Boranophosphate modified siRNA demonstrated increased performapotency and sem

stability xcompared to rteave and PS modified siRNA409] 7 KH -lifikade was shown to be

a viable option for the sense strand and dematestra reduction in potendyl10]. Base
modification such as-thiouracil and the-linked -uracil 8 [111-113]was shown to increase
potency and specificity when appropriately placed within the duplex. On the contrddy, A
stabilizing bases such asl®&Jra instead of uracil andliamino purine instead of adenine
demonstrated a reduction in &R activity [89]. Pyrimidine methylation is a common
PRGLILFDWLRQ LQ FRQMXQFWLRQ ZLWKANAGAEM UNR.Ré&rihllFDW LR C
modifications such as the addition of lipids and steroid moieties or DNA bases §itReY HUKD QJV
were successfully used to impmwotency and stabilit}p8, 114} refer to sectiorn2.3.3.1for

details regarding lipophilic conjugation

The duplex architecture was also demonstrated to be an important aspect influencing siRNA
stability, immune activation, offarget effects, and poten¢¥15]. For example, small internally
segmented interfering RNAIGIRNA), a three strand siRNA, demonstrated increased potency and
reduced offtarget effectd116] (Figure 2-4). Another example of a successful rzamonical
architecture is the single strandattisens&kNA. The latter enters the RNAI pathway with simila
potency as siRNAELO7, 117] An alternative strategy to increase potency consists ofasicig
duplex Bngth[118]. However, it is necessary to keep in mind that SIRNA duglekeve 30t are

potent activatorsfahe interferon respong&19].
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o (O ) O
27mer siRNA Dumbbell siRNA 16 nt siRNA ss-siRNAs

Figure2-4: Different architectures of SiRNA used in the literature. The canonieat &RNA is
the most popular siRNA design and continue to be used in most of the studiesubDsteate
SiIRNAs such as 2it siRNA, shRNA, premiRNA mimics, or fork siRNA have been associated
with enhanced potency. Asymmetrical SIRNAfRNA), asymmetric Isorterduplex SiRNA
(asiRNA), bulgesiRNAs andsisiRNAwere shown to improve silencing specificity and when
associated with lipophilic conjugates become-delfvering. Bluntend siRNA are reported to be
more nuclease resistant but can be recognized ByadPR RIG1. Singlestranded siRNAs (ss
siRNAs) and 16t are functional but masequirehigher siRNA concentrations. Dumbbell
shaped circular sSiRNAs may have longer silencing duration. Passenger strands are shown in
black and guidetgands in red. Adaptefdom [106]. Copyright 2017, with permission from

Frontiers.

In spite of the fact ttahese modifications enhance nuclease resistance, increase potency, reduce
off-target effects and reduce immune stimulation; they do not resolve cell or tissue specific
targeting, the delivery into the pharmacological site of action, biodistribution rmchasemal
escape. Therefore, safe and efficient SIRNA delivery systems are still required to achieve the full
potential of RNAI. Several strategies to improve tissue/cell targeting, and delivery siRNA into the

cytoplasm are presented in sectiB below.
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2.3 Strategies for siRNA delivery

Improvement in siRNA desigiselection and chemical modifications confdruglike properties

and demonstrate potency to mediate specific target knockdown with-tzoget effects. However,

a key challenge with respect to the translation of the broad potensidtdA-basedherapeutics

is the delivery problem. As a consequencetagias including chemical conjugation with targeting
moieties or encapsulation in delivery systems were developed and, some, have reached clinical
trials. These strategies include the use of lipids, polymers, proteins (including antibodies) and

aptamers taddress the challengesiofvivodelivery.

In this section, a concise review of systems that are considered most promising and/or those that

reachedtlinical trials is presented.

HEll Nanoparticles based systems

Nucleic acid encapsulation into nanoparticfgevides multiple attractive properties such as
nuclease protection, improved circulation time, targeting, cellular internalization and endosomal

release. In the subsequent section, lipid and polymeric based nanoparticles will be presented.

2.3.1.1 Lipid nanoparti cles (LNPs)

Lipid nanoparticles (LNPs), or liposomes, represent the most advanced nucleic acid carrier, or
platform enablingn vivodelivery of SIRNA. LNPs have reached clinical trials for the treatment of
hypercholesterolemia, transthyretirediated amylidosis, hepatiti8 and liver cancer§ll, 12,

18]. LNPs are endowed with natural hepatocyte targeting throughr-pbE mediated
endocytosigl120] and exhibit potent gene knockdown activity in rodents andhumnan primates
[120-123]. Electrostatic interaction between the cationic head group andetatively charged
siRNA generatemultilamellarstructures with positively charged lipid bilayers separated from one
another by sheets of negaliveharged siRNA(Figure 2-5) [10]. Different types of structures,

such asinilamellaror electron dense nanoparticles, can also be fabricated using different processes
(Figure 2-6). N-[1-(2,3-dioleyloxy) propyl]-N, N,N-trimethylammoniumchloride (DOTMA), a
quaternaryaminecontaininglipid, thatwas used fonucleic acid delivery124]in the presence or

absence of ctipids, and form small sizednilamellarliposomes (< 100 nm). The addition of-co
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lipids such adioleoyl phosphatidylthanolamine(DOPE) improve transfection efficiency of
cationic lipids.

The use of DOTMA, or other cationic lipids, in the presence or absencdipfdsy confers a net
positive charge to the liposome facilitating interaction with negatively charged raeesband
subsequent meparticle endocytosi$9, 125] However, cationic lipids, or liposomes, with
constitutive or net posve charge, due to quaternary amine group, have been associated with
spontaneous dissociatiof126-128], rapid clearance, sevem vivo toxicity, and unfavorable
biodistribution via interaction with blood components, aggregation, and activation of immune
responsegi.e. cytokine and/or amplement)[14-16, 128, 129] Rapid clearance of positively
charged liposomes, oipld nanoparticles, by the reticuloendothelial system (RES) in liver and
spleenhas been correlated to protein deposition and surface interactions with higher PB parameter
(protein binding ability expressed as g of protein/mol lipids) associated witlecdee clearance
profiles [130, 131] Elimination, via accumulation in the capillary Isdd the lungs has been
observed and is believed to the result of aggregatidi31]. Strategies to improve $fidity and
reduce blood interactiorrand RES clearance-mainly consist in nanoparticle decoration with
hydrophilic polyethylene glycol (PEG), or the use of neutral or negatively charged LNPs.
PEGylation has the benefit of reducing toxicity at the costompromising potency owing to
decreased nanopartietell interactions. Increased potency was achieved with PEG coatings
designed to dissociate at constant rates thereby dynamically shifting the equilibrium from a stable
to a transfection compent nanopdicle over time[132]. The diffusion rate, or shedding, of the
PEGdepend on thelength of the lipid anchor with shorter chaii@l4) dissociating fast¢t33].

In addition, the lipid anchor and its lengther® demonstrated to play a crucial role in the
immunogenicity of PEGylated LNPs with long acyl anchors promotingbodymediated

clearance upon mutde administratiorj134, 135]
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Figure2-5 Molecularstructureand local arrangement of nucleicid in lipid nanoparticle®)
Schematic of the local arrangementiugnucleicacid between the lipid bilayers of multilamellar
(MLV) lipid nanopatrticles. B) Cry@ EM images of fusion of DOTAP/Cholesterol (1:1)
liposomes induced by the addition of @igicleotides. Black arrows indicate membrane
junctions and white arrows indicate a paired membrane. Scale bar: 50 nm. C) Schematic model of
MLV liposome or lipoplex formationAdapted fron{136]. Copyright, 2017, Elseviavith

permission.
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Figure2-6: Structure of the major siRNAelivery systems. A) First generation lipid nanopatrticle
(LNP) used in preelinical and clinical settingEL2, 121] This typeof LNPs is composed of a
mixture of helper lipids i.e. DSPC (yellow), cholesterol (orange)iathigablelipid DLInDMA
and PEGC-DMA. b) Cyclodextrirbased polymer nanoparticle (CDP). CDPssyrethesized

through polymerization aiaminateccyclodextrin(dark green) yielding an oligomer with
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diamine groups (blueY.he mlymeris endcapped with imidazole to improve endosomal escape.
Adamantar(AD), a hydrophobic molecule is used to conjugate both PEG and targeting ligands.
AD incorporate intdhecyclic core of the cyclodextrin. c) First generation dynamic
polyconjugate composed of PBAVE, GalNAc, PEG and the siRNA. d) Trivalent GalNAs siRNA
FRQMXJDWH 7KH PHWDEROLFDOO\ VWDELOL]JHG VL51% LV FRC
strand to three GHIAc molecules through a triantennary spacer molecule. Gathédiats
hepatocyte entryhtoughreceptorbasedecognition and subsequeandocytosis. Adapted from

[59]. Copyright 2017, NaturBublishingGroup with permission.

To avoidin vivotoxicity, increase stability, and augment potency of cationic lipatszablehead
groups with primary, secondary and tertiary amines have been developidble lipids are
positively charged at low pH (pH < pKa), and neutral in circulation. This property is beneficial
since it allows siRNA encapsulation at low pH, reduced protein and blood interaction at
physiological pH angromotes endosomal escape following-i@nization in acidic conditions.
Significant improvement occurred since the introduction of theifirstzablelipid (1,2- dioleoyk
3-dimethyammoniumpropane or DODAP])137] with the number of double bonds in acyl chains
controlling encapsulation and gene knockdown. Maximizatiom afitro knockdown occurred
with acyl chains containing 2 and 3 double bonds while payload encapsulation seemed optimal
with 2 doubé bonds containing lipid4.38]. As a consequence, throleyl lipid (Lin) became the
acyl chain of choice and demonstrated poitenivo knockdown inNHPs[121]. The plasma half
life was extended to 38 minutes when siRNA was formulated kvidteyl containing LNPs.
However, this formulation showed limitedficacyand caused cytokine induction and complement
activation in initial clinicaltrials [12]. Immune stimulation is a major problem witpid-based
nanoparticlesand isresponsibldor thediscontinuation of several programs that were halted by the
US Food and Drug Administratiaiter severe fldike symptoms occuing during or postnfusion
[12]. Innate stimulation can be significantly reduced with metabolic stabilization of the payload
L H 120H PRGLIURDAIMiRSPatidh @Q@infRammatory steroid$81, 135, 139]
Immune stimulation would benefit from increased potency since toxicity is a concept related to
both dose and exposure. Therefore, significant improvement in gotmit consequently safety
has been achieveatiroughl) rational design and/d2) generation of libraries and screening for
novel formulations. The fat approach identified two iorable lipids i.e. DLIRKC2-DMA and
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DLin-MC3-DMA with superior potency (108nd 1006&fold respectively) in comparison with the
1%t gereration DLinrDMA lipid [122, 140] Maximization of potency, or the decreasariadian
effective dose (ED50), was strongly correlated with the pKiaratzablelipids (optimal at 6.44)
and their &ility to adoptcone structres in acidic environmenf$40]. In fact, data suggest that the
final liposome pKa isnore important than the pKa ofdividual lipid constituent$122]. DLin-
MC3-DMA based lipid nanopatrticles demonst@ipotenT TR knockdown inNHP and moved to
clinical trials[12]. Although increased potency at lower doses was obtained, clinical administration
of the second generation LNPs (DIMIC3-DMA) still requires steroid prereatment to alleviate
infusion reactions[46, 141] The results of Patisiran phase Il study, a DME@3-DMA LNPs
targeting the transthyretin protein (TTR) are expected in the third quarter of 201 patshtal
FDA approval in 2018.

In spite of the high potency and advanced clinical development, aption and screening for

new formulationare VWLOO RQJRLQJ ,Q DQ DWWHPSW WR LPSURYH E
oxidation, of DLinMC3-DMA, ester groups were irgduced in the alkyl chaii23]. These ester

modified lipids werewell tolerated inmice and readily eliminated from tissues while retaining

exceptional potency.

A recent approach using chemical libraries aflfike moleculegermed lipidoids (L), combined
with cholesterol and PEGeramide identified L98N125 as a novel formulation with high
tolerability, andin vivo potency in both mice andHPs[142, 143] L98N125 was administered
at doses comparable to the first generation LNPs described by Zimmeshadfir21]. In contrast,
an epoxidederived lipidoid library identified a formulation, C200, with outstanding
knockdown efficacy in mice andHP. Target gene knockdown exceed@o at a dose of 0.1
mg/kg [144]. The clinical translation ofhese two lipid, as well as the aforementionedter
modified DLinAMC3-DMA, and their performance imumanis still pending strategic decisions in
a space wher&alNAc s rapidly replacing LNPs for liver delivery. As seen in this section, LNPs
appears to be restricted tioe liver through natural targeting properties to accumulatéver
hepatocyte. The mebanism of liver accumulation and endosomal escafiebeipresented in

section2.4.10f this chapter.
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Hll Polymer-basedsystems or polymer based nanoptcles

2.3.2.1 Polyethyleneimine (PEI)

Polyethyleneimine (PEI) is one of the most broadly used cationic polymers for the yeliver
nucleic acid49, 145] PEI can besynthesizedin a linear [PEI) or branchedPEl) formsand its
molecular weight controlleR]. Linear PEIs have demonstrated decreasedtro toxicity and
improved in vivo tolerability profiles compared to theibranched counterpartfl46-148]
motivating their frequent use in the literature. Boretetl, showed that intravenous administration
of IPElinduces potent gene knockdown with no significant increase imflamnmatory cybkines

or liver transaminase€ld47]. However, PEIs are generally asgmted with toxicity[8, 149]and
colloidal instability[150] limiting their use in clinical trials. PEI cytotoxicity was characterized as
a two-phase process where polycaticell interaction induces loss of cell membrane integrity and
initiation of programmed cell deafli51]. Insights into the molecular mechanisms of toxicity
revealed the importance of physical interactions between the polycation and the mitochondria
leading to the release pfoapoptotiqroteins and sugequent initiation of apoptosis vivo, IPEI
demonstrate rapid blood clearance {8 minutes) and predominately accumulate in the lungs
followed by liver,spleenand kidneyg$41]. The two to teffold increased accumulation in lungs is
hypothesized to be due to salt and protein induced colloidal instability in serusulaseuent

physical capture within pulmonary capillary beds.

Improved pharmacokinetic and altered biodistribution profiles can be achieved with PEI surface
modificaion [152, 153] PEG decorated PEls (BEPEI) showed decreased liver accumulation
indicative of improved stability and longer circulation time with no activatibthe complement
system [154]. Despite the encouraging results, RPEEl dissociated upon liver passage

underscoring the shortgongs of this systa for systemic applicatiofi54].

PEFsiIRNA systems have been used for local administration with high target knockdown
demonstated in lungs and other orgari3espite numerous reports of cytotoxicity and limited
performancdollowing systemic administratiofil48, 155] PEtbased systems are being tested in
clinical trials in EuropeCanadaand IsraelPElFbasednanoparticlesIPEIl, 25kDa) were locally
injected into pancreatic tumausing ultrasound endoscof#yb6]. Buscailet alreported a favorable

in humansafety profile with mildreatmentrelated WR[LFLWLHV LQ SDWBAHQWYV

dosedependenincrease in CYLEO2 transgene expression was demonstrated with no objective
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clinical responses. Heever, nine patients (9/22) showed stable disease and two of these patients
(2/9) experienced lonrterm survival demonstrating that PEI could potentially be usedota |

clinical applicationg156].

Newer generations &fEFbasedsystems, based on polycalactoneblock-PEGcopolymerspoly

D, L-lactic acidcoglycolicacid (PLGA), or lipid conjugation, are being developed for improved
colloidal stablity and increased potend{50]. Nevertheless, PEI systems have been associated
with off-targetand transcriptomic effec{448] that need to be fully investigated, in different cell
lines (and potentiallyin vivo) in order to establish proper safety profiles and alldwvical

translation.
2.3.2.1 Poly ( -amino este) (PBAE) systems

3 R O-Yamino ester)or PBAE, represents an interesting class of polymers that was first developed
in the Langer laboratory at MIT by Lyret al[157]. These polyners offer facile synthesis through
classical orcombinatorial approaches toonstruct screening libraries for structamivity
relationship (SAR) and selection of efficient farulations. PBAE are synthesized by the
conjugation of aminéside chainsjo diacrylatesnonomers (backbonesing a onestep chemical
reaction Michael aldition reaction[158, 159] The diacrylateterminated polymer can be end
capped with a variety of molecules increasing its versatility/modul&itsfacemodifications can

be performed vigonjugation or electrostatic coating with negatively charged peptia@stules

(i.,e. poly E) [160] to reduce deleterious effects associated with cationic surfaces and

improved/contrded targeting to tissues

Due to their positive charge and amine confprimary, secondary and tertiarfABAE polymers

are able tepontaneouslgondense nucleic acidto nanoparticlesnd escape the endosarimitial
studies of these polymers showedttbatimal formulationshad Mn <10 kDa andeffective
diametes below 250 nm witlguast Q H X \Apbténtas (~10 mV)[83, 161] In comparisorwith

3(, 3R @mino esters) shieed at least 4 to-8&Id improvement in transfection efficien€YE)
coupled withdecreased cytotoxicityThe latter isattributedto the biodegradable ester bond in
PBAESs with a half-life between 2Z7h depending on the polymi@is9]. Although, PEI and PBAE
have a quassimilar proton buffering capabilitigd62], or ability to escape from the endosomes,
the enhancedE observed with PBAKersusPElcan be attributed to improved endosomal escape

probably via hydrophobic interactions in the endosomal compartai#fietences in SARnucleic
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acid binding/unpackingand most probably their degradability/low toxicis PBAE degrade
inside cells and cae less toxicity compared toondegradablepolymers (i.e. PEI)higher
polymer/nucleic acid mass ratio can be used to achieve a higher extrinsic buftgracityper
mass of nucleic acid 63]. Principalcomponent anafys (PCA) revealed that hydrophobicity and
molecular weights represent major parametengch increasdransfectionefficiency between
related PBAE structured64]. Studies from the same group (i@reen J.J. at John Hopkins),
showed that different PBAE polymers are needed for the delivery of sikRisAIsplasmid DNA,
andthat ciemical composition of the PBA&nd group (capping monomerather than the core
polymer, play a major role in promoting cellular upt§k89, 165, 166] Thisis probably due to

the role of the endroup in mediating/facilitating an interaction between the surface of the

nanoparticles and cells and/or the influence of the emgpgon the bienano interface.

PBAE have beeadministeredn vivousing differentroutes of administration (i.e. intranous
intraperitoneal intraocular, et¢.[158-160, 167]and are currently the focu®sr intratumoral
injection in the brain[159]. Intravenous administration of PBAmBanoparticles lead to
accumulationin major organscausingtoxicity. Electrostatt coating with negatively charged
peptides (i.e. PoHE) alleviatein vivo toxicity anddirects nanoparticles to either the liver or the
bone marrow dpending on the coating densif¥60]. Intracranial CED delivery of PBAE
nanoparticlegncoding the herpes simplex 8rinduced thymidine kinase (HSVtk) demonstrated
good tumor penetrability reaching the tumor margind achieved significant survival benefits in
rat gliosarcoma modell68]. These polymers continue to be developed in the Green and Langer
laboratories for different applications (i.e. mMRNA delivg¢t$9]) and show promising results.
However, further developmenineed to be conducted to improve their PK/PD profiles and to
understand why PBAE polymersquirebio reducible disulfide bonds for siRNA delivery and not

arother typeof nucleicacids.
2.3.2.2 Cyclodextrin-basedsystems

Cyclodextrin polymers (CDP) are polycationic oligomesynthesized by stepgrowth
polymerization between diamine containing cyclodextrin monomers and dinsetisgtmidateo
generate oligomers with amidine functional groups. CDPs mediate efficient condensation of
nucleic acids, including siRNA, at very low amidine to phosphate ratio (N:P ratio less than 3) due

to the strong basicityor positive chargetof the functionagroups Endosomatelease is usually
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dependent on imidazole functional groups grafted byaapmging.In vivo application of these
systems required PEGylation to prevent protein induced aggregation in serwcoddent PEG
shielding was performed follang conjugation with a hydrophobic molecuéelamardne (AD),
that incorporates through hydrophobic interactions into the cyclic, and hydropbotgof the
cyclodextrin structureHigure2-6). PEG shielding, improves colloidal stability, and redncatro
andin vivotransfection efficacy through reduced nanoparioe interaction. Modification of the
AD-PEG with targeting ligands such a transfe(Tf) or mannose (M), rescues the efficacy of the
CDP NPs lost with PEG shieldinthrough receptormediated interaction and subsequent

endocytosis.

The CDP targeted system, developed in the Mark Davis LatheatCalifornia Institute of
Technology was the first targeted nanoparticle system to be testadinical trials andto
demonstratéhe applicationof RNAI in humang11, 45] The system was injected as a twal

component thais mixed at the bedside prior to an intravenous infusion protocol of 30 minutes.

In vivo delivery of siRNA using th€€DP systemwas demonstrated in multiple animal models
across species. Potekmockdownand antiproliferative effects were displayed in a syngeneic
subcutaneous mouse tumor model araxanograftmodel forEwing Sarcoma, respectivel§70,

171]. Positive data from these initial experiments promgtedriitiation of a prelinical program

where clinical translatability was evaluatechom-humanprimates. The targetedCDP system was

found to be tolerated following intravenous administration at doses up to 27 mg/kg and
demonstrated a large therapeuidex (potency ~0:4.2mg/kg, toxicity ~ above 27 mg/kg) with

mild activation ofpro-inflammatory cytokine$172]. Evidence of RNAwasshown for the first

time in a human phase limical trial XVLQJ 9Y5DSLG $PSOLILFDWAER[EG].RI F'1$ (
Although the system demonstrated fast translatability into clinical trials, mainly due to properties
such as low toxicity in preclinical studies, high encapsulation efficigheynclusionof targeted
moieties and PEG stabilization, phase | clinical trial failed to progress into subsequent phases (i.e.
Phase Il and Ill). ArrowheadResearch parent company owning Caland®harmaceutica
terminated thé>haselb trial with the CDP based investigational prodG#tLAA -01; Phaselb

trials are usually extension studieg-depthanalysis of the clinicatlataand correlation with
preclinicalanimalmodelsshoweddosedependentoxicities in several patients, infusi reactios
thatwerecorrelated with increased pmflammatory cytokine release, and acute ddependent
hematological toxicities (i.e. thrombgtopenia and lymphopenif)73]. Importantly all patients
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had no objective tumor responses (79%) as per RECIST 1.0 criteria and 7/19 patients had increased
tumor size highlighting the absence of therapeutic effect. Pharmacokinetic data correlated between
animal and human accompanied with rapid glation of CALAA -01 occurring through kidney

and bladder without liver toxicity. Kidney toxicity was rate limiting in animal studies but not in
human despite accumulation and elimination of @&_AA-01 sytem through the glomeruli

[173]. These findings indicate that the system seems to lack stability in blood and needs further
investigation. In addition, poor pharmacodynamics and immune stimulation were potentially
related to tk use of poorly selected siRNAC60 in nMversuspM rangefor current designsgnd

its immune stimulating potential in the absence of chemical modifications. However, the system
continues to be evaluated in preclinical models where CDP has been used for the delivery of SIRNA
to mesngial cells of the kidnejl74]. Both Tf and M targeting revealed mesangial accumulation

of siRNA andknockdownwith potential application in kidney diseases.

In summary, the lessons learned from the CDP system provide guidelines for the design of future
polymeric and polycationic systems. These incllipéosing inhumars which could be achieved

at least twice a week with repeated administratigh,infusion caild be tolerated with
premedication3) long term stability (CMC) is an important issue that hinders PDpéeng an
important role in toxicityand4) NPs can accumulate in tumor following systeadministraion

and the enhanced permeation retentionceffePR) which constitute aopitive news in respect to

the growing skepticism about EPR effect in humans.

. Conjugation-based systems

2.3.3.1 Lipid -siRNA conjugates

Lipophilic conjugation was first introduced by Soutscletlkal in 2004. Cholesteretonjugated
SiRNA (CholsiRNA) displayed improved pharmacokinetic (PK) properties with increased
circulation time (1295 min) compared to its unconjugated forar @ min). Improved PK was
attributed to increased binding to seruratpms such as albumijf8], which limits renal clearance
and promotes endothelianscytosis Tissue distribution improved following conjugation with
SsiRNA detected in liver, heart, kidney and adipose tissues 24 hours post adminigéiaisnone

with the unconjugated siRNA. Thenhanced PK and biodistribution profile led to potgmB-1
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knockdown in liver and jejunum (~ 57 % mRNA and 68% protein) and a subsequent phenotypic
decrease in low density lipoprotein (40%), high density lipoprotein (25%), chylomicron (50%) and
plagna cholesterol (37%) leve]S8].

Wolfrum et al demonstrated that cholesterol (C23tgaroyl(C18), anddocosanyl(C22)siRNA
conjugates exhibit poterapoB1 knockdown following multiple injections (3 injections at 50
mg/kg) confirming previous results and showing that long chanolst+or bile acids+could be

used as lipophiliconjugateqd175]. In addition, the authors showed that altelgmtistribution
SURILOH DQG LPSURY H GuF wérd- KD Bapendet oW alButin ®indihg, as
hypothesized by Soutschekal[58], but on the incorporation of lipophilic conjugates into serum
lipoproteins. In normal physiology, both high (HDL) and ldensity lipoprotein (LDL) play a
critical role in cholesterol ransport and exchandgd76, 177] FPLC analysis revealed that
cholesterol, and long chain lipgIRNA conjugates, selectively associate with HDL, LDL, and
albumin with a small fraction remaining unbound following incubation in pdastibecame clear

that association with lipoproteins improves nuclease protection and prdrsstespecific
distribution responsible of potent knockdown observed in liver and jejunum. The mechanism of
cell uptake was determined to be independent of Hibd LDL endocytosis but required
association between these lipogios and their receptorsdavenger receptor B SR-B1) and

LDL receptor)and the subsequent transfer of conjugates through a mechanism involving, in part,
the mammalian homologue of SID a transmembrane receptor involved in systemic dsRNA
uptake[178]. It is believed that HDL and LDL loaded particlexdter association between the
lipophilic conjugate and lipoproteins, bind to their receptor and transfer the lipophilic conjugate
through SID1T mediated dsRNA recognition and subsequent internalization.

Lipophilic conjugates with lipoprotein piteeatmets (i.e. HDL) demonstrate improved
knockdown (~ 8 to 15 foldyersusconjugatesvith albumin, or without, préreatment indicating
that: 1) lipophilic conjugates (i.e. cholester®lRNA) do not readily associate with lipoproteins
following systemic admintsation, 2) albuminboundfraction is not functional and/or cannot be
internalized in hepatocytes, aBfipoprotein particles are efficient delivery systemslipophilic-

SiRNA conjugates.

.-tocopherol (vitamin E) conjugation ofCdcer substrate SIRNADsIRNA) (Figure2-4) inhibited
apoB1 gene expression in the liver following single adsti@tion of a 2 mg/kg dog&79]. The
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.-tocopherol conjugate demonstratieer-specificaccumulationdosedependenknockdown and
resulted in phenotypic changes in serum triglyceride and cholesterol without inductidi of IF

The improved potency (~ 25 fold) relative to cholestsiBINA conjugates, used agontrol or

in [58, 175] might be attributed to differences in payload potency, mechanism of conjugate
internalization into hepatocytes and endosomal release. Although the mechanism of cell uptake
was not investigated, itwas &yRW KHV L]HG W Hobophetdl 1Q setu@ Ipdptoteinsother

than LDH and HDL +mediated receptor specific endocytosis in hepatocytes. The improved
potencyversuscholestercisiRNA conjugates requires further investigation, including a systemic
study on the effect of conjugate positigis-a-vis the siRNA strands, to identify-tocopherol

SiRNA mechanism of uptake, and endosomal release. In order to improve cholesterol based
conjugates, the length of the linker between the cholesterol and the §i&\i#een investigated.
Petrovaet al found that increased length improved vitro knockdown efficiency[180]. In
comparison witHirst-generatiorlipid nanopatrticles (LNPs) administeredrmce and norhuman
primate[121], lipophilic conjugates demonstrated very lowivo potency (~100 fold). Factors

such as 1) poor endosomal escape and 2) metaftaliilization of the siRNA might have
contributed in the lowin vivo potency. The concomitant delivery of a reversibly masked
endosomolytigpolymer and a cholesterslRNA conjugate ameliorated (500 fold)vivopotency

[181] indicating that endosomal escape is a major bottleneck for thasehilic-conjugate
systems. The rate of receptor recycling and the extent of metabolic stabilization of siRNA are

considered to be extremely important for the potarfdgalNAc conjugatef2, 4, 182]

Despite the low potency, when administered witrendosmolyticagents, lipophilic conjugation
seems to survive in the RNAelivery system space with novel hydrophobic conjugates being
deweloped for local delivery2, 4]. Lipophilic conjugation with asymmetric SIRNA induce potent
gene silencingn vitro and support robugt vivo efficacy following local injectiong183, 184Jand

are in plase I/lla clinical trials (NCT02030275, NCT02079168, NCT02599064, NCT02246465).

Efforts led by the Khvorova group, at tbhimiversity of Massachusetts, led to the identification of
molecules that could be @elivered with lipophiliesiRNA conjugates to e@mcein vitro potency
[185], and could, in the future, be used in formulations for, at least, local delivery. In addition,
strategies toconjugatefatty acids xi.e. docosahexaenoic acid (DHA} with intrinsic antt
inflammatory properties arichproved tissue diffusiofiL84] indicate that extrahepatic, and mainly
local, deliveryusing thesesystems could be achievaljg.
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2.3.3.2 Dynamic Polyconjugates(DPC)

DynamicPolyconjugategDPC) were modeled based on the physical characteristics of viruses and
designed to break down intracellular barriers limiting the delivery process. The delivery system
was designed to incorporate several components intended to play particular rolespecdier
physiological conditions. A fundamental characteristic of this prototypical dekystgm Figure

2.5) is the reversible modification of the pdiytyl amino vinyl ether RBAVE) polymer with
polyethylene glycol (PEG) anissuespecificligands (L) for increased stability, reduced toxicity

and tissuespecific targeting. PBAVE has amphipathic side chains that include alkyl groups
interspersed withprimary amine (NH) functional groups. The polymer was chosen for its
membrane lytic poterdl, that is dependent on both the positively charged amines and the
hydrophobic alkyls side chaingjth longer chains (i.e. propyl or butylemonstrated to improve
membrane disrupting properties of the polyi&6]. In order to prevent nespecific interactions

with serumproteinsand hemolytic activityis-a-vis erythrocytesaminegroups were modified, or
masked, using carboxdimethylmaleicanhydride (CDM) containing PEG and targeting ligands to
form acidlabile maleamatgroups. These CMD linkers are relatively stable at pH/742ut fully
reversible in acidic environments such as those present in the endosomes and lysosomes.
Unmasking ofthe amines reactivate the membrane lytic activity and promote endosomal
disruption. In order to induce gene knockdown, siRNA is conjugated to the polymer side chains by
adisulffide linker allowing for payload release underfemucing conditions (i.e. tgplasm). The
prototypical DPC was designed to target liver hepatocytes by attaching the asialoglycoprotein
receptor (ASGPR) ligand GaRx.

7KLV ILUVW JHQHUDWLRQ *DO1$F WDUJHWHG '3&V '3&E Gl
(apobl) and peroxisomeroliferatoractivatedreceptor alphappara) gene knockdown in mice.

apob1 showedlosedependenknockdown reaching ~80% when administered at 2 mg/kg (50 ug)

and translated in phenotypic responses such as reducté@¥q)~in serum chotterol[187]. The

decreases iapokb1 mMRNA and cholesterol remained significant for 10 and 4 days respectively and
returned to nadir around 15 days. Liver transaminase levels anridflaromatory cytokine

expression (TNF. D Q &) transiently increased and returned to baseline less 8tamus post
administration. The importance of the targeting moieties and the reversible linkage (maleate
linkage) was demonstrated to be critical for tisspecific accumulation and knockdown
efficiency. Mannose targeting directed DPC uptakedoparenbymalliver cells expressing the
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receptor. Shielding withnon-hydrolysable linkers abrogatedknockdown highlighting the
importance of unmasking, or polymer reversal from w@rhembrane lytic states, faptimal

endosomal releag&87].

The uncontrolled nature of the polymerization process used in the prodotiRBAVE led to
heterogeneity in respect to size and composition; therefore, limiting manufacturing reproducibility
and entailing the development of sophisticated puriboaand analytical method488]. The
clinical translation of this potet¢chnology, at least from a control and manufacturing (CMC) and
regulatory standpoint, required an improved synthesis pradessogemouspolymers amenable

to large scale manufacturing were therefore developed using novel chemistries such as atom
transfe radical polymerization (ATRP) and reversible addifoagmentationchain transfer
(RAFT) [11, 188] In addition, the incorporation diydrolyzable bonds in both the polymer
backbone and side chains wased to reduce toxicity upon multiple administration; preventing
cytoplasmic accumulation of membrane Iytic polymers. However, the aforementioned
improvements did not alleviate the manufacturing complexity associated with the conjugation

chenistry or prodict stability[188].

Exploiting the naturaliver-targetingproperties of lipophiliesiRNA conjugates, possibly through
LDL and HDL incorporation and subsesu shuttling to the livejl75], Wonget al showed that
PBAVE coadministration improvesipob1l knockdown(~ 500 fold) in nice and norhuman
primates[181]. Consistent with PBAVE blood clearance anekil accumulation kineticgL89],
separately injected components.e. polymer and lipophilisiRNA twere able taolocalizein
endosomes and trigger potent knockdown wittwm hours This ceadministration strategy
simplifies the nanufacturing processi.e. decreased conjugation steps, increased yield;atd
permit exploration and use of alternative membrane disrupting agents. Indeed, the original PBAVE
polymer has been replaced with a reversibly maskeltitim-like peptide MLP) [190]. The exact
reasons for the replacement of PBAVE with MLP EXare not publicly available but could be
due to manufacturing and/twxicity problems. The novel MLP based DPC system demonstrated
potent and safe gem@mockdown in mice and NHR.90] and tested in phase Il cigal trials for

the treément of hepatitis B (HBV)191] and reductio’/ R | O-1L ahiitkypsin192]. Two clinical

drug candidates (ARG20 and 521) contain two cholestersiiRNAs targeting conserved regis

of HBV transcripts show potent knockdown in human with mildeage events reportdd93].

The tolerability of ARG520, ARC-521, and ARGAAT in human clinical trials appears to be
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favorable with more than 300 patients generally tolerating the infus{ens. 6% infusiomeaction
and 3 serious adverse events (SAE) were reported for-F2R{191, 193] Despite human
tolerability, Arrowhead Pharmaceuticals decided to discontinue tifd-Ednhtaining programs,
following the death ofin NHP injected at the highest dose, and deploy its resources toogevel
subcutaneously (SubQ) adminigtérGalNAc targeted systerfi94].

2.3.3.3 GalNAc conjugates

N-acetylgalactosamindGalNAc) conjugates are emerging as important components of the
oligonucleotide liveitargeted delivery toolbox. GalNAc conjugates are rapidly replacing LNPs in
clinical trials with major companies(i.e. Alnylam, Arrowhead, Dicerndpnis, and Silencg
shifting toward the GalNAc technology and dropping their LNP or proprietasgd pipelines
productg2, 194] Increased interest sterinem 1) simplistic design (i.e. direct conjugatiorgrsus

LNP (i.e. multi-component or DPCs (i.e. complex chemistry2) high efficiency to deliver
oligonucleotides, including siRNAs, to hepatocy®snduce potent target spéic knockdown in

said cells and) their facile and straightforwvard manufacturing process. GalNAc conjugated
siRNA can besynthesizedusingsolid-statesynthesizers and characterizethgsnas spectrometry
[195, 196]

The trivalent GalNAc system is designed to bindhwitigh avidity to the hepatocyte lectin
asialoglycoprotein receptdASGPr)(Box. 2-1). In this system, GalNdis DWWDFKHG WR WKH
of the siRNA e&nse tor passengettstrand using a linkerHgure 2-6). The system for siRNA
delivery was developed at AlnylaBmarmaceuticalunder theg@adership of Manohargh95-197].

The ptencyof the system increased wiincreased GalNAc valen¢&95]; with trivalentsiRNAs
demonstrating highest uptake and knockdown in mouse primary hepatdtyepecificity of the
GalNAcsystem to target hepatocytes was demonstrated in the presence of the EGde@sor
since C&' is required for GaliRc binding on the carbohydrate recognitionm@in (CRD) of the
receptof198] as well as in ASGPrknockout cells. Metabolistabilizationof the siRNA payload
was shown to be necessary with the trival@atNAc system. Increased phosphorothioate (PS)
modifications of theantisense(guide stranjl backbone, increaseth vivo potency (5fold)
compared to the lighthyPS modified antiTTR siRNA [195]. 5vinyl phosphonate 4VP)
modification of a fully PS modified antisense strand increased the siRNA d¢ataanin liver

and improved potency {fold) [182]. This synergistic effecte VP and PS modification of the
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GalNAc-siRNA conjugatetis believed to be due to increased phosphatase stability in serum and
intracellular XRN nucleasdd]. Interestingly, trivalent GaINAc conjugated siRNAs demonstrated
improvedin vivo performance following subcutaneous (Sub@jsusintravenous administration

[195]. Knockdown efficiency correlated with siRNA concentration in the liver for each route of
administration. Given thiathe ASGPr has a recycling hdife around 1530 minutes, potent
knockdown could be explained by the interplay between receptor kinetics and the GalNAc
conjugate circulation (elimination) time. The SubQ rooffers a sustained release model since,
injected conjugates have to diffuse, enter lymphatic and capillary circulation before accessing
systemic circulation and the ASGP receptor. Preclinical studies in NHPs demonstrated potent
antithrombin (AT) knockdown following single and repeated SubQ administra The
comparison between standard template (STC) and the enhanced (ESC) chemistries shewed a 10
fold improvement in functional gene knockdown in mouse, normalization of thrombin generation
and the time to nadir return MHP with no adversewents or immune activatiqi99]. These data
demonstrate that the GalNAc system, in combination with stabiif@NAs, is an extremely
potent system, with long lasting effects, that could be used to tremiedyvof liver diseases.
Alnylam Pharmaceutical advanced several GalNAc programs into clinical tr{@sble 2-2). As

of October 2016, theevusiranprogram, inPhaselll clinical trials, has been terminated due to an
imbalanced mortality rate in the treatmemrsusplacebo arm{88]. However,the association
between observed mortality and components of the payload (i.e. SiRNA, or the delivery system) or
other factors still need to be mechanistically understood.ré&hasiranprogram used an STC
modified siRNA and was administeretlhagh doses correspondingdoyearly exposure of 205

g[4]. In contrast, thenclisiranprogam, an ESC modified siRNA, has moved to a phase I clinical
trial (NCT 0259727) following positive datf13]. Inclisiranis administered at lower doses than
revusiranand is not expected to show adverse events in advanced trials. Alogtdimues to

believe in the GalNAc pipeline with other companies follogvihe path.

Table2-2 GalNAc based clinical candidates in development.

Drug Sponsor | Chemistry = Target Disease Status
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_ _ Hereditary ATTR
Revusiran | Alnylam | STC Transthyretin o Retracted
amyloidosis
Fitusiran | Alnylam | ESC Antithrombin Hemophilia Phase 2
- ESC :
Inclisiran | Alnylam PCSK9 Hypercholesterolemia, Phase 2
ESC _ Complemenimediated
ALN-CC5 | Alnylam Complement protein C5 Phase 1/2
diseases
ESC Aminolevulinic acid _
ALN-AS1 | Alnylam Liver porphyrias. Phase 1

synthase




38

Box. 2-1 The hepatic ASGP receptor

In humans, ASGPr is a trimeric receptor assembled of two distinct subunits (i.e. H1 ar‘
with the most abundant form consisting of two H1 and onestt2init[200]. The receptor i
highly expressed on hepatocyte£.(0.51 million copies per cellpnd is responsiblefor
asialoglycoprotein clearance through clathmiediated endocytosis and subsequent traffic
to the lysosomes for eliminatiof201]. ASGPr has been detected at lower abundanc
peritoneal macrophages,testis(including erm), human intestinal cells and peripheral bl
monocytes. The extracellular domain of eathunitis composed of &alciumdependen
carbohydrate domain (CRD) with three*Chinding site§202]. High-affinity GalNAc binding
occurs through cooperative hydrogen and hydrophobic forces between the ligand an
acids in the CDR; the reader is referred to Huetng for a cetailed review on ligandeceptor
interaction and the importance of geometry fagh-affinity binding [200]. Important
information to retain for the delivery of GalNac conjugated nucleic acids includd¢ighest
avidity achieved with higher valencg; linker (antenna) and spacer lengtte important for
binding, 3- ligand spacing play a majoole for improved binding with 2@ being optimal
[203], and4- ASGPr promoteclathrinrmediatedendocytosis and fast recycling time (~3®%
minutes). The importance of the last point (point 4) will be mentioned in s&tdddof this

chapter

Hll Chitosan for gene delivery

Chitosan is a linear copolymer composedjlicosamingD-unit) andN-acetylglucosaminéA-
XQLW OLQ K Glydesidic bondsKigure 2-7), and derived by partial deacetylation of
chitin. The latter and its derivatiwhitosan are the second most abundant polysaccraddearth
after cellulosg204].
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Figure2-7: Chemical structure of chitosan (A and D units represeat&tytD-glucosamine and
D-glucosamine,aspectively). Adapted frof28] & RS\ULJKW ZLWK (OVHYLHUT\

Chitosan is characterized by its degree of deacetylation (DDA), molecular weight (MW), and
polydispersity indexHdl) [28]. The DDA correspond to the molar fraction of D uiaitd plays a

major role in controlling the sobility and biodegradability of the polymer as degradation requires
aspecificpattern of A and Bunits. The degree of deacetylation can be accurately measured using

H-NMR [205] andis calculated using the following equation:
&&#H. & & E#;; Hsrr Eqg.2-1

TheMW, expressed as numbed f) and/or weight averagedfy), corresponds to the length of the
polymer, wherefrom the degree of polymerization (Dp), or the number of monomers, can be

derived usinghe following equation:

J{9SDEPKO=1

&LL —
FESIKIKIANFOLA? RRE?

Eq.2-2

The molecular weight is generally measured using size exclusion chromatography (SEC) coupled
with single,double or triple detectof49]. ThePdIrelates to the actual distribution of chain lengths
following depolymerzation (e.g. chemical or enzymatic) to target molecular weight &nd
calculated using the following equation:

169

—— Eq.2-3
2 @b 73y q

Chitosan is a weak polybase with an intrinsic pKa of approximatel§.8,5herefore, at lower pH
values, the majority of amine containibyunits become protonated enabling interactions with
polyanions(Figure 2-8). Electrostatic interaction between chitosan and nucleic acids leads to
spontaneous formation of nanoparticles of ddfe sizes and shapg$9, 206] Additional

properties such aswucoadhesie nature biocomm@tibility, biodegradability, low toxicity, and
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affordablecaost of productiorf19, 207, 208Favored the extensive research and use of chitosan as

a nucleic acid delivery system fior vitro andin vivo applications.

pKa complex >

pKa free

Figure2-8: Spontaneous assembly of a chitesaleic acid polyelectrolyte complex, or
nanoparticle through electrostatic interactions. The nucleic acid depicted in this figure is a
circular supercoileplasmid DNA with a negatively charged phosphate backbone (blue) and the
polymer is positively charged (red). The ball of wool or scrambled egg like structure has pKa
above the pKa of free polymékKa ~6.5). Adapted frorf209]. Copyright 2017, with American
Chemical Society permission.

In the following sections of this chapter, the influence of chitosan motguallameters (i.e. DDA,
Mn, mixing ratio) onn vitro andin vivotransfection efficiency will be briefly presented. The effect
of chitosan parameters on nanopartighg/simchemicalproperties i.e. size, surfacharge and
shape will not be discussed ass$ otherwise stated. The reader is referred to Buschehani]

for an excellent review on the subject.

2.3.4.1 Chitosan for the delivery of plasmid DNA

The influence of physicochemical parametersoritro transfection efficiency of chitosgsDNA
nanoparticles was investigated and maximum transgene expression was found to occur for
particular combinations dPDA and molecular weightg37]. These results suggestitht a fine
equilibrium betweempayload condensation (aviditghd intracellular deondensation is essential

for high transfection efficiency. Isothermal titration calorimetry revealed that an increase in both

DDA and Mn was accompanied with augmenteadbig affinities béwveen the polyelectrolytes
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[210]. Intracellular trafficking and nanoparticle -demplexation kinetics were measured using
) : U \-¢sdridnce energy transfer to confirm that nanoparticles with high binding affinity were
unable to escape tlemdosome and release their carf9]. In Thibaultet al, high DDA/low Mn
chitosan disassembled at the same time as they escaped tHgsesdmal vesicles arourik®-
hours postransfection[39]. Increasing the Mn, antbnsequentlythe bindingaffinity resulted in
nanoparticles inability to disassemble following endosomal escape. In contrast, a decrease in both
the Mn and/or DDA, thus in binding affinity, watiown to limit cell uptak¢39] probably due to
premature disassembly and reduced cargo protection inutieaseich acidic endosome. In
agreenent with the above said, Kiarg al showed a positive correlation between decreased
degrees of deacetylation, at a fixed Mndaransfection efficiency211]. Given that chitosan
intrinsic pKa is around 6:6.7, a decrease in charge density (deprotonation) occurs at pkdgher
and is expected to decrease the binding affinity between the polyelectrolytes. Several studies have
shown that optimal gene delivery is obtained between pH 6.5 and 7.0, efficiency quickly declining
at highermpH due to the payload releg$¥, 38, 212213]. Lavertuet al showed that the increase
in pH displaces the optimal Mn required for efficient transfection toward higher values (longer
chains) in order to maintain nanope integrity[37]. The N:P ratio, or chitosan am#@nucleic
acid phosphate molar ratio, represent important parameter influencing nanoparticle
physicochemicahndbiological propertie$28, 206] The N:P ratio was found to be important to
balance nanoparticle stability aaffect along the degree of deacetylation, the net surtheege
-potential)[213]. Ceteris paribus, an increase in KaRois required to compensate for a dege
in Mn and/or DDA [211, 214] Asymmetric fieldflow fractionation (AF4) revealed that a
significant fraction ofpolycations in chitosarbasel systems prepared at N:P above 2, are not
associatedvith the nanoparticle$215]. The importance of this fraction in the promotion of
efficient transfection wa demonstted in rescue experimer{&16]. Human embryonic kidney
cells (HEK-293), were transfected with nanoparticles prepared at N:P 2 and 5, and transgene
expressia occurred only for the N:P 5 formulation or those that were transfected with N:P 2 and
rescued with free polycations. The role of free chitosan was hypothesized to facilitate endosomal
swelling and subsequent escép®ughthe proton sponge effef@16]. Low serum concentrations
(~5-20%) have been shown, despite their negative effect on col&tatility, to have a beneficial
effect onin vitro transfection possiblgue to increased cell activity or improveed chitosan
uptake[38, 212]
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In vivo, chitosan based nanoparticles were administered, mostly using local routes of
administration probably du 1) poor colloidal stability in blood and, 2) adjuvant efféatranasal
administration showethe successfugjeneration of a systemic Th1/Th2 immune response, with
nanoparticles (~350 nm) able to elicit aHBsAg IgG levels abve the clinical potective levels

of 10 mU/mL [217]. Klausneret al showed that intr@orneal injection ofiltra pure oligomeric
chitosarnpDNA nanoparticles led ta 5-fold increase irgene expressiocomparedto PEI[218].

Jearet alselected a number of formulations shown to maxirmaatro transfection in Lavertet

al, and found that maximurm vivo gene expression can be obtained with low Mn/High DDA
formulations following intramuscular and sub@oeous administratid219, 220] In contrast, the

lower DDA/higher MW formulation (CS 880-5) producedhigh levels of neutralizing antibody
resulting in very low deteion of the recombinant prote{220] suggesting a differential use of
specific formulations for gene delivery or genetic vaccination. In light of these encouraging results,
chitosanplasmid nanoparticles have been increasingly studied for therapeutic gene expression, as
well as vaccinationrad the immunogenicity effect diigh Mn/Low DDA elucidated32].

2.3.4.2 Chitosan for the delivery of small irterfering RNAs

The structural differences betweg@iNA and siRNA are believed to affect nanoparticles
complexation/stability and transfection efficiency. In an attempt to investigate the effect of chitosan
physicochemicgbroperties, i.e. DDA, Mn and Ni1atio onin vitro knockdown nanoparticles were
formed, with or withoutcrosslinking agents i.etripolyphosphate(TPP), and transfected in
different cell lines.In vitro knockdown efficiency was found to increase with increasing Mn
irrespective of theepree of deacetylatidr20, 22, 23, 26, 29, 221[iu etal showed that low Mn
chitosan (10kDa) was unable to form stable nanoparticles and mediate efficisfedtam[23].
However, Malmaoet al showed that low molecular weight chitosan (10kDa) were able to transfect
cells and yield efficient knockdown (~ 80%) when formethat a similar N:P ratii20]. Chitosan
mediatedsiRNA delivery has shown more efficient gensilencing at DDA above 80%23].
However, the effet of the degree of deacetylation seemed minimal on knock{zy22, 23, 26,

29, 221] Therefore, most of the studies involving chitoss#iRNA nanoparticles were conducted

at an intermediate DB between 8685 %[21-23, 25, 29]except for Malmeet al, where a fully
deacetylated chitosan (DDA ~99%) was used to study the effect of Mn andiNdhriahockdown
efficiency[20]. In contrast to most studigRagelleet al showed that chitosan was unable to form
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stable particles and mediate efficiamvitro knockdown when formulated at 80% DDA. Improved
knockdown required the addition of TPP, armsvmaximized when line@olyethyler@mine was
incorporated into the nanoparticlesinprove endosomal escaj@d]. In a remarkable contrast to
pDNA, almost all these reports, exceptiftmizernyet al, used very high N:P ratio (>25) into their
formulations. Such formulations could pose significant practical problemsvaodelivery such

as limited dosing, blood incompatibility and nspecific effects due to large quantities of free
excesghitosan. The effect of pH on transfection efficiency was not studied. However, transfection
was conducted at pH 7.2 in the presence/absence of serum and showed high knockdown efficiency
indicating that siRNA nanoparticles are ablektmckdowntarget genes at phiological pH,
further highlighting differenes withpDNA [20, 22, 23, 25, 29]in sum, several discrepancies, and

the lack of uniformity in transfection protocols among these studies make overall comparisons
difficult and renders the results inconclusive in identifying optimal parameters for siRNA delivery.
Therefore a systematidusly of SiRNA delivery with accurately characterized chitosans that
investigates the effect of intrinsic (DDA, Mn and N:P ratio) and extrinsic parameters (serum, pH,
ionic strength and mixing conditions) on cell uptake, transfection efficiency, toxjeitgtoxicity

and hemocompatibility is needed befarerivo evaluation.

Several studies have demonstraitedivo efficacy following intranasal22], intratrachea[24],
intraperitoneal44, 222] and intravenoug!2] administration. Intranasal administration of chitosan
formulation 84114 (DDA- Mn) at N:P 36 achieved 43% silencing efficiency an EGFP
transgenic mouse model following repeasastiministration of Img/kg dos€22]. In this study,
knockdown was not demonstrated using unbiased stereological methods. However, with a small
number of animals (N=2) and the variegated reataf the transgenic mod¢R23], careful
conclusions as to objective knockdown should be considered. The same formutaiszinl14
formulated at N:P 63 was tested ica@lageninducedarthritis model (CIA)224]. An objective
reduction of 43% in plasma TNF OHYHO ZDV REVHUYHG ZLWK D FRQFRPL)\
arthritic score. This study omitted testinflammatory resposes in all animals and to demonstrate

in vivo mRNA a reduction Intraperitoneal administration of chitosan-850 at 0.5 mg/kg in a
unilateralureteral obstructive model of kidney fibrosis showed an objective decrease in the target
gene (cyclooxygenase @; COX-2) in macrophages. The decrease in GDXnheasured by gPCR

(gene knockdown) and western blot (functional knockdown), correlated with a decrease in
prostaglandin 2, pronflammatory cytokines, kidney injurgnolecule(KIM-1) and histological
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markersInterestingly, authors showed that peritoneal macrophages internalized the nanoparticles
and preferentially ngrated into the UUO kidney44]. Gao et al demonstrated that fully
deacetylated chitosan (DDA 99%), at intermediate (@ kDa) and high N:P ratio of 60
accumulate in the kidney cortex following intravenous administration thrilegjalinmediated
endocytosis. Target gene knockdown was achieved (~50%) at both the mRNA and protein level
following threeadministrations of Ing/kg[42]. In contrast, Ghosat al showed that intravenous
administration of chitosan and imii@le modifiedchitosan accumulates ithe liver with
functional gene knockdown (GAPDHFeKLHYHG DW GRZIYV « PJ NJ

2.4 Mechanisms of cell entry and endosomal escape GiRNA

delivery systems

The polyanionic and relatively large molecular weight (k@D4) of siRNA limit its diffusion into

the pharmacological site of action; the cell cytoplasm. Delivery materials, presented above,
facilitate siRNA translocation into theytoplasm by means of endocytodtok. 2-2). LNPs have
been demonstrated to enter hepatocytes through LDL receptor and LDL reedgitmnt proteirl
(LRP-1) mediated endocytod60, 120] LNPs undergo ApoE lipoprotein coating in the circulation
and recognition bythe LDL and LRP1 receptors[120]. Gilleron et al found a biphasic
internalization kinetic, with initial LNP uptake (rapid and inefficient) tkathrinrmediated
endocytosisreceptordependentfollowed by futher accumulation by means of macropinocytosis
(receptorindependent Knockdown of the LDL receptor, LRP, and macropinocytosis regulators
(CTBP1, Racl, RabankyrB) but not Caveolirl and CDCG42 (regulator of theclathrin
independenpathway) led to a significant decrease6(p%) in LNP internalizatioi60]. LNPs
accumulate in early endomes (EE)Jate endosome (LE) hybrid vesicular structures. These
findings were also confirmed by Wittrugt al who showed that payload release occurs
predominantly at the EE/LE conversidess insteadf releasdrom lysosome$12].

Cationic polymers such as chitosan gdlyethylereimine have been shown to enter cells using
clathrirmediatedendocytosis. However, several reports also showed that polymeric particles
composed of either of these polymers showed cell type preferences forcspeernalization
pathways[226]. In contrast to LNPs, polymeric particles are more polydisperse and subject to
rearrangements (aggregation, disinatigm, coating, etc.) in the presence of high ionic strength
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and protein thus influencing uptake and explain sdisbrepanciesLipophilic conjugates have
been demonstrated to incorporate LDL and HDLs and enter hepatocyttee MiL and HDL
receptors[175] and are hypothézed to enter cells via LDL and HDleceptormediated
endocytosis. Cyclodextribased polymer decorated with Tf (CDP) use the transferrin receptor
(TfR) to enter the cells vialathrinrmediatedendocytosis. GlaNAconjugated DPCs or siRNA
bind to hepatoc ASGP receptor and enter the cells usiathrinrmediatecendocytosi$2, 201}
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Box. 2-2 Endocytosis definitionpathwaysand dynamics

Endocytosis is an umbrella term of a form ~* Plegoeioss

Non-vesicle related
secretion

active transport in which cells internaliz

Endosomal
escape

large macromolecules in an ener

Endocytic

Exdocytosis ve5|cle Exocytosis

dependent process[227]. Endocytosis

0 Lysosome
¥ secretion

pathways can be subdivided intowo

Clathrin/caveolar © @ e

categories viz. receptordependent and "9 J

endocytosis

endosome Lysosome

independent pathway®eceptordependent

pathways involve clathrin (CME), caveola
and Flotillin mediated endocytosi€YME),
Macropinocytosis Vesicle related

and phagocytosis (specific for immur e Pinocytosis sbcssion

cells). The receptofindependentpathway Figure2-9: Different type of endocytosis. Ima
includes a form of CME ancadapted fronf227]. Copyright 2017, Doveresy
macropinocytosis. Recently, endocytic pathways that do not fall into any of the prey
mentioned categories have been discovered and arerefegred to as clathrin and caveolg
independent pathways and occur at cholestéthimicrodomaing228, 229] Each of thes¢
pathwayspresens a set of features, distinct molecular events and involve complex molg¢
interactions whiclarereviewed in great details elsewh§2@8, 229] Regardless of the delive
method, the intracellular trafficking of the siRNA payload and the delivery system beging
early endosome, progres#to late endosomal vesicleghat become acidified (pH -B) by
membranebound protorpumps (ATPaseskand relocate to the lysosomesLysosomesare
further acidified (pH ~4.5) and contain various nucleases gh@note degradatioof the
material and its paybl. To avoid lysosomal degradation, the payload must escape at th

steps of the process (endosome) into the cy(gsekection2.4).

The internalization of the siRNA delivery system discussed above leads to sequestration in the

dynamic endosomal compartments. Escape from these vesplessers the most important

barrier affecting the efficacy of the delivery systems and the intetiddpeutic effect. The

mechanisms of escape are still poorly understood and require future efforts to understand the

mechanicand develop novel materials endowed with optimal escape capabilities.
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Hll Mechanism of escape of lipid nanoparticles

Lipid nanoparticles composed of cationicionizablelipids have intrinsidusogenic properties

[138, 230]that are also augmented whenligads with fusogenic properties areciuded in the
formulation[231]. In the endosomes, cationic andizablelipids form ionpairs withendogenous
anioniclipids in the endosomal membrane and undergo a phase transition where they shift from
the lamellar structure to the hexagonal Bt2ucture. This transition in shape promotes lipid
rearrangement and fusigRigure2-10) [140, 232] Cholesterol, a major component in LNPs-(25
50% mol composition), has been found to play a major roendosomatelease by decreasing
transition temperature of coniesthaped lipids, therefore aiding the conversion from the lamel

to the hexagonal @se[233]. Cholesterol is incorporated in LNPs to increase membrane rigidity,

stability and cell internalizatiofiLO].

Q Anionic Lipid
Zwitterionic Lipid
_ Cationic Lipid

QRAx

Figure2-10 Schematic illustration of the uptakathwayand mechanism of endosomal release of
cationic lipid nanoparticles. The schematimnsidersareceptofsindependenmechanism of
uptake. The same principle is believed to occur for ionizable lipid nanoparticles following PEG
hydrolysis and ionization in the acidic environment of the endosome lumen. AfEpédd

Copyright 2017, Elsevier with permission.
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Hll Mechanism of escape of cationic polymers and cytoplasmic release

Cationic polymers suchs polyethyleneimingyoly-L-lysine and chitosan are believed to escape
the endosoméhroughthe proton spongeffect [9]. During endosomal maturation, unsaturated
amino groups on cationic polymers in the acidified environment oéridesome are capable of
sequestering Hons (protons) that are supplied by thAVPase. This process keeps thaTPase
channels functioning and leads to the retention of oh@&lnd one KO molecule per proton.
Water entering the endosomes creatgaielle swelling and rupture leading to particle dejmos

in the cytoplasn{9, 234] The exact mechanism that promotes dissociation ofassémbled
cationic polymers is not fully understood. It was suggested that competition with cytoplasmic
polyanions (i.e. proteins and nucleic acids) could lead to nanoparticlsatidgaly and payload
releasg235].

HEll Mechanism of escape of molecular conjugates

The escapanechanisnof the DPCsystem described in secti@3.3.20f this chapter is based on
the properties of thendosomolyticpolymer or protein use@epending on the version used)
Mellitin (Mel) is a proteinwith pore formirg properties. At low concentratiomsellitin bind to
membrane phospholipids and foramphipahic .-helix oriented structure parallel to the
membrane, increasing Mel concentration triggerptbeeinto insertthe membrandorming pores

[236] from which delivery materials can escape.

In the absencef escape mechanisms such as fusion, proton spongertefiorming structure, the
escape of GalN&siRNA conjugates remains to be elucidat&@tlie exact mechanism cannot be
elucidated pending the developmenttethnique allowing the intracellular tracking of low
concentration of &tNAs in the endosomi&0, 61] However, Dowdy proposed that such escape
could be the result of an extremely rare localized membrane destabilization event that dbeurs in
ASGPr recycling endosonj2]. The probability of such event increases with the rapid recycling
rate of the receptor (~150 min) and the millions of sSiRNAs engaging their receptor consequently

a number as low as 5000 siRNMAuld enter theytoplasm and promote RNA61].
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The scientific contribution made through this thesis is presented in this sé&iapter 4 to 7
represent the core of thiisesisand cover the research that was conducted to fulfill the objectives
in Section 1.3 The results and their interpretation are presented in the form of published and
submitted articles. The last two chapters of this thesi§haipter 8 and9, represent a general
discussionChapter 8) summarizing the implications obmpleted work, followed by a conclusion

and future perspectiv€hapter 9).

In Chapter 4 a simple enzymatic method was developed to overcome a technical challenge
encountered during the extraction of total RNA following transfection with chiteiftNA
nanoparticles. The develeg method permitted the extraction of higinality RNA for subsequent
molecular analysis using quantitative réale PCR. In addition, the developed method was proven

to be useful to eliminate bias associated with membbaned fluorescently labeled ngyanticles

during flow cytometry analysis of uptake. This work has been published imtémmational

Journal of Nanomedicine; 2010, IF 4& a research manuscript entitl€hitosanasebased

method for RNA isolation from cells transfected with chitosan/$RNA nanocomplexes for

real-time RT-PCR in gene silencing

In Chapter 5, selected formulations were tested for their ability to form nanoparticles with SIRNA
DQG FKDUDFWHUL }pbeenti&k, $hads ahd @valuiadddvitro for uptake, toxicity and
knockdown efficiency in multiple cell lines. These formulationsens#lected based on a seminal
paper by Lavertet al where molecular properties favoring vitro plasmid DNA delivery were
identified. The results presented in this article demonstrate, for the first time, nanoparticles
prepared at low N:P ratio had faabtephysicochemicatharacteristics and promote both efficient

cell uptake and target gene knockdown in multiple cell lines. These novel findings contrast, most
published data where high N:P ratio was a prerequisite todtaipheparticles and promoie vitro
knockdown. This work has been published inltiternational Journal of Nanomedicine, 2012; IF

4.3 asa research manuscript entitledw molecular weight chitosan nanoparticulate system at

low N:P ratio for nontoxic polynucleotide delivery.

In Chapter 6, a library of chitosans was produced, accurately characterized and screened to

investigate molecular properties favoring efficiBntitro andin vivogene knockdown. In the first
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part of the study, a full factal design was used to scredhre effect of chitosan molecular
parameters such as the degree of deacetylation, molecular weight, N:P ratio on nanoparticle
physicochemicalcharacV HU LV W L F V -poténtidl, psiylogd encapsulation efficiency and
integrity), andin vitro uptake, toxicity, and target knockdown efficiency. Formulations with the
highest knockdown efficiency and low toxicity were further characterized for thet effin and

N:P ratio on toxicity, genotoxicity, and the role of increasing serum proteikaankdown The

study demonstrated that maximization of the response variable was positively correlated with an
increase in the degree of deacetylation, Mn arRIfidtio. The interactioaffectswere studied but

not published. In this study, chitosan was demonstrated to perturb reference gene stability
highlighting the need to conduct microarray studies. In a second part, the influence of chitosan
molecular weighbn hemocompatibilityin vivo biodistribution using exivo imaging and target
knockdown was investigated. Nanoparticles accumulated in kidney cortices, specifically in
proximal epithelial tubular cells and induced gene knockdown. This work has beentsdlmit
Biomacromolecules; 2017, IF 5.&%a research article entitlesiRNA delivery with chitosan:

influence of chitosan molecular weight, degree of deacetylation and amine to phosphate ratio

on in vitro silencing efficiency, hemocompatibility, biodistrbution and in vivo efficacy.

In Chapter 7, the toxicity and efficacy of formulations selectedGhapter 6 werethoroughly
assessed following intravenowministrationand compared with ¢anic lipid nanoparticles
(Invivofectaminé&). First, formulations were characterized for their size, surface charge and
polydispersity, and dosedependent hemocompatibility as per ASTM guidelines.
Hemocompatibilityand hemagglutinatiomwere demonstrated to be dose and molecular weight
dependenand could be totally abrogated througfaluronicacid coating ohanopatrticles. These
findings allowed us to edtish maximum dose to be injected for each type of formulation tested
i.e. uncoated and HA coated. Immune stimulating properties, serological and hematological
parameters were assessed in single ascending dose toxicity study. In contrast to LNPs, chitosan
based formulations were safe and did not induce body weight loss upon single or multiple
injections.In vivobiodistribution comparing uncoatedrsusHA coated nanoparticle revealed that
bothtypesof formulationsaccumulaten the proximal tubular cellsf kidney cortices. However,
potent target gene knockdown was only observedufmoatednanoparticles. The enzymatic
activity of GAPDH following knockdown was reduced by 5@&3fther confirmed using multiple



51

techniques such as western blot and qualitatrvaunohistochemistry (IHC). In this study, we
suggested several explanations for PTEC accumulation and poor performance of HA coated
formulations that warrant further investigations. This work beesnsubmitted to thelournal of

Controlled Release; 2017 7.44 asa research article entitlie€hitosan siRNA nanopatrticles

produce significant nontoxic functional gene silencing in kidney corticesand is currently

under review
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Abstract

Chitosan, a welknown natural cationic polysaccharide, has been successfully implemented
vitro andin vivo as anonviral delivery system for both plasmid DNA and siRNA. While using
chitosan/siRNA polyplexes to knock down specific targets, we haveaestaeated the effect of
nucleic acids binding to chitosan when extracting RNA for subsequent quantitative PCR evaluation
of silencing.In vitro transfection using chitosaRNA-basedpolyplexes reveals a very poor
recovery of total RNA especially wheninig low cell numbers in 96 well plates. Here, we describe

a method that dramatically enhances RNA extraction from chitosan/siRNA treated cells by using
an enzymatic treatment with a type Ill chitosanase. We show that chitosanase treatment prior to
RNA extraction greatly enhances the yield and the integrity of extracted RNA. This nwethod
thereforegliminate the bias associated with lower RNA yield and integrity when quantifying gene

silencing ofchitosanbasedsystems using quantitativeattime PCR.

Keywords: Chitosan, Chitosanase, siRNA, DIPPgene silencing, RIN, gPCR

4.1 Introduction

&KLWRVDQ LV D QDWX)yicdsBrin® aRditefRiD-glucosamine derived by

partial deacetylation of chitin from crustacean shélhitosan has a pKa of approximately 6.5,
therefore, at lower pH values, the majority of the glucosamine residues on chitosan is cationic due

to the protonation of amine groups, which enables the interacttbranionic components such as

nucleic acids and cell surface macromoleculedustrially, the process of partial deacetylation of

chitin is controlled to yield specific chitosan typeentities tcharacterized by their molecular

weight (MW) as well as #@ir degree of deacetylation (DDA). These two parameters have a major
influence on chitosan biological and physicochemical properti€sFor example ncreasing
FKLWRVDQYTV ""$ UHVXOWYV LQ UHGXFHG ELRGHJUDGDELOLW\ D

promote its degradation by enzymes.

Recent studies have demonstrated the ability of chitosan to efficiently deliver a wide variety of
biologicsincluding proteins;® plasmid DNA"! and siRNA,*?* pothin vitro andin vivo. The

effectiveness of delivery is generally assessed by evaluating the transfection efficiency for plasmid
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DNA or gene silencing for siRNA. Quantitative assessment of gene silencing can be performed by
guantitativereattime PCR analysis of targeted genes. The sensitivity and accuracy of the latter
methodis influenced by many variablaacluding: 1) the qualiy of tissues/cells, 2) the RNA
extraction method, 3) RNA integrity, and 4) the reverse transcription and polymerase chain reaction
used in RTPCR.*>!8 Despite the development of relative quantification techniques like the Pfaffl
method® DQ G WKH 00 &RRAHMeH®R &mains an important issue for generating@ro

data. While using siRNA&hitosan polyplexes to knock down specific targets, we have
underestimated the effect of nucleic acids binding to chitosan when extracting RNA for subsequent
guantitative PCR evaluation of silencing. In fact, polysaccharidecestfie. agarose and alginate)
used for tissue engineering have been shown to interfere with techniques required for protein
analysis and with all the procedures currently used for nucleic acid purificaibd?Moreover,

our resultstdescribed hereitishow that chitosan interferes with RNA edtion from low cell
numbers. Therefore, we specifically examined this issue by delivering chite8dA
nanoparticlesagainst dipeptidyl peptidase IV (DR¥Y) mRNA in three different cell lines and
found that siRNAchitosan treated cells reveal a very poor recovery of total RNA. ThelDPP
gene encodes a serine protease that cleaves His: Ala: Glu sequence-trthm® region of the
incretin hormone glucagelike peptide 1 (GLPl). GLR1 regulates glucose homeostasis
postprandialythus decreasing itsioavailability and consequently causing a decrease in glucose
level. The inhibition of DPRV increases GLFL bioavailability hence it represents a potential

therapedit for type Il diabetes.

Here, we propose a method to overcome low RNA yield from chitosan/siRNA transtetised
thistechnical difficulty by enzymatically treating the cell lysate v@theptomyces grisetgpe |l
chitosanase in order to release mRNA that was bound to chitosan. In addition, we show that our
technique is suitable for the removal membranéoound chitosan for subsequent analysis by
FACS of transfected cells.
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4.2 Materials and Methods

Il Preparation of chitosan/siRNA polyplexes

SsiRNA sequences targeting the DRPgene sequence were synthesized by Dharmacon (Thermo
Scientific, Dharmacon RNAI Technologies, USA) and are available in the On Target Plus®
catalogueThe siRNA sequence has a dualrstiranodification pattern to reducéf-targeteffects

caused by both strands.

A 10 kDa MW chitosan with a degree of deacetylation (DDA) 9% was prepared and
characterized as described previouslgnd dissolved overnight on a rotary mixer at 0.5% (w/v)

in hydrochloric acid using a glucosamine: HCI ratio of 1:1. Chitosan solutions were then diluted
with deionized water to reachd desired amine (deacetylated groups) to phosphate (of the nucleic
acid) ratio (/P ratig. Chitosan/siRNA polyplexes were formed at three different N/P ratios of 5,
10 and 20Prior to mixing with siRNA, the diluted chitosan solutions were sterile dittarith a

0.2 um syringe filter. Chitosan/siRNA nanoparticles were then prepared by adding 100 pl of the
sterile diluted chitosan solution to 100 pl of SIRNA (100nM) and mixed by rapid pipetting. The

polyplexes were allowed to form during 30 min incubatibroom temperature before transfection.

Polyplexes were measured independently using Dynamic Light Scattering (DLS) and
environmental scanning electronic microscopy (ESEM) and found that polyplexes have a mean
diameter of approximately 50 nm.

B Cell culture

HT-29, HepG2 and Caed cell lines from American Type Cell Culture (ATCC, Manassas, VA)

were cultured in McCoys media (HZ9) and Dulbecco Minimum Essential Media (HepG2 and

Caco2) with 1.85 g/l of sodium bicarbonate and supplemented with 10% FB&ar@ee
LaboratoriesBurlington, ON at 370 &nd 5% CQ. These cell types were chosen since they
express DPRV enzyme and represent models for diabetes research. For transfecti@®, HT
HepG2and Cace? cells were plated in 9&ell culture plates (Coing, NY, USA) at 25,000

FHOOV ZHOO XVLQJ O ZHOO RI FRPSOHWH PHGLXP 7KH FH
~50% confluency.
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Il Transfection with chitosan/siRNA nanoparticle complexes

&RPSOHWH WUDQVIHFWLRQ PHGLD ' X O E KighF Blficése ORGLILHG
Morpholineethanesulfonic acid (MES), pH 6.5) was equilibrated overnight in a 5% QO&
incubator. Prior to transfection, pH adjustment to 6.5 was performed with 1 N sterile HCI{Sigma
Aldrich, St.Louis, MO). For transfection, medium owells was aspirated and replenished with

O WUDQVIHFWLRQ PHGLXP '0(0 +* 0(6 S+ FRQWDLQLQ
a concentration of 10 pmol or 50 pmol siRNA/well corresponding to concentrations of 100 nM or
500nM siRNA. Cells were incubad with chitosan/siRNA complexes for 24 hours until analysis.
All experiments were done in triplicates, with a minimum of three separate experiments to

demonstrate reproducibility.

B Transfection with Dharmafect1™

DharmafectIM/siRNA complexes were preparaith a 1:2 ratio (w/v) of sSiRNA: Dharmafectt

according to the manufacturer specifications and were used as a positive control.

Cells were incubated for four hours in presence of Dharmafect 1/siRNA complexes iAfie=um
medium then replenished withroplete media (DMEM HG, 10% FBS, pH 7,4) and incubated for

an additional 20 hours before analysis.

Il Chitosanase treatment of transfected cells and polyplexes degradation

Cells incubated with chitosan/siRNA polyplexes for 24 hours were treated with chgesana
(SigmaAldrich, cat# C9830) prior to RNA extraction in order to release anionic mRNA from
SRWHQWLDO ELQGLQJ VLWHYVY RQ FKLWRVDQ $ ILQDO FRQFH¢
FKLWRVDQ LQ '0(0 DW S+ O RULQ ®SROVRI(E EDOFHKBIUH'
1DJHOE® ZHUH XVHG 5% O\WVLV EXIIHU FRQWDLQLQJ FKLWR\
activity in presence of guanidium thiocyanate. Chitosanase resuspended in DMEM or in lysis
buffer was directly applied onto cell monolayerHO OV ZHUH WKHQ LQFXEDWHG D\

prior to RNA extraction and quantification for gene expression as described below.

A secondset of experiments using chitosan/ DRRpn hanoparticules+ with or without
chitosanase treatmertwere analyzed ettrophoretically for the presence of chitosan and for

OligoDeoxyNucleotides (ODN) release. Polyplexes were migrated for 120 min at 100V on a 13 %
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polyacrylamide gel (BioRad Laboratories, Mssmauga, ON) in 1X MES buffeeQ mM MES, 8
mM sodium acetate, Hb 6.5) and stained usingoomassieBrillant Blue R250 (BioRad
Laboratories, Mississauga, ON) for chitosan visualization or ethidium bromide (0.5 pg/ml) for
ODN visualization. Gel documentation and analysis were done using Hvesioin 3000 system

and theVision-Capt software\(ilbert Lourmat, Marnda-Vallée, France).

Hll FACS analysis

7KH FHOOXODU XSWD N H-IRdon WapS0algr&diising Bl BD Chsto flow cytometer
(Becton Dickinson, San Jose, CA) 24 hours post transfection. To determine the level of DNA
FHOOXODU XSWDNH FHOOV ZHUH WUDQVIHFWHG ALK SRO\S
as described above. Follow 24 h incubation with polyplexes, cells were incubated with
chitosanase for 60 min to dissociate and remove cell suafsmriated complexes. For flow
cytometry analysis, cells were washed twit@BS, trypsinized and resuspended ingokl PBS.
Foreach sample, 20,000 events were counted and a dot plot of the forward light scatter against the
side scatter was used to establish a collection gate to exclude cell debreeldead aggregates
Rl FHOOV 7¥Hdobitive o9 were excited usingd88-nm laser line and detected using a
530/30nm band pass filter. To distinguish betwernofluorescencand fluorescently labeled
cells, we ran nottransfected cells as negative controls. The cellular uptake of the polyplexes was
calculated as the per@@W DJH R I-DRR)\bddn labeled cells, and the relative amount of the
LQWHUQD O L-DRREEV ofin WaE estimated from the median fluorescence intensity of the

1 ) $ ositive population.

Hll Confocal imaging

Polyplexes internalization was studied by confomaaging. Chitosans were labeled with
fluorescent rhodamine B isothiocyanate (RITC) (Sighfdrich, StLouis, MO) and DPRV opn

(21 nucleicacid) were labeled with6)$0 RQ WKHLU 9YH[WUHPLWLHYV ,QWHJUD!'
inc). Cells were seeded 24 ha@rto transfection in 35 mm glass bottom culture dishes (MatTek,
$VKODQG 0% XVLQJ O RI FRPSOHWH PHGLXP DW FHO
ZHUH LQFXEDWHG ZLWK FHOOV DW D FRQFHQWUDWLRQ RI

at pH6.5 for 24 h. Colocalisation was assessed qualitatively by the occurrence of yellow pixels

resulting from the spatial overlap of red (Chitosan pseudocolor) and greels HODN
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pseudocolor) from 2 separate channels. Prior to imaging, cell membranesaiezd for 5 min at

f& ZLWK XJ PO RI &HOO ODVNE 'HHS UHG ,QYLWURJHQ
followed by two washes with cold PBS solution and resuspension in complete media. Imaging of
live cells was done with a Zeiss LSM 510 META confocaldplan 200 microscope (Carl Zeiss
AG, Feldbach, Switzerland).

HEl RNA extraction and assessment methods (yielgurity and integrity)

RNA extraction was performed using the RNA XS® extraction kit from Mach&egel (Biolynx,

Montréal, QC) according to theamufacturer protocol. For comparison purposes, RNA was also
extracted with RNAqueous® from Ambion (Applied Biosyste®@seetsville, ON according to

the manufacturer protocol. Total RNA was quantified and RNA integrity measured using the
Agilent BioAnalyzer 2100 (Agilent technologidgljssissauga 21 IROORZLQJ WKH PDQXI
protocol.RNA integrity was evaluated by the ratio of 2883 ribosomal RNA (rRNA¥ and the

RNA integrity number (RIN). Agilent 2100 BioAnalyzer uses automated microfluidics, capillary
electrophoresis, and fluorescence to evaluate RNA integrity. The RIN is a related measure of RNA
quality that is based on a larger portion of the elpttooetic trace. The BioAnalyzer 2100
automatically computes this parameter, and an ideatiegnraded RNA sample has a RIN of 10.

Hll TagMan® Gene Expression AssaysEndogenous controls

Gene expression level for endogenous controls was determined usiajgeeed Tagman Gene
Expression Assays (Applied Biosysten®&yeetsville, ON)PCR reactions for 384 well plate
formats were performed using 1.5 pl of cDNA samples§@%g), 5 ul of the Fast Universal qPCR
MasterMix (Applied Biosystemstreetsville, ON, 0.5 ul of the TagMan Gene Expression Assay
(20X) and 2.5 pl of water in a total volume of 10 pl. The following genes were usgitlagenous
control: TBP TATA binding protein) and HPRT hypoxanthine guaninghosphoribosyl

transferase).

I Universal Probe Library (UPL) Assays

Gene expression levels were determined using assays designed with the Universal Probe Library
from Roche (www.universalprobelibrary.com). This technology utilizes short hydrolysis probes of

8 or 9 bases. The high melting temperature dtarstic of longer probes is retained by using
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Locked Nucleic Acid (LNA) nucleotide chemistry in these shorter probes. Since probes are only 8
or 9 bases long, each probe can hybridize to over 7,000 transcripts; thus, a set of only 100 probes
can enablehe quantification of virtually any transcript in a transcriptome. RNA samples were
reverse transcribed into cDNA using the first strand cDNA transcriptor kit following the
manufacturer protocol (Roche, Laval, QC). PCR reactions for 384 well plate fornrea¢s w
performed using 2 lu of cDNA samples (25 ng), 5 ul of the Fast Universal gPCR MasterMix
(Applied BiosystemssStreetsville, ON, 2 uM of each primer and 1 uM of a UPL probe # 71
(Roche, LavalQC) in a total volume of 10 uL

I Detection and analysis

The ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems) was used to detect
F'1$ DPSOLILFDWLRQ OHYHO DQG zZDV SURJUDPPHG ZLWK DQ L
by 45 cycleof: VHFRQGV DW U& DQG VHFRQGY DW U& $00 UHI
the average values of Ct (cycle threshold) were used for quantification. TBP (TATA binding
protein), HPRT lypoxanthine guaninphosphoribosyl transferase), were used radogenous

controls.

The relative quantification of target genes was determined using tHET method. Briefly, the
Ctvalues of target genes were referenced to an endogenous contrdlgene Ctiarget Ct endod

and compared with a calibratod UCT = UCt sample- UCt caiibrator R€lative expression (RQ) was
calculated using the Sequence Detection System (SDS) 2.2.2 software (Applied Biosystems) using
the formula RQ =2 V°T.

I Statistical Analysis

The measurement data were collected and expressed asvakerss+ standard deviation (SD).
And were analyzed with th&tatistica9.0 (STATSOFT, Statistica, Tulsa, OK, USAJ.he
Statistical significance was determined by-oveey ANOVA followed by Newmarkeulspost hoc
test. Differences were considered significahp<0.05 and highly significant at p<0.01.
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4.3 Results

Il Cellular Uptake

Transfection efficiency of Chitosan 9D-5/DPRIV opn, Chitosan 9210-10/ DPRIV opn and
Chitosan 9210-20/ DPRIV opn complexes in HepG2 cells was evaluated using flow cytometry.
We found out that polyplexes sedimentation on the cell surface adds a bias to cytometry data when
calculating the percentage of positive cells or determining fluorescence intensity levelsst ass

the amount of internalized oligonucleotide.

Our results show that almost 90% + 2 of HepG2 cells internalized the polyplexes and no significant
difference between the three N/P ratios was obserkgglre 4-1, a). Following chitosanase
treatment, approximately a 10% reduction in the positive cell population was observed indicating
that trypsinization and thorough washing alone did not fully dissosiarface bound polyplexes
(Figure4-1, a). Furthermore, confocal imaging shows membrane associated polyplexes following
thorough washing which suppsrour FACS datalthough the percentage of 6FANDPRIV opn

positive cells was similar for the three N/P ratios, the amount of the internalizetMaB{;, as

determined from the fluorescence intensity levels, varied as showigim¢4-1, b).
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Figure4-1. FACS analysis of chitosan/DRFPODN polyplexes uptake in HepG2 celhé.
8 SW D N HFRM lafjeled DPAVODN in chitosanase treated and untreated cells 24 hours post
WUDQVIHFWLRQ D 7UDQVIHFWLRQ HIILFLHQRED ZDV FDOFX

Moreover, cells incubated with formulations that had higher N/P ratioeed lower amounts of
internalized DNA. The excessive cellular uptake of polyplexes was further confirmed by confocal
imaging, as shown in Figure 4.2. Large internalized assemblies of complexes were observed 2 h
post incubation and an optimal dissociatiwas observed 24 h post transfectibigre4-2). The
transfection efficiency of each group was evaluated in three independent experiments using flow

cytometry.

Figure4-2. Confocal imaging of polyplexes uptakéonfocal microscopy images of HepG2 live
cells 24 h post transfection with chitosan/BRRpn polyplexes (N/P=5)Chitosan 9210 (DDA,

MW) was labeled with Rhodamine (red), the DRRon ZLWK )$0 DW WKH 9fH[WUHPL
and the cell membranes were stained prior to imaging with cell mask (blue). Membrane staining

was performed to differentiate between internalized and membrane bounapesypl
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Il Effect of low molecular weight chitosan on RNA recovery

The effect of low molecular weight chitosan (DDA=92, MW=10 kDa) at different N/P ratios on

RNA extraction was assessed using the Bioanalyzer 2100 sy&igumed-3). These results show

very poor recovery of total RNA from low number cells transfected with chitosan/siRNA

polyplexes compared to both Dharmaféctreated and netransfected céd (Figure 4-3). We
IRXQG WKDW WKH PDMRULW\ RI WKH VDPSOHY KDG D UHFRYHU
RNA Integrity Number (RIN) >7). Additionally, our results indicated that lower Niiega@r lower

amounts of added polyplexes (corresponding to 50 pmol to 10 pmol siRNA per well) did not

improve total RNA yield.The extraction efficiency with or without chitosanase treatment was

evaluated in three independent experiments with triplicegach experiment.

Controls

Chitosan/siRNA

Chitosan/siRNA + chitosanase

DharmaFect  NT 92-10-5

92-10-10 92-10-20

92-10-5

92-10-10 92-10-20

L 10pmol 50 pmol 10 pmol 50 pmol

10pmol 50 pmol

10 pmol 50 pmol

10 pmol

50pmol  10pmol  50pmol 10 pmol 50 pmol

A
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Figure4-3: Effect of Streptomyces grisewhitosanase on yield and integrity of total RNA

extraction. Total RNA extraction was performed on HepG2 cells transfected with 10 pmol and 50

pmol of nanoparticles siRNA/chitosan at 3 different N/P ratios indicated by the formulation code
92-10-5, 9210-100r 9210-20 (DDA, MW, N/P). Chitosanase was resuspended in DMEM pH
DQG GLUHFWO\ DSSOLHG WR FHOOV DW D ILQDO FRQFHQW

was extracted from chitosan transfected cell treated with or without chitosanase. Thetdiffere
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HIWUDFWLRQV ZHUH FRPSDUHG WR FRQWU Rianskebtéd®NDI)H F W E
cells. (nt) = nucleotide, L= standard ladder, the green band is a lower marker, which allows

sample alignment and permits comparison for RIN calculation. RINA integrity number, is

an algorithm based numbering system that calculate RNA integrity with 10 being the most intact

and 1 being fully degraded.

Il Effect of lysis buffer on Chitosanase activity

We assessed both the effect of guanidium thiocyanate, aabiaagent, contained in commercial
RAL lysis buffer and high DDA (92% and 98% respectively)Sogriseuschitosanase activity.

First, chitosan polyplexes were digested witigriseuschitosanase and were compared to-non
digested sample§igure4-4).

With chitosanase Without chitosanase

98-150-5 92-10-5 92-10-10 92-10-20 98-150-5 92-10-5 92-10-10 92-10-20

Figure4-4: Polyacrylamide gel electrophoresis of chitosan/BN\?Ebn polyplexes bearing
differentDDAs and N/P ratios, treated with or without Streptomyces griseus chitosanase. a)
chitosan migration b) ODN migration. Lane 1 to 4 corresponds to chitosaiiXigRdirectly
incubated with chitosanase during 60 minutes at 37°C. Chitosan digestion a#d@/3h
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release. Lane 5 to 8 corresponds to chitosan/M?Bnincubated at the similar conditions
without chitosanase. Faster chitosan migration was observed when comparing lanes 5 and 6 due
to different MW of theses formulations. Increased band interaitg @8) results from greater

amounts of chitosan at higher N/P ratios

Our results show that chitosan digestion was not affected at high DDA (98%). Moreover, DPP
IV opn liberated from chitosanase treated polyplexes showed atguasiecovery indicating that
smaller monomers did not bind nucleic acid. Second, chitosanase activity was assessed in lysis
buffer. Our results show th&tgriseushitosanase activity is not altered or reduced in lysis buffer
(Figure4-5). These results suggest that the chitosanase digestion can be perfoetibdidithe

lysis buffer decreasing the processing time of the sarkjerne4-5).

Cell medium Lysis buffer
L 30 min 60 min 60 min

(nt)

4000 —

2000 = w—

1000 —

500 =—— =—
200 == T

25 —
RIN: 9.30 9.50 9.20 9.40 8.60 8.60

Figure4-5: Total RNA extraction from HepG2 transfected cells with 10 pmol siRNA. Following
transfection, cells were treated with chitosanase for: a) 30 min, b) 60 and ¢) 60 min in lysis
buffer.
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Hll Gene silencing

The ability of chitosan 920-5 formulation to deliver DP#V siRNA in three different cell lines

was assessed using gPCR. Our results revealed an 80% and 78% silencing of tiey@&#Pin

HepG2 and Cac@ cell lines respectively when compared to Hti@nsfected cells. These results
DUH VLPLODU WR WKH OLSRVRPH E D V(HaBle& R .WovédvErHtoR Q W U R C
RNA recovery from low célnumber without chitosanase treatment was very low with RIN values
below the set threshold accounting for the inability to assess gene inhibition using gPCR (Table
4.1). HT-29 cell line was difficult to transfect using this specific chitosan/siRNA fornomalue

to the absence of cellular uptake as shown by our FACS and confocalaopyrossults (data not
shown).Although HT-29 cell line was difficult to transfect, recovery of total RNA was poor most
probably due to extracellular excess of chitosan tancthembrane bound polyplexes. Cellular
viability in HepG2, Cace&® and HTF29 cell lines was maintained after addition of the different
chitosan formulations used for transfection, dismissing the likelihood of toxicity effects. Gene

silencing was evaluated two independent experiments with triplicate in each experiment.

Table4-1: Effect of chitosanase treatment on RNA extraction, Relative Integrity Number (RIN)
and realtime PCR (gPCR) analysis in three diiént DPFV expressing cell lines. Inhibition
percentages of DRR/ gene expression in siRNA/polyplexes transfected cells were determined
in comparison wh nontransfected cell€Effect of chitosanase treatment on RNA extraction,
Relative Integrity Numbe(RIN) and reatime PCR (qPCR) analysis in three different BIRP
expressing cell lines. Inhibition percentages of BYBene expression in sSiRNA/polyplexes

transfected cells were determined in comparison withtraotsfected cells

Cell line Chitosan/siRNA Chitosan/siRNA+ chitosanase

RNA extraction qPCR RNA extraction qPCR

RIN [total RNA] ng/ul Inhibition % RIN [total RNA] ng/pl Inhibition %
HepG2 30 26 N/A 9.0 78 82
HT-29 23 1.7 N/A 9.3 83 20

Caco-2 47 39 N/A 8.7 76 78

"HT-29 cells were difficult to transfect.
N/A: not applicable, RIN below the set threshold required for gPCR.
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4.4 Discussion

Currentmethods and commercial kits for RNA isolation are based on the use of acid guianidium
thiocyanate buffers for cell lysis and protein denaturation. Depending on the methods used, either
a phase separation followed by RNA precipitation is performed (TRIpolsilica based matrices
(RNeas§; RNA XS®) are used to electrostatically bind and recover RNA through washing and
elution stepsThese methods present major drawbacks whee lpolysaccharide fragments are
present after sample digestion. These polysatde fragments can entrap nucleic acids physically
thus reducing RNA after centrifugatiotf.Chitosan is a polymeric cation that has been shown to
prevent the efficient purification of nucleic acids from cell entrapped matrices using available
procedures and commercial kit3.22The low efficiency of purification is mainly due to the amine
groups, which are protonated in acidic environmérgsich as thguanidinium thiocyanate buffer

used in both Trizol® and Igia based kits® hence promoting nucleic acid entrapment and/or
binding. Another explanation to the poor recovery of total RNA when using silica based column is
the fact that polysaccharide contaminants have been shown to decrease significantly the efficiency
of spin columns. ?® To resolve these ises associated with chitosan protonation, successful
attempts have been made to adjust the pHjuzfnidinium thiocyanate extraction bufferS.
However, RNA purity ratio could not be measured adequately due to possible polysaccharide
contamination. In our study, we showed that chitosan/siRNA transfectiorwofdth numbers
resulted in a poor recovery of total RNA for subsequent transcriptomic analysis. The poor recovery
might be due to the high binding affinity of chitosan to nucleic acids as recently quantified.
Notably, the majority of the chitosan in thgseparations is soluble and not complexed to the
polynucleotide according to our recent data using Asymetric Field Flow Fractioffifioe.main

effect of chitosanase treatment may then beitaighte the free fraction that could clearly bind to
polyanionic mMRNA and inhibit its extraction from chitosan treated cells. This binding effect would
be further accentuated in the cell lysis buffer containing guanidium thiocyanate which has an acidic
pH of ~5 and increases ionization of chitosan therefore augments its binding affinity to

polynucleotides

$FFRUGLQJ WR WKHLU K\G URBIosidic/linkages Rl parkdlyWhcdyatéd K H
chitosan molecules, chitosanase can be classified iciess8esStreptomyces griseuitosanase
LV D W\SH ,,, HQ]J\PH WKDW FDWDO\]HMA)HrRae betwkdd NMH Q G R K\ C
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acetylglucosamine and-lucosamine (GIcNA4IcN) and between glucosamine (GIcMNGICN)
residues in chitosané® Satoet al found that the relative activity of the enzyme was 80% when
degrading chitosan with 90% DDA compared to a 100% activity in the presence of chitosan with
70% DDA. 2% 3%However, despite a lower activity when degrading high DDAs chitosan (>90%),
Streptomyces griseushitosanase is a powerful tool for nucleic acid recovieoyn chitosan
nanoparticules bearing different DDAs as shown in this study. Our results show a dramatic
enhancement in RNA yield and integrity when treating cells Bitlgriseuschitosanase for 60
minutes prior to extraction. In addition, RNA yield$rom transfected cellsare similar to those

of nontransfected cells, suggesting a total recovery of RNA from chitosan transfected cells.
Furthermore, our results show that a 30 minutes treatment can be sufficient to improve total RNA

yield thus reducing saple processing time.

Although guanidium thiocyanate is a potent chaotropic agent that alters dimensional structures of
proteins including endonucleassts concentration in RA1 lysis buffer does not seem to alter the
function of this specific chitosanase. This observation is supported by the fact that some
chitosanases are resistant to the high concentration of denaturants such as urea or guanidium
thiocyanateé?3* The chitosanase treatment of DRRypn/chitosan polyplexes permitted the
recovery of ~ 90% of the complexes ODN showing that the digestion of the low MW chiosan
92-10-5 #into smaller monomers did not interact with ODN release nor with silica based matrices

for RNA purification.

This new méhod has permitted us to obtain enough RNA with high integrity numbers to perform
subsequent regime RT-PCR and analysis. Our results revealed an 80% silencing of thé\DPP

gene with chitosan/siRNA when compared to Htramsfected cells. Furthermorelesicing using

WKLV VSHFLILF IRUPXODWLRQ DFKLHYHG FRPSDUDEOH HIILFL
liposome, suggesting the potential use of these chitosan formulations to deliver siRNAitoth i

and in vivo. HT-29 cell line was found to benore difficult to transfect with the specific
chitosan/siRNA formulation, in particular at the cell uptake level as determined by FACS and
confoca microscopy (data not showniljhis observation is supported by the fact that chitosan has

shown cell type degndency when transfecting DNA plasmig.

The silencing effect was also observed at the protein level where we observed a decrease in DPP

IV levels of approximately 55%, 48 hours post transfection (data not shown) demonstrating the
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ability of the specific chitosan formulation to efficiently deliver sSiRNA against DPRRNA.

The FACS analysis of DRI/ opn positive cells showed approximately 80f@ansfection
efficiency following chitosanase treatment. The latter permitted a reduction of ~10% in transfection
efficiency when compared to the chitosanase untreated cells. The 10% signal bias is possibly due
to the membrane bound chitosan as supporgembbfocal imagingTherefore, this reduction may
account for biased data hence increasing accuracy of transfection efficiency quantification.

4.5 Conclusion

In this study, wehave demonstrated that i) mMRNA is difficult to extract from chitosan/siRNA
transfected cells for subsequent quantification of gene expression, ii) a relatively simple and
inexpensive technique based on enzymatic digestion of chitosan permits the extraction and
recovery of total RNA for subsequent quantification of messengeslbyalPCR, iii) the method
described is suitable for the removal of membrane bound chitosan for FACS analysis of
transfection efficiency when using labeled siRNA or ODNSs, as a result reducing false positive data.
Thus, this new method permits the quandificn of gene silencing in chitosan delivery systems

and eliminates any bias associated with chitosan binding to polynucleotides.
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Abstract

Chitosan, a natural polymer, is a promising system for the therapeutic delivery of both plasmid
DNA and synthetic small interfering RNA. Reports attempting to identify the optimal parameters
of chitosan for synthetic small interfering RNA delivery wereoimdusive with high molecular
weight at highamineto-phosphatéN:P) ratios apparently required for efficient transfection. Here

we show, for the first time, that low molecular weight chitosan (LI@®) formulations at low

N:P ratios are suitable for the vitro delivery of small interfering RNALMW -CS nanoparticles

DW ORZ 1 3 UDWLRYV ZH UpdtehtRaV-20vV Y witloan Byege SkHebelow 100 nm

as demonstrated by dynamic light scattering and environmental scanning electron microscopy,
resgectively. Nanoparticles were spherical, a shape promoting decreased cytotoxicity and enhanced
cellular uptake. Nanopatrticle stability was effective for at least 20 hours at N:P ratios above two in
a slightly acidic pH of 6.5. At a higher basic pH of 8,stae@anoparticles wereraveleddue to
chitosan neutralization, exposing their polynucleotide cargo. Cellular uptake ranged from 50% to
95% in six different cell lines as measured by cytometry. Increasing chiosi@cular weight
improved nanoparticle didity as well as the ability of nanoparticles to protect the oligonucleotide
cargo from nucleases at supraphysiological concentrations. The highest knockdown efficiency was
obtained with the specific formulation 92-5 that combines sufficient nucleas®fgction with
effective intracellular release. This system attair@8% knockdownof the messenger RNA,
similar to commercially available lipoplexesithout apparent cytotoxicity. Contrary to previous
reports, our data demonstrate that LMY® at low N:Pratios are efficient and nontoxic

polynucleotide delivery systems capable of transfecting a plethora of cell lines.

Keywords: siRNA, nonviral delivery system, chitosan, gene silencing, RecQL1, ApoB
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5.1 Introduction

RNA interference (RNAI), arevolutionary endogenous gene regulation mechanism based on
doublestranded RNA (short hairpin RNA, microRNA,iwR-interacting RNA, and small
interfering RNA [siRNA]), has provided a potential new class of therapeuSitge its discovery

in Caenorhabdit elegang RNAi has been proven effective in mammalian ééifs and has
reached clinical trial$1?24 However, direct delivery of RNAinducing entities such as synthetic
siRNA or short hairpin RNA continues to be problematic owing to their rapid
extracellularintracellular degradation by nucleases.(RNAse and DNAse), limited blood
stability, poor cellular uptake, and nonspecific targetifg.As a consequence, the translation of

RNAI into a clinical therapeutic reality is still pending resauatof these issues.

Chemical modification of synthetic sSiRNAs has provided resistance to nuclease degradation and
improved blood stability®2? For example, selective addition of a phosphorothioate linkage or
VXEVWLW X-®in&Yl ahltve K2 postdn of specificribosesincreases nuclease resistance

of sSiRNAs without compromising activity:'>?°Nevertheless, some chemical modifications can
increase cytotoxicity, offarget effects and reduce messenger RNA (mRNA) hybridiz&t®n.
Despite progess achieved through chemical modification to increase siRNAitealfransfection
efficiency, cellular targeting, and uptake remain as obstacles to effective delivery. Therefore,
packaging systems which can both protect and transport chemically uredtdddified SIRNA

to target cells are required.

Liposomes/Lipoplexes have been extensively used asvinainvehicles for plasmid and RNAI

entities and pose toxicity concerns. For example, the repeated administration -tfasipdi

delivery vehicles causeghospholipidosi€® Intravenous injection of stable nucleic adijid

particles has successfully targeted the liver to silencepbépoprotein B(ApoB gene in mice

and nonhuman primaté$. However, a significant 2@ld transient elevation in serum
transaminases (aspartate transaminase, alanine transaminase) indicative of hepatocellular necrosis
was identified at the effective dose. Liposomal formulations of nucleic acids are known inducers

of inflammatory cytokines including tumor necrosis faatpha, interferorgamma, and
interleukin6 which may be related to liver damadePolyethylene glycol (PEGlation of
liposomes, for the purpose of reducing their toxicity, was also demonsttelicit acute

hypersensitivity after repeated dosi§? Similarly, the highly studied cationic family of
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polymers such as polyethylenimine demonstrated high gene transfer efficiency but was also
associated with significant toxicity issd@# limiting their broad use in clinical trials.
Polyethyleniminecytotoxicity was characterized as a tpioase process where thalycationell
interaction induces loss of cell membrane integrity and the induction of programmed cell death.
Insights into polyethylenmine toxicity highlight the importance of polycation/organelle
interactionsHe, mitochondria and lysosomesn the induction of toxicity>3¢In general, ationic
polymers display less toxicity associated with cytokine inductimmmune activationt=compared

to their cationic lipid counterparté.

&KLWRVDQ D IDPLO\ RI FDW NR®@EluDEaMIne b\l bsamine
residues, has been extensively studied for the delivery of plasmid DNA (pDNA) and siRNA both
in vitro and in vivo3&1%3844 Chitosan properties include mucoadhesifftygsiocompatibility,
biodegradability’® nontoxicity, and low cost of production. Primary amine residues confer a
polycationic nature to chitosan at pH values below its pKa (~6.5) thus enabling it to condense
polyanionic compounds such as nucleic acids. Electrostatic interaction between chiidsan
nucleic acids leads to the spontaneous formation of nanoparticles of different sizes anéf shapes.
The ability of chitosafbased nanoparticles to transfect cells efficiently depends on several
parameters such as: (1) the degree of deacetylation (DBMEh represents the fraction of
ionizable monomers; (2) the average molecular weidh}, (oroportional to chain length, and (3)
theamineto-phosphatéN:P)charge ratiosepresented by the amigehitosan)to-phosphate (DNA

or RNA) ratio used to form meparticles.

We have previously demonstrated that maximizatiomofitro transfection efficiency for the
delivery of pDNA depends on a fine balance between these tunable parameters of*é#itagan
found maximum transgene expression for DMAvaluesthat run along a diagonal frohigh
DDA/low M, to low DDA/high Mn3° We also have demonstrated that specific chitosan

formulations [DDA,Mn, and N:P ratio] efficiently expresgansgene in vivge42

We also demonstrated that specific formulations adole to trigger an antransgene immune
responsé® therefore, nanoparticles can be designed based on theufiimg of chitosan

parameters for applicatiespecific purposes such as genetic vaccination or gene therapy.

The structural differences betweepDNA and siRNA are believed to affect the

complexation/stability of nanoparticles and optimal parameters required for effective delivery.
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Chitosan has also been used for siRNA delivery bothtro andin viva.l®1%174However, and
despite attempts tddentify optimal physicochemical parameters for siRNA delivéry,
inconclusive results have been observed in the literature due to experimental discrépaRores.
example, it was reported that intermediate DDA (80%) and Mig{64 :70 kDa) chitosan &re

more efficient than lownolecular weighthitosan (LMWCS) (10 kDa) in delivering siRNA.44
However, high molecular weight chitosan are found to be cytof®Xfthus potentially limiting

their use in future clinical trials. Additionally, most bitreports evaluating the physicochemical
parameters of chitosan/siRNA nanoparticles were performed at high N:P ratios (N >95).
Such formulations bring significant practical problems including limited dosing due to aggregation
and the nonspecifieffects of large quantities of soluble chitoSan.

Here, we investigate, for the first time, the ability of specific LNO8 formulations (92.0-5, 8¢

80-10, 8040-5, and 8010-10)[DDA, My, and N:P ratioht low N:P ratios tan vitro deliver siRNA
targeting: (1) the RecQL1 DNA helicase mRNA in the colon adenocarcinoma RecQL1
overexpressing cell line (LS174T) and (2) ApoB mRNA in the hepatocarchdenmsed cell line
(HepG2). The choice of these two targets resides in their relevaceader and atherosclerosis,
respectivel\’."2°253We also explored the ability of these formulations to transfect multiple cell
lines such as A549, AsPC1, HEK293, and Raw264.7 without apparent toxicity. In this study, we
hypothesized that, contrary poevious literaturé!’#344ow M, chitosan (LMW-CS) complexed

at low N:P ratios represent suitable formulations for siRNA delivery and gene knockdown; similar
to our observations with pDNZA*? Additionally, we hypothesized that low N:P ratios assure
sufficient protection and efficient delivery of the siRNA cargo. Moreover, we explore the
physicochemical properties of these specific formulations with the prospect of optimizing
nanoparticle transfection and silencing efficiencies. Our results demenébrahe first time, that

LMW -CSs at low N:P ratios are effective and nontoxic delivery systems for polynucleotide and

siRNA delivery forin vitro gene silencing.
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5.2 Materials and methods

Hll Synthesis siRNAsand dsODNs as a struct ural model of SRNA

siRNAs targeting the RecQL1 DNA helicase and ApoB mRNAs were synthasiegia novel

51$ VIQWKHVLV FKHRIEVRWWKWKHMWHU S URAMCE)FWiImQidedl UR X SV
with a standardohosphoramitidesolid-phase technologpy Dharmacon (Thermo Scientific,
Dharmacon RNAIi Technologies, Lafayette, C®ecQL1 mRNAspecific siRNA (SiRNA

5HF4/ FRQWDLQV WKH VHHQVCAGNICARWHIQCAGLCURdATdF « DQG

D QW L V-AABCHGAAGUGGUCUGAACITAF « ZKHUHDYV $ S-BEcifie SilR
(SIRNA-$SR% FRQWDLQV WKH SHQQUEACABUTGAARATTARU- « DQG

D QWL VAQMBUAUUCAGUGUGAUGACAG « Mock siRNA were also used as a

negative control. Mock siRNA is anontargeting sSiRNA (Dharmacon, D-001710-01-05) designed

to have minimal targeting of known genes inhuman mouse, and rat cells.

Double-stranded oligodeokynucleotides (dSODNs, 21 bp) encoding the same sequerces ard
mimicking sSRNA physicodenical properties were used for nanopaticle dharacerization. The
doublestranded oligodeaxxynucleotide (dsODN sequences were synthesized using the
phosphoramidite chemistry (Integrated DNA Technologies Inc, Coralville, 10) and used for size
and zeta potential determination, nanoparticle stability, and nuclease protastays. For
confocal microscopy and flow cytometry analysis,F@ UER[\IOXRUHYV F-ldlhe@d )$0
dsODNs were used (Integrated DNA Technologies Inc). The rationale for using dsODN for
chitosan nanoparticle physicochemical characterization is their AsiRixhicking properties.
These mimicking properties are due to similarities at the structural level (ekitdoeled structure,
length, and nucleotide overhangs) between siRNA and dsODNs. Additionally, charge densities are
similar between siRNA and dsODNBsalto identical phosphate residue numbers on their backbone.
The main differences between siRNA and dsODNs lie in the substitution of uracil to thymine (U

/ET) in the dsODN sequences, and in the deoxyribosilation of the dsODN sugar backbone.

Il Preparation and characterization of depolymerized chitosan

Clinical-grade chitosan at different DDAs was obtained from BioSynthec Inc (Laval, QC, Canada)
and depolymerized using nitrous acid to achieve specific nuavsEage molecular weight targets
(Mp) of 80, 40, and 0 kDa. Chitosan numbeaind weightaverage molecular weightsl§ andMuw)
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were determined by gel permeation chromatography using a Shimad20AIZ isocratic pump,
autosampler SH20AC HT, oven CTGROAC coupled with a Dawn HELEOS Il multiangle laser

light scattering detector (Wyatt Technology Co, Santa Barbara, CA), a Viscostar Il (Wyatt
Technology Co), an Optilab rEX interferometric refractometer (Wyatt Technology Co), and two
Shodex OHpak (SB06M HQ and SB305 HQ; Showa Denko America, Inc, New York, NY)

columns eluted with a pH 4.5 acetic acid (0.15 M)/sodium acetate (0.1 M)/sodium azide (4 mM)
buffer>>°6The injection volume was 100 pL, the flow rate 0.8 mL ¥rémd the temperature 25°C.

The dn/dc value was previously calculated for chitosan with'& DR | IRU D ODVHU
wavelength of 658 nm) and is equal to 0.208 and 0.201 for chitosan with 80% DDA. The degree

of deacetylation was determined %y NMR according to our previous repotts’

Il Preparation of chitosan nanoparticles

Chitosans with sgcific Mp and DDA (Table 5.1) wer dissolved overnight on a rotary mixar

0.5% (w/v) in hydrochloric acid using a glucosamine:HCI ratio ofat 4 final concentration of 5

mg/mL. Sterile filtered solutions were then diluted with deionized water tonotht@idesired ratio

(N:P) of amine (chitosan deacetylated groups) to phosphate (dsODNs/siRNA nucleic acids).

Nanoparticles (920-5, 8010-10, 8040-5, and 8630-5) were then prepared by rapid mixing
SLSHWWLQJ RI / Rl GLOXWHGF IGME RIWDRUVRICEX W IDRM) DVIRR Q

of 0.05 pg/uL or 100 nM.

Table5-1: Physicochemical characteristics of bulk chitosans

Chitosan DDA (%)* M, (kDa)> M_(kDa) PDI¢ N:P ratio

92-10 92 10 1.8 15 S5
80-10 80 10 14.5 13 10
80-40 80 40 53.0 1.3 5
80-80 80 80 110.9 1.6 5

Notes: *As determined by IH NMR; Pas determined by gel permeation
chromatography (GPC); ‘M /M ; °nanopartice N:P ratio follwing complexation with
either dsODN or siRNA used in this study.

Abbreviations: DDA, degree of deacetylation; M, number average molecular
weight; M_, specific molecular weight; PDI, polydispersity index; N:P, amine to
phosphate; dsODN, double-stranded oligodeoxynucleotides.
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BB 1DQRSDUWLF bteMibl]anapsiG

The size of chitosan/dsODRecQL1 and chitosan/dsODMpoB nanopatrticles + intensity
average diametet=was determined by dynamic light scattering at an angle of 173° at room
temperature using the Malvern Zetasizer Nano ZS (Malvern, Worcestershire, UK). Following
nanoparticle formation, sates were diluted in 10 mM NaCl at a ratio of 1:10 and measured in
W UL S O L Finwrital was heasured in triplicate using laser Doppler velocimetry Gt@&b°

the same instrumemtith the viscosity and dielectric constant of pure water used for calculations.

Hll High-vacuum scanning electron microscopy (ESEM)

Chitosan/dsODMNRecQL1 and chitosan/dsOBApoB nanoparticles were sprayed on silicon
wafer substrate then sputiswated with gold (Agar Manual Sputter Coater; Marivac Inc, Montreal,
QC, Canadaand imaged using a Quanta 200 FEG Environmental Scanning Electron Microscope
(FEI Inc, Hillsboro, OR). Observations were performed at 20 kV using thevaigium mode.

The average particle diameter (+ standard deviation) was determined using the XT Bgeu im
analysis software (FEI Inc).

Hl Nanoparticle stability assessment by polyacrylamide gel

electrophoresis

The stability of chitosan/dsODN nanoparticles at different pHs (6.5 and 8) and for different
incubation times (0.5, 4, and 24 hours) was assessed using polyacrylamide gel electrophoresis.
Upon formation, nanoparticles were mixed at a ratio of 1:1 @{tN-morpholino)ethanesulfonic

acid buffer(MES 1X) (20 mM MES, 8 mM sodium acetate, pH 6.5Tos-acetate (TAEEDTA

buffer (TAE 1X) (2 M Trisacetate, 50 mM EDTA, pH 8). The samples were then migrated on a
13% polyacrylamide gel (BioRad Laboratoribfississauga, ON, Canada) for 2 hours at 100 mV

in either MES or TAE buffer. Gels were stained with 0.5 pg/mL ethidium bromide solution
(BioRad Laboratories) to visualize dsODNs. Gel documentation and image analysis were
performed using a B#ision 3000 (Mlbert Lourmat, Marnda-Vallée, France) and the Vst

Capt software, respectively.
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Il Nuclease protection assay

The level of protection against nuclease attack offered by chitosan formulatieb@%930-80-
10, 8640-5, and 8880-5) was assessed electropétically on a 5% agarose g€hitosan/dsODN-
RecQL1 and chitosan/dsODBApoB naroparticles at different [DDAMw, and N:P ratiosjvere
incubaed with 0.5, 1, 2, 5, or 10 units of DNAse I (SigmaAldrich, Oakville, ON, Canadger ug

of dsODNsin 20 pL of MES-MgCI, buffer (20 mM MES, 1 mM MgCl,, pH 6.5) for 30 minutes
at 37°C. The reaction was stopped by adding2of EDTA (50 mM) (SigmaAldrich). To ensure
proper migration of the nondigestddODNs samples were treated wi8treptomyces griseus
type 1l chitosanase (Sigm& OGULFK DW P8 / IRU KRXUV DW & DQ
the samples at20°C for 15 minutes as previously descriBe8amples were migrated at 90 V
during 1 hour then stained with 0.5 pg/mL ethidium bromide solution beforaliaation.
Capturedimages were andyzed using Vidon-Capt software (v 15.06; Vilber Lourma, Paris,
France). Relative amounts of dsODN-RecQL1 or dsODNApoB (%) were determined by
compaison of the integated signd intensity of nucleasdreated samgdes versus nontreated

samples.

I [n vitro cell transfection
5.2.8.1 Cell culture

All cell lines were purchased from American Type Cell Culture (Manassas, VA). The HepG2 cell

line was cultured in minimal essential medium (MEM). The HEK293, Raw294.7, and LS174T cell

lines were cultured in higl OXFRVH 'XOEHFHAR Y MERROCNMEMHG). The A549

and AsPC1 cell lines were cultured in FK2andRoswell Park Memorial Institute mediumedia,
respectively. All cell culture media contained 1.85 g/L of sodium bicarbonate (Ngr@®were
supplemented with 10%etal bovine serurfCedarlane Laboratories, Burlington, ON, Canada). All

cell lines were cultured at 37°C in a 5% £0@cubator. For transfection, cells were plated in 96

well or 24well culture plates (Corning, Lowell, MA) to obtain a ~50% confluence the day of
transfectioQ XVLQJ /| ZHOO RU —/ ZHOO UHVSHFWLYHO\ RI F
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5.2.8.2 Cell transfection

For in vitro transfection, DMEMHG was prepared with 0.976 g/L of ME&hd 0.84 g/L of
NaHCQG at a pH of 6.5. Transfection media containing 10% fetal bovinersevas equilibrated
overnight at 37°C in a 5% COncubator and the pH was adjusted to 6.5 using sterile HCI (1N)
prior to transfection. For siRNA transfection performed in an@ll plate, chitosan/siRNA
nanoparticles were prepared as described abovejr8@es before use. A 100 pL siRNA solution

at a concentration of 0.05 pug/uL was used for siRNA complexation with chitosan at a 1:1 ratio
(v/v). Following complexation, nanoparticles were incubated in a ghost plate containing the
transfection media (DMEMHG + fetal bovine serum) at a final concentration of 1.35 ng/uL;
equivalent to 10 pmol per well of sSiRNA. FdsODNtransfection performed in a 24ell plate,
nanoparticles were complexed as described above and incubated at a final concentration of 8.07
ng/uL, equivalent to 60 pmol per well of dsODNs. Plates containing nanoparticles were
equilibrated for 10 minutes at 37°C, 5% £®ledium over cells was aspirated and replenished
with either 500 pL (24well plate) or 100 pL per well (9@vell plate) of the @nsfection medium
containing dsODNor siRNA-based nanopatrticle€ells were incubated with chitosan/siRNA or
chitosan/dsODN nanoparticles until analysis 24 hours post transfection. The commercially
DYDLODEOH OLSRYVR RDbharmiddon) RNDA) T&ch@dlogs), was used as a positive
control and both untreated cells and uncomplexed siRNA/ds@&dted cells were used as

negative controls.

5.2.8.3 Transfection with DharmaFECT

DharmaFECT was used as a positive control for transfection efficiency in all testeme=ll |
DharmaFECT/dsODN (flow cytometry and confocal microscopy) or DharmaFECT/siRNA (gPCR
DQG YLDELOLW\ DVVD\ OLSRSOH[HV >Z Y@ UDWLR ZHU}

protocol.

I In vitro cell viability assay

Nanoparticle toxicity wasevaluated using the alamarBfugroliferation assay (Invitrogen,
Carlsbad, CA). The principle of the assay is based on the natural reducing power of viable cells to
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convert resazurin, a blue and nonfluorescent compound, into resofurin; a red and fltorescen
molecule. Viable cells continuously convert resazurin to resofurin, thereby providing a quantitative
measure of viability. Transfection was performed as described above using chifNan
nanoparticles. Five thousand cells/well were seeded 24 houre hefnsfection. To alleviate the
experimental bias from the effect of RecQL1 gene silencing on cell viability, nontargeting SIRNA
(SIRNA mock) was used instead. Twedfibyir hours post transfection with chitosbased
nanoparticles, 20 pL of alamarBlueagent, prevarmed at 37TC was added to each welhd
incubated for another 4 hours. At the end of the incubation 106f mhedia containing reduced
alamarBlue dye was transferréal a black Corning 96vell plate and read on an infinite 200
fluorescencelate reader (Tecan Systems, San Jose, CA) with excitation 560 nm, emission 590 nm
and a cubff of 570 nm. Cells without the addition of alamarBlue were used as blank and dimethyl
sulfoxide was used as a positive control of toxicity. The viability of nosteated control cells

was arbitrarily defined as 100%. The relative cell viability was calculated using the following
formula: (fluorescence intensiiyhpidfluorescence intensigyhiro) x 100.

I U ptake analysis by flow cytometry and confocal microscopy

5.2.10.1 Fluorescenceactivated cell sorting(FACS) analysis

The cellular uptake of dsODNs was determined by transfecting AsPC1, A549, LS174T, HepG2,

+ (. DQG 5Dz FHOO OLQHV ZLWK QDQRSDUWLFOHV IRUP
Twenty-four hoursposttransfection, cells were chitosanase treated for 60 minutes to eliminate any

cell surfaceassociated nanoparticles left from the transfection as described previaétsiyvard,

cells were washed twice with phosphbtdfered saline, trypsinized, andesuspended in
phosphatéuffered saline. The analysis of cell uptake was made using a BD Canto flow cytometer
(Becton Dickinson, San Jose, CA). For each sample, 20,000 events were counted and to exclude
cell debris, dead cells, and aggregated cellslaation gate was established using a dot plot of

the forward light scatter against the side scatter. Nontransfected cells were used as negative controls

to discriminate (6FAM) positive cells froautofluorescence
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5.2.10.2 Confocal microscopy

For nanoparticle iternalization analysis, the LS174T, HepG2, HEK293, and Raw264.7 cell lines

were seeded on 35 mm glassttom culture dishes (MatTek, Ashland, MA) at 40,000 cells/dish

XVLQJ / R FRPSOHWH FXOWXUH PHGLXP 1DQRSMHhWWLFOHYV

B isothiocyanateODEHOHG FKLWRVDQ DQG GV2'lV ODEHOHG ZLWK
, QWHJUDWHG '1l$ THFKQRORJLHYV 3ULRU WR LPDJLQJ FHOO

Cell MasKM Deep RedInvitrogen, Burlington, ON, Canadalmages wergaken in multitrack

mode using a Zeiss LSM 510 META confocal Axioplan 200 microscope (Carl Zeiss AG, Feldbach,

Switzerland). Chitosan and dsODNs were visualized as red and green pseudocolors, respectively.

The spatial overlap of these two colors producgltbw which permitted a qualitative assessment

of colocalization.

I Quantitative PCR (qPCR) analysis of RecQL1 and ApoB mRNA

knockdown

5.2.11.1 RNA extraction and assessment methods (yield, purity, and integrity)

RNA extraction was performed using the RNAS&Xtraction kit from MachereyNagel (Biolynx,
ORQWUpPpDO 4& &DQDGD DFFRUGLQJ WR WKH PDQXIDFWXUHU
as described previoustyTotal RNA was quantified and RNA integrity was measured using the

Agilent BioAnalyzer 2100 (Adent Technologies, Mississauga, ON, Canada) following the
PDQXIDFWXUHUTV SURWRFRO 51$%$ LQWHJULW\ ZDV H¥DOXDWE
and the RNA integrity number (RIN). The Agilent 2100 BioAnalyzer uses automated
microfluidics, capillaryelectrophoresis, and fluorescence to evaluate RNA integrity. The RIN is a
relative measure of RNA quality that is based largely on electrophoretic trace analysis. The
BioAnalyzer 2100 automatically computes RIN, where an ideal nondegraded RNA samplie has R

= 10.
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5.2.11.2 Reverse transcription

Total RNA was reverse transcribed in a final volume of 20using the First Strand cDNA
Transcriptor Kit (Roche Diagnostics, Laval, QC, Canada) wipod T primers as described by
WKH PDQXIDFWXUHUYV StoretVdtR6FR.O 6 DPSOHV ZHUH

5.2.11.3 Gene expression assays

The RecQL1 and ApoB mRNA expression level was determined using assays designed with the
Universal Probe Library (UPL) from Roche (Roche Applied Science, Laval, QC, Canada).
Endogenous control (hypoxanthine guanpt®sphoribosyl transferase) agltyceraldehyde 3
phosphate dehydrogenasepression levels were determined usingvakdated TagMaf Gene
Expression Assays (Applied Biosystems, Carlsbad, CA). RecQL1 and ApoB mRNA (target
detection) reactions for 384ell plate formats were performed using 1.5 pL of cDNA samples
(2550 ng), 5 pL of the Fast Universal g°PCR MasterMix (Applied Biosystems) 2 uM of each
primer, and 1 uM of a Universal Probe Library probe (RecQL1 [probe #29]/ApoB [probe #55]) in

a total volumeof 10 pyL. For endogenous control assessment, reactions were performed using
identical volume of cDNA, Fast Universal gPCR Master Mix, 0.5 pyL of the TagMan Gene

Expression Assay (20X) and 2.5 pL of water in a total volume of 10 pL.

5.2.11.4 Detection and analysis

The ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems) was used to detect
the amplification level and was programmed with an initial step of 3 minutes at 95°C, followed by
45 cycles of 5 seconds at 95°C and 30 seconds at 60°C. All reacgomsun in triplicate and the
average values of Cts (threshold cycle) were used for quantific&igeeraldehyde phosphate
dehydrogenasand hypoxanthine guanine phosphoribosyl transferasee used as endogenous
controls. The relative quantificatiorf target genes was determined using théJCT method.

Briefly, the Ct values of target genes were normalized to an endogenous control gene (endogenous
control) (UCT = Ctarget * Ctendod and compared with a calibratotd UCT = UCtarget *
UCteaibrator Reldive expression (RQ) was calculated using the Sequence Detection System 2.2.2

software using the RQ =2CT formula.
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I Statistical analysis

The statistical analysis was performed using Statistica 9.0 Software (STATSOFT; Statistica, Tulsa,
OK). Data are exessed as mean * standard deviation. Statistical significance was determined with
oneZD\ DQDO\VLYV RI YDULDQFH IROORZHG E\ 7XNH\YfV SRVW |
significant and highly significan(< 0.05 and® < 0.01, respectively).

5.3 Results

Il 6L ]H Dgténtial of chitosan nanoparticles

All formulations of chitosan/dsODN nanoparticles were in the range éfG2lLnm as measured
by environmental scanning electron microscopy (ESEM) and dynamic light scattering (Figure 5.1
and Table 5.2).

Figure5-1: Environmental scanning electron microscamages of spherical chitosan/dsODN
nanoparticles. (A) 920-5 chitosan/dsODNRecQL1 nanoparticles; (B) 880-5
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chitosan/dsODNRecQL1 nanoparticles; (C) 80-10 chitosan/dsODNRecQL1 nanoparticles;
(D) 92-10-5 chitosan/dsODM\poB nanoparticles; (E) 880-5 chitosan/dsODMpoB
nanoparticles, and (F) 80-10 chitosan/dsODM\poB nanoparticles.

Abbreviation: ApoB, apolipoprotein BdsODN, doublestrandedligodeaxynucleotide

Chitosan/dsODN nanoparticles showed higher size values with incrddsingo statistically
significant differences were observed when comparing DDAs for these specific formul@hiens.
excess chitosan in all formulations resulted in fpodly chargednanoparticlesDV VKR ZQ E\

potential measurement$able5-2).

Table5-2: Size and zeta potential values obtained by dynamic light scattering for
chitosan/dsODNRecQL1 and chitosan/dsOBDApoB nanoparticle

ODN Chitosan Size DLS Size ESEM Zeta potential
(nm) (nm) (mVY)

RecQLI  92-10-5 63+8 54+6 23+

RecQLI  80-40-5 86+9 97 £ 12 18 + |

RecQLI  80-10-10 91 £7 739 18 +2

ApoB 92-10-5 45+ 4 66 £ 5 21 £2

ApoB 80-80-5 100 £ 8 75+ 13 16+ 1

ApoB 80-10-10 64+ 6 677 19+2

Notes: Values are mean £ SD; n= 3.

Abbreviations: ApcoB, apoclipoprotein B; dsODN, double-stranded oligodeoxy-

nucleotides; DLS, dynamic light scattering; ESEM, environmental scanning electron

microscopy; SD, standard deviation.

Hll Chitosan/dsODN nanopatrticle stability

Chitosanbased nanoparticles were incubated for 0.5, 4, and 20 hours in two different buffers (pH
6.5 and 8) to assess the effect of time and pH on nanoparticle stabditye5-2). Nanoparticles
were stable up to 20 hours at an N:P ratio above 2 in slightly acidic buffers (pH 6.5). At 4 hours

following nanoparticle formation, and under slightly acidic candg, no detectable dsODNs were
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observed at N:P ratios of 2 or highéigure5-2 A and 52 C). On the contrary, dsODN release
was observed for the same N:P ratios at a pH Bfddi{e5-2 B and 52 D). Longer exposure time

+20 hous tat a pH of 6.5 resulted in increased dsOBpbB release at an N:P ratio of 2. This
pattern was not observed for the dsOBBIcQL1 sequence. This may be due to sequence/structural
differences between the two dsODNs. Furthermore, our results at a pshow8 rapid partial
to-complete dsODN release after 0.5 hour at an N:P ratio Bigie5-2 B and 5.2D). At N:P

ratio 10 and for the same pH ofdhitosan showed a partial release of dSODNs indicating the effect
of excess chitosan on preserving stability. Overall, our specific chitosan formulations assured
nanoparticle stability for a minimum period of 20 hours at an N:P ratio above 2 in sligiity ac

nearneutral pH environments.

Figure5-2: Chitosan nanoparticle temporal stabiliBtability was assessed at 0.5, 4, and 24
hours after complex formation using polyacrylamide gel electrophoresigaof6.5 (MES 1X)
and pH8 (TAE 1X). Chitosan 920 at different N:P ratios (0.5, 2, and s complexed with
(A) dsODN-RecQL1 at pH of 6.5; (B) dsODRecQL1 at a pH of 8; (C) éDN-ApoB at a pH

of 6.5, and (D) d©DDN-ApoB at a pH of 8. Unstableanoparticles release dsODNs which

become visible following EtBr staining on polyacrylamide gel following eethidium bromide

staining of the polyacrylamid gel.

Abbreviations: ApoB, apolipoprotein B; dsODN, doub#tranded oligodeoxynucleotide; N:P,
amine tophosphate.
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Il Nanoparticle protection assay

For effective gene expression and/or inhibition, nucleic acids entrapped in the delivery vehicle
must be protected from degradation by enzymes such as serum nutd&aseability of chitosan

based nanoparticlgse protect sSIRNA mimicking dsODN sequences was assessed using a DNAse
| protection assay against different chitosan formulations complexed with d$t@OQL1 or
dsODNApoB. Upon incubation with DNAse |, naked dsOBRecQL1 and dsODMpoB
(controls) were completely degradedFigure5-3 A 1D, lane 3). In contrasf)NAse | protection
assay showed that all chitosans tested protected dsODNs from degradation at DNAse |
concentrations <2 units DNAse | per pg dsODMy(re5-3). Chitosan formulations demonstrated

an average of ~80% protection of dSODNs at DNAse | concentrations of 0.5 Figuye5-3).

The ability of LMW-CS (9210, 8040, 8080, and 86a10) to protect dsODNs from nuclease
degradation decreased with increased concentrations of DNAse I. Our results showehabprot
decreased from ~50% at a DNAse | concentration of 1 U/ug to less than ~20% at 2 U@y (92
and 8010). Moreover, our results suggest that higklrchitosan (840 and 8680) offers a
slightly better protection ailsODNsas compared to lowa, chitosan (9210 and 8610) at high
DNAse | concentrations (2 U/uglFigure5-3 A D). The enhanced cargo protection observed with
higher molecular weight chitosans is consistent with previous studies where higher binding
affinities between high Mw chitosans and nucleic acids was demonsftatéagether, our results

show that DNAsd protection is considerable when using intermediate to low DDRAdnd

preserves approximately 60% of nucleic acid when using 1 unit of DNAse | perds@®BiNs
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Figure5-3: Nuclease protection assays of chitosan/ds®@@hbcomplexegA) Chitosan (92L0-
5, 8040-5 or 8610-10) complexed with dsODIRecQL1. (B) dsODNRecQL1 remaining after
the DNAse | digestion was assessed using the signal intensity of the treated sarhgles wit
control (ie, 0 U DNAse | = 100% intensity). This comparison was made between the samples of
the same chitosan formulation. (C) Chitosan1925, 80-80-5 or 8310-10) complexed with
dsODNApoB. (D) dsODNApoB remaining after the DNAse | digestion vaasiilarly assessed
as in (B).

Abbreviations: ApoB, apolipoprotein BdsODN, doublestrandedligodeaxynucleotide

HE [n vitro cell uptake analysis by flow cytometry and confocal

microscopy

Nanopatrticle internalization into cells can be anotherlnat#ing step for effective drug delivery
systems. In general, efficient nanoparticle internalization depends on several factors, such as the
cell type, the physicochemical surface properties of the nanoparticles, and-tanbimterfacé?

The internalizatiomf RecQLY and ApoBbearing nanoparticles was assessed in two different sets
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RI UHOHYDQW FHOO OLQHV XVLQJ IORZ F\WRPHWab&led) $& 6 ) F
RecQL1dsODN uptakeransfectionand FACS analysis were performed on AsPC1, A549, and

L6 7 FDQFHU FHOO OLQHV ZKHUHDV )$0 * ODEHOHG $SR%
HEK293, HepG2, and Raw269.7 cell lines. Our FACS results show that cell uptake using
FKLWRYVD Q -labetd ds@DN nanoparticles achieved levels comparable to the coialiyie

used lipoplex (DharmaFECTIFigure5-4 and 55), demonstrating the internalization efficiency of

LMW -CS formulations in different cell lines. Moreover, our results indicate that different chitosan
formulations show statisticallygnificant differences in their cell uptake efficiency, with LMW
CSs92-10-5 and 8010-10 more easily internalized compared to the higher molecular weight 80

80-5 and 8&40-5, in a cellline-dependent manner. Interestingly, the A549 and HEK293 cell lines
demonstrated no statistical differences in uptake efficiency between the different chitosan

formulations Figure5-4 and 5.5A).

Figure5-4. Polyacrylamide gel electrophoresis of chitosan/B¥Bon polyplexes bearing

different DDAs and N/P ratios, treated with or without Streptomyces griseus chitosanase. a)
chitosan migration b) ODN migration. Lane 1 togfresponds to chitosan/DP¥opn directly

incubated with chitosanase during 60 minutes at 37°C. Chitosan digestion allows the ODN

release. Lane 5 to 8 corresponds to chitosan/VRBy incubated at the similar conditions
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without chitosanase. Faster chaasmigration was observed when comparing lanes 5 and 6 due
to different MW of theses formulations. Increased band intensity () eebults from greater

amounts of chitosan at higher N/P ratios

However, the A549 and HEK293 cell lines showed statisyicagnificant increases in uptake
when compared to the LS174T and Raw264.7 cell lines, again highlighting some important cell
type dependencies. In general, LM®E (9210-5 and 8010-10) showed higher uptake efficiency,
ranging from approximately 65% t&% depending on the transfected cell liRgy@re5-4 and 5

5A).

Figure5-5: Cellular uptake oflsODN-ApoB nanoparticles 24 hours post transfection in
HEK293, Raw269.7, and HepG2 cell lines. Chitosan formulatioris09®2, 80-80-5, and 8010
ZHUH FRPSOH[HG WR )$06ApoB addtiansedied aGod pribl/well 24 hours
prior to fluorescencadivated cell sortingnalysis. (A) Uptake efficiency of ApoB dsODN in
percentage (%). (B) Uptake efficiency of ApoB dsODN in HepG2 cells at different passage

number. DharmaFECT was used as the positive uptake control.

Notes: Values are mean + SD; n = B;=0.05; **P > 0.01.
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Abbreviations: ApoBapolipoprotein BdsODN, doublestrandedligodeakynucleotide; SD,
standard deviatian

These results are in accordance with confocal microscopy data, where images representative of the
whole population show thahe vast majority of cells for each of the four cell types imaged show
nanoparticle internalizatiorF(gure5-6). The lack of colocalization at 2#burs between dsODNs

and chitosan indicates that complete release of the dsODN cargo was achieved 24 hours post
transfection. Furthermore, the diffuse staining pattern of dsODNs seen in most transfected cells
suggests that complexes have escaped endo®gicles Figure 5-6), consistent with previous

live cell imaging work using chitosaplasmid DNA nanoparticle¥.

A

Figure5-6: Confocal imaging of chitosan/dsODinocomplexiptake 24 hours post
transfection Chitosan 9210 (ODA,M, ZDV ODEHOHG ZLWK UKRGDPLQH UHG
labeled with (6FAM) (green). Chitosan-9® was complexed to dsODNsaat N:P ratio of 5.
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&HOO PHPEUDQHY ZHUH VWDLQHG SULRU WR LPDJLQJ ZLWK &
internalized and membraimund nanopatrticles. Images shown represent each separate channel,
with dsODNSs in green, chitosan in redembranen blue, differential interference contrast image
in grey, and the merged images shoamthe bottom left quadrant. (A) LS174T cells transfected
with chitosan/ dsODMNRecQL1nanoparticles. (B) HepG2 cells transfected with chitosan/dsODN
ApoB nanoparticles(C) HEK293 cells transfected with chitosan/dsOBNoB nanoparticles.
(D) Raw 294.7 cells transfected with chitosan/dsGEpdB nanoparticles.

Abbreviations: ApoB, apolipoprotein BdsODN, doublestrandedligodeacynucleotide; N:P,
amine to phosphate

Hl Specific gene silencing and cell cytotoxicity evaluation of chitosan

nanopatrticles in different cell lines

Gene silencing occurs when complementarity is achieved between the siRNA seed region and
target MRNA! Chitosanrspecific formulations (940-5, 8040-5, 8010-10, and 8680-5) were
assessed for mRNA knockdown in two different cell lines relevant to cancer and atherosclerosis,
targeted by RecQL1 and ApoB siRNA, respectively. gPCR anabgislednhibition of RecQL1

and ApoB since their coding mRNAseve downregulated more than twofoklgure5-7). More
specifically, in LS174T cells, chitosan 925 showed a high level of silencing (~80%) of
RecQLL, similar to the current commercial gold standard liposomal formulation (~80%), used here
as a positive control. Formulations-80-5 and 8010-10 also induced significant silencing but to

a lower degree than 90-5 and also with an increase mfnspecfic mock silencing, especially

for formulation 8010-10, for reasons that remain to be elucidated.
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Figure5-7: Realtime polymerase chain reaction analysis of the inhibition of RecQL1 and ApoB
gene expressn in specific cell lines. LS174T cells were transfected with chitosad (% 80
40-5, and 8010-10)/siRNA-RecQL1 nanoparticles, whereas HepG2 cells were transfected with
chitosan (9210-5)/siRNA-ApoB nanoparticles. The inhibition percentage was obthlyy
comparing the transfected and nontransfected cells, usingihe 7 PHW KR G

Notes: Values are mean + SD; n = B;>*0.05; **P > 0.01.

Abbreviations: ApoB, apolipoprotein BsiRNA, small interfering RNA; SD, standard deviation.

For the HepG2 cell line, only the best performing1®5 was tested and induced significant
silencing (~55%versus~80% for positive control) of ApoB but slightly lower than RecQL1 for
LS174T. Importantly, our results showed that silencing efficiency ehitosan reached similar
levels to the positive control, with a markedly reduced cytotoxicity from the delivery system as

assessed using the alamarBlue asBau(e5-8).
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Figure5-8: Cell viability assessment using the alamarBlassay 24 hours post transfection with
different chitosan/siRNA formulations. To alleviate the apoptotic effect of RecQL1 gene
silencing for a proper assessment of chites&NA toxicity, mock siRNA was used for

transfection in the LS174T cell line. TheepiG2 cell line was transfected with ApoB siRNA.
DharmaFECT was used for comparison purposes whdneashyl sulfoxidevas used as a

positive control of toxicity.
Notes: Values are presented as mean + SD; n = 3.

Abbreviations: ApoB, apolipoprotein BsiRNA, small interfering RNA.

5.4 Discussion

In this study, we evaluated the efficiency of specific low molecular weight chitosan (O8YV
formulations at low N:P ratios for the vitro delivery of siRNA targeting either RecQL1 or ApoB
genes. RecQL1 is a DNA hedise playing a major role in homologous recombination, maintenance
of genomic stability, and DNA repair at damaged replication fo¥R&verexpression of RecQL1
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has been implicated in cancer by preventing cell apogté8iAs for ApoB, it is a majogene
involved in atherosclerosis through its essential role in the formation of lgerydensity
lipoprotein which will therefore generatelow density lipoproteins following triacylglycerol

hydrolyzation in the circulatiopf.646°

Nanoparticle size isre parameter affecting uptake and intracellular trafficking, both considered
as potential rattimiting steps for effective gene theraffy#3 For instance, nansized particles
have been shown to be internalized more efficiently than rsizexl particle§6%8 In this study,

LMW -CS-based nanoparticles ranged in size from4D nm, a size range promoting uptake,
prolonged blood circulation, giner tissue penetration, and a relatively free passage from the
mononuclear phagocyte systén?®?! Therefore, our results show that these specific LIG®/
nanoparticles at low N:P ratios meet performance critéahl€5-3) and are potentially relevant

for in vivoadministration.
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Table5-3: Safety and performance criteria for the development of efeeatbnviral gene

delivery systems

Categories Performance criteria®™*
Physical and e Nanoparticle formation/assembly at a nucleic
chemical properties acid scale of 10 mg, from the perspective of

size, shape, aggregation, and charge, as well as
from an efficacy standpoint (such as toxicity
and transfection efficacy), should be
similar/reproducible each time

nanoparticles are formed at this and lower
concentrations

Assemblies less than 300 nm, PDI (<<0.3) and
no less than 80% incorporation efficiency

* No aggregation in 50% mouse/human serum

Chemnical stability of the assembly for =30 days

Preferably amenable to freeze-drying
without any loss of its performance criteria
Activity in cell e =>50% reducation in target mRNA by target
based assays* specific siRNA at concentrations <100 nm
in 10% serum containing media
e <<|0% reduction in target mRNA by control
siRNA at concentrations << 100 nm in 10%%
serum containing media
e =5-fold window between target gene silencing
IC50 and IC50 for reduction in viability
e Activity in at least relevant 3 cell lines to the
delivery system under evaluation

Performance and e =>50% reduction in target mRMNA levels by
safety in animal target siRNA and <<10% reduction in target
models mRNA levels in target tissue at | mg/kg dose

by control siRNA by 24—48 hr

® Demonstration of RNAi-mediated target
mRNA cleavage by 5’-RACE

* < | 0-fold eytokine induction (TNFor, IFNJ,
IL6) and << 10-fold increase in ALT and AST
at 3 mg/kg siRNA dose

* No effect on body weight and normal blood
clinical chemistry and hematology data

e Lack of immunogenicity

® Lack of auto-antibodies and anti-DNA
antibodies

Lack of systemic toxicity
* No effect on body weight and normal blood
clinical chemistry and hematology data

MNotes: #If the delivery platform incorporates a targeting moiety evidence should be
provided for targeting by (a) using cell lines with differential expression of targeted
receptor and (b) using assemblies with “active”™ and “inactive or mutant’” targeting
moieties: **performance criteria described here are for both siRNA and plasmid DNA
delivery systems. The criteria in this table has been adapted from information in US
FDA® and US Pharmacopeia.®

Abbreviations: PDI. polydispersity index; mRMNA, messenger RNA; siRNA, small
interfering RNA; IC50, half maximal inhibitory concentration; RACE, rapid amplification
of cDNA ends; ALT, alanine transaminase; AST, aspartate transaminase.

The different chitosan parametessDDA, M, and N:P ratios+used in this study did not

significantly affect nanoparticle size, with higher molecular weight chitosan promoting a slightly
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increased sizeT@ble5-2). Our results are in contrast to previously published reports where the
authors found increased nanoparticle size for lower molecular wekigbsart* This discrepancy

may be due to differences in experimental conditions and to the high N:P ratio used in Liu et al and
Howard et al reporfs versuslow N:P ratios reported in our studgSEM analysis revealed that
these small nanoparticles meeof spherical shape consistent with previous findings for pBNA,
SiRNA®2 and dsODN¢$? The effect of nanoparticle shape on internalization efficiency showed
spherical particles of similar size being internalized 500% more efficiently thasheged
paticles/3#> This is mainly explained by increased membramapping time required for
elongated particles and greater thermodynamic forces required for their engllfidintvas
previously demonstrated that the morphology of chitggaNA nanoparticle is strongly
dependent upon their charge ratios, and the variation of the latter resulted in nanoparticles with
different topological conformations including spheritl, toroidal/”’® and globular
morphologies.” " Chitosanbased nanoparticle shape may also seem to be affected by the type of
nucleic acid tpDNA or siRNA/dsODN tused for complexation and the process of nanoparticle
formation; ie, ionic gelation. The fact that these LMV$ nanoparticles demonstrated a
reproducible pattern of spherical particles at low N:P ratios may be indicative of higher

internalization efficiency than nanoparticles of different topological conformations.

Nanoparticle stability and nucleic acid protection are important parametegffiédent nucleic

acid delivery.Our results of nuclease protection indicate that all LAM® formulations tested

were able to protect dsODNs at supraphysiological concentrations of nucleases. Nuclease
protection is of great importance for nucleic acidwgly systems through maintenance of cargo
bioavailabilityand improved pharmacokinetic profile, thereby increasing the therapeutic potential
of these nanoparticles. Increasing chitosan molecular weight resulted in an enhanced cargo
protection Figure5-3) in agreement with previous findings>®43444Nevertheless, enhancing the
ability of nanoparticles to protect their sSIRNA from degradation magee their intracellular
disassembly more difficult, as demonstrated with high molecular weight chi@ddA
nanoparticled! Further characterization of nanoparticle stability by gel retardation assays show
that low M, chitosan used at low N:P ratios caffiectively complex and compact dsODNs into
stable particles. We found LMMZS nanoparticles at N:P ratios above 2 to be stable in slightly
acidic buffers for at least 20 hours. These interesting findings are in contrast with most previous

studies using dtosansiRNA nanoparticles, where highl, and high N:P ratios are usually
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required to achieve particle stability”*344&This discrepancy can be explained by the lower pH
(pH 6.5) of the electrophoresis buffer in our study compared to the commexdlyr A& buffer at

a pH of 8 for chitosatvased nanoparticle characterizatfdii#34481a difference that was clearly
highlighted by our gel retardation assay performed at bothpigsré5-2). The use of a lower pH

in the electrophoresis buffer results in higher degrees of chitosan ionization which translates to
stronger electrostatic attraction to the polyanionic nucleic acithance more stable nanoparticles.
This simple modification of the pH permits lower N:P ratios thdnose observed
previously1"43448ltg achieve nanoparticle stability. A direct consequence of this modification
translates into reduced dosirgggregabn, and other undesirable nonspecific effects of large
quantities of soluble chitosafor in vivo delivery where nanoparticles are to be injected at

physiological pH values close to the chitos&m pf 6.5.

In general, efficient nanoparticle internalizati depends on factors such as cell type,
physicochemical surface properties of the nanoparticles, and thamdinterfacé’ In this report,

we demonstrated that LMMZS nanoparticles were efficiently internalized in multiple cell lines.
The uptake effiency as measured by flow cytometry ranged from 50% (Raw269.7) to 95% (A549
and HEK293), depending on the cell line. Statistical analysis of uptake efficiencgétiténes
showed meaningful differences when comparing the A549 and HEK293 (high uptaited t
LS174T and Raw 269.7 (medium uptake), indicating aliredl dependency of chitosan uptake.
The cellline dependency of chitosan nanoparticles uptake was previously suggested to be
associated with different endocytic pathw&3% Flow cytometry da showed LMWCS
nanoparticles to be efficiently internalized to levels similar or higher than commercially available
liposomal systems such as DharmaFECT.

Finally, the transfection efficiency of LMMZS nanoparticles as measured by estencing
efficacywas evaluated in two different cell lines: RecQL1 in LS174T cells and ApoB in HepG2
cells. The ability of these chitosan formulations to efficiently silence gene expression reached more
than a twofold specific mMRNA knockdown; with chitosan®25 being tle most efficient and
specific in the LS174T cell line. Other low molecular weight formulations also achieved good
levels of gene silencing in the LS174T cell line. Interestingly, chitosat08® achieved a high

level of silencing with a concomitant ina®e in silencing when delivering mock siRNA. This
intriguing observation is currently under investigation in our laboratory. The chitosan formulation

92-10-5 complexed to ApoB siRNA showed lower target mRNA knockdown in HepG2 when
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compared to the LS174T Itdines targeted with the RecQL1 siRNA. The silencing efficiency
correlated well with uptake efficiency as observed by flow cytometry where chitosaf-52
showed both high uptake and high silencing efficiencies. Despite structural differences between
pDNA and siRNA? the chitosan formulation 920-5 has shown the highest transfection
efficiencies for both siRNA and pDNA to daf&%? Taken together, our results show that LWM

CS nanoparticles at low N:P ratios can achieve efficient uptake and genmgiiemnitro, serving

as a proof of concept for their use as efficient sSiRNA delivery vectors in cancer and atherosclerotic
animal modelsAlthoughin vitro andin vivo performance criteria differ, no consensus on such
performances has been established.iffr@ivo performance, safety remains the major issue, with
guidance available from the US Food and Drug Administration for the development of gene and
cell therapy prducts® Therefore, the development of nuimal drug delivery systems famn vivo

use should take into account physicochemical criteria;besiéd criteria, and, most importantly,

in vivo performance and safety criteria (Table 5.3). The-toalecularweight low-NP system
presented here meets many of these criteria and has already been demonstrated as &ffioient

for plasmid DNA delivery®4? Thus a complete characterization of the safety endivo
performance of our LMAACS system delivering RecQland ApoB targeting siRNA is currently

under investigation in animal models of cancer and atherosclerosis.
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Abstract: Chitosan is a natural nanxic and biodegradable polymer that has shawwitro and

in vivo efficacy for siRNA delivery. Previous reports investigating the effect of chitosan
parameters, including the degree of deacetylation (DDA) and molecular weight (Mn), on
nanoparticle performance have resulted in contradictory findings. To understantiugyece of
these parameters amvitro transfection efficiency, toxicity, genotoxicity, hemocompatibility and

in vivo bio-distribution, a library of precisely characterized chitosans was produced at different
DDAs (98%, 92%, 80% and 72%) and Mn (5, 10,8Dand 120 kDa). 8 chitosans were manually
mixed with siRNA at amine to phosphate ratios of 5:1 and 30:1, and resulting nanoparticles
FKDUDFWHUL]HG IRU W K H L-potshtidlHinEhe BeaeXdd bD1B End-160roM shilt.
Encapsulation effiency (EE) and transfection efficiency were characterized at pH 6.5 and 8 for
EE and pH 6.5 and 7.4 far vitro transfection. Optimized formulations were selected for further
characterization of the influence of Mn and N:P ratio on nanoparticle uptakéjirg metabolic
activity, genotoxicity, andn vitro transfection in the presence of increasing concentrations of
serum. Hemocompatibility and vivo biodistribution were also investigated for different Mn, N:P
ratio and dose. Nanoparticle uptake andeggilencing positively correlated with increased surface
charge, which in turn was obtained at high DDA and high Mn. A minimum polymer length-of ~60
70 monomers, or Mn of ~10kDa, was required for stabilityianitro knockdown in the presence

or absenceof serum. In vitro knockdown reached levels equivalent to the lipid control
(DharmaFe& 2) with no metabolic toxicity or genotoxicity, the former in contrast to the lipid
which severely impaired metabolic activity. The negative effect of serum on ic@alog
performance was dependent on DDA, Mn and N:P . The ipoaitro performance above 50%
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serum is believed to be multifactorial in causevivo biodistribution in mice show accumulation
of nanoparticles in the proximal epithelial tubules of the kigdnelgere 4650% functional

knockdown was observed, suggesting potential applications in kidney diseases.

Key words: Chitosan, siRNA, Degree of deacetylation, Molecular weight, Library screening,

Biodistribution.

6.1 Introduction

Oligonucleotide (ON) therapéas represent a novel class of molecules designed to modulate gene
expression through direct interference with ribonucleic acids (RNA) or progjn<linical
translation depends ohé efficient delivery and cellular uptake of large and negatively charged
ON [2]. Advances in understandi@N biology, mechanism of actiophysicachemistry and their
interactions with molecular machines (i.e. RNAI Inducing Silencing Complex) and/or sensors (i.e.
Toll-Like Receptors) has allowed the introduction of design rules and chemical modifications that
improve nucleaseesistanceand reducemmune activation andequencelependenbff-target
HITHFWV )RU LQVWDQFH FKHPLFDO PRGLILFDWLRQV RI WKH
ribose protect small interfering RNA (siRNA) from nuclease digestion and thus modulate its
pharmacokinetic§PK) and dynamics (PD) by improving serum Hd#¥ [3, 4]. In addition,
PRGLILFDWLRQV VXFK DV 9Y20H ZHUH GHPR @VyaoiDimitidfc WR SUFL
target effects due to improved thermodynamic stability (hybridization longmtarity between
antisense sequence and target mRINA) Although modifications improve serum hdilffe (ti2)

and promote siRNA binding to proteins, intracellular translocation to the pharmacological site of
action and renal elimination cannot be circumvented by this strategy nor can improvement of
sequence design. As a consequence, chemical conjugation aittidigr encapsulation in delivery
systems constitute the two predominant strategies usdidical development of siRNA delivery.
Trivalent N-acetylgalactosamine (GalNAc) conjugation on the sense strand results in highly potent
hepatocyte targeted siRNAble to escape endosomal compartments and achieve meaningful
knockdown in phase II/lll clinical trialf2]. Dynamic PolyConjugates (DPC), employ a similar
strategy wherecholestercolconjugatedsiRNA is coadministeredvith a GalNAc targeted and
polyethylene glycol maskeé&ndosomolyticpeptide or polymeir8]. These two conjugation
approaches continue to demonstrate potency irclpreal and clincal studies but face serious
challenges with the recent discontinuation of the Revusiran and7#R(G21 program§d, 10].
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Discontinuation followed findings of imbalanced mortality in the Rewamsiarm compared to
placebo[9] and the death of a ndruman primate admistered with high doses of DPCHO].
However, mechanistimsight leading to the observed mortality needs to be determined before

being associated with the siRNA payload or the delivery system or other f&tors

Encapsulation of sSiRNA into delivery systems physically protect the siRNA from serum nucleases,
increase bioavailability and allow efficient delivery to certain targetgdres and cells using lipid
nanoparticles (LNP) that have reached clinical tf|®, 11] However, LNPs are associated with
serious side effects such as immune activation and their clinical administration is preceded by
and/or accompanied witbrophylactic antinflammatory steroid$12, 13] The shortcomings of

LNP based vectors are not limited to #igovementionedissues but also include their limited
capalility to deliver nucleic acid cargos beyond the liy&d]. Therefore, delivery systems that
meet criteria such as colloidal stability, high encapsulation efficidoaytoxicity, reduced renal

clearance, and deliver siRNA efficiently to extrahepatic organs are critically needed.

Chitosan is a family of cationicbiF RSRO\PHUV F R P4J Iinked Badetyl glucosamine
(GIcNAc) and Dglucosamine (Glc) that has ged considerable attention for ON delivery.
Chitosan is characterized by loww vitro and in vivo toxicity, ease of production/chemical
conjugation, and is generally recognized as safe (GIRS$)Chitosan can be easily fitened to

reach specific degrees of deacetylatiDiA), or fractions ofprotoratableamine (charge), and
average molecular weights (Mw &n). The high degree of protonation of amino groups ANH
occurring at a pH below chitosan pKa (~6.9) favors the spontaneous formation of nanosized
polyelectrolyte complexes through electrostatic interaction with polyanionic molecules such as
ON.

Ealy work showed that transfection efficiency (TE)pésmidcontaining chitosan nanoparticles
depended on a fine equilibrium between chitosan tunable parameters of DDA, Mn and the molar
ratio of chitosan amine to plasmid phosphate (N:P) as well as ottnersexfactors such as pH

and the presence of serum protdit&-20]. Chitosan has also been used to deliver stauble
strandedsiRNAs bothin vitro [21-32] and in vivo [28, 3237]. Most reports evaluating
physicochemicaparameters for efficienn vitro siRNA delivery were performed using partly
deacetylated (DDA ~ 885%) chitosan formulated at high N:P ratio (>28%-31, 33] Such
formulations could pose significant practical problemsiforvivo delivery such aspremature
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dissociation, limited dosing, blood incompatibility and repecific effects due to large quantities

of free excess chitosan. Although geneoékdown (KD) hasbeen achieved, experimental
discrepancies, differences in chitosan sources, and lack of characterization rendered results
inconclusive in identifying optimal parameters for siRNA delivgt$]. Reports correlating
transfection efficiency (TE) as a function of chitosan DM and N:P ratio have been
contradictory [24-27, 29] Therefore a systematic study of siRNA delivery with accurately
characterized chitosans that investigatesdfiect of intrinsic (DDA, Mn and N:P ratio) and
extrinsic parameters (serum, pH, ionic strength and mixing conditions) on cell uptake, transfection

efficiency, toxicity, genotoxicity, hemocompatibility amdvivo bio-distributionis needed.

To understand the correlation between nanoparticle physicochemical properties and knockdown
efficiency (KD), we produced a library of chitosans precisely characterized by gel permeation
chromatography for molecular weight alttiNMR for DDA. The effect ofDDA, polymer length

(Mn), mixing ratio (N:P) and pH was systematically examined and correlated with nanoparticle
SK\WVLFRFKHPLFDO SURSHUWLHYV LeQiX)GcdnCapswdtipH efficidnto DFH F
(EE), andn vitro delivery. Potent formuladins were selected for further characterization and tested

in the presence dhcreagd serum concentrations and correlated to knockdown efficiency. In
addition, offtarget effects and nanoparticle mediated toxigigre examined using a metabolic
assay copled with genotoxicity testing. The influence of experimental conditions on reference
gene stability was determined usiagMIQE [38] compliant assessment of mMRNA knockdown.

We also show that selected formulations may be intravenously administered at doses up to 14
mg/kg of chitosan, accumulate in the kidney specifically in the proximal tubule epithelial cells
(PTEC) and induce functional target knockdown in the kidney.

6.2 Materials and methods

HEll siRNA sequences and chitosan characterization

SsiRNA sequences were cust@ynthesizedy Dharmacon Inc (GE Dharmacon, Lafayette, CO,

USA) except for the netargeting siRNA (siNT) which was purchased as a predesigned product

from the same supplier (00171001-50). All siRNA sequences usal vitro were provided by

the manufacturer in adyphilized format following standard desalting. The @&@FP siRNA sense
VHTXHQ FIGACIBYA AAC GGC CACAAGUUC T DQ GntwddseVHTXHQFH ZDV
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CGC UGC AUU UGC CGG UGU UCAu GXSOH[ 0Z J PRO 7KH VL51% V
been used in two chitas-siRNA studieg28, 29] The DY**’ siRNA sequence was modified at the
T HQG RI WKH VHQVH VWUD Qrovivd iGinsiatidnl LHG E\ +3/& IRU

Chitosans Table 7-1) at different DDAs were obtained froMarinard (Laval, QC, Canada) and
depolymerized in our laboratory using nitrous acid to achieve spaaifnberaverage molecular
weight targets (Mn) of 5, 10, 40, 80 and 120 kDale 7-1). Chitosan number and weigaterage
molecular weights\in andMw) were determined by gel permeation chromatography (GPC) using

a Shimadzu LE0AD isocratic pump coupled with a DawtELEOS I multi-anglelaser light
scattering detector (Wyatt Technology Co, Santa Barbara, CA), an Ogii¥aterferometric
refractomete (Wyatt Technology Co), and two Tosoh TSKgel (G6000RP@RIand G5000PWxI

CP; Tosoh Bioscience LLC, King of Prussia, PA) columns. Chitosans were eluted at pH 4.5 using
an acetic acid (0.15 M)/sodium acetate (0.1 M)/sodium azide (4 mM) buffer. The injeaitiome

was 100pL, the flow rate 0.8 mL minand temperature 25°C. Thie/dc values for chitosan with

D DQG '"'$ ZHUH GHWHUPLQHG DW DQG XVLQJ D OI
degree of deacetylation was determined#hyNMR as pein housepublished method89].
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Table6-1 Characterization of chitosans tested in this study. Different chitosans are denoted

according to their chemical composition using the nomenclature [PIBAand are represented
in the first column of the table. The degree of deacetylation (DDA) was datatrny‘H NMR.

The number and weight average molecular weight (Mn and Mw) were determined by gel

permeation chromatography (GPC). The polydispersity inBd} (vas calculated as WMn.

The degree of polymerization (Dp) or chain length was computed uerfgltowing equation

Chitosan

72-10

72-120

80-10

80-120

92-5

92-10

92-40

92-80

92-120

98-10

98-120

&LL :/J DEPKOH8 IKIKIANROLA? BRBRE?

DDA (%)
75.4
71.7
84.4
82.9
91.7
92.0
92.5
92.7
91.9
98.9

98.5

Mn (kDa)
11.8
140.4
10.8
177.4
4.3
9.0
40.7
81.1
137.6
8.8

127.5

Mw (kDa)
17.9
182.5
14.5
290.4
6.4
13.7
54.9
267.6
180.7
11.4

188.3

Pdl

1.60

1.30

1.34

1.64

1.51

1.52

1.35

3.30

131

1.29

1.47

Dp

69

811

64

1,054

26

55

248

494

836

54

788
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Il Preparation of nanoparticles by manual mixing

Chitosansweredissolved overnight imuclease freavater (Life TechnologiesBurlington, ON,
Canada) and 1N HCI (Signrddrich, Oakville, ON, Canada), using a glucosamine to HCI ratio of
1:1, to a final concentration of 5 WmgL. The stock solutions were sterile filtered using a 0.22 pm
PVDF filter and used to prepare solutions at specific N:P ratio by dilution in nudteaseater.
Before complexation, siRNA was diluted to a working concentration of 0.1 mg/mL. Unless
otherwise stated, nanoparticles were formed by simple electrostatic complexation following
manualaddition of chitosan to siRNA at a 1:1 ratio (v/v). The final volume never exceeded 250 pL
and chitosan was pipetted into siRNA. Nanoparticles were kept at rooperare for 280

minutes before further use.

Hll Determination of nanoparticle size and surface charge

6L]H DQG VXUIDgeténtigalK bf Lhambparticles were determined by Dynamic Light
Scattering (DLS) and Laser Doppler velocimetry using a ZetaSizeo M& device (Malvern
InstrumentsLtd, Malvern, UK). The scattering angle of the detector was fixed at a8
measurements were performed at’@5using the viscosity of water as sample diluent.
Nanoparticles were diluted 1:4 and 1:8 using sterile filtered NaCl solution (20 or 150mM) before
GHWHUPLQDW L-potgntal réspddtvélyQFRar datakigure6-1 VL | H-po@rEal were
measuredLPPHGLDWHO\ SRVW LQFXEDWLRQ LQ E Xpdtdrtial)aFor PLQ IR
data inFigure S6-1 VL] H Ip&e@tialwere measured at thespectie time point post incubation

in buffer 7KH 6PROXFKRZVNL HTXDWL R QotenbaV frohV thé& méasuréd D O F X O
electrophoretic mobty. All measurements were done in duplicate and replicated twice (N=3,

n=6).

Il Encapsulation efficiency and siRNA release

The encapsulation efficiency (EE) of siRNA was determined using the QuatE 5SLERJUHHQ
RNA reagent (LifeTechnologiesBurlington,ON, Canada) to assess SiRNA free in solution after
mixing with chitosan. Encapsulation efficiency (EE) was calculated as percentage fluorescence

intensity relative to nofiormulated siRNA.
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6.2.4.1 siRNA release at different pH

Nanoparticles were incubated in fers with different pH, 25 mM MES (pH 6.5), 1X PBS (pH

7.2) or IX TAE (pH 8.0) and aliquots were taken at 24 hours post incubation. Aliquots were further
diluted 1:200 in respective buffers, mixed with an equal volume of QuahE S5LER*UHHQS
reagent to dett free siRNA, incubated for 5 minutes at room temperature and fluorescence
measured using the TECAN Infinite® M200 PRO microplate system (Tecan Systems, Mannedorf,

Switzerland).
6.2.4.2 siRNA release in the presence of heparin

The effect of physiologicatoncentrations of heparin on siRNA release was tested. Heparin
(SigmaAldrich, Oakville, ON, Canada) solution at 1 mg/mL was prepared in nuclease free water,
sterile filtered and diluted to 5 pg/mL. Nanoparticles were prepared as mentioned above ahd dilute
1:2 in heparin, incubated for 1h and then diluted 1:10RIsREDTA (TE 1X, pH 7.2) and a volume

of 100 pL transferred into black plates (Corning, NY, USA). Quarmt (E 5 L E R*rEagdttQ
(1:200) was prepared in TE 1X (pH 7.2) and an equal volume (100Qals) added to the
nanoparticles. Plates were incubated on a rotary mixer for 5 minutes in the dark and fluorescence
measured using a TECAN InfinteM200 PRO microplate system (Tecan Systems, Mannedorf,
Switzerland). The excitation and emission wavelengtia® 480 and 530 nm respectively. Naked
SiRNA, heparin alone, TE 1Xhitosan/hepariand siRNA/heparin were used as controls to assess

background, assay interference and as subtraction blank.
6.2.4.3 siRNA release in the presence of serum albumin

The effect of plisiological concentrations of bovine serum albumin (BSA) on siRNA release was
tested. BSA stock solution (125 mg/mL) was prepared in nuclease free water, quantified using the
microBCA assay (LifeTechnologiesBurlington, ON, Canada) and diluted to reaéhrbg/mL
respectively. The Quant 7 E 5 L E R*addd\Hv@as identical to the heparin competition assay
described above with the only difference that nanoparticles challenged with BSA were diluted
1:2000 in TE 1 X (pH 7.2). This high dilution was used to overe assay inhibition. Naked
SiRNA, BSA alone, TE 1X, chitosaBSA and siRNABSA were used as controls to assess

background, assay interference, and as subtraction blank.
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Bl Cell culture

The EGFPH1299 cell line (human lung carcinoma) was provided by Poofieh Kjems (Aarhus
University, Denmark) and has been used in several chiBMNA studieq26, 28, 29, 31, 33]

This cell line was generatdxy Dr Anne Chauchereaux (Gustave Roussy Institute, Paris, France)
by transducing the parental H1299 cell line (ATCC, Manassas, VA, USA) with pd2EGFP
(Clonetech, Mountain View, CA, USA). The plasmid encodes a modified version of EGFP with a
turnaround ree of 2 h (12~2h). Cells were cultured in RPMB40 (ATCC, Manassas, VA, USA)
supplemented with 10%eatinactivatedFBS (Life TechnologiesBurlington, ON, Canada), 1%

*O XW D 0 $; CETechnitbgiesBurlington, ON, Canada) and 500 pug/mL of G418 antibiat

37°C in a 5% CQenvironment.

H [n vitro transfection

For target gene knockdown and siRNA uptake, cells were seeded in 24 well plates at a density of
45,000 cells/well to reach ~f0% confluence on the day of transfection. Prior to transfection,
cels were washed once with 500 pL of warm?@hig?* free PBS and replenished with fresh
RPMI-1640 which contained varying amounts of FBS4086). Nanoparticles were prepared as
described above and a specific volume added to cells to reach the target sSiRNA concentration 25
400 nM per well. Cells were incuteal for either 4h (toxicity), 8h (genotoxicity) or 48 hours
(knockdown toxicity, and genotoxicity). For the serum challenge experiment, medium containing
increasing amounts of FBS -@1%) was aspirated and replaced with complete RE&4D

medium 4 hoursgst transfection.

DharmaFe& 2-siRNA nanoparticles were prepared by diluting siRNA stock solution to 0.025
mg/mL (4 uM) in OptiMEM® serum free media and complexed to the lipithponentas per
manufacturer recommendation; a volume of 6.4 pL of Dharnt&Rein 153.6 uL OptiMEM®

was used for complexation.

Hll Assessment of EGFP knockdown and nanoparticle uptake using flow

cytometry

(*)3 NQRFNGRZQ ZDV PHDVXUHG XVLQJ D OR)/IRE IORZ
Mississauga, ON, Canada) equipped with a 488 nondeser for excitation (model ENTGH21,

F\V
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Coherent, Santa Clara, CA, USA) and a 510/20nm (FL1) band pass filter to detect fluorescence.
IDQRSDUWLFOH XSWDNH zZDV PHDVXUHG RQ D %' )$&63SULDG
660/20nm (FL1) band pass filter t@tdct fluorescence of internalized BfYlabeledsiRNA.

Before analysis, EGFPH1299 cells were washed twice witbe-cold C&*/Mg?* free PBS,

trypsinized and suspendeddompleteRPMI-1640 medium. For uptake, cells were incubated with
Streptomyces grisstiype Il chitosanase as p1] before washing and trypsinization. A dot plot

of forward scatter (FSQ)ersusside scatter (SSC) was created and a collegiaiaestablished

using the Summit 3.0 softwar(Beckman Coulter, Mississauga, ON, Canada) to exclude cell
debris, dead and aggregated cells. 20,000 events per sample were recordedteardsiected

cells (untreated) were used to establish baseline EGFP expression in terms of absolute fluorescence

intensity (FI). EGFP knockdown in treated samples was calculated as mean FI relative to non

transfected cells ¢ & :™ ; L

é@@@;&gé@@q@g D
ao04 heacagdOgdx

Hl MIQE compliant quantitative real-time PCR (gPCR)

The secondary structure of endogenous and target genes used in this stindgikcasassessed

using themFold freeware[40]. The position of the primer and probe sequences relatitieeto
structurevas determined prior to qPCR analysis. Before extraction, transfected BGEPO cells

were treated withStreptomyces griseutype 1l chitosanase SigmaAldrich, Oakville, ON,
Canada) as described[i#1]. Total RNA extraction was performed 48 hours post transfection using

the RNeas§ Plus Mini extraction kit (Qiagen, Toronto, ON, Canada) as per manufacturer protocol.
JROORZLQJ H[WUDFWLRQ VDPSOHV ZHUHWDNGIebHWY LG ZLWK
Technologies Burlington, ON, Canada) for 30 minutes to remove potential genomic DNA
contamination and then inactivated with 5 pL DNase inactivation reagent, spun down for 1.5
minutes at 10,000 g and the supernatant colledied.prity of total RNA was determined by
measuring Aso/A2eo, A260/A2s0 and Asao Using a Jenway spectrophotometer. The integrity of total
RNA (RIN) was determined using the Agilent 2100 Bioanalyzer system (Adilectinologies
Mississauga, ON, Canada). Total RNANncentration was determined using the Quam E
RiboGreef? Assay (Life Technologies Burlington, ON, Canada). RiboGréeneagent and
extracted RNA samples were diluted 1:200 and 1:100 respectively using the supplied nuclease free
TE 1X buffer (pH 8.0), migd at 1:1 ratio (v/v) and a volume of 200 pipettedinto 96 well black
plates(Corning, NY, USA). Plates were incubated at room temperature in the dark for 5 minutes
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before measuring fluorescence using a TECAN Inftht&200 PRO microplate system (Tecan
Systems, Mannedorf, Switzerland). The excitation and emissawelengthsvere 485 and 530

nm respectively and concentrations (ng/mL) were derived from a ribosomal RNA (rRNA) standard
curves prepared on the same plate as per manufacturer recommendattalisl Ag of extracted

RNA was reverse transcribed a®@Xor 60 min using the SuperScfipp ,/2E F'1$ VIQWKHVLV
kit (Life TechnologiesBurlington, ON, Canada). For qPCR, 10 ng cDNA was amplified using
TagMan Fast Advanced Master MiXLife Technologis, Burlington, ON, Canada) can ABI
HT-7900 reaitime PCRsystem(Applied BiosystemsMississaugaON, Canada). All reactions
were performed in a 384 well plate in a final volume of 10 pL. Quantitatizime PCR (QPCR)

was performed using the followgncycle conditions: 2ninute hold at 5%, 10minute hold at

95°C followed by 40 cycles at 96 for 15 s and 6 for 1 min. Primeiprobe efficiency was
determined using the standard curve metlkad.each assay tested, a 6 logfdld dilution curve

was constructed by plotting the quantification cycle (€gfsusLog cDNA concentration and

linearly regressed to fit the data. The PCR reaction efficiency was estimated uBira;g: ?DT_UL"J.D

The Ist of assays (primgsrobe pairs) used in this study and their respective efficiencies can be
found in the supplementary methods section. Reference gene stability was assessed using the
geNorm statistical package (Biogazelle NV, Zwijnaarde, Belgium) wiganel of 10 reference

genes under 10 experimental conditions including-tneated, lipidtreated, high and low N:P

ratio, high and intermediate DDA and high and low Mn). The experiment was replicated once and
the M (stability parameter) and V (pair wigariation of normalization factors) scores determined

[41].

HEl Assessment of nanoparticle toxicity using thalamarBlue® assay

The effect of nanoparticle on metabolic activity wasaseed usingalamarBIlu€ (Life
Technologies Burlington, ON, Canada). Preliminary experiments were performed as per
manufacturer protocols to define optimal cell density, incubation time and assess assay interference
with chitosan. EGFPH1299 cells were seeded in 96 well plates (CellBINBisher Scientific,
MississaugaON, Canada) at a density of 5,000 cells/wel220hours prior to transfection. Cells

were transfected as previously described at a finalEBEP siRNA concentrationf 00 nM.
Metabolic activity was measured at 4 hours and 44 hours post transfection by replacing medium

over cells with 200 pL of complete RPMB40 medium supplemented with 1Q8%&amarBIlué&
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reagent. Absorbance was measured at 570 and 600 nm using a TE@AR® M200 PRO
microplate system (Tecan Systems, Mannedorf, Switzerlarurs after the addition of assay
reagent. Metabolic activity of cells was evaluatedtespercentageeduction ofalamarBlu@

relative to untreated cells.

I A\ ssessment of nanopécle genotoxicity using thecometor single cell

gel electrophoresis assay.

The assessment of nanoparticle genotoxicity was performed using the Trevigen alkaline
cometAssa¥ kit (Trevigen Inc, Gaithersburg, MD, USA) at 8 and 48 hours-prasisfection. Tie

8-hour time point was assessednanic the alamarBIu® time point (4 h transfection + 4 hours
incubation with reagent). EGFPI1299 cells were transfected as described above, trypsinized,
resuspended in complete RRIB40 media and counted using theu@iess automated cell counter
system (Life Technologies Burlington, ON, Canada). Cells were centrifuged at 100 g for 3
minutes, andhe pelletsuspended in ice cold PBS &¥Mg?* free) at a concentration of 100,000
cells/mL. Agarose embeddindysis, and electrophoresis were performed according to the
manufacturer protocol. Slides were stained with 100 pL of (1:10,000) Sy® nucleic acid

stain (LifetechnologiesBurlington, ON, Canada), dried at°€7and imagedollowing excitation

at 488 nm using an Axiovert efluorescent microscope (Carl Zeiss, Toronto, ON, Canada).
Images were analyzed using the Open Comet plddihinstalled in the ImageJ freeware (NIH,
BesthadaCA, USA). The experiment was replicated once and at least 100 comets were counted

per experiment (N=2Q ¢

I Assessment of nanoparticle hemocompatibility at doses relevant for

vivo administration

Hemolytic andhemayglutination properties of nanoparticles were tested according to ASTM
E2524[43] and Evani et aJ44] respectively. Human blood was collectedm consenting and
healthy donors following protocol approval by the University Ethics Committee. Nanoparticles
were prepared using am-houseautomated idine mixing systenf45] andfreezedried (FD)in

the presence of 0.83% w/v trehaloSeymaAldrich, Oakville, ON, Canadagnd 5.8 mM histidine

(pH 6.5) (SigmaAldrich, Oakville, ON, Canada). FD samples were rehydrated to 12X using
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nuclease free water to reach the highest tested concentration (or dose)-esmakdity then
serially diluted using 10% w/v trehalose buffer (300sn) to a final SIRNA concatration of 0.1,

0.25, 0.5, and 0.8 mg/mL. The plasifin@e hemoglobin (PFH) in the blood was measured at 0.49
mg/mL prior to initiating the assay. Total blood hemoglobin (TBH) was adjusted with PBS to a
concentration ofl0 £ 1 mg/mL. Nanoparticles were ratk with PBS and diluted TBH blood
(TBHd) at a 1:7:1 volumetric ratio, with 100 pL of nanoparticles at the target concentration pipetted
into an Eppendorf tube containingQjt. PBS and 100 pL of blood (TBHd 10 + 1 mg/mEpr
colorimetric determination ofdmolysis, samples (700 uL) were incubated for 3 h in a water bath
at 37 °C and visually inspected every 30 minutes for nanoparticle flocculation, dispersion, sinking
or floating. The supernatant was collected following centrifugation at 800 g for 15 min an
absorbance measured at 540 nm on a TECAN Infinite® M200 PRO microplate system (Tecan
Systems, Mannedorf, Switzerland. A feuairameter regression algorithm (4PL) was used to obtain
the calibration curve required to calculate the hemoglobin concentiratioa supernatant of each
sample (PFHsample). The percentage of hemolysis was comgmittd IKHUOEO srrH

2 (*202aR6 % * @For hemagglutination, the remaining 200 pL of each sample prepared above
were pipetted in 96 well assay platdancubated for 3h, visualized using an Axiovert light

microscope and the area covered by red blood cells (RBCs) estimated and scored.
I [ vivo biodistribution and efficacy studies

All in vivoexperiments described in this manuscript were randomized daliriided and approved

by the University of Montreal Ethics Committee (CDEA) and the Montreal Heart Institute
Research Center Ethics Committee. Mice were purchased from Charles Rivers (Charles River,
Quebec, Canada), housed and acclimatized in a sppdifiogenfree facility with unrestricted
access to water and food. Mice had body condition scores (BC33#6f &nd their body weights

(BW) were in the range of 205 g at the time of injection. All injection volumes were calculated

as 10 uL/g of BV and injections performed within 415 seconds. Mice were euthanized under
anesthesia (mixture of 3%orane® D Q-80% oxygenrair vol/vol) by cardiac puncture followed

by cervical dislocation
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6.2.12.1 Determination of chitosansiRNA biodistribution usingex-vivowhole organ

imaging

Balb/c nude female ,( mice aged 6 weeks and weighing-2® g were injected for the
biodistribution experiments All test articles i.e. Naked siRNA, Invivofectaftin@ and chitosan
based nanopatrticles formulated at N:P 5 (Mn 10, 40 and 120 kDa) were intravenously injected
(1.V.) at a dose of 0.5 mg/kg Y’ labeledsiRNA. The DY**’ fluorophore was injected atdose

of 0.5 mg/kg. Mice were euthanized 4 hours @mhktinistrationand immediately perfused using

PBS (1 X 20 mL) and 10% Neutral Buffer Formalin (NBF, 1 X 40 niE}vivo imaging on
collected organs was performed using a whole animal imaging system mounted BMCCD

EM N2 camera (NUVU Cameras, MontreQC, Canada). Controls includ&®BS naked D¥*’
labeledsiRNA, DY®4 alone, and commercially available lipid control Invivofectarfii@ed (Life
Technologies Burlington, ON, Canada). The latter was prepared as per manufacturer

recommendation.

6.2.12.2 Determination of in vivo functional gene knockdown

6.2.12.2.1  Preparation, lyophilization, reconstitution and characterization of injected

nanoparticles foin vivo efficacy

Low (10kDa) and high (120kDa) molecular weight chitosans with a degree of deacetylation of 92
and 98% Table6-1) were dissolved as described above to a final concentration of 5 mg/mL. The
stock solutions were sterile filtered using a 0.22 um PVDF filD Millipore, Etobicoke, ON,
Canada) and used to prepare solutions, containing 1% trehalose and 3.8 mM histidine, at an N:P
ratio of 5 by dilution in nucleaskeee water, 4% wi/v trehalose and 28 mM histidine (pH 6.5). Before
complexation, amGAPDH siRNA stock solutions (4 mg/mL) were diluted to 0.2 mg/mL in the
same buffer as chitosan. Nanoparticles were prepared at a final N:P ratio of 5:1 using simple manual
mixing. All nanopatrticles were incubated for 8@n at room temperature upon preparation teefo
analyses or freezdrying. AntrGAPDH nanoparticles were lyophilized under sterile conditions
using a laboratory Series Freeyer PC/PLC (Millrock Technology, Kingston, NY, USA). An
optimized Xday cycle comprising the following program: rapid coglin 5 °C, 30 min hold, rapid
cooling to-5 °C, 30 min hold, temperature decrease fbriv-40°C, at a rate of 1 °C/min, 2 hours

hold, initiation of primary drying for 10 h aB2 °C and 60mTorr, followed by secondary drying

cycle at 60mTorr, increasen shelf temperature to 30°C, at rate of 0.2°C/min, and a 6 hours hold
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was used. Nanoparticle volumes384,or 7 mL were freezéried in 10 or 20 mL serum vials
respectively, using 20 mrhutyl-lyophilization stoppers.Samples were backfilled witargon,
stoppered, crimped, and stored at 4°C until reconstitution. All FD samples were reconstituted at
the animal facility to 1@imes their initial concentration using water for injection and their
concentration adjusted by diluting with a neadgtonc aqueous solution comprising 10% w/v
trehalose, so that the desired dosage (mg siRNA/kg animal body weight) would be reached upon
injection of 10 pL of nanoparticles per gram of animal body weight. Immediately after injection,

reconstituted nanoparticlegere characterized for their size and polydispersity as described above.

6.2.12.2.2 In vivoefficacy and monitoring of clinical signs and body weight

Balb/c male (f) mice aged & weeks and weighing 225g were used for the efficacy study (3
animals/group). UncoateamhtrGAPDH NPs were prepared as described above and administered
at 2.5 mg/kg every other day for a total of three injections and mice were sacrificed 72 hours
following the last injection. Naked arBAPDH siRNAs (SiIGAPDH) were administered at 2.5
mg/kgfollowing the same schedule. Clinical signs were determined for a perioctiafrd post
administration of test articles and at euthanasia. The clinical signs were recorded by trained
personnel and qualified animal care technicians. Clinical signs weredsfay body condition,
general aspect, natural behavior, and provoked behavior. Body weightagagel prior to each
injection and at euthanasia using an Avery Berkel scale (Avery Berkel, Fairmont, MN, USA). Body
weight was expressed as percent chaplgive to the previous injection. Mice were euthanized,
under anesthesia, using cardiac puncture, followed by cervical dislocation, total circulating blood
volume (CBV) and organs collectettCBV was serum separat@and immediately stored &@0°C,

and agans split into halves and storedLigN and fixed in 10% NBF before protein extraction

and determination of GAPDH enzymatic activity.

6.2.12.2.3  In vivoassessment of functional knockdown using the KDA&ssay

Following collection, organs were snap frozenliguid nitrogen and stored a80°C until use.

Frozentissues were cut on dry ice, weighed (~20 mg), and disrupted using the TissfidLyzer
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system (Qiagen Inc, Toronto, ON, Canada). Tissues were disrupted using thesteehbrads

(Qiagen Inc, TorontoQN, Canada) under the following conditions: 2 x 30 Hz, 20 seconds per

cycle. Homogenized tissues weresuspendedL Q —/ RI .'DOHUWE O\VLV EX
TechnologiesBurlington, ON, Canada), and incubated on ice for 30 minutes with inversions every

10 minutes.Lysates were clarified by centrifugation (2270 g, 30 minutes, 4°C), transferneav

WXEHV DQG GLOXWHG LQ .".DOHUWE O\VLV EXIIHU 7KH
GAPDH stock solution (26 U/mL) with lysis buffer at a 1:100a0&GAPDH: Lysis), followed by

2-fold serial dilutions from 1:5 to 1:320. Twenty microliters of dilusadnplesandstandardsvere

transferred into 96 well plate€¢rning, NY, USA DQG —/ RI WKH ."DOHUW& 0DV
TechnologiesBurlington, ON, @nada) was pipetted into each well. Plates were incubated for 15
minutes at room temperature and absorbance measured at 610 (10) nm using a TECAN Infinite
F-500 microplate systeifTecan Systems, Mannedorf, Switzerlar®APDH activity in units (U)

was conputed from the standard curve and normalized to total protein content (mg) of the lysate
sample as determined using the BioRad DC Preatesakit (Bio-Rad Laboratories, Mississauga,

ON, Canada).

I Assessment oin vitro knockdown and nanoparticlebiodistribution

using confocal microscopy

Visual confirmation ofn vitro knockdown was performed using live cell imaging. EGRR299
cells were seeded at a density of 25,000 cells/well ontecaia@ber Lablrek® (MatTek, Ashland,
MA, USA) and imaged imultitrack mode using a Zeiss LSM 510 META confocal Axioplan 200
microscope (Carl Zeiss AG, Feldbach, Switzerland). iRarivo biodistribution and subcellular
localization of DY®*" labeledsiRNA, organs were cryosectioned (5 um), actin stained using

phalladin red andcounterstaineavith Hoechst (Life TechnologiesBurlington, ON, Canada).

I Statistical analysis

Datawerecollected and expressedaseraget standard deviatiors{dey. Statistical analysis was
conducted using STATISTICA12.0 (DellStatsoff Tulsa, OK, USA) and SigmaPf13.0 (Systat

software San Jose, CA, USA) software packages. Unless otherwise stated, the General Linear
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Model, Onelfwo-FactorANOVA, and multiple regression analysiere performed on collected
data. The design of experiment module in STATISTICE.0 was used to generate full or

fractional factorial designs and generate multifactorial modeling. Data from the comet experiments

was also subjected to nqarametric analysis.
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6.3 Results

Bl &SKLWRVDQ GLFWDWH QDQRSDUWLFOtentidIaMdDNH W
encapsulation efficiency at physiological pH while increasing Mn and N:P

ratio have positive effects

A library of chitosans was produced, precisely characteriZethl¢ 6-1), and assessed under
different experimental conditions (pH, ionic strength and presence/absence of serum) to understand
molecular parameters favoriagequate physicochemical properties (size, surface charge, colloidal
stability, and encapsulation efficiency) and efficient #axic in vitro knockdown (target
knockdown and metabolic toxicity). As illustratedRigure 6-1, nanoparticle size, measured 2.5
minutes postncubation inthebuffer, increased with both polymer length (Mn) and ionic strength.

In both low and high ionic strength, sizereased 23 -fold due to an increase in Mn from 10 to
120kDa. The effect of chitosan DDA and amine to phosphate ratio (N:P) on size was minimal.
I1DQRSDUWLFOH Yxtéenti@))recréadsda WwiliHncreasing ionic strength, as expected due

to saltinduFHG HOHFWURVWDWLF VFUH{ddaeht@linckeiéeOVRtE incrR&3eéd VW U |
DDA, Mn and N:P ratio. As shown iRigure 6-1C, and confirmedusing multiple regression
DQDO\WLV ""$ KDG WKH -‘paeutirl @ladsoVidy N:Hatldawd RrQrespectively.

$ O W K Rpététtial was around2 IROG ORZHU DW KLJK LRQLF VWUHQJWK
potential witha concomitanincrease in DDA, Mn and N:P ratio was conservédre6-1C and

D).

Given that DDA and the N:P ratio did not significantly alseze colloidal stabity was
investigated using low and high Mhitosarformulatedat an N:P ratio of 5 (920-5 and 92120

5). As shown irFigure S.6-1, nanoparticle size and polydispersitgsindependent of Mn in 10

mM NaCl and stable up to at leash@ur post complexation. Increasing the ionic strength to 150
mM had a significant impaan colloidal stability with nanoparticles aggregating rapidly to reach
the um scale. The polydispersity indeXd(), a dimensionless measure of dispersion around the
mean, reached its maximum value of 1 in 150 mM NaCl around 15 min post complexation
indicaing severe aggregation/high heterogeneity. Interestingly, colloidal instability increased with

the increase of molecular weight.
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Figure6-1 1D QR S D U W L FapténtalLgdd-b IDr@ten of DDA, Mn, amanineto phosphate
ratio (N:P) measured in the presence of 10 and 150 mM NaCl. A) Nanoparticle-size (Z
diameter) vs DDA, Mn and N:P ratio in the presence of low ionic strength (10 mM NaCl, pH 5.5,
measurement at 2.5 min post incubation in medium). BQ@RSDUWLFOH \pxtehtiBlFH FKDU
vs DDA, Mn and N:P ratio in the presence of low ionic strength (10 mM NaCl, pH 5.5). C)
Nanoparticle size vs DDA, Mn and N:P ratio in the presence of high ionic strength (150 mM
NaCl, pH 5.5). D) Nanoparticle surfat F K D {paéhtial) vs DDA, Mn and N:P ratio in the
presence of high ionic strength (150 mM NaCl, pH 5.5). Data représsateraget standard
deviation of 3 independent experiments with 2 technical replicates per experiment (N=3, n=6).
Measurementsi150 mM NaCl were taken immediately after adding 150 mM NacCl.

Measurements in 10 mM NaCl were stable over time (see Suppitnice S6-1)
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Figure S6-1 Nanoparticlecaloidal stability versus time. The effect of polymer length on
nanoparticle size was investigated in medium containing 10 and 150mM salt (NaCl) over a
period of 1h. Nanoparties were prepared in water by manual mixing of chitosan and siRNA
(0.1mg/mL) at 1:1 v/v to reach an N:P ratio of 5, diluted 1:8 in media and size measured over
time. Measurements were conducted at 0, 7.5, 15, 30 and 60 minutes post dilution. Data represent

theaverageof 2 independent experiments. Each DLS measurement consisted of 15 repeats.

siRNA compositions should be able to protect the nucleic acid cargo in physiological fluids through
a material specific mechanism of payload entrapment. As a consegeecapsulation efficiency

(EE), or the percentage of siRNA incorporated into the nanoparticle, was measured as a function
of DDA, Mn, N:P ratio and pH using dye exclusion. In order to eliminate the effect of colloidal
instability on dye exclusion, thessay was performed at low ionic strength. As showRigure

6-2, all formulations were able to achieve complete payload encapsulation at pH 6.5. Increasing

the pH from 6.5 to 8.0 resulted in dye accessing siRNA payload indicating release and highlighting
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the importance of DDA, Mn and N:P ratio, and their interactmnthe integrity/stability of the
particles and payload protection. Maximization of nanoparticle integrity at high pH could be

achieved by increasing DDA, Mn and N:P ratio.

pH 6.5
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100
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20

| .
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Figure6-2 Effect of DDA, Mn andN:P ratio on the encapsulation efficiency at two different pH.
Nanoparticles were formed in water and incubated either in 25 mM MES (pH 6.5) or 1X TAE
(pH 8.0) for 24 hours then assayed for siRNA release using the-QUAGE 5 L E FassEyH Q

The percentagef siRNA release provided the percent encapsulation efficiency (% EE) computed
relative to naked siRNA (N:P 0). Red color corresponds to 100% encapsulation efficiency (no

release) while magentarrespondto 0% encapsulation efficiency (all released)erage values
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from 2 independent experiments witl3echnical replicates per experiment. At pH 6.5,
complete encapsulation (0% release) of the payload is observed at all DDA, Mn and N:P ratio
used to form nanoparticles. However, at pH 8.0, chitosan glodos units become deprotonated
and their interaction with siRNA phosphate groups decreases promoting payload release. At pH

8, an increase in DDA, Mn and N:P ratio is required to maintain nanoparticle integrity.

In vitro performance of these formulatiomsthe presence of 10% serum was assessed using the
EGFP"H1299 cell line and correlated with nanopartjgtg/sicochemicabroperties. As illustrated

in Figure6-3, EGFP knockdown significantly increased with increasing charge density (DDA),
and to a lesser extent with increasing polymer length (Mn) and N:P ratio. The effect of pH on the
biological perbrmance of nanoparticles was minimal with a slight decrease in knockdown
efficiency at higher pH observed for formulations with {amintermediate DDA (i.e. 740, 72

120, 8010 and 86120). No pH dependent performance could be detected for formulatitns w
high charge density (920, 92120, 9810 and 98120) when transfection pH increased from 6.5
to 7.4 Figure6-3). In contrast, a statistically significant improvement itknockdownat acidic

pH was observed for formulations with leeintermedia charge density. Although the effect of
N:P ratio was minimal in contrast to DDA, increasing N&®o could increaseknockdown
efficiency of formulationsvith low-to-intermediate DDA Figure6-3).
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Figure6-3 Effect of DDA, Mn, N:P ratio and pH on the biological performance of chitosan
siRNA nanoparticles. Nanoparticles were formed in water following 1:1 (v/v) mixing of chitosan
to SiRNA (0.1 mg/mL). EGFPH1299 cells were transfected at a final SiRNA con@tiutn of
100 nM. Data represeaveraget standard deviation of at least 3 independent experiments with

at least 23 technical replicates in each experiment (N=3,-856

The effect of DDA, Mn and N:P ratio onanoparticleinternalization was investigatedt
physiologicalpH (7.27.4, 290mOsm) and in the presence of serum. As depictédune 6-4A,
nanoparticle internalization increased with increg€dDA, Mn and N:P ratio reminiscent of the

trend observed iRigure6-3.

To understand the relationship between nanopanbiegicochemicacharactestics and their

biological activity, physiochemical parameters were correlated and regressed with respect to
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knockdown efficiencyFigure 6-4 shows the relationship between size, surfapetential,and
knockdown efficiency. No correlation between size measured in 10 or 150 mM NaCl and
knockdown was observeBigure6-4 % +RZHYHU QMbtenRed B phvErhdidd idund to

be strongly dependent on DDA, Mn and N:P rakgqre 6-1), showedstrongcorrelation with
EGFP knockdown with Pearson product moment correlation coefficient (PPMCC) reaching 0.74
0.88.

In order to demonstrate that observed knockdown is indepentiemttabolic disturbances, the
viability of treated cells was determined relative to untreated controls using the alamarBlue® assay.
The principle of the assay is based on the mitochondrial reduction of resazurin, a blue-and non
fluorescent molecule, intesorufin, a red and fluorescent molecule. As such, the number of cells
and the incubation time were optimized before performing the assay since seeding density and

population doubling timarecritical parameters for accurate results.

Figure S6-2 shows complete depletion of resazurin four hours post incubation at a cell density of
65,000 cells/crh The optimal number of cells foiability testing was thereby determined to be

15,625 cell/cm2, a cell density equivalent to 5,000 cells/well (96 well plate).
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Figure S6-2 Effectof EGFP H1299 cell number on the reduction of alamagB. Increasing
cell numbers were seeded in 96 well plate, one day prior to the addition of alarfiarBlue

Absorbance at 570 and 600nm was read 4 hmastincubationand % reduction calculated

ZKHU HxWtked 0

. . . ,)Dé(:@g'; o _o?k@Eg .° o
using the following equation NA @ Q ?Lf e o sty Ao

PRODU H[WLQFWLRQ FR H PlaxilizétiGovkh, @pisRHe B1@dD &inctiinO X H
coefficient of the reduced form absorbancef testwell, A D EV R U BdyQiverelR |
(media+ alamarBlfée RQ O LV Q P 23®@0nm. The optimal number of cells to be
seeded 24 hours post transfection and tested for toxicity 48 hours post transfection with

nanoparticles was determined to be 5,000 cells/well.

As illustrated n Figure6-4 D, a slight decrease ofE% in metabolic activity was recorded for all
formulations tested except for the larger decrease observed9@&41®-5. Under identical
transfection conditions whemolymerandlipid-basednanoparticles are in contact with cells for
48 hours, all formulations outperformed the lipid control. Under such conditions, DharfhaFect
showed strong toxicity with aroun®®0% cell death. However, it is noteworthy to mention that

media replacement 5 hours post transfection abrogated changes in metabolic activity relative to
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untreated cells for both chitosan and the lipid formulations and that no toxicity was observed when

evaluated 4 hours pestnsfection (data nahown).
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Figure6-4 Cell uptakeknockdown correlations to size and charge, cell toxicity. A) The effects
of DDA, Mn and N:P ratio on uptakeeremeasured in the EGFIM1299 cell line 48 hours post
transfection at 100 nM siRNA B) Lack of correlation between EGFP knockdown and
nanoparticle size measured at low and high ionic strengtBtr@)gcorrelation between EGFP
knockdown and nanoparticle dud F H F K-pdtedtihl) measured at low and high ionic
strength. D) Effect of different formulations prepared at N:P 5 on metabolic toxicity. All

experiments in these figures were performed at pH A2n the absence of serum. Media over
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cells was aspated and replenished with complete media 44 hours before analysis. All data
shown represent average of at least 3 independent experiments3atilelhical replicates per
experiment (N=3, n=6 &RUUHODWLRQ JUDSKV UHSU KHogteht@v DYHUDJ

correlated with average values of EGFP knockdown.

Il In vitro knockdown efficiency is Mn independent above a certain

threshold with chitosan found to disturb global gene expression.

Based on the above results obtained frowitro knockdown and t correlation between chitosan
DDA, Mn and N:P ratio anghysicochemicalS U R S H U W-pdtantiaMabd HE) and/or biological
performance (EGFP knockdown and viability), the family of polymers with a degree of
deacetylation of 92% was selected for ferticharacterization of the effect of Mn, N:P ratio and
serum proteins on siRNA uptake and knockdown. As depictBayure6-5 A, in vitro uptake, or
internalization, oDY %4’ labeledsiRNA requires a threshold of polymer length of 10 kDa, above
which internalization appears to be independent of both Mn and N:P ratio. Below this Mn threshold
of 10 kDa, the role of N:P ratio appears critical with a-feld increase in siRNA uptake when
increasing N:Patiofrom 5 to 30 Figure6-5A). As expected, EGFP knockdown followed a similar
pattern since upk® and knockdown are generally correlated, given the ability of these
nanoparticles to escape endosomal compartrientd 7] Knockdown diiciency was independent

of Mn and N:P ratio above 40 kD#&i@ure 6-5). To demonstrate that the decrease in EGFP
fluorescence intensity was not related to toxic or-specific effects of chitosan itself, mock
transfections with naked chitosan (M) and transfections usingargating sSiRNA (SiNT) were
included as control&s shownFigure6-5 C and D, the delivery &fiINT resulted in minimal EGFP
knockdown, reaching a maximum of 10+2% withR42 In contrast, mock trafections mediated

a modest 8.0% increase in EGFP expression for some chitosans. The pattern of EGFP knockdown
and/or expression for bo8INT and mock seem to follow a trend where longer chain chitosans

appears to have a slight positive effect on EGFRPesson.
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Figure6-5 Effect of Mn at 92% DDA (92Vin) and N:P ratio on uptake and knockdown. The
EGFP H1299 cell line was transfected in the presence of 10% serum at a final SIRNA
concentration of 100 nM. Uptake of DY¥*’ labeledsiRNA expressed as median fluorescence
intensity (MFI). B) EGFP knockdown post transfection with anti EGFP nanoparticles. C) Lack of
EGFP knockdown post transfection with A@ingetingsiNT nanoparticlessiNT represerga
scrambled siRNA and is an indicator of specificity to the target sSiRNA sequence. D) Lack of
EGFP knockdown following transfection with chitosan only. Data repréiseaveraget
standard deviation of 3 independent experiments with 2 technical replpstexperiment (N=3,
n=6).
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Since siRNA is a small and rigid molecule compared to other nucleic acids previously studied with
chitosan, we hypothesized that chitosan chain length below a thresho&D-G10 monomers (10

kDa) have a lower affinity for BNA and therefore release siRNA in complex media (pH 7.4, high

ionic strength and presence of serum). As shoykigare S.6-3| an increase in Mn frord to 10

kDa or 10 to 120 kDa dramatically improves siRNA encapsulation at low N:P ratios. Although the

effect of physiological pH on nanopatrticle stability, below the Mn 10kDa threshold, igfigarg

S.6-3), it does not seem to totally account for the loss of internalization and knockdown efficiencies

observed ifFigure6-5

Figure S6-3 siRNA encapsulation efficiency of low and high Mn chitosan. Nanopatrticles were
formed in water by manual mixing of siRNA.{®ng/mL) with chitosan at different N:P ratio,
incubated in low ionic strength pH controlled buffers (MES pH 6.5, TE pH 7.4 and TAE pH 8.0)
for 24 hours and siRNA release quantified using the QuantE 5 L E FR*dddyH The percent
SsiRNA release was quafiéid relative to naked siRNA or N:P 0. At pH 6.5, complete siRNA
encapsulation was observed regardless of the Mn and N:P ratio used. At pH 7.4 and 8.0, sSiRNA
releaseshows a Mnand N:P dependence with higher Mn and N:P ratio required for efficient
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encapsulation. However, at physiological pH and at N:P ratio of 5, the 5 and 10kDa chitosans
were able to encapsulate siRNA 60 and 8@%pectively.

We subsequently verified the effect of serum on EGFP knockdown withvéosushigh Mn

chitosans (1@s 120 kDa){Figure 6-6|shows a decrease in performance in the presence of 10%

serum for the 10 kDa chain which was rescued by increasing the N:P ratié 30 indicating

that a threshold of at least 10 kDa is needed to counter the negative effects of both pH and serum

Figure S.6-3|langFigure6-6).

Figure6-6 Effect of FBS, chitosan Mn and N:P ratio at 92% deacetylation on EGFP knockdown
in H1299 cells. A) EGFP knockdown measured asatverage fluorescence intensity (FI) relative

to untreated cells 48 posttransfectionwith SIEEGFP EGFP H1299 cells were transfected in the
absence or presence of 10% serum for a period of 5 hours, media aspirated and replenished with
complete RPMIL640 media(pH 7.27.4, 290mOsn) and incubated for 44 hours before analysis.

B) EGFP mRNA knockdown measured using gP@&tmalzedusing the geometric average of

EIF, PUM-1, and GAPDH and calibrated to untreated cells. EGFE299 cells were treated as
descibed in A. C) Representative confocal laser scanning microscopy (CLSM) images. EGFP is

indicated in green. In all experiments, siRNA was delivered at a final concentration of 100 nM
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and data in A and B expressed as the average value of 3 independantengsexith 23

technical replicates per experiment (N=3, f86*p-value < 0.01.

Next, we confirmed assessed knockdown on the transcriptomic level by quantifying EGFP
messenger RNA (mRNA) using MIQE compliant quantitateattime PCR (QPCR). gPCR is a

very sensitive and powerful technique but can generate biased results in several cases where a
single or a combination of factors such as normalization strategy, validation of primer efficiency
and/or RNA integrityarenot properly ontrolled[38, 41, 4853]. As a consequence, the stability

of reference genes following treatments was validated in parallel with the validation of-primer

probe efficacy Error! Reference source not fouhdAs seen ifFigure 6-7| common reference
J H Q H V-attirdand HPRT were highlynstable with M scores above 0.5. Treatment dependent

fluctuations were also observed during modeling of treatment effect, with the removal of

DharmaFe 2 altering the classification of reference gefiéigre 6-7| B). This observation

confirms that treatments with either lipid ohitosanbasednanoparticles have, in principle, a

certain impact on the transcriptome or at least on these testedcefganes.
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Figure6-7 Effect of chitosan and DharmaF&ettreatment on reference gene stability. A panel
of 10referencegenesvastested forexpressiorstability under diverse experimental conditions.
EGFP H1299 cells were transfected with the following formulations i.e1®8, 9210-30, 92
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1205, 92120-30, 9810-5, 9810-30 and DharmaFet® at a final SIRNA concentration of 100
nM. Untreated cells were included in the analysis. A) panel showdassification of the least to
most stable (left to right) reference gene based oaubeage expression stability values, or
geNormM-Score, computed on the remaining control genes during stepwise exclusion of the
least stable control gene, for samplesif all treatmentB) panel shows the effect of the
exclusion of DharmaFet® from the statistical analysis. ®anelshows the effect of the
exclusion of both DharmaF&® and untreated celfsom the analysis. The Mscores were
computed using thgeNam statistical package on the average Cq of two independent

experiments

7KH KLJK Y DUia&lik canid \he aiributed to poor assay efficiency (84%), which was
confirmed to be treatment independent as assays had the same amplification efficieDblAon
amplified from total RNA extracted from treatesuntreated sampleg&(ror! Reference source n

ot found.).

Table S6-1 Efficiency of the primeiprobe pairs used in this study. Reference gene specific
primerprobe pairs were tested for their arfipation efficiency on complementary DNA
(cDNA) prepared from total RNA extractéwm nontreated EGFPH1299 cells. In order to
validate that chitosan treatment does not affect reaction efficiency, grnolee pairs specific to
0 DQG 53/ $ ZHeadtetd an@MINA prepared from total RNA extracted from cells
treated (transfected) with 90-30. Formulations were designated [DDA{¥h (kDa)-N:P
ratio]. High N:P was chosen to ensure maximum potential contamination of total RNA with
chitosan. Data shothat almost all primeprobe pairs passed, except for ACTB, and that

chitosan does not affect amplification efficiency

Treatment | Assay name| ABI Assay ID | Efficiency (%) R? Fail/Pass

PUM1 Hs00472881 _m1] 96.0 0.998 Pass
Non-treated

RPL13A Hs04194366_g1 92.0 0.995 Pass
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Pol2A Hs00172187_m1 96.5 0.999 Pass
0 Hs00984230_m1 95.0 1.000 Pass
TFRC Hs00951083_m1 95.0 0.999 Pass
HPRT Hs01003267_m1 102.0 0.997 Pass
ELF1 Hs00152844 m1 94.0 0.999 Pass
GAPDH Hs02758991 g1 94.0 0.997 Pass

ACTB Hs01060665 g1 84.0 0.998 Fail
PBGD Hs00609297_m1 94.5 1.000 Pass
RecQL1 Hs00262956_m1 92.0 0.999 Pass
eGFP Mr03989638 98.5 0.998 Pass
0 Hs00984230_m1 95.0 1.000 Pass

CS treated

RPL13A Hs04194366_g1 92.0 0.995 Pass

The V-score, or the pairwiseariation between the normalization factorsyldRd N1, showed

that accurate normalization could be achieved by using the geometric mean-&f ithes® stable

reference genef-igure S.6-4). Under optimal normalization conditions and following MIQE

guidelines, a similar trend for the effect of Mn and N:P ratio in the presence/absence of serum was

observed using quantitative PQ@Rgure6-6| B). The knockdown of EGFP in the H1299 cells was
gualitatively confirmed by confocal laser scanning microscopy (CLSM), as shfﬁigdre6-6
C.
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Figure S6-4 Pairwisecomparison on normalization factors to determine the minimum euofb
reference genes needed for accurate normalization usiMatitsompelenodel. A) All
treatments, B) Excluding DharmaF&&, C) Excluding DharmaF€ét® and untreated celld.
minimum of 3 reference genased to be used for accurate normalization when comparing all

treatments.

In vitro lipid nanoparticle (LNP) like potency (ECso) can be achieved, in
the presence of serum, using chitosans with increasing Mn and N:P ratio
The effect of Mn and N:P ratio on theénimum effective dose needed for EGFP knockdown in the

H1299 cell line was determined in the presence of serum. The half maximal effective concentration

(EGs0), @ measurement of nanopatrticle potency, was computed frepar@dheter sigmoidal curve

(4-PL) 48 hours postransfectior|Table6-2|shows that potency increased with increased Mn and
N:P ratio. DharmaFe®t2, a lipid control developed for siRNdelivery in H1299 cells, had the
lowest EGo (Table 6-2) and was able to induce meaningkmockdownat an EGp of 23 nM.

Similar potency was obtained with the-920-30 formulation (EGo of 29.3 nM).




145

Table6-2 Effect of Mn and N:P ratio om vitro dosedependenknockdown. EGp values were

derived from a $arametesigmoid curve fitted to data derived from 2 independent experiments

with 2 technical replicates per experim

information, pvalue <0.05.

HAigure S.6-5|in supplemental data for more

Curve fit
Formulation N:P ratio | ECso(nM) | EGCso Standard erroj p-value R?
92-10 5 77.2 9.88 0.01 0.99
92-10 30 42.8 4.32 0.00 0.99
92-120 5 46.3 1.71 0.00 0.99
92-120 30 29.4 4,52 0.02 0.99
DharmaFe 2 NA 23.8 3.28 0.02 0.99

As shown inFigure S.6-5

all formulations reached a plateau around 200 nM with a marginal

increase in EGFP knockdown observed at higher concentrations. The delivery-tafgaimg

SiIRNA (SiNT) at higher doss

Figure S6-5) compared lid?igureG—S

C, did not cause a meaningful

increase in oftarget effects. AgairsiNT induced a small decrease/increase in EGFP expression

with low and high Mn chitosan respectively indicating thattaffjet effects are probably due to

reduced metabolic activity observed with low Mn chitofeaigyre6-9

A).
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Figure S6-5 Effects of charge density, chain length and N:P ratio on-dependent EGFP
knockdown. Nanoparticles were formulated with eii&iGFP(anttEGFP) orsiNT (non
targeting) and EGFPH1299 cells transfected in the presence of 10% FBS at increasing siRNA
concentrations. DharmaF&@ was used a positive controlienchmarlefficacy. EGFP
knockdown was analyzed 48 hours post transfection using flow cytometry. Data represent
average Vviaes + standard deviation of 2 independent experiments with 2 technical replicates per

experiment.

Reduction in knockdown efficiency due to serum carbe mitigated by

increasing Mn and N:P ratio

Following observations regarding the effect of serum on énl®pnance of low molecular weight
chitosan, coupled with the fact that one use of nanopartisistemicadministrationin vivo, the

effect of increasing serum concentration on biological performance was studied. In particular, the
effect of Mn and N:Ratio on EGFP knockdown was investigated in the presence of increasing
serum concentrations. As shownHRigure 6-8(A, nanoparticles rapidly lost theperformance in

the presence of increasing serum concentration. This loss of performance could be mitigated by

higher Mn and/or N:FPatio. The latter seems to play an important role in promoting transfection in

the presence of high concentration of seruen 94%). The effect of physiological concentrations
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of heparin (2.5 pg/mL)54] and albumin (2510 mg/mL) at pH of 7.27.4 on payload release was

studied by means of dye exclusion. As showFigure6-8| C, a physiological concentration of

heparin, equivalent to concentrations found in 94% serum, was able to displace the payload.

Increasing both Mn and N:Ratio improved encapsulation efficiency but could not abrogate

payload release. In contrast, serum albumin seems to have a protectiv

efteretol8

D) with

no payload release observed following incubation of nanoparticles pliysiological

concentrations of the protein.

Figure6-8 Effect of increasing concentration of serum on the biological performance of

nanoparticles. A) Effect of increasing serum concentration on EGFP knockdown. B) Percent loss

of EGFP knockdown in the presence of 94% serum compared to transfection without&erum
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Effect of physiological concentration of heparin sulfate (2.5 pg/mL) on payload release. Low (10
kDa) and high (120 kDa) 92% deacetylated chitosan was formulated with siRNA at different N:P
ratio and incubated for 1 hour in the absence and presehepafin sulfate (pH 7.4). Increased
fluorescence indicates increased payload release D) Effect of physiological concentration of BSA
(25 mg/mL) on payload release. Low (10 kDa) and high (120 kDa) 92% DDA chitosan was
formulated with siRNA at different N:Ratio and incubated for 1 hour in the absence and
presence of BSA (pH 7.4).

Metabolic and genotoxic testing demonstrate the safety of chitosaiRNA

nanopatrticles at low/high Mn and N:P ratios

The effect of chitosan chain length and N:P ratio on metahotigity and genomic integritwas

assessed using the alamarBluend comet assays respectivgfygure 6-9| A shows a small

decrease in metabolic activity with low molecular weight chitosan at bothaid®f 5 and 30. In
contrast, no reduction in metabolic activity was observed fohitffemolecular weight chitosan.
Increasing N:P ratio had no effect on atmilic activity, or cell viability, as revealed by the
comparison of lows high N:P ratio for the two Mn tested, 10 and 120 @A).

Sequene-dependenactivation of IN, PKR, and TLRs, among others, has been demonstrated for

other delivery systems and could potentially affactitro metabolic activity through translation
inhibition or other mechanisms. As a consequence, mock transfestoaperformed in parallel

to rule outsequencalependeneffects and showed no significant differences between mock and
nanoparticles treated cells suggesting chitosan as the principal factor affecting metabolic activity
Figure6-9| A).

The effect of molecular weight and increasing N:P ratios, where the latter increases the amount of
free chitosan not complexed to nanoparticles, on genotoxicityngasured by the comet assay at

8 and 48 hours post transfection. The percentage DNA in the tail (PDT), or the proportion of
damaged DNA, and the Olive Tail Moment (OTM), or the product of the tail length and the fraction

of total DNA in the tail, were comyted for all comets obtained for each treatn&igure6-9| B

and C). Interestingly, opposing trends were observed forvieiigh Mn |(Figure 6-9| B). An

identical, but less pronouncequitternwas observed for OTNFHgure6-9| C). The significance of

the observed increase, for eitiparameterecorded, was evaluated using the Kruskialllis (KW)

nonparametric statistics. Significant differences between treatmeneéonly detected for percent
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DNA in tail (PDT) [Figure 6-9] B) and is probably due to approximation bias in tail length

assessment. Therefore, and due to lack of agreement between the two parametes O(RD)T
the KW test was deemed questionabdedemonstrate genotoxic effects. A€@sequencean
analytical approach based {5b] was used. Each series of measures was reduced to the median

and the 78 percentile, two representative parameters of catisttibution, and a regression

analysis followed by an ANOVA performed|Figure 6-9D, show no significant effect of the

molecular weight or the N:P ratio suggesting no genotoxic effect of chitosan.

Figure6-9 Effect of chitosan Mn and N:P ratio at 92% DDA on in vitro toxicity and genotoxicity.
A) Metabolic activity relative to untreated EGAR1299 cells measured by the alamarBlue
assay. Activity was measurd@ hposttransfectionMock chitosan (M) was used at N:P 30 to

assess the effect of sSiRNA encapsulation on metabolic activity. Dharfi@HEIE), a

commercialipid-basedsystem, was used as a comparator. Dimethyl sulfoxide (DS) was used as
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positive contol of toxicity. B) Effect of increasing Mn and N:P ratio on genotoxicity as measured
using the comet assay parameter "% DNAaih(PDT)". The PDT represents the percentage of
DNA migrated in the tail of the comet or the proportion of damage to total. @Y Effect of
increasing Mn and N:P ratio on genotoxicity as measured using the parameter "Olive tail moment
(OTM)". OTM represents a parameter that is insensitithemneasuremerntf tail length. D)
Correlation between median PDT and N:P ratio for 4@20 kDa chitosan. For the alamarBlue
assay, data represent average metabolic activity = standard deviation of 3 independent
experiments with B technical replicates per experiment (N=3, 1#&36For the comet assay, box
plots were constructed from datb2 independent experiments with more than 100

comet/experiment/treatment.

Figure S6-6 Representativanages of comets 48 hours post transfection with nanopatrticles. The

montage was prepared with ImageJ. Hydrogen peroxig@-ftat 100 and 200 uM was used as



151

positive control for genotoxicity. DharmaF&@ siRNA nanoparticles were used as a

comparator. Formulains at low and high Mn (920 and 92120) were prepared at different N:P
ratio (5, 30, 60 and 120) and transfected at final SiRNA concentration of 100 nM (~0.00132

mg/mL). Equivalent concentration of chitosan at specific N:P ratio was 0.004, 0.018,1@d037 a

0.074 mg/mL for the N:P 5, 30, 60 and 120 respectively. Naked chitosan, or mock (M), was used

as a control to account for the effect of the siRNA sequence. Typical comets are observed post

treatment with the positive control. dosedependenincreasen comet tail length can be seen
when comparing 100s200 uM HO»,

Table S6-2 Descriptive statistics of the data collected for genotoxicity parameters

Parameters tested % DNA tail Olive Moment Tail/Total Area
Treatment Size  Mean Std Std. C.l. of Mean Std Std. C.l. of Mean Std Std. C.I. of
Dev  Error Mean Dev  Error Mean Dev  Error Mean
Non-treated 203 7.2 8.7 0.6 1.2 0.8 2.0 0.1 0.3 17.4 10.0 0.7 1.4
100uM H;0, 207 92.6 9.7 0.9 1.9 32.4 4.9 0.5 0.9 92.7 9.6 0.9 1.9
200uM H,0, 285 90.6  14.0 15 3.0 36.5 7.0 0.7 15 90.3 132 14 2.8
DharmaFect
) 217 7.0 5.7 0.7 13 0.9 1.0 0.1 0.2 17.7 9.4 1.1 2.2
199210-05 251 10.4 13.0 1.2 2.4 15 2.6 0.2 0.5 21.7 14.3 1.3 2.6
199210-30 322 8.6 7.0 0.6 1.2 0.9 13 0.1 0.2 17.2 9.2 0.8 16
92-10-60 313 114 6.9 0.6 1.2 1.2 1.0 0.1 0.2 19.0 8.3 0.7 1.4
92-10-120 205 12.7 11.8 11 2.2 1.4 1.6 0.2 0.3 20.4 13.1 1.2 25
92-1205 218 12.9 15.4 1.4 2.7 1.2 1.8 0.2 0.3 19.4 14.8 1.3 2.6
92-120-30 219 9.4 9.1 0.7 1.4 1.0 1.2 0.1 0.2 17.8 10.3 0.8 1.6
92-120:60 223 9.6 12.6 1.2 2.3 0.9 15 0.1 0.3 17.1 12.4 1.2 2.3
92-120-:120 208 7.4 3.9 0.4 0.7 0.6 0.5 0.0 0.1 16.0 4.9 0.5 0.9

Chitosan induce Mn and dosedependenthemolysis and aggregation of

red blood cells

Assessment of metabolic activity and genotoxicity demonstrated the safttiyostinbased\Ps

in vitro (Figure 6-9

. However, neither the alamarBfi@or the comet assagre predictive of

toxicity that might occur when nanoparticles interact with blood following intravenous

administration (1.V.). As suclihe effectof chainlength (Mn) and dose on blood compatibilitgs
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investigated according to the ASTER524 standarf¥3]. As illustrated irEFigureG—lO adose

dependenincrease in hemolysis was observed for both low and high Mn chitosan. The 5 % ASTM
hemolysis threshold was crossed at a blood concentration of 0.321 and 0.04 mg/mL fetGhe 92

5 and 92120-5 respectively. Assuming an N:P ratio of 5, the maximum siRNA dose that could
potentially be intravenously (I.V.) administered at the observed threshold crossing pointis 8 and 1
mg/kg respectively. Increasing the siRNA dose or chitosan concentratoorh from 0.040 to

0.321 mg/mL increased hemolysistiao-fold indicating anonlinearelationship. Positive i.e. PLL

and TXx100 and negative controls i.e. PEG and HA controls were within the ASTM standard

Figure6-10| inset) whereas excipients (buffer) and siRNA were found to béhaomlytic, i.e.

belowthethreshold confirming that dose dependent hemolysis is attributed to chitosan. In parallel
to hemolysis, Mn andlosedependented blood cells (RBC) agglutinatiomas investigated to
further understand chitosdntood interactioniTable 6-3[shows that both 920-5 and 921205
induced dosedependentRBC agglutination above a Circulating Blood Volum&CRV)

concentration of 0.04 mg/mL. The degree h@mayglutination as qualitatively assessed by

aggregate size, increased with both dose anddhl¢6-3).
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Figure6-10 Effect of Mn anddoseon hemocompatibility via red blood cell (RBC) lysis. Low (10
kDa) versus high (120 kDa) molecular weighttosans were formulated with HPitgPade
siRNA at an N:P ratio of 5. Increasing doses of siRNA were mixed with human pooled blood and
% hemolysis determined as per AST®2524[43]. The concentration of chitosan (mg/mL) in the
test vial (equivalent to the concentration in total circulating blood volurt@Ry), the
equivalent chitosan dose in mg/kg of body weight and the corresponding siRNA dose in mg/kg
for N:P of 5 are showrT he nsetshows data from positive and negativatrols. PolyL-Lysine
(PLL), Triton-X-100 (TX-100), Polyethylene glycol (PEG), buffer (excipients at 1% trehalose,
5.8 mM histidine, pH 6.5), Hyaluronic acid 866 kDa (HA) and siRNA. Data reprédsent
averaget standard deviation of 2 independent experisi@nth 36 technical replicate per
experiment (N=2, n=-42).
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Table6-3 Effect of Mn and dose (concentration) on red blood cell agglutination. Agglutination
was measured qualitatively and scorefINO aggregation, (+) Low agglutination, few
aggregates (++) Medium agglutination, several large aggregates, (+++) Strongragghuti

clumps, (++++) Very strong agglutination, large clumps.

Formulation | Chitosan dose (mg/kg) Equivalent blood Conc. (mg/mL) | Aggregation
2.8 0.04 -
7 0.1 +
92-10-05
14 0.2 ++
22.4 0.321 ++
2.8 0.04 -
7 0.1 +++
92-1205
14 0.2 ++++
22.4 0.321 ++++
PEG NA Not calculated -
Buffer NA Not calculated -
HA NA 1.26 -
SiRNA NA 0.321 -
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Chitosan promotes extrahepatic siRNA delivery to proximal epithelial
tubular cells of the kidney and induces target specific functional

knockdown.

The effect of Mn onn vivo biodistributionusingwhole animal base@xvivoimaging and CLSM

was examined. As shown(iigure6-11] chitosan based nanoparticles accumulated in the kidney

and gallbladder of Balb/c nude mice following intravenous administration at a dose of 0.5 mg/kg
(10 pg siRNA/animal). Naked siRNA foleed its known tendency for elimination past the kidneys
[35, 56:58]. However, siRNA accumulated in the kidneys maotgs higher when compbeed with
chitosan suggesting a protective and targeting role of the delivery vector. Invivofe&ahtine
(InV) formulated siRNA, or INVLNP, showed a strong signal in liver/gallbladder, followed by

spleen and kidneys. In order to examthe cellular accumulation of siRNA in the kidney,

histological sections were generated and examined under confocal microscopy. As grgunre(n

6-12 the amount of SiRNA in the kidney proximal tubules was greatly enhanced in comparison

with naked siRNA and Invivofectamifie2.0. Interestingly no glomerular accumulation was
observed at thidose for eithechitosanrbasedhanoparticle or controls (data not shown). Confocal

microscopy showed punctate intracellular accumulation in proximal tubule cells (PTEC) indicating

that sSiRNA was internalized across the brush border membrane lining RFigGs6-12). The

efficacy of these uncoated system&mockdownthe glyceraldehge-3 phosphate (GAPDH) gene

was determined in the kidney cortgxgure6-13). In light of thein vitro performance described

in this report, the effect of DDA and Mn wasvestigatedin vivo through the comparison of
compositions with different DDA (i.e. 98592%) and Mn (i.e. 10s120 kDa). As shovqlﬁigure

6-13|A, nanoparticlgphysicoctemicalcharacteristics posteeze drying, rehydration and injection

(in excipients) demonstrated a simildin-dependensize increase as previously seen in NacCl
Figure 6-1). Low (10 kDa) and high (120 kDa) Mn chitosan were around 100 and 150 nm
respectively [Figure 6-13’. Cationic lipid nanoparticles (LNPs) and polymer based systems
generally induce systemic toxicity, accompanied with a sharp reduction in body weight, upon

intravenous administration through liver toxicity and immune stimulation. Our data tbladw
multiple chitosan administration, below the hemolytic d@, did not induce a
significant reduction in body weight except for the dBformulaton demonstrating tolerance.
Mice injected with 9810-5 quickly recovered upon the second administr@ C). In
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this studyin vivo efficacy was demonstrated through functional GAPDH knockdown where both
low Mn (10 kDa) chitosan demonstrated the highest efficacy-6046 knockdown @

In contrast to ouin vitro data|Figure6-8), high Mn (120 kDa) chitosans did nmitperformtheir

low Mn counterpartgKigure6-13| D). As expected, chitosan improved knockdown efficiency in

kidney cortex in comparison with naked siRNA with3®% more knockdowrnFgure6-13; D).

Figure6-11Effect of Mn on the bialistribution of chitosaisiRNA nanoparticles. Nanoparticles
wereinjected in Balb/c nude mice at a dose of 0.5 mg/kg o¥*DMbeledsiRNA (equivalent

dose of 1.4 mg/kg of chitosan) and organs imagedvo 4 hours post administration.
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Figure6-12 Histologicaland CLSMimages of nanoparticles accumulated in PTEC.
Nanoparticles were injected in Balb/c nude mice at a dose of 0.5 mg/kgttfiBbeledsiRNA
(equivalent dose of 1.4 mg/kg of chitosan), organs perfused and collected 4 hours post
administration, fixed andryosectioned5 pm). For CLSM, sections were stained with phalloidin
redand Hoechst(PBS) PhosphatBufferedSaline, §iNaked naked D¥*’ labeledsiRNA, (InV
LNP) Invivofectamin& 2.0-DY %4’ siRNA-lipid nanoparticles, (PTEC) Proximal epithelial tubular
cells, (NP9 Nanoparticles. DY’ siRNA = Green, Nucleus = Blue and Brush borders= Red

(actin staining).
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Figure6-13 Effect of DDA and Mn on in vivo knockdown in the kidney. Bigeof the injected
nanoparticles. Nanoparticles were rehydrated in excipients to reach a target dose of 2.5 mg/kg,
injected and the remaining volume, diluted 1:8 in excipients and assessed for size using dynamic

light scattering. BPolydispersityndex dl) of injected nanoparticles. Thdlwas
automatically computed during DLS in A. C) Changes in body weight following multiple
injections. Mice body weight was monitored for a period of 8 days and measured before injection
and at euthanasia as an indiresgesssment of general toxicity. Arrows and cross represent
injection and euthanasia respectively. D) Functional target knockdown in the kidney.
Nanoparticles were manually preparirdezedried rehydrated with excipients and injected in
Balb/c mice at aake of 2.5 mg/kg siRNA. Seventywo hours after the last administration,
kidneys were collected, excised, lysed and the GAPDH enzymatic activity assessed using the
KDalert® assay and normalized to total protein content. Cleveland doepleserg3 aninmals
per treatment group, with average and standard deviation represented in the form of bars.
Statistical significance was computed with ©ffay ANOVA followed by Tukey test for
multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001
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Figure S6-7 Effect of SIRNA and salt concentration on nanopatrticle size. In a previous

experiment

Figure6-1

A), the effect of DDA and N:P ratio on nanoparticle size was found to be

negligible relative to Mn, when particles were mixed with siRNA (0.1mg/mL) and suspended in
10mM NacCl (pH 5.5). As a consequence, one chitosan and one N:P ratio i.e. DDA 92%; N:P 5

were selected to further study the effect of sSiRNA (mg/mL) and NaCl (mM) concentration on

nanopatrticle size. The latter was measured in 20mM NaCl using 10 versus 120kDa following

manual mixing with specific SIRNA concentration (mg/mL). For size measuremsnts

dynamic light scattering, particles were formed as described in the materials and methods of this

manuscript and diluted (1:8) either in 10 or 150mM NaCl and size measured after 2.5 min post
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incubation. A) 9210-5 B) 92120-5. Data represerihe average+ standard deviation of two
independent experiment with a technical triplicate in each experiment (N=2, n=6).

6.4 Discussion

This study demonstrates the importance of chitosan DDA (charge density), polymer length Mn,
and N:P ratio on nanopartigiysicahemicalproperties and biological performance. The effect
of chitosan DDA which controls charge density, or the numberatoratable amines (NH),

played a predominant role in dictating successfulitro knockdown|Figure6-3). The positive

effect of high charge density, achieved at high DDA, on knockdown efficiency can be attributed to
several factors includinmcreasedinding affinity for SIRNA increased electrostatic interaction

with cell membranes and increased endosomal buffering capacity. None of the previous studies
[25-29, 31]investigating the influence ofhdosan molecular parameters on siRNA delivery
examined the biological relevance of DDA. Instead, these reports varied polymer length and the
amine to phosphate molar ratio (N:P) to optimizeitro knockdown efficiency (KD). In our study,

the degree of@ymerization, or chain length (Mn), and the N:P ratio had a positive but marginal

effect on knockdown efficiency{gure6-3). This observation is iagreement with results reported

previously[24, 26] where increased polymer length and N:P ratio had minimal effects on target
knockdown efficiency. These findings are distinctly différ&iom previous work on chitosan
mediated plasmid delivery (b DNA), where a fine balance and coupling between Mn and DDA was
found to be important for effective complexation and to promote intracellular decomplexation and
transgene expressida6, 17, 20] Those previous studies with plasmid as payload found that
modulation of either chain length or charge density in order to reduce nanoparticle stability to a
threshold where patrticles are able to protect pDNA and promote intracellular dissociation was
required for efficient transgene expression. This dependence that coupled DDA to Mn achieve
expression from plasmids is in contrast to sSiRNA, most likely since pDNA is a long and flexible
molecule with an excess of phosphate binding sites on each molecylaredno amine sites on

each chitosan chain, permitting a stronger and higher affinity binding of chitosan to 8L
chitosan to the shorter siRNA6, 17, 20] Compared to plasmid DNA, siRNA is a small and rigid
molecule, that binds to chitosan with a lower affif2¢] compared to pDNA19]. Our findings

highlight differences in design principles for the development of chitbaaad nanopatrticles for
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the delivery of different types of nucleic acids. In the curstady we found a simultaners

increase in DDA, Mn and N:P ratio coudgtimise sSiRNA-basedknockdown|Figure6-2) versus

the complex interaction of these parametersteatito be accounted for to optimize expression

from plasmids.

In the current study, increased chain length (Mn) and N:P ratio increased biological performance

and the former needed to be above a certain Mn threshold of 10 kD&{~+66nomers)Rigure

6-5). EGFP knockdown efficiency and nanoparticle internalization were both reduced when

nanoparticles were formulated at 5 kDa and required an increaseandvior N:P ratio to rescue
efficiency. This observation is in agreement with previous findif&fs 29] Low in vitro
performance was not only attributed to nanoparticle inteﬁigu(re&z at pH above chitosan

pKa (6.56.9) but also due to the presence of sefbigufe6-6). Low Mn formulations showed

inferior performance in presence of serum and required an increase in Mn or N:P ratio for improved

potency |Figure 6-6), suggesting nanoparticle destabilization occurring through competitive

displacement with negatively charged serum components. The negative effect of serum on
nanoparticle integrity has beerepiously demonstrated for cationic liposonfigd] and chitosan
PEI hybrid nanoparticld25]. Although we could not elucidate the precise effect of serum, heparin

and albumin were found to have antagonistic effects on siRNA release with heparin increasing and

albumin decreasing releag€idure 6-8] C and D). Cooperation betweemmpeting serum

components, ionic strength, pH and their effects on nanopatrticles is believed to drive the need for

higher Mn andN:P ratio for particle stabilityHigure6-1{ 2 and 8). This observation was confirmed

in the presence of relevaim vivo concentrations of serum, wte nanoparticle performance

decreased in a Mn and N:P dependent maﬁ'gm(eG-S A and B). Then vivorelevance of high

N:P ratio and its effectropotency in the presence of physiological concentrations of serum may
not be accurately estimated by thevitro environment due to the ability of the freecesshitosan

to partition to different compartments than the nanoparticles. However, thaegdiace important

for the development of efficiem vivo delivery systems where a combination of high DDA and

Mn needs to be used to maintain stability and induce efficient target knockdown. Nanopatrticle size
and surface charge are two important paramsethat affect colloidal stability, pharmacokinetics,
biocompatibility and nanoparticleell interactions[60]. In this study, size increased with
increasing polymer length (Mn) and ionic strengilggre6-1 ,Q FRQWUDVW WR VL]H
potential, increased with increased DDMn and N:P ratio and decreased with increasing ionic
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strength. As expected, an increase in the DDAyuwnberof ionizableaminegroups (NH) per

chain (density), increases the charge density of the polymer and consequently has a direct and
SRVLWLYH L Qo@ntidigpivéleR urface charge is not, at least theoretically, expected to
increase with increasinigin sincel) the pairing of chitosan positive charge and siRNA negative
charge groups is not obviousn-dependenand 2) an increase in size, due to an increase in Mn,

LV WUDQVODWHG WR D ORZHU HOHFWU R SKtentidiNgvefhé&eRE L O L W\
thisMn-dependent. Q F U H Epdtéhtial@nhay be due thains that are partly bound at the surface
resulting in pendant chains that are longer for higher Mn that increase stréageor possibly

more chitosan chains are bound in pétichrough greater cooperativity of binding to siRNA. The

U H G X F WhoRe@tiaRat high ionic strength is due to surface charge screening. A decrease in

surface potential decreases electrostatic repulsive forces bepaetries therefore,causing

colloidal instability and an apparent increase in size measured by dynamic light scéieng| (

6-1). The effect of ionic strength on ¢midal stability over time showed strong aggregatiig(re

S.6-1) andcould, thereforejnfluence nanoparticle performanicevivothrough unintended blood

interactions. In this study;potentialpositively correlated with knockdown efficiengyigure6-4

C) confirming previougeports[16, 61] As expected, the lack of correlation between size and
EGFP knockdown could be explained by serum dependent size stabilization occurring through
rapid protein corona formatida8.

siRNA and/or vectorbasedoff-target effects continue to pose problems at the bench and the

bedsiddg9, 62, 63] A thoroughevaluation of offtarget effects was conducted in our stlig@re

6-5) with nontargeting siRNA (siNT) and mock transfections (M) performed in parallel to

treatments. As shown|Figure6-5|C and D, the delivery &iNT showed insignificarknockdown

while mock transfections mediated a slight increase in EGFP expression for some chitosans. In
both cases, target knockdown and/or expression reached a maximtb®% indicating a
relatively safe profile. The pattern of EGFP knockdown and/or expression seem to follow a trend

where longvs short chains appear to have opposite effects. This is reminiscent of the marginal

toxicity observed when assessing metabotitvdy in transfected cell§Higure 6-4|and 9A).

Therefore, the decrease in EGFP expression fordibffiand mock transfections observed with
shortchains, and independent of the N:P ratio, is possibly associated with marginal metabolic
toxicity observed at low MrﬁF@gureG—4 and 6.9A). Consistenwith this idea, Malmo et dR6]

found that mock transfection with fully deacetylated chitosan consistently reduced EGFP
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expression by about 10% and that a ddspendent response was associated with aro@sd0)
decreaseAlthoughno metabolic decrease was mentionef26j, the number of seeded cells was
above the linear response of the assay and therefore, toxicity was not accurately estimated for
correlation withmockinducedEGFP knockdown. However, this toxicitysue,was indirectly
highlighted during gPCR calibration relative $iNT treated instead of netneated cells, which
according to the authors was justified by differences in confluence between chitosan treated and
untreated cell§26].

Since gPCR normalization to one reference gene is associated with a high efel,18s 49]
a pilot study to identify the most stable reference genes under our experimental conditions was
conducted. The relevance of our findings are not limitedh® normalization strategy and

reduction in quantification bias, batso since chitosan treatment influenced the stability of the

reference gene panel assayewj(re6-7). This result suggested that chitosan, and depending on

its DDA, Mn and N:P ratio, disturbs global gene expression indicative of a certain parallelism
with linearpolyethylereimine (IPEI) [64] and cationic lipid§65]. The impact of chitosan on the
global transcriptome might be due to random binding of chitosan with intracellular nucleic acids

or molecular machines through electrostatic or hydrophobicaictiens.

In order to mediate their intended effects, chitosan based nanoparticles are endocytosed, the
payload released in the cytoplasm but could also accumulate in the rit@leus the cytoplasm,

cationic polymers can interact with vesicular and mitochondrial membfé@gglisrupt normal

protein synthesis via eleostatic interaction witpolyanioniccomponent in the cytoplasm, and/or
induce the activation of molecular sensdsadosomalrelease also exposes the cytoplasm to
injuries from hydrolytic enzyme$60] while chitosan translocation into the nucleus could
potentially induce genetic damage either through electrostatic intractiydrolysis fronto-
impurities or through physical obstruction during chromosomal separation at the anaphase.

Formulations used in this study were relatively 4taxic with around 10+10% reduction in cell

viability (Figure6-9). Toxicity increased with lower molecular weight chitosan with high DDA

Figure6-9P and 6.9A). The observed toxicity was demonstrated tsiRBA-independenas

shown in mock transfections at high N:P rgiag(re6-9( A). These results are affirmed in other

studies, where chitosan showed minimal toxicity when formulated ataidd?anging from 560
[16, 2124, 26, 28, 31]In contrast, Liu et al29] have shown significantly reduced metabolic
activity in H1299 cells. The apparent toxicity is probably due to the extremely high free chitosan
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content (N:P 150), serum free conditions asdayspecific differencesChitosarinduced DNA

damage was found to be statistically insignificgiaig(re 6-9 D) indicating that neither the

nanoparticleor the ascending concentrations of free chitosan or sSiRNA sequence were genotoxic.

The cationic nature of chitosan favors interaction with callidlood components that could
potentially have deleterious effeats vivo. However, this aspect of probable toxicity has been
neglected15-18, 2629, 31, 33, 37, 674kith in vivoreports often using extremely high N:P ratios
without reporting any signs of toxiciti¢g8, 3236]. However, high N:P ratio could pose serious
adverse effects in light of reports suggesting blowderial interaction, reviewed j68]. Our data
show thatchitosanbasednanoparticles could induce hemolysis and hemagglutinatiordosa
dependentmanner and, consequently highlight cafleflosing to avoid hemotoxicity and/or

embolism|Figure6-10[andTable6-3).

Intravenousadministration of chitosasiRNA nanoparticleshowed accumulation in the kidneys.
Finer examination of kidney structures reveal@diactatepattern of SIRNA17] in the cytoplasm

of the proximal epithelial tubularells (PTECs) suggesting translocation through the glomerular
basement membrane (GB@. Although naked siRNA filters through the kidneys

([69] andFigure6-11) and a fraction accumulate in PTE@&9] andFigure6-12), our data clearly

indicate aole for chitosan in increasing the efficiency of SIRNA accumulation into PTEGsré

6-11f and 612) probably through glucosamine (GMggalin interation and subsequent

internalization[34, 70] However, nanopatrticle translocation through the GBM remains to be
elucidated mechanistically since fenestration and the extracellular matrix limit nanoparticle
translocation and diffusion. @&nslocation and PTEC accumulation could be achieved through
either norconventional mechanisms as observed with-200 nm carbon nanotub¢gl] or
throughnanoparticledisassembly at the highly negative GBM and reassembly in the lumen as
proposed focyclodextrinbasednanoparticleg72]. Alternative deNery through the fenestrated
peritubular capillaries could occur but also faces similar diffusion challenges through the
negatively charged interstitium. Irrespective of the mechanism involved, chitosan based

nanoparticles, not only accumulate in the claspm of PTEC, but also induce functional

knockdown Eigure6—13r without causing deleterious effects on body weighigyre6-13| D).

In this study,in vivo efficacy was demonstrated through functional GAPDH knockdown where
both low Mn (10 kDa) chitosans demonstrated the highest efficacy-$0%0knockdown at the
protein level)|EFigure 6—13?. In contrast to thén vitro data inFigure 6-8| high Mn (120kDa)
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chitosans did natutperformtheir low Mn counterpartg~{gure6-13| D) highlighting fundamental

differences betweeim vitro andin vivovalidation. Gao et gB4] demonstrated that low Mn (40
kDa) fully deacetylated chitosan is able to achieve around 50% knockdown in PTEC when
formulated at N:Ratio of 60 with higher Mn and/or lower N:P ratio unable distribute to the
kidneys. In contrast, we have demonstratedltvatand high Mnztexcept for the high Mn fully
deacetylatedchitosan = are able to achieve 40% target knockdown when formulated at low
N:P ratio highlighting proper physicochemical characterization since nanoparticle
physicochemicalproperties beforeinjection, in [34], are highly questionable with non
homogenous and polydisperse NP (800 nm). Thelistribution of nakedtLNA modified antt
GAPDH (SIGAPDH) =siRNA in mice exhibited a predictable pattern based on the known

propensity of oligonucleotides to accumulate in kitkheys[35, 73 74] and resulted ipoor (~

15%) knockdownKigure6-13] D) confirming prior report$69, 74] Formulation with chitosan

significantly increased knockdown efficiency by~-385% compared to fresh naked siRNA
suggesting a clear and positive role of the delivery system.

Compared @ the potency of lipid systemg-70-90%) in advanced prélinical or clinical
developmeni13, 7577], functional target knockdown obtained with our system {5@%)

appears to be lower. However, considerations such adifeatif the target gne (GAPDHvs

FVII), potencyof the payload, and tissue dependent technical challenges could explain these
differences. Accurate estimation of target knockdown using conventional techniques, such as
guantitative PCR, enzymatic activity or immunoblotting, depemild) the abundancef dhe

target cell type (fraction of cells transfected relative to the organ), 2) the ability of the delivery
system to transfect different cell types composing an organ and/or 3) the #issueell +
specificity of a target gene. Inasmuch as chitosguialis specific targeting to PTECs, a dgfpe

that represents a minor fraction of the cells in the kidney, assessment of target knockdown using
conventional techniques is necessarily underestimated unless the target gene is PTEC specific and
only expressg in this cell subtype. In contrast, LNPs accumulate in hepatocytes, the predominant
celltypein the liver, permitting no#iased (accurate) estimation of target knockdown. Therefore,
functional knockdown obtained in this report underestimates the ficierty of our system to

silence a target gene in PTECs, and suggest that precise evaluation of target knockdown requires
the development of novel methods capable of estim&tingkdownin a specific subset of cells

composing an organ.
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Hepatobiliary elinmation in the gall bladdgiF{gure6-11) indicates that a fraction of the injected

nanoparticles is large enough to bypass liver fenestration gnoliably in the size range of 6.3

1 pum in blood[78]. Taken together, our findings are of critical importance to siRNA delivery
since extrehepatic targeting could be naturally achieved witlotveimical modifications or ligand
targeting and accumulation occurred in PTECs, with functional target knockdown around 50% in
kidney cortex, further differentiating this system frogclodextrirbased\Ps that accumulate in
glomeruli and podocytd32]. As a consequence, unmied chitosarsiRNA nanoparticles could

potentially be used fahetreatmenbf PTEC associated kidney fibrotic diseases.

6.5 Conclusion

This study highlights the importance of chitosan DDA (charge density), chain length and
nanoparticle amine to phosphate molar ratio for efficientamdoxicin vitro performance. Highly
deacetylated chitosans are superior siRNA delivery systems comijmarettially acetylated
chitosans. Highly deacetylated chitosans provide the optimal balance between biological
performance and toxicity. These specific formulations displayed potent knockdown, low toxicity,
and present minimal nespecific effects and ngenotoxicity. Most importantly, chitosan was
demonstrated to exhibit extteepatic accumulation to kidney proximal epithelial tubular cells
wherefunctional knockdown of ~50% at the protein level was demonstrated. This study further
suggests that increaselloidal stability may improve hemocompatibility and maintain their

natural kidney targeting ability.
Acknowledgments

This work was supported by the Canadian Institutes of Health Research and ANRis
pharmaceuticals. The funding source had no role inystesign, data collection, analysis,
interpretation of data, writing or decision to submit this manuscript. The authors would like to
thank Mohammed Benhammadi amthbebMouna Derbali for assistance with the SiRNA
encapsulation experiments, Dari| Balso for assisting in transfections and Julie Tremblay for

guality control.



167

References

[1] K.E. Lundin, O. Gissberg, C.I. Smith, Oligonucleotide Therapies: The Past and the Present,
Hum Gene Ther 26(8) (2015) 485.

[2] A. Wittrup, J.Lieberman, Knocking down disease: a progress report on siRNA therapeutics,
Nat Rev Genet 16(9) (2015) 543.

[3] D.V. Morrissey, K. Blanchard, L. Shaw, K. Jensen, J.A. Lockridge, B. Dickinson, J.A.
McSwiggen, C. Vargeese, K. Bowman, C.S. Shaffer, B.AskglS. Zinnen, Activity of stabilized

short interfering RNA in a mouse model of hepatitis B virus replication, Hepatology 41(6) (2005)
134956.

[4] Y.L. Chiu, T.M. Rana, siRNA function in RNAI: a chemical modification analysis, RNA 9(9)
(2003) 103448.

[5] D.V. Morrissey, J.A. Lockridge, L. Shaw, K. Blanchard, K. Jensen, W. Breen, K. Hartsough,
L. Machemer, S. Radka, V. Jadhav, N. Vaish, S. Zinnen, C. Vargeese, K. Bowman, C.S. Shaffer,
L.B. Jeffs, A. Judge, I. MacLachlan, B. Polisky, Potent and persisteito anttHBV activity of
chemically modified siRNAs, Nat Biotechnol 23(8) (2005) 1002

[6] A.D. Judge, G. Bola, A.C. Lee, I. MacLachlan, Design of noninflammatory synthetic sSiRNA
mediating potent gene silencing in vivo, Mol Ther 13(3) (2006}

[7] A.L. Jackson, J. Burchard, D. Leake, A. Reynolds, J. Schelter, J. Guo, J.M. Johnson, L. Lim, J.
Karpilow, K. Nichols, W. Marshall, A. Khvorova, P.S. Linsley, Positgpecific chemical
modification of sSiIRNAs reduces "ofirget" transcript silencindqRNA 12(7) (2006) 119205.

[8] R. Kanasty, J.R. Dorkin, A. Vegas, D. Anderson, Delivery materials for siRNA therapeutics,
Nat Mater 12(11) (2013) 9677.

[9] K. Garber, Alnylam's RNAI therapy targets amyloid disease, Nat Biotechnol 33(6) (2015) 577.
[10] I. Arrowhead Pharmaceuticals, Arrowhead Pharmaceuticals Provides Update on2@0€garc
Study, 2016.

[11] Ramanathan RK, Hamburg SI, e.a. Borad MJ, A Phase 1 dose escalation study-of TKM
080301 a RNAitherapeutic directed against PLK1, in patients witheaded solid tumors, AACR

2013 Annual Meeting, Washington 2013.

[12] W. Tao, X. Mao, J.P. Davide, B. Ng, M. Cai, P.A. Burke, A.B. Sachs, L.-Semmzino,
Mechanistically probing lipiesiRNA nanoparticleassociated toxicities identifies Jak inhibitors
effective in mitigating multifaceted toxic responses, Mol Ther 19(3) (20117567



168

[13] M.T. Abrams, M.L. Koser, J. Seitzer, S.C. Williams, M.A. DiPietro, W. Wang, A.W. Shaw,
X. Mao, V. Jadhav, J.P. Davide, P.A. Burke, A.B. Sachs, S.M. Stirdivant, L-1Seppzino,
Evaluation of efficacy, biodistribution, and inflammation for a potent siRNA nanopatrticle: effect
of dexamethasone d@¢ceatment, Mol Ther 18(1) (2010) 1-BD.

[14] C. Lorenzer, M. Dirin, A.M. Winkler, V. Baumann, J. Winkler, Going beyond the liver:
progress and challenges of targeted delivery of SIRNA therapeutics, J Control Release 203 (2015)
1-15.

[15] M.D. Buschmann, A. Merzouki, M. Lavertu, M. Jean, V. Darras, Chitosans for delivery of
nucleic acids, Advanced Drug Delivery Reviews 65(9) (2023/411270.

[16] M. Lavertu, S. Methot, N. Trakhanh, M.D. Buschmaniigh efficiencygene transfer using
chitosan/DNA nanopatrticles with specific combinations of molecular weight and degree of
deacetylation, Biomaterials 27(27) (2006) 4&¥b

[17] M. Thibault, S. Nimesh, M. Lavertu, M.D. Buschmann, Intracellular trafficking and
decondensation kinetics of chitospDNA polyplexes, Mol Ther 18(10) (2010) 1783.

[18] S. Nimesh, M.M. Thibault, M. Lavertu, M.D. Buschmann, Enhanced gene delivery mediated
by low molecular weight chitosan/DNA complexes: effect of pH and serum, Mol Biotechnol 46(2)
(2010) 18296.

[19] P.L. Ma, M. Lavertu, F.M. Winnik, M.D. Buschmann, New insights into chitd3siA
interactions using isothermal titration microcalorimetry, Biomaaiecules 10(6) (2009) 1498

[20] S.P. Strand, S. Lelu, N.K. Reitan, C. de Lange Davies, P. Artursson, K.M. Varum, Molecular
design of chitosan gene delivery systems with an optimized balance between polyplex stability and
polyplex unpacking, Biomateria&l(5) (2010) 9787.

[21] M. Alameh, M. Jean, D. Dejesus, M.D. Buschmann, A. Merz&hitosanaséasednethod

for RNA isolation from cells transfected with chitosan/siRNA nanocomplexes fotimealRT-

PCR in gene silencing, Int J Nanomedicine 5 (2GA381.

[22] M. Alameh, D. Dejesus, M. Jean, V. Darras, M. Thibault, M. Lavertu, M.D. Buschmann, A.
Merzouki, Low molecular weight chitosan nanoparticulate system at low N:P ratio for nontoxic
polynucleotide delivery, Int J Nanomedicine 7 (2012) 13%9.

[23] M. Jean, M. Alameh, D. De Jesus, M. Thibault, M. Lavertu, V. Darras, M. Nelea, M.D.

Buschmann, A. Merzouki, Chitosdrased therapeutic nanoparticles for combination gene therapy



169

and gene silencing of in vitro cell lines relevant to type 2 diabetes] Earm Sci 45¢2) (2012)
13849.

[24] P. Holzerny, B. Ajdini, W. Heusermann, K. Bruno, M. Schuleit, L. Meinel, M. Keller,
Biophysical properties of chitosan/siRNA polyplexes: profiling the polymer/siRNA interactions
and bioactivity, J Control ReleasB7(2) (2012) 297304.

[25] H. Ragelle, R. Riva, G. Vandermeulen, B. Naeye, V. Pourcelle, C.S. Le Duff, C. D'Haese, B.
Nysten, K. Braeckmans, S.C. De Smedt, C. Jerome, V. Preat, Chitosan nanoparticles for sSiRNA
delivery: optimizing formulation to increaseability and efficiency, J Control Release 176 (2014)
54-63.

[26] J. Malmo, H. Sorgard, K.M. Varum, S.P. Strand, siRNA delivery with chitosan nanopatrticles:
Molecular properties favoring efficient gene silencing, J Control Release 158(2) (2012) 261

[27] H. Katas, H.O. AlparDevelopmentaind characterisation of chitosan nanopatrticles for sSiRNA
delivery, J Control Release 115(2) (2006) 28

[28] K.A. Howard, U.L. Rahbek, X. Liu, C.K. Damgaard, S.Z. Glud, M.O. Andersen, M.B.
Hovgaard, A. Schmitz, J.R.yidngaard, F. Besenbacher, J. Kjems, RNA interference in vitro and
in vivo using a novel chitosan/siRNA nanopatrticle system, Mol Ther 14(4) (200684476

[29] X. Liu, K.A. Howard, M. Dong, M.O. Andersen, U.L. Rahbek, M.G. Johnsen, O.C. Hansen,
F. Besenbaddr, J. Kjems, The influence of polymeric properties on chitosan/siRNA nanoparticle
formulation and gene silencing, Biomaterials 28(6) (2007) 4280

[30] A.M. Ji, D. Su, O. Che, W.S. Li, L. Sun, Z.Y. Zhang, B. Yang, F. Xu, Functional gene
silencing mediate by chitosan/siRNA nanocomplexes, Nanotechnology 20(40) (2009) 405103.
[31] J. Malmo, A. Sandvig, K.M. Varum, S.P. Strand, Nanoparticle mediatgigcBprotein
silencing for improved drug delivery across the blbodin barrier: a siRNAhitosan approach,
PL0S One 8(1) (2013) €54182.

[32] C. Yang, S. Gao, J. Kjems, Folic acid conjugated chitosan for targeted delivery of siRNA to
activated marcophages in vitro and in vivo, Journal of Materials Chemistry B 2 (20143G603

[33] E.J. Nielsen, J.M. Nielsel). Becker, A. Karlas, H. Prakash, S.Z. Glud, J. Merrison, F.
Besenbacher, T.F. Meyer, J. Kjems, K.A. Howard, Pulmonary gene silencing in transgenic EGFP
mice using aerosolised chitosan/siRNA nanoparticles, Pharm Res 27(12) (2010) 2520

[34] S. Gao, S. Hin, F. Dagnaetglansen, K. Weyer, C. Yang, R. Nielsen, E.I. Christensen, R.A.
Fenton, J. Kjems, Megalimediated specific uptake of chitosan/siRNA nanoparticles in mouse



170

kidney proximal tubule epithelial cells enables AQP1 gene silencing, Theranosti¢fg20(190)
103951.

[35] S. Gao, F. Dagnadsansen, E.J. Nielsen, J. Wengel, F. Besenbacher, K.A. Howard, J. Kjems,
The effect of chemical modification and nanoparticle formulation on stability and biodistribution
of siRNA in mice, Mol Ther 17(7) (2009) 1233.

[36] C. Yang, L. Nilsson, M.U. Cheema, Y. Wang, J. Frokiaer, S. Gao, J. Kjems, R. Norregaard,
Chitosan/siRNA nanopatrticles targeting cyclooxygenase type 2 attenuate unilateral ureteral
obstructioninduced kidney injury in mice, Theranostics 5(2) (2015023.

[37] C. Corbet, H. Ragelle, V. Pourcelle, K. Vanvarenberg, J. MarcBayrhert, V. Preat, O.
Feron, Delivery of siRNA targeting tumor metabolism using-oovalent PEGylated chitosan
nanoparticles: Identification of an optimal combination ofutig structure, linker and grafting
method, J Control Release 223 (2016)633

[38] S.A. Bustin, V. Benes, J.A. Garson, J. Hellemans, J. Huggett, M. Kubista, R. Mueller, T.
Nolan, M.W. Pfaffl, G.L. Shipley, J. Vandesompele, C.T. Wittwer, The MIQE qguideline
minimum information for publication of quantitative réahe PCR experiments, Clin Chem 55(4)
(2009) 61122.

[39] M. Lavertu, Z. Xia, A.N. Serreqi, M. Berrada, A. Rodrigues, D. Wang, M.D. Buschmann, A.
Gupta, A validated 1H NMR method for the deterntiora of the degree of deacetylation of
chitosan, J Pharm Biomed Anal 32(6) (2003) 1589

[40] M. Zuker, Mfold web server for nucleic acid folding and hybridization prediction, Nucleic
Acids Res 31(13) (2003) 3405.

[41] J. Vandesompele, K. De Preter Hattyn, B. Poppe, N. Van Roy, A. De Paepe, F. Speleman,
Accurate normalization of rediime quantitative RIPCR data by geometric averaging of multiple
internal control genes, Genome Biol 3(7) (2002) RESEARCH0034.

[42] B.M. Gyori, G. Venkatachalam, P.Bhiagarajan, D. Hsu, M.V. Clement, OpenComet: an
automated tool for comet assay image analysis, Redox Biol 2 (201466457

[43] ASTM E252408: Standard Test Method for Analysis of Hemolytic Properties of
Nanoparticles, 2013.

[44] S.J. Evani, A.K. Ramasummanian, Chapter 13: Hemocompatibility of Nanoparticles,
Nanobiomaterials Handbook, CRC Press2001, d.1



171

[45] A. Tavakoli Naeini, O. Soliman, M. Alameh, M. Lavertu, M.D. Buschmann, Automated In
line Mixing System for Large Scale Production of Chitebased Polyplexes, Journal of Colloid
and Interface Science (2017).

[46] M.H. Ullman-Cullere, C.J. Foltz, Body condition scoring: a rapid and accurate method for
assessing health status in mice, Lab Anim Sci 49(3) (19992319

[47] . Richard, M. Thibau| G. De Crescenzo, M.D. Buschmann, M. Lavertu, lonization behavior
of chitosan and chitosaDNA polyplexes indicate that chitosan has a similar capability to induce
a protonsponge effect aBEI, Biomacronolecules 14(6) (2013) 17310.

[48] K. Dheda, J.FHuggett, S.A. Bustin, M.A. Johnson, G. Rook, A. Zumla, Validation of
housekeeping genes for normalizing RNA expression intimal PCR, Biotechniques 37(1)
(2004) 1124, 116, 1180.

[49] K. Dheda, J.F. Huggett, J.S. Chang, L.U. Kim, S.A. Bustin, M.Ansoh, G.A. Rook, A.
Zumla, The implications of using an inappropriate reference gene foitimealreverse
transcription PCR data normalization, Anal Biochem 344(1) (200583141

[50] J. Huggett, K. Dheda, S. Bustin, A. Zumla, Riexlale RT-PCRnormalisatio; strategies and
considerations, Genes Immun 6(4) (2005)-849

[51] J. Vermeulen, K. De Preter, S. Lefever, J. Nuytens, F. De Vloed, S. Derveaux, J. Hellemans,
F. Speleman, J. Vandesompdeasurablémpact of RNA quality on gene expression resultenfro
quantitative PCR, Nucleic Acids Res 39(9) (2011) e63.

[52] S. Fleige, V. Walf, S. Huch, C. Prgomet, J. Sehm, M.W. Pfaffl, Comparison of relative mRNA
quantification models and the impact of RNA integrity in quantitative-treed RT-PCR,
Biotechnol Lett28(19) (2006) 1601.3.

[53] S. Fleige, M.W. Pfaffl, RNA integrity and the effect on thetéak qRT-PCR performance,

Mol AspectsMed 27(2-3) (2006) 12639.

[54] H. Engelberg, Plasma heparin levels in normal man, Circulation 23 (1968)1578

[55] P.Duez, G. Dehon, A. Kumps, J. Dubois, Statistics of the Comet assay: a key to discriminate
between genotoxic effects, Mutagenesis 18(2) (20036659

[56] Y. Huang, J. Hong, S. Zheng, Y. Ding, S. Guo, H. Zhang, X. Zhang, Q. Du, Z. Liang,
Elimination pathwgs of systemically delivered siRNA, Mol Ther 19(2) (2011)-381



172

[57] Y. Huang, Q. Cheng, J.L. Ji, S. Zheng, L. Du, L. Meng, Y. Wu, D. Zhao, X. Wang, L. Lai, H.
Cao, K. Xiao, S. Gao, Z. Liang, Pharmacokinetic Behaviors of Intravenously Administered siRNA
in Glandular Tissues, Theranostics 6(10) (2016) #6828

[58] J. Soutschek, A. Akinc, B. Bramlage, K. Charisse, R. Constien, M. Donoghue, S. Elbashir, A.
Geick, P. Hadwiger, J. Harborth, M. John, V. Kesavan, G. Lavine, R.K. Pandey, T. Racie, K.G.
Rajeev, IRohl, I. Toudjarska, G. Wang, S. Wuschko, D. Bumcrot, V. Koteliansky, S. Limmer, M.
Manoharan, H.P. Vornlocher, Therapeutic silencing of an endogenous gene by systemic
administration of modified siRNAs, Nature 432(7014) (2004)-873

[59] O. Zelphati, L.SUyechi, L.G. Barron, F.C. Szoka, Jr., Effect of serum components on the
physicechemical properties of cationic lipid/oligonucleotide complexes and on their interactions
with cells, Biochim Biophys Acta 1390(2) (1998) 128.

[60] A.E. Nel, L. Madler, D.Velegol, T. Xia, E.M. Hoek, P. Somasundaran, F. Klaessig, V.
Castranova, M. Thompson, Understanding biophysicochemical interactions at théimano
interface, Nat Mater 8(7) (2009) 543.

[61] M. Huang, C.W. Fong, E. Khor, L.Y. Lim, Transfection effiaggrof chitosan vectors: effect

of polymer molecular weight and degree of deacetylation, J Control Release 106(3) (2005) 391
406.

[62] S. Akhtar, I. Benter, Toxicogenomics of remal drug delivery systems for RNAI: potential
impact on siRNAmediated gensilencing activity and specificity, Adv Drug Deliv Rev 5982
(2007) 16482.

[63] C. Tschuch, A. Schulz, A. Pscherer, W. Werft, A. Benner, A. Nésgenblatt, L.S.
Barrionuevo, P. Lichter, D. Mertens, @#rget effects of SIRNA specific for GFP, BMC Maibl

9 (2008) 60.

[64] A. Beyerle, M. Irmler, J. Beckers, T. Kissel, T. Stoeger, Toxicity pathway focused gene
expression profiling of PEbased polymers for pulmonary applications, Mol Pharm 7(3) (2010)
727-37.

[65] S.A. Plautz, G. Boanca, J.M. RiethovehK. Pannier, Microarray Analysis of Gene
Expression Profiles in Cells Transfected With Nonviral Vectors, Mol Ther 19(12) (2011) 2144
2151.

[66] L. Parhamifar, H. Andersen, S.M. Moghimi, Lactate dehydrogenase assay for assessment of
polycation cytotoxiciy, Methods Mol Biol 948 (2013) 132.



173

[67] H. Ragelle, G. Vandermeulen, V. Preat, Chitebased siRNA delivery systems, J Control
Release 172(1) (2013) 24B.

[68] V. Balan, L. Verestiuc, Strategies to improve chitosan hemocompatibilities: A review,
Eurgoean Polymer Journal 53 (2014) 1¥38.

[69] J.D. Thompson, D.J. Kornbrust, J.W. Foy, E.C. Solano, D.J. Schneider, E. Feinstein, B.A.
Molitoris, S. Erlich, Toxicological and pharmacokinetic properties of chemically modified siRNAs
targeting p53 RNA followng intravenous administration, Nucleic Acid Ther 22(4) (2012)&55

[70] Y. Lin, Y. Li, X. Wang, T. Gong, L. Zhang, X. Sun, Targeted drug delivery to renal proximal
tubule epithelial cells mediated bygRucosamine, J Control Release 167(2) (2013)}3818

[71] A. Ruggiero, C.H. Villa, E. Bander, D.A. Rey, M. Bergkvist, C.A. Batt, K. Mardudorova,
W.M. Deen, D.A. Scheinberg, M.R. McDevitt, Paradoxical glomerular filtration of carbon
nanotubes, Proc Natl Acad Sci U S A 107(27) (2010) 122369

[72] J.E.Zuckerman, A. Gale, P. Wu, R. Ma, M.E. Davis, siRNA delivery to the glomerular
mesangium using polycationic cyclodextrin nanoparticles containing siRNA, Nucleic Acid Ther
25(2) (2015) 5%4.

[73] R.S. Geary, D. Norris, R. Yu, C.F. Bennett, Pharmacokinetiodistribution and cell uptake

of antisense oligonucleotides, Adv Drug Deliv Rev 87 (2015546

[74] B.A. Molitoris, P.C. Dagher, R.M. Sandoval, S.B. Campos, H. Ashush, E. Fridman, A.
Brafman, A. Faerman, S.J. Atkinson, J.D. Thompson, H. KalinskiSKaliter, S. Erlich, E.
Feinstein, siRNA targeted to p53 attenuates ischemic and cisipldtioed acute kidney injury, J
Am Soc Nephrol 20(8) (2009) 1754.

[75] S.C. Semple, A. Akinc, J. Chen, A.P. Sandhu, B.L. Mui, C.K. Cho, D.W. Sah, D. Stebbing,
E.J.Crosley, E. Yaworski, I.M. Hafez, J.R. Dorkin, J. Qin, K. Lam, K.G. Rajeev, K.F. Wong, L.B.
Jeffs, L. Nechev, M.L. Eisenhardt, M. Jayaraman, M. Kazem, M.A. Maier, M. Srinivasulu, M.J.
Weinstein, Q. Chen, R. Alvarez, S.A. Barros, S. De, S.K. Klimuk, TlaBdr V. Kosovrasti, W.L.
Cantley, Y.K. Tam, M. Manoharan, M.A. Ciufolini, M.A. Tracy, A. de Fougerolles, I. MacLachlan,
P.R. Cullis, T.D. Madden, M.J. Hope, Rational design of cationic lipids for siRNA delivery, Nat
Biotechnol 28(2) (2010) 17@&.

[76] T.S Zimmermann, A.C. Lee, A. Akinc, B. Bramlage, D. Bumcrot, M.N. Fedoruk, J. Harborth,
J.A. Heyes, L.B. Jeffs, M. John, A.D. Judge, K. Lam, K. McClintock, L.V. Nechev, L.R. Palmer,
T. Racie, I. Rohl, S. Seiffert, S. Shanmugam, V. Sood, J. Soutschek, Jafsiad A.J. Wheat, E.



174

Yaworski, W. Zedalis, V. Koteliansky, M. Manoharan, H.P. Vornlocher, I. MacLachlan, RNAi
mediated gene silencing in nbwman primates, Nature 441(7089) (2006)-411

[77] A. Akinc, M. Goldberg, J. Qin, J.R. Dorkin, C. Gardgialo, M. Maier, K.N. Jayaprakash,

M. Jayaraman, K.G. Rajeev, M. Manoharan, V. Koteliansky, I. Rohl, E.S. Leshchiner, R. Langer,
D.G. Anderson, Development of lipideglRNA formulations for systemic delivery to the liver,

Mol Ther 17(5) (2009) 872.

[78] K.M. Tsoi, S.A. MacParland, X.Z. Ma, V.N. Spetzler, J. Echeverri, B. Ouyang, S.M. Fadel,
E.A. Sykes, N. Goldaracena, J.M. Kaths, J.B. Conneely, B.A. Alman, M. Selzner, M.A. Ostrowski,
O.A. Adeyi, A. Zilman, 1.D. McGilvray, W.C. Chan, Mechanism of ha@homateal clearance

by the liver, Nat Mater 15(11) (2016) 121221.



175

$57,&/( &+,726%$6,51% 1$123%$57,8&/(6
352'8&( 6,*1,),&$1NR172;,& )81&7,21%(1(
6,/(1&,1* ,1 .,'1(&257,&(6

Mohamad Alameh Ashkan TavakotNaein?, Yuan Chany Garima Dwivedi, Nicolas Tran
Khant, Etienne Jeandupetj¥Frederic LesageMarc Lavertd? and Michael D. Buschmah?™

! Polytechnique Montreal, Department of ChemiadineeringMontreal, QC, Canada.
Polytechimque Montreal, Institute of BiomedicahgineeringMontreal, QC, Canad?.
Polytechnique Montreal, Department of ElectrieagineeringMontreal, QC, Canada

**Corresponding author

Submitted to the Journal of Controlled Release (2017)



176

Graphical Abstract:

Abstract: Nanoparticle toxicity represents a major hurdle limiting clinical translation with both
cationic lipids and polymers that can produce preclinical toxicity and serious adverse events in
clinical trials. Advancements in cationic lipi@dd groups have improved the therapeutic window
but clinical application still requires the administration of prophylacticiaffammatory steroids.
Chitosansa family of naturapolycationicand biedegradable polymers have shoimrvitro and

in vivo efficacy for nucleic acid delivery. However, the effect of chitosan molecular weight (Mn),
dose and payload typeti.e. unmodifiedversus modified siRNA *on cytokine induction,
hematological and serological responses, body weight and clinical signs hheemavestigated

nor reported following intravenous (1.V.) administration in mice. To understand the influence of
Mn, dose, payload and hyaluronic acid (HA) coating,rowivo toxicity, immune stimulation,
biodistribution and efficacy, precisely chaierized low (10 kDa) and high (120 kDa) Mn chitosans
with a fixed degree of deacetylation of 92% were produced and formulated with unmodified
(immune stimulatingys chemically modified (nommmune stimulating) SIRNA, and tested for
hemocompatibility as per ASTM standards for dose selection and 1.V. administration to mice.
Cytokine induction (I -6, TNF. N- DQG .& KHPDWRORJLFDO +E +HPL
« DQG VHURORJLFDO $/7 $67 %81 &U UHVSRQVHYVY ZHUH
(Serology) posadministration. HA was used to coat nanoparticle to improve hemocompatibility.
Body weight and clinical signs were monitored following singdesusmultiple injectionsin vivo
biodistribution and the efficacy of uncoated and-e#ated formulations to induce functional target
knockdown were also investigated, and compared with cationic lipid nanoparticles
(Invivofectamin&). Hemolysis was foundo be dose andvin-dependentwith HA coating
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abrogating hemolysis. In comparison with cationic lipid nanoparticles (LNPs), uncoated and HA
coated chitosan NPs did not induce either immune stimulation or hematologic toxicity upon I.V.
administration. Liverand kidney biomarkers remained unchanged with chitosan formulations
while high doses of LNPs led, as previously reported, to increased transaminase levels and a
decrease in body weight following repeated administrationivo biodistribution in mice show
extrahepatic accumulation of both uncoated and-ttated NPs in the proximal epithelial tubules

of the kidney with functional knockdown (measured by multiple techniques) reaching 60%

suggesting potential applicationstiretreatmenof kidney diseases.

7.1 Introduction

Small interfering RNA (siRNA) is a novel class of molecules with promising potential in treating
previouslyun-druggablediseases vigenespecificknockdown. The clinical maturity of this potent

and gene specific technology depends on theieffit delivery and cell uptake of these relatively
large and negatively charged siRNA molecules without inducing any short or long term toxicities.
Pharmacokinetibehavior including absorption, distributiometabolismand excretion (ADME)
depends ortie chemical and structural architecture of these molefijleNaked, and unmodified
siRNA, are highly prone to nuclease degradation and are swiftly eliminated into the bladder
resulting in poor target knockdow8]. Modification of the sugar, and/or the backbone increases
nuclease resistance, modifies pharmacokinetic/biodistribution profiles of these molecules via
interaction with serum proteins and can reducetaffiet effects. The modification pattetype

and position have been demonstrated to play an important role in abrogatiaggeffeffects,
improving guide strand loading into the RNAduced Silencing Conmgx (RISC) and dictating
efficient target knockdowfi]. For instanceP RGLILFD W L R Q \& WexeFdémbrigtratg@ @
reduce immune activation3, 4] and limit offtarget effects via improved hybridization
complementarity betweehe siRNA guide sequence and target mRNA Albeit very efficient,
chemical modifications do not yet alleviate the problems of targeting siRNA delivery to the desired
phamacological site of actignlimited endosomal release, or rapr@nal elimination
Consequently, ligandhediated targeting and encapsulation into delivery systems represent the two
major delivery strategies used in clinical developméwacetylgalactosame (GalNAc}
conjugation directs siRNA to liver hepatocytes and demonstrates potent target gene knockdown in

phase Il/11l clinical trials[6]. GaINAc conjugated siRNA has also beendadivered to the liver
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alonga GalNAc targeted and polyethylene glycol maskadosomolytigpeptide or polymer as

part of the Dynamic Polyconjugate S¢gm (DPC)7]. These two conjugation approaches require
highly modified siRNA to achieve knockdowB] and demonstrate potency in fiénical and
clinical studies. Howevethese approaches face serious challenges with the recent discontinuation
of the investigational Alnylam Revusiran and Arrowhead ARRO0/521 program$9, 10] in
response to imbalanced mortality ime TTR amyloidosis with cardiomyopathy phase Il trial
compared to placeld®] and the death of a ndruman primate administered with high doses of
DPCs[10]. However,associatiorbetween observed mortality and components of the payload (i.e.

SiRNA, or the delivery system) or other factf@¥still need to be mechanistically understood.

Lipid-basedhanoparticles (LNPs), physically protect the siRNA from serum nucleases and have a
natural tendency to interaavith negatively charged lipoproteins (i.e. ApoB A/E) and induce
clinically meaningful target knockdown in liver hepatocyfes9, 11] In contrast to conjugates,
LNPs require less chemical modification of the siRp&yloadbut are associated with serious side
effects such as immune activatidr?-15] and reduced potency following repeated administration
[16, 17] LNP clinical administration is preceded by and/or accompanittdprophylacticanti
inflammatory steroidfl2, 14, 18] Additionally, LNPs are limited in their ability to deliver nucleic

acid cargos beyond the livgr9]. Therefore, delivery systems that meet criteria such as colloidal
stability, high encapsulation efficiendpw toxicity, and deliver siRNA efficiently to extrahepatic

organs areritically needed.

Chitosan is a family of cationic bid RSRO\PHUV F R P43 Iinked Badetyl glucosamine
(GlcNAc) and Dglucosamine (Glc) that has gained considerable atefar nucleic acid (NA)
delivery due to its low toxicity, ease of production, and chemical modification. Chitosan can be
fine-tuned to reacta specificdegree of deacetylatiofpDA), or fraction ofprotoratable amine
(charge), and average molecular wesgiMw or Mn). The high degree of protonation of amino
groups (NH) occurring at a pH below chitosan pKa (~6.8) favors spontaneous assembly of
polyelectrolyte complexes, or nanoparticles, through electrostatic interactions and have been used
to deliversiRNAs bothin vitro [20-30] andin vivo [26, 3035]. The system has been in part
developed in our laboratory, where we previously demonstrated that siRNA could be delivered,
bothin vitro [20, 21, 36, 37hndin vivo[38, 39] at low nitrogen to phosphate molar (N:P) ratios

to avoid limited dosing, blood incompatibility and ngpecific effects due to large quantities of
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free excesschitosan at higher N:P raBoAs a cationic polymer, chitosan can interact with blood
components, activate platelets, induce erythrocyte [y¥élsand, depending on its DDA, cause
cytokine induction through macrophage/monocyte stimulgiddn 42] These aspects of toxicity,

at least in the nanoparticle field, have been neglde@@7, 29, 31, 35, 36, 486] with in vivo
reports often using extremely high N:P ratios without reporting any signs of toxicity and/or
parameters such as clinical signs, hematological and/or serological bioma&eB8934]. In
addition, and in contrast to LNP# vivo induction of cytokines was never characterized.
Therefore, a systemic study with accurately characterized chitosan that investigates
hemocompatibility, in vivo acute toxicity and demonstrates knockdown following I.V.
administration of nanoparticles is needed.

Here we report the complete hemocompatibility profile of uncoated and hyal@cidicoated

(HA) formulations and show that HA coating eliminates interactidh erythrocytes. Acute single
ascending dose toxicity was assessed by measuring cytokine induchionré4post injection),
hematological and serological biomarkers-f@urs post injection) and changes in body weight
following single vs repeated administration. In addition, clinical signs and histopathological
sections of main organs are reported to support the safety of our formulations reattime
imaging, and confocahicroscopywas used to show the biodistribution profile antlacellular
localization of both uncoated and HA coated nanoparticles. Functional target knockdown was
measured by means of multiple techniques such as an enzymatic activity assay, western blotting
and was qualitatively confirmed by immunohistochemistrythis study, the biodistribution,
toxicity, and efficacy of commercially available LNPs (Invivofectarffin@erecompared with the

uncoated and HA coated systems.

7.2 Material and Methods

Materials

Medical grade hyaluronic acid (HA, 866 kDa, HAINwaspurchased from Life Core Biomedical

(Life Core Biomedical LLC, Chaska, MN, USA), Lipopolysaccharidl®% serotype O55:B5
7/5JUDGHE IURP (Q]JR /LIH 6FLHQFHV (Q]R OLIH VFLHQFHYV
JRUDQHE IURP %D[WHU $dDday BN/ Camada) GcutdinafSST Gold

from WVR international (VWR International, Moiitoyal, QC, Canada), IDEXX green top
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Lithium-Heparin and yellow top serummicrotainersfrom IDEXX Laboratories (IDEXX
Laboratories, Markham, ON, CanadA)togenin vivo transfection kit from Altogen Biosystems
(Altogen Biosystems, Las Vegas, NV, USA), Invivofectarfii@ed and 3.0, phosphate buffered
VDOLQH 3%6 8 O W U D 3Ffdég Mvéiter, 1M/ Neutbal Bfét Formalin, AlexaFluor
546 phalloidin with ProLon® Diamond antifade containing DAPI and nuclease free water from
Life Technologies(Burlington, ON, Canada). frehalose, thistidine, diethyl pyrocarbonate
"(3& 1 +&0 DQG 51DV H =$AdEch (SigrraAdriei?, Dakville, ON, Canada).
Rabbit monocloal anttGAPDH (Ab181602) and,ibtinylated goat antRabbit IgG (Ab97049)
were purchased from Abcam (Abcam, Cambridge, UK). Serum vials (223685, 223686 and 223687)
were purchased from Wheaton (Wheaton, Millville, NJ, USA), and butyl Stoppers (73838A
from Kimble Chase (Kimble Chase, Rockwood, TN, USA). PVDF filters (.22 um) and Amicon
Ultra-15 centrifugal filter units were from EDM Millipore (EDM Millipore Ltd, Etobicoke, ON,

Canada)
SiRNA sequences and chitosan characterization

7TKH QDWLYH DKQG R2PH WP R GAgdBHSIRNB G&glences wereustom
synthesizedby Dharmacon Inc (GE Dharmacon, Lafayette, CO, USA). TheApuB siRNA

VHQVH VHTXHQERKRUZRAEA QUG AAU ACC AAU- T D Q Gntseanstsequence

Z D V-5'.AUU GGU AUU CAG U® GAU GACAC-u GXSOH[ 0z Pl PRO ZL
GHQRWLQJ D SKRVSKDWH JURXS 7KH fBatsehdda&Gente &hGthé L51$ K
IROORZLQJ VHQMWHCXWHTACA QEFAAY ACC AAu- 1 ZLWK ORZHU FDVH
GHQRWLQJ 912 PHWkle MW bfRLY122Q G/mol. The ai@APDH siRNA was

purchased from Lif@echnologiesas a predesigned Ambi®in Vivo GAPDH Positive Control

siRNA (Life TechnologiesBurlington, ON, Canada). The ati$3'+ VHQVH VHTXHQFH ZCLC
GGU CAU CCAUGACAACUUUTT- 1 GXSOHJ[ 0z J PRO 7KLV VL51% V
LNA modified for increased stability. The position of the LNA modifications, as well as other
6LOHQFHUE PRGLILFDWLRQV ZDV QRW GLVFORVHG E\ WKH
provided in a lpphilized format following HPLQurificationand were subjected to quality control

(i.e. endotoxin content, LMS, PAGE and UV/Vis spectrophotometric analysis).



181

Chitosans were obtained frdvharinard (Laval, QC, Canada) and depolymerized in our laboratory
using nitrous acid to achieve specific numbeerage molecular weight targets (Mn) of 10 and 120

kDa (Table 7-1). Chitosan number and weigateragemolecular weightsNin andMw) were

determined by gel permeation chromatography (GPC) using a Shimad20ALTisocratic pump

coupled with a DawtHELEOS II multi-anglelaser light scattering detector (Wyatt Technology

Co, Santa Barbara, CA), an OptildX interferometric refractometer (Wyatt Technology Co), and

two Tosoh TSKgel (G6000PWACP and G5000PWXCP; Tosoh Bioscience LLC, King of

Prussia, PA) columns. Chitosans were eluted at pH 4.5 using an acetic acid (0.15 M)/sodium acetate
(0.1 M)/sodium azidé4 mM) buffer. The injection volume was 100 pL, the flow rate 0.8 mL'min

and temperature 25°C. Tde GF YDOXH ZDV GHWHUPLQHG DW XVLQJ LC
nm. The degree of deacetylation was determinetHoMMR as peiin housepublished mthods

[47].

Table7-1 Characterization of chitosans tested in this stldfyerent chitosans are denoted
according to their chemical composition using the nomenclature [PIDAand are represented
in the first column of the table. The degree of deacetylation (DDA) was determifeid\iR.

The number and weight average molecwaight (Mn and Mw) were determined by gel
permeation chromatography (GPC). The polydispersity inBd} (vas calculated as WMn.

The degree of polymerization (Dp) or chain length was computed using the following equation
y" %oZeFe™i"

Pl erorre e WE™™ _ ¢ %o o[1IP fi%o
Chitosan DDA (%) Mn (kDa) Mw (kDa) Pdi Dp
92-10 92.0 9.0 13.7 1.52 55
92-120 91.9 138 181 1.31 836
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Preparation of chitosanbasednanopatrticles

7.2.3.1 Preparation of chitosan, hyaluronicacid, and siRNA working solutions

Low (10 kDa) and high (120 kDa) molecular weight chitosans were dissolved overmgbtease

free water and 1N HCI, using a glucosamine to HCI ratio of 1:1, to a final concentration of 5
mg/mL. Hyaluronic acid (HA), wa prepared by dissolving sodium hyaluronateucleasdree

water at a final concentration of 1 mg/mL. The stock solutions were sterile filtered using a 0.22 pm
PVDF filter and used to prepare solutions, containing 0.83% w/v trehalose and 5.83 mMehistidin
(toxicity) or 1% trehalose and 3.8 mM histidine (efficacy), at a specific amine: phosphate: HA
carboxyl molar ratio (N:P:C = 2:1:1.5) by dilution in nuclef®® water, 4% w/v trehalose and 28

mM histidine (pH 6.5). Before complexation, aApoB (natvH DQG fT2PH PRGLILHG DC
GAPDH siRNA stock solutions were diluted to 0.2 mg/mL in the same buffer as chitosan and/or

HA (0.83% trehalose and 5.83 mM histidine or 1% trehalose and 3.8 mM histidine). Nanoparticles

were prepared as described below.

7.2.3.2 Preparation, lyophili zation and reconstitution of uncoated and HAcoated anti

ApoB nanoparticles (NPs) for the assessment of vivo toxicity

Uncoated and HAoated antApoB nanoparticles were prepared at a final N:P:C ratio of 5:1:0
and 2:1:1.5 respectivelsing the advanced Automatiedine Mixing System (AIMS) as described

in [37]. Chitosan at a specific N:P ratio (5:1 or 2:1) was mixed, using a closed and sterile system
comprisng an LS14PharmapureW XEL Q J " DQG WZR ODVWHUIOH[ / 6 GL.
(Cole-Parmer, Montreal, QC, Canada), with SiIRNA (0.2 mg/mL) usingcanhector and a mixing

flow rate of 150 mL/min (Re=4000). ArRBipoB nanoparticles prepared at N:®v&re HA-coated

to a final N:P:C of 2:1:1.5 using the primary version of the AIMS. The chitefaNA
nanoparticles (N:P:C of 2:1:0) were mixed with HA using a Y connector at a 1:2 vol:vol ratio and
a mixing flow rate of 150 mL/min (nanoparticles) and 75/mi for HA. All nanoparticles were
incubated for 3@nin at room temperature upon preparation before analyses or-thgézg. In

order to inactivate possible nucleases, the whole closed system was treated with

diethylpyrocarbonate (DEPC), autoclaved #ndhed with nuclease free water.

Anti-ApoB nanoparticles were lyophilized, under sterile conditions, usingday3cycle as
described if48]. Nanoparticle volumes of 2 and 5 mL were pipetted into 5 and 10 mL serum vials
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respectively, mounted with 20 mm butiglophilization stoppers, and freezlried using a
Laboratory Series Freet@yer PC/PLC (Millrock Technlogy, Kingston, NY, USA).Samples

were backfilled with argon, stoppered, crimped, and stored at 4°C until reconstitution. Alf freeze
dried samples were reconstituted to 12 times their initial concentration using water for injection
(208 or 417 pL to sampdein 5 or 10 mL serum vials), respectively, incubated at room temperature
for 510 minutes, and the concentration adjusted, by dilution with a Aeatbnic aqueous
solution of 10% wi/v trehalose and 70 mM histidine (pH 6.5), so that the desired dogpage (m
siRNA/kg animal body weight) would be reached upon injection of 10 puL of nanoparticle

suspension per gram of body weight (BW).

7.2.3.3 Preparation of uncoated and HA-coated anttGAPDH nanoparticles for

assessment ah vivo target knockdown

Anti-GAPDH siRNA (0.2 mg/mL), Low Mn (10 kDa), high Mn (120 kDa) and hyaluronic acid
(HA) working solutions were prepared as described above. Uncoated clstGgePDH
nanoparticles were prepared at an N:P ratio of 5 by simple electrostatic mixing at a 1:1 vol:vol. HA
coaktd nanoparticles, were prepared at an N:P ratio of 2.5:1 by manual mixing (1:1 vol:vol),
incubated at room temperature for 15 minutes, and coated with HA by mixing 1 part of HA working
solution (0.4 mg/mL) to 2 parts of chitosaiGAPDH nanopatrticles for dinal N:P:C ratio of
2.5:1:2. The final volume never exceeded 1 mL and chitosan was pipetted into SiRNA.

Nanoparticles were kept at room temperature feB@0ninutes before administration to animals.
Preparation of Invivofectamine®-siRNA-lipid nanoparticles (LNPs)

Invivofectamin€ 2.0 and 3.0 were prepared as per manufacturer recommendation. For
Invivofectamin€ 2.0, a volume of 250 pL of anfipoB siRNA (3 mg/mL) was diluted (1:2) in
complexation buffer, mixed with 500 pL of Invivofectamfh@.0, vorteed for 30 seconds,
incubated at 50C for 30 minutes, diluted with 14 mphosphatéufferedsaline and concentrated

at 4000 g using an Amicon UltEb centrifugal filter unit (EDM Millipore Ltd, Etobicoke, ON,
Canada) to a final volume of 872 puL (0.8 m@/siIRNA).

For Invivofedaminé®3.0, ant-tGAPDH siRNA solution (2.4 mg/mL) was mixed with

complexation buffer at 1:1 ratio and immediately added to InvivofecfiBr@ at a 1:1 vol/vol
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ratio, vortexed for 30 seconds, incubated 4C50r 30 minutes and dited to 0.25 mg/mL siRNA
using PBS (pH 7.4). All LNPs were subjected to quality control (i.e. DLS, Doppler velocimetry,
UV measurements and sterility assessment), storetaftod 1016 hours before administration
into mice.Note: Invivofectaminé& 3.0 was used asreplacementor Invivofectamin€ 2.0 which

was discontinued at the time of the efficacy study.
Determination of size and surface charge

6L]H DQG VXUIDgeténtialK bf Lhambparticles were determined by Dynamic Light
Scattering DLS) and Laser Doppler velocimetry using a ZetaSizer Nano ZS device (Malvern
InstrumentsLtd, Malvern, UK). The scattering angle of the detector was fixed at a8
measurements were performed at’@5using the viscosity of water as sample diluent.
Nanoparticles were diluted to 1X their initial concentration usiogleasdreewater, followed by

a dilution 14 and1:8 using sterile filtered 1% trehalose solution before determination of size and
-potential respectively. The Smoluchowski equation was uAeR F D O-poxetidl\Wwdm the
measured electrophoretic mobility. All measurements were done in triplicate and replicated at least
once (N=23, n=69).

Hemocompatibility

Hemolytic anchemagglutinationproperties of uncoated and H#ated nanopartictewere tested
according to ASTM E252/9] and Evani et g50] respectively. Hman blood was collectezh
consenting and healthy donors following protocol approval by the University Ethics Committee.
Anti-ApoB nanopatrticles wengrepared as described abofregzedried (FD)in the presence of
0.83% w/v trehaloseand 5.8 mM histidine (pH 6.5), and rehydrated to 12X the-Fide
concentration using nuclease free water to reach the highest tested concentration (or dese) at iso
osmoklity and then serially diluted using 10% w/v trehalose buffer (BA&n) to a final SIRNA
concentration of 0.1, 0.25, 0.5, and 0.8 mg/mL. The plasaghemoglobin (PFH) in the blood

was measured at 0.49 mg/mL prior to initiating the assay. Total blewwdiobin (TBH) was
adjusted with PBS to a concentrationld®f + 1 mg/mL ¢ TBH). Nanopatrticles were mixed with
PBS and diluted idTBH at a 1:7:1 volumetric ratio, with 100 pL of nanoparticles at the target
concentration pipetted into an Eppendorf tubeaomg 700 uL PBS and 100 pL of bloodTBH

10 £ 1 mg/mL)For colorimetric determination of hemolysis, samples (700 pL) were incubated for
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3 hin a water bath at 37°C and visually inspected every 30 minutes for nanoparticle flocculation,
dispersionsinking or floating. The supernatant was collected following centrifugation at 800 g for
15 min and absorbance measured at 540 nm on a TECAN [ffiMi260 PRO microplate system
(Tecan Systems, Mannedorf, Switzerland). A fparameter regression algorith{gL) was used

to obtain the calibration curve required to calculate the hemoglobin concentration in the supernatant
of each sample (PFH sample). The percentage of hemolysis was comptittkd KHU O E O
SrrH:2(*x62aR6 % * @For hemagatination, the remaining 200 pL of each sample prepared
above were pipetted in 96 well assay plates, incubated for 3h, visualized using an Axiovert light
microscope and the area covered by red blood cells (RBCs) estimated and scored.

In vivo studies

All in vivoexperiments described in this manuscript were randomized double blinded and approved
by the University of Montreal Ethics Committee (CDEA) and the Montreal Heart Institute
Research Center Ethics Committee. Mice were purchased from Charles Rivareg@iver,
Quebec, Canada), housed and acclimatized in a sppaifiogerree facility with unrestricted
access to water and food. Mice had body condition scores (BC3pdf &1d their body weights

(BW) were in the range of 2B5 g at the timef injection. All injection volumes were calculated

as 10 uL/g of BW and injections performed within-19 seconds. Mice were euthanized under
anesthesianfixtureof 3% Forane®& D Q B0% oxygenrair vol/vol) by cardiac puncture followed

by cervical dislocton.

7.2.7.1 Determination of chitosansiRNA biodistribution using ex-vivo organ imaging

Balb/c nude female ,( mice aged 6 weeks and weighing-2® g were injected for the
biodistribution experiments. All test articles i.e. naked siRNA, Invivofectafr2n@ and chitosan
based nanoparticles formulated at an N:P:C of 5:1:0 or 2:1:1.5 (Mn 10 and 120 kDa) were
administered at a dose of 0.25 mg/kg ®¥abeledsiRNA, except for the HAoated NPs which

were administered at 0.165 mg/kg. The®™¥luorophore vas administered aidoseof 0.5 mg/kg.

Mice were euthanized 4 hours pasiministrationand immediately perfused using PBS (1 X 20
mL) and 10% Neutral Buffer Formalin (NBF, 1 X 40 mBEx-vivo imaging on collected organs

was performed using a whole aninmalaging system mounted witdm EMCCD EM N2 camera
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(NUVU Cameras, Montreal, QC, Canada). Controls inclueB& naked D¥*’ labeledsiRNA,
DY®%4"alone, and commercially available lipid control Invivofectarfii@ed.

7.2.7.2 Determination of chitosansiRNA nanoparticle in vivo toxicity

CD-1® (ICR) female ( and male (f mice aged % weeks and weighing 224g were used for

the toxicity study. Mice (7 / group; 4 and 3 f) were administered the test and control articles.
Mandibular blood collection was performpdor and 4 hours post administration of test articles,
and serum separated at 10,000 g followingrifiute incubation at room temperature and stored
at-80°C. Two out of the 7 mice (2/7) were euthanized at 4 hours [@dd 1 f), and the remaining
five mice per group (4 D Q & euthanized 24 hours post administration of test articles. At each
time point (4versus24 h), the total circulating blood volum&BV) was collected bintracardiac
puncture, and organs harvested, washed in PBS, split in hatfrextthlf immediately stored in
Liquid nitrogen LigN) while the second half fixed in 10% NFB.

7.2.7.3 Hematological and serological parameters

The total circulating blood volume was split into lithium heparin (LH) and serum separation tubes
(SST), serum separated and samples stored on ice and sent to ID&b$xatoriesfor the
comprehensive complete blood count (CCBC) and the CC4 clinical cngpasielsAnalysiswas
performed in less than 24 hours using a Sysmex XTV 2000 (Sysmex, Mississauga, ON, Canada)
and Beckman AU680 analyzeiBgckman Coulter Ltd, Mississauga, OGlanada).

7.2.7.4 Determination of cytokine levels

Serum samples collected at basel(0 h) and 4 hours peatiministration of test articles were
assayed for the induction of pinaflammatory cytokine (TNF. -/ -6, KCandIFN  XVLQJ
the Lumine® technology. Plates were designed using the-M&® assay builder (BidRad
Laborabries, Mississauga, ON, Canada) and subjected to the manufacturer quality control. For
each plate, a standard curve was prepared by diluting thel&#® Pro Mouse Cytokine Standard
23-Plex in the BiePlexX? in standard diluent followebly 4-fold serial diutions from 1:4 to 1:65536

in the same diluenSamples were thawed on ice, cleared by centrifugation (10,000 g, 10 minutes,
4°C), diluted 1:4 using the BiBlexX* Sample diluent (BidRad Laboratories, Mississauga, ON,
Canada), and a volume of 20 uL trasrséd to assay platgsefilled pooled capture antibodies.

The plates were incubated for 30 minutes under orbital shaking (800 rpm, room temperature),
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washed as per manufacturer recommendation using -®1Bi6 Pro Il Wash Station (BiRad
Laboratories, Nbsissauga, ON, Canada), incubated with biotinylated detection antibodies (30
minutes, 800 rpm, RT), washed and revealed-jasibation for 10 minutes witbtreptavidin
phycoerythrin (800 rpm, RT). Data was acquired on amB@&® 200 system using RP1 PMT
setting (BieRad Laboratories, Mississauga, ON, Canada) with a minimum of 50 beads per region
analyzed. For each cytokine, gp&rameter regression algorithmRh) was used to fit the data

and interpolate cytokine values in serum samples. In order twmictor interplate variability,

two samples (i.e. oriePSand one Invivofectamiffe2.0 (8 mg/kg) sample) were usedrtgrplate
calibrators (IPC).

Determination of chitosansiRNA nanoparticle in vivo efficacy

Balb/c male (f) mice aged & weeks and weighing 225g were used for the efficacy study.
Uncoated amtGAPDH NPs (viz. 9210-5 and 92120-5) and HA coated nanoparticles (viz. HA92
10) were administered at 1 mg/kg (uncoated) and 8 mg/kg siRNA (HA coated) every otfar day
a total of three injections. Mice were sacrificed 72 hours following the last injection. Naked anti
GAPDH siRNA G6IGAPDH) and Altogen lipid nanoparticles (Altogen LNP) were LV.
administered at 2.5 mg/kg every other day for a total of three injecimhsacrificed 72 hours
following the last administration. The liver targeting Invivofectarfi@e lipid nanoparticles (Inv
LNP), were L.V. injected at 2.5mg/kg as a single injection and mice were sacrificed 72 hours post
administration. Mice were euthaeid as previously described at€BV and organs collected.
tCBV was serum separated and immediately store8&¢C, and organs split into halves and
stored inLigN and fixed in 10% NBF before protein extraction, determination of GAPDH

enzymatic activitywestern blottinghistology, and immunohistochemistry.

7.2.8.1 Assessment of GAPDH enzymatic activity using the KDaleftassay

Following collection, organs were snap frozen in liquid nitrogen and stor&0°& until use.
Frozentissues were cut on dry iceieighed (~20 mg), and disrupted using the Tissuel®yder

system (Qiagen Inc, Toronto, ON, Canada). Tissues were disrupted using thestéehbrads

(Qiagen Inc, Toronto, ON, Canada) under the following conditions: 2 x 30 Hz, 20 seconds per
cycle. Homogenzed tissues wereesuspendedL Q —/ RI .'"DOHUWE O\VLV EX
TechnologiesBurlington, ON, Canada), and incubated on ice for 30 minutes with inversions every
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10 minutesLysates were clarified by centrifugation (2270 g, 30 minutes, 4°C), traedfernew

WXEHVY DQG GLOXWHG LQ ..DOHUWE O\VLV EXIIHU 7KH
GAPDH stock solution (26 U/mL) with lysis buffer at a 1:100 ratio (GAPDH: Lysis), followed by

2-fold serial dilutions from 1:5 to 1:320. Twenty notiters of dilutedsamplesandstandardsvere

transferred into 96 well plate€¢rning, NY, USA DQG —/ RI WKH ."DOHUWE&E 0DV
TechnologiesBurlington, ON, Canada) was pipetted into each well. Plates were incubated for 15
minutes at roomemperature and absorbance measured at 610 (+10) nm using a TECAN®Infinite

F-500 microplate systen{Tecan Systems, Mannedorf, Switzerlan®@APDH activity was

computed from the standard curve and normalized to total protein content of the lysate sample as
determined using the BioRad DC Prot@issaykit (Bio-Rad Laboratories, Mississauga, ON,

Canada).

7.2.8.2 Western blotting

Affinity -purified monoclonal antibodies used were against GAPDH and vinculin. Kidney cortex

were excised, homogenized using ThesueLyze? Il system (Qiagen Inc, Toronto, ON, Canada)

as described above and suspended in KD Alert lysis solutionT{dlenologiesMississauga, ON,

Canada) in the presence gbrtease cocktail inhibitor, and centrifuged at 2,270 g for 30 minutes

at £C. The spernatant was quantified using thiee BioRad DC Proteimssaykit (Bio-Rad
Laboratories, Mississauga, ON, Canada) and diiat&DS buffer containing a final concentration

of 62 mM Tris (hydroxymethybaminomethane, 0.1 M SDS, 8.7% glycerol, 0.09 mM
bromophenol blue, ar@04M dithiothreitol (DTT). Samples were heated for 5 min &Q0oaded

into Protean mini TGX SDAGE (442%) gradient polyacrylamide gels (Bitad Laboratories,
OLVVLVVDXJD 21 &DQDGD DQG RYHUQLJIKRonE*HPWPVIFU D Q VI H L
membranes (GE Lifesciences, Mississauga, ON, Canada). Membranes were dried and blocked for

1 h at room temperature in 586nfatmilk, probed overnight at 4°C with aBAPDH primary

antibody (1:1000), washed (3X, 15 min, 1% Triton in thespnce of blocking buffer), and
incubated with HRP conjugated angibbit IgG1 secondary antibody (1:500) for 1h, washed,
UHYHDOHG XVLQJ WKH &ODU LREd Labpfatoried, MigsisEaviye, DN T ahadd) L R
DQG YLVXDOL]JHG XVLQJ Wttt (BidRadP LalbbFatodids(EMississauga, ON,

Canada). Proteibhand TXDQWLILFDWLRQ ZDV SHUIRUPHG XVLQJ &KHPL'F
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7.2.8.3 Clinical signs and body weight

Mice clinical signs were determined for a period ¢falrs postdministration of test articles and

at euthanasia. The clinical signs were recorded by trained personnel and qualified animal care
technicians. Clinical signs were scored for body condition, general aspect, natural behavior, and
provoked behavior. The Mouse Grimace Scale (MGS) was alsdarsecbring of clinical signs

in case of distress. Body weight wasordel prior to each injection and at euthanasia using an
Avery Berkel scale (Avery Berkel, Fairmont, MN, USA). Body weight was expressed as percent

change relative to the previous irjeo.

7.2.8.4 Histology and immunohistochemistry

Samples were fixed in 10% neutral buffered formalin (NBfgilled + LV W R 7 D L&kpor{E , ,
Beloeil, QC, Canada), dehydrated in graded ethanol series, cleared with xylene and embedded in
paraffin. Sections (6 u.m2HUH FROOHFWHG RQ 6XSHUIURVWE 30XV VYV
Ottawa, ON, Canada), and stained with Hematoxylin and Eosin. Prior to immunohistochemistry,
antigen retrieval was performed with 10 mM Tris/1 mM EDTA pH 9 &C6(®ections were
blocked wth 20% (v/v) goat serum/0.1 % (v/v) Triton200/PBS for 1 hour at room temperature

and then incubated for 16 hours &C4vith Rabbit monoclonal anrtAPDH (Ab181602) diluted

1:250 in10% (v/v) goat serum/0.1 % (v/v) Triton-X00/PBS. Sections were themubated for 1

hour at room temperature with Biotinylated goat-&dbbit IgG (Ab97049) diluted 1:500 in 10%

(v/v) goat serum/0.1 % (v/v) Triton-X00/PBS.Revelationwas performed with the Vectastain
Avidin-Biotin Complex (ABC)Alkaline Phosphatas€AP) and AP Red substrate kits (Vector
Laboratories, Burlingame, CA, USA). Sections were counterstained with Weigert Iron
Hematoxylin prior to dehydrationgclearing and mounting. Slides were scanned using a
NanoZoomer digital slide scanner (Hamamatsu, Bosfén,USA) and visualized using the NP

view 2.0 software (Hamamatsu, Boston, MA, USA).

7.2.8.5 Confocal laser scanning microscopy

For in vivo biodistribution and subcellular localizatiasf DY®*’ labeledsiRNA, organs were
cryosectioned (5 um), actin stained using AlexaFluor 546 phalloidin and mounted with PfoLong
Diamond antifade containing DAPI. Sections were imagamnaltitrackmode using a Zeiss LSM
510 META confocal Axioplan 200 microscope (CZAdiss AG, Feldbach, Switzerland).
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Statistical analysis

Data were collected and expressethasaveraget standard deviatiors{dey). Statistical analysis
was conducted using GraphPad Pfish0 (GraphPad Software Inc, La Jolla, CA, USA) software
package.Unless otherwise stated, ORactor ANOVA followed by Dunnet test for multiple

comparisos was performed on collected data.
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7.3 Results

Uncoated chitosan NPs induced hemolysis and hemagglutination at

high doses which were abrogated by hyaluronic acid (HA)oating

Cationic polymers and lipids are often associated with an ability to interact with blood proteins and
erythrocytes leading to decreased transfection, rapid clearance, embolism and hemolysis with
abrogation of these negative effects achieved thréligBylation and/or the use of helper lipids

(i.e. balancing between hydrophobic and cationic components). In order to select for dose, and
investigate the effect of polymer length (Mn), free chitosan and hyaluronic acid coating (HA) on
blood compatibility,erythrocytehemolysis and agglutinationvereinvestigated according to the
ASTM-E2524 standarg49] and Evani et aJ50] respectively As shown irlFiguE adose
dependentncrease in hemolysis was observed for both low (10 kDa) and high (120 kDa) Mn

chitosan. Erythrocyte lysisas abolished with a reduction in free chitosan from N:P 5 to 2 followed
by HA coating. As a consequence, the maximum siRNA dose that could potentially be
intravenously administered with chitosan depends on Mn, N:P ratio (or the fraction of free
chitosan)and HA coating. According to the ASTRBtandarda hemolytic index below 5% is
regarded as safé9]. In as much as doses of 5 and 1 mg/kg siRNA could be administered with low
(10 kDa) and high (120 kDa) Mn chitosan, respectivetyen formulated at N:P 5 and doses of at
least 8 mg/kg siRNA for N:P 2 and Héoated nanopatrticlegigure 7-1). Hemolysis increased

two-fold with an increase in SiRNA dose or chitosan concentration in blood from 0.040 to 0.321
mg/mL indicating anonlinearrelationship for high Mn chitosan. Positive i.e. PLL andT00 and

negative controls i.e. PEG and HA controls were within the ASTM stafd@irfFigure7-1| Inset)

whereas excipients (buffer) and siRNA were found to behemnolytic, i.e belowthethreshold

confirming that dose dependent hemolyssattributed to chitosan.

Lipid nanoparticles (InvLNP) assayed at 1 and 8 mg/kg siRNA showed around 5% hemolysis with

no dose effectigure7-1| Inset) indicating minimal interaction with blood erythrocytes at pH 7.4,
consistent with previous data fienizablgcationic (pKa ~ 6.5) and PEGylated LNB2-54]. The

influence of dose, Mn, N:P ratio and HA coating @miagglutination, or erythrocyte aggregation

was investigated to better understand chitddand interaction and limit potentiad vivotoxicity.

SupplementalFigure S.7-1|shows that both low and high Mn chitosan indudededependent
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hemagglutination above a threshold of 1 mg/kg siRNA, but could be eliminated with the reduction
of free chitosan and HA coating.

Figure7-1 Hemocompatibility profiling of uncoated and HA coated chites@&iNA
nanoparticlesia red blood cell (RBC) lysis. Low (10 kDa) versus high (120 kDa) molecular
weight chitosans were formulated with HPig€ade siRNA at an N:Ratio of 5. HA coated
formulations were formulated at an N:P:C of 2:1:1.5. Increasing doses of SIRNA were mixed

with human pooled blood and % hemolysis determined as per ASI324[49]. The
concentration of chitosan (mg/mL) the test vial (equivalent to the concentration in total
circulating blood volume aiCBV), the equivalent chitosan dose in mg/kg of body weight and the
corresponding siRNA dose in mg/kg for N:P of 5 are shdmsetshows data from positive and
negative ontrols. PolyL-Lysine (PLL), TritorX-100 (TX-100), Polyethylene glycol (PEG),
Excipients (1% trehalose, 5.8 mM histidine, pH 6.5), Hyaluronic acid 866 kDa (HA), siRNA (8
mg/kg) and Invivofectamirfe2.0 (1 versus 8 mg/kg of siRNA). Data repregbetiveage+
standard deviation of 2 independent experiments wéhethnical replicates per experiment
(N=2, n=612).
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Figure S.7-1Hemocompatibility profiling of uncoated and HA coated chitesd@iNA
nanoparticlesia erythrocyte aggregation. Low (10 kDa) versus high (120 kDa) molecular weight
chitosans were formulated with HPigfade siRNA at an N:P ratio of 5. HA coated formulations

were formulated at an N:P:C of 2:1:1.5. Increasing doses of siRNé&meed with human
pooled blood, incubated and imaged for qualitative assessment of hemagglutination. In the
absence of hemagglutination, erythrocytes (RBC) deposit in the bottomdfsthapedvell and
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form a ring (see Notreated, PEG, siRNA iB). In contrast, when hemagglutination occurs,
aggregates become visible, stay suspended in solution and depending on the extent of
agglutination may prevent the formation of the riAy.Treatment samples at different doses of
siRNA. B) Controls.

Uncoated and HA coated chitosan NPs promoted extrahepatic delivery

of siRNA to kidney proximal tubular epithelial cells (PTEC)

Next, we examined the effect of polymer length (Mn) and HA coating-mivo biodistribution

usingwhole animal base@xvivo imaging and cofocal laser scanning microscopy (CLSM). As

illustrated inFigure7-2| chitosan based NPs accumulated in the kidney and gallbladder following

intravenous administration of 0.25 mg/kg (5 pug siRNA/animal). Hyaluronic acid coating of the
NPs seemed to increase NiR accumulation in the kidney and gallbladder without altering the
biodistributionprofile observed with uncoated NPs. In contragtdlyethyler@imine (PEI)}-siRNA

based nanoparticles, chitosan, whether coated or uncoated, did not accumulate in the lungs o
spleen indicating striking differences with the PEI delivery platf¢s®]. Controls, such as
Invivofectamin€ 2.0 LNPs (Inv LNP), naked siRNA and BY alone, accumulated in the liver

and spleen (Inv LNP), kidney (naked siRNA) and bladder®D)Yespectively (data not shown).

The fluorescat signal intensity of sSiRNA in the kidney was several folds lower compared to
chitosan and HA chitosan NPs indicating a clear role of the delivery system in enhancing siRNA
accumulation in the kidney. In order to examaadlular accumulation of siRNA irthe kidney,

histological sections were examined under confocal laser scanning microscopy (CLSM). As shown

in[Figure 7-2[B, siRNA formulated in NPs accumulated predominantly in the proximal tubule

epithelial cells (PTECs) independent of chitosan Mn and HA coating. Nevertheless, siRNA
accumulation in PTECs wasagtly enhanced with HA coating as exemplified with an increase in
fluorescence at a lower dose of 0.1650.25 mg/kg for uncoated NPs. Actin staining using

phalloidin red revealed a typical punctuate siRNA pattern across the brush border membrane lining

the PTEC, indicating intracellular localizatigkigure 7-2| Insets). In contrast to lipid NPs,

chitosanbased NPs accumulation in the kidney represamiew approach teeatPTEC dependent

pathologies.
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Figure7-2 In vivo Biodistribution of uncoated and HA coated chitos#RNA nanopatrticles. A)
Effect of Mn and HA coating on the biodistribution of chitos#iRNA nanoparticles. Uncoated
nanoparticles were injected in Balb/c nude mice at a dose of 0.25 mg/kgdtfianelled siRNA
(equivalent dose of 0.7 mg/kg of chitosan), HA coated nanoparticles were injected at a dose of
0.165 mg/kg of D¥*’ labelled siRNA (equivalent dose of 0.2 mg/kg of chitosan) and organs
imaged exvivo 4 hours post administration. Bijstological anl CLSM images of nanoparticles
accumulated in PTEQVanoparticles were injected as described above, organs perfused and

collected 4 hours postdministration, fixed andryosectioned5 pm). For CLSM insets, sections



196

were stained with phalloidin red and BA(PBS) PhosphatBufferedSaline, §iNaked naked

DY®%* labeledsiRNA, (Invivofectamine) lipid nanoparticles, (PTEC) Proximal epithelial tubular
cells, NPs Nanoparticles. Lumen (L), ¥’ siRNA = Green, Nucleus (N) = Blue and Brush

borders= Red (actistaining).

Characterization of the injected nanopatrticles

As shown inFigure 7-3|A, lipid and chitosan based NPs were in the range €f0&nm with

hyaluronicacid coating (HA) increasing chitosan NP size by-fold. The polydispersity index

(Pdl), a dimensionless measuof dispersion around the mean, was below 0.2 indicating

homogeeousSDUWLFOHYV $V H[SHFWHG FKLWRVDQ EDBpdtenBall3V ZHU

between 280 mV. Hyaluronic acid (HA) coating at an N:P:C ratio of 2:1lifertedthe surface
charge to aroune30 mV representative of HA coating. Lipid nanoparticles (Inv LNP) were guasi
neutral (~ 810 mV). Although the exact composition of Inv LNPs is not disclosed by the

manufacturer, a quaseutral surface charge is probably associated witByREion or the use of

an increased molar ratio of neutral to cationic lipids in the formulation.

Compared with inline mixed NP#-igure 7-3

A and C), manually mixecthitosanrbased

nanoparticles had a similar size and surface ch
a homogaous but more disperse population of particles. As expected, and although theoretically
less likely, surface charge increased with an increase in polymer length (Mn). The effect of SIRNA

composition and chemical modification had no impact ongkisicocherical characteristics

for Inv LNP [Figure7-3|A and C,vsD and E) and is considered to be composition dependent since

Invivofectaminé 3.0 {Figure7-3| D, E and F) is a novel formulation with higher potency than its

previous counterpart Invivofectam®2.0

based RUPXODWLRQ FODLPLQJ NLGQH\ WDUJHWL Q Jpbténtiad L W\

around 510 mV.

&igare7-3|D and F) but a highd?dlindicating

(Figure7-3

Figure7-3|). A slight concomitant increase in size and decrease in surface charge was observed

A, B and C). ThéAltogenLNP, aliposome

VK
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Figure7-3 6L]JH SRO\GLVSHUVLW\ L Q @didntlo&htoxddid3EdiRNA D U J H
nanoparticles anlipid-basedhanoparticles (LNPs). Invivofectam{fig.0 (Inv LNP) were
formulated with unmodifiedsfApoB 1 D W Ridethf§l2nodified anti$ SR% VL51ffe (2
siApoB) sequences (panels B,and C). Invivofectamirfe3.0 andAltogen LNPs were
formulated withLNA-modifiedantrGAPDH siRNA (panels DE and F). Low molecular weight
chitosan, with a degree of deacetylation of 92% and molecular weight (Mn) of 1(@21a)
was formulated witlsiApoB Nat oU  { 2$2ApoB at an amine to phosphate ratio (N:P ratio) of
5 (panels AB and C). Low Mn (10 kDa) and high Mn (120 kDa) chitosans were formulated with
LNA-modifiedanttGAPDH siRNA at an N:P ratio of 5 (panels Band F). Hyaluronic acid
(HA, 866 kDa) coated chitosan nanoparticles (HA92 were prepared at an N:P ratio of 2 and
coated with HA at a phosphate to carboxyl ratio (P:C) of 1.5 (panels A, B,ECam] F). Size,
Pdl D Q-@otential of lipid nanoparticles (LNPs) were measured in phosphate buffered saline
(PBS, pH 7.4). Sizéhdl D Q-@otential of uncoated and HA coated chitos#RNA
nanoparticles were measured in excipients (1% trehalose (w/w), 5.8 or 3.5 mMhéjgiidi6.5).
A) Size (Zave diameter in nm), B) Polydispersity indgx{ DQG & 6XUIDFH FKDUJH
potential) of nanoparticles injected for the assessment of toxicity. D) Seee(diameter in

nm), E) Polydispersity indexp@l), and F) Surface chargefotential) of nanopatrticles injected
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for the assessment of in vivo knockdown efficacy. Data représeaveraget standard
deviation of 3 independent experiments with 2 technical replicates per experiment (N=3, n=6).

Unlike Lipid nanopatrticles, uncoated and HA coated chitosan NPs did not
induce immune stimulation and hematologic toxicity upon intravenous

administration

Systemic acuta vivoimmune stimulation was investigated following I.V. administration of single
ascending dose and compared with owrcially available LNPs (Invivofectamifie In order to
exclude the role of siRNA in immune stimulation, all NPs were formulated with either unmodified
RU -PHWK\O 1T2PH RAGEdIRMGeiu@ntes(ApoB). This specific antApoB
sequence waxreviously demonstrated to activate the immune system and induce systemic toxicity
when formulated with Chol: DSPC: PE(PMA: DLINDMA (molar ratio 48:20:2:30) based
liposomes (SNALPSs) opolyethyler@mine (PEI) [4] with the aforementioned deleterious side
effects abrogated through selective and position dependent chemical modifications of the ribose
backbone. As illustrated 1@ proinflammatory type | cytokines (L~ 71) N-

IL-6 and KC) measured in serum 4 hours fogction were markedly induced by bacterial
lipopolysaccharidel(PS), a potent TLR4 actvator [56, 57] and lipid nanoparticles (Inv LNP)

with no significant induction observed for uncoated and HA coated nanoparticles. Inv LNPs
showed alosedependenand statistically significant induction of M= IL-6 and KC and a minor

TNF-. LQFUHDWHUXP $V H[SHFWHG FKHPLFDO PRGLILFDWLRQ
guanine (G) nucleotides of the aApoB siRNA SiApoB 12PH DEROLVKHG F\WRNLQ
except for the murine H8 functionalhomologKC (CXCL1). In contrast, uncoated and HAated
chitosan,andirrespective of the injected dose payloaddid not significantly induce any of the

assayed prinflammatory cytokines (i.e. . 7%) N- -6 and KC) demonstrating low

in vivo immune stimulating potential following intravenous injectionchftosanbasedsystems.
Interestingly, a small but statistically significant reduction in IL ZDV REVHUYHG ZLW
formulations containing chitosan regardless of the pa@ . Although, the decrease in

IL- ZDV RQO\ REVHUYHG ZLWK REsUg&sHpetion@kEeFWH @O RGFH S
TNF-. VKRZHG Q Rtashanpg@slaind wer€generally lower than the PBS and excipient groups
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Figure 7-4|vs Supplemental Fig.S2), consequently excluding a treatment effectevér, the

baseline difference between negative controls (i.e. PBS and Excipients) and chitosan treated groups
could be attributed to different batches of mice (two orders of mice from the same supplier). In
addition, preversugpostinjection (4h) indicte that KC levels increased by tv@d upon chitosan

administration, yet remained statistically insignificant.

Figure7-4 Cytokine induction 4 hours post injection of a single ascending dose of
Invivofectamin€ 2.0, uncoated and HA coatelitosansiRNA nanoparticles in CE1® (ICR)
mice. PBS (Phosphate buffered saliné)S (Lipopolysaccharide), Inv LNP (Invivofectamitie
2.0-siRNA Lipid Nanoparticles)siApoB Nat (unmodified antApoB siRNA sequence}iApoB
1T2PH nethykmodifiedantrApoB siRNA sequence), and HA (Hyaluronic acid, 866 kDa).
Mice were L.V. injected with test articles, serum collected and analyzed 4gusirigjection
XVLQJ WKH %LR3OH[E VI\VWHP (DFK \at®regredens av&ragel VHQ W V
values +* standard deviation of7/5animals. Statistical significance versus RBfted animals
was computed with Oné&/ay ANOVA followed by Dunnett & for multiple comparisons: *p<
0.01, **p <0.001, ***p < 0.00001Note: In order to not bias the average, cytokine levels
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(animals) below the range of detection (< OOR) were excluded and not considered as 0 or LLOQ
(pg/mL).

Figure S.7-2 Cytokine levels prénjection of Invivofectamin® 2.0, uncoated and HA coated
chitosansiRNA nanoparticles into CD1 mice. PBS (Phosphate buffered sdliRg),
(Lipopolysaccharide), Inv LNP (Invivofectamine® ZRNA Lipid Nanoparticles)siApoB Nat
(unmodified antApoB siRNA sequence}iApoB 2P H nfethykmodifiedant-ApoB
siRNA sequence), and HA (Hyaluronic acid, 866kDa). Mice were intravenously injected with test

articles, serum collected and analyzed 4 houss ipgection using the BioPlex 200 system. Each

symbol represents an animal. Note: In order to not artificially manipulate the average, cytokine

levels (animals) that were below the range of detection (< OOR) were excluded and not
considered as 0 or LLO@@/mL).

We next examined the acute effect of NPs on hematological parameters and immune cells 24 hours

post administration. As illustrated

fRigure 7-5

hemoglobin and hematocrit levels decreased,
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relative to PBS treated mice, with high doses of LNPs (8 mg/kg) and increased with uncoated
chitosan NPs at high dose (2.5 mg/kg) with no correlation observed when these values were
compared to the absolute reticulocyte count. Platelet counts decreasgchbsitly with bothLPS
and InV LNPs encapsulating the native ApoB sequersip¢B Nat) indicating acute
thrombocytopenia (decreased platelet counts). The use of chemically modified sSRNgAR

12PH DEURJDWHG WKH VK|Bigug 7GHBmihgl pleousS aul ikekeW V

thrombocytopenia was linked to both thdianophore (i.e. chemical modifications) and

pharmacophore (i.e. sequemaetifs) of the encapsulated nucleic af&8]. In contrast to the LNPs
used in this study, no sequence or vector dependent thrombocytopenic effect was observed with
both uncoated and HA coated chitosan I\{Pigt(re 7-5). LPS, Inv LNPs, and high doses of

uncoated (2.5 mg/kg) and HA coated (8 mg/kbjtosanrbasedNPs, decreased the circulating

lymphocyte count|Kigure 7-5) with an ostensible sequence dependent lymphopenic effect.

However, the effect ofhitosanbased\Ps in decreasing the lymphocyte count wesker than

lipid NPs with values at the lower limit of the €I9 (ICR) normal reference values. Basophils,
eosinophilsneutrophilsand monocytes were all unaffected by any of the treatments administered
to both male and female GI¥ (ICR) mice|[Figure7-5).
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Figure7-5 Hematological profiling of Invivofectamiffe2.0, uncoated and HA coatetitosan
SiRNA nanoparticlegollowing single ascending dose administration in-CTICR) mice. PBS
(Phosphate buffered salinéPS (Lipopolysaccharide), Inv LNP (Invivofectamih@.0-siRNA
Lipid Nanoparticles)siApoB Nat (unmodified antApoB siRNA sequenceyApoB 2P H
1 tnethykmodifiedantiApoB siRNA sequence), and HA (Hyaluronic acid, 866 kDa). Mice
were intravenously injected with test articles, blood collected and analyzed 24 hours post
injection at IDEXXLaboratoriesEach symbol represents an aniawadl linesepresent average
values * standard deviation of7Sanimals except for InvVLNBIApoB Nat (8 mg/kg) where 3
animals were assayed for hematology. §tay shaded area represents the normal values (95%
confidence interval, N= 266 divided as 132ind 133 ) of 812 week old CBL® (ICR) mice
from Charles Rivers Laboratories (NoAlmericancolonies)[59]. Statistical significance versus
PBStreated animals was computed with @hay ANOVA followed by Dunnett test for
multiple comparisons: *p< 0.01, **p <0.001, ***p < 0.00001. Note: Normal range limits in this

figure are not firm boundaries and should be used as guidsiiveEsa large range of values was
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reported in the literaturand could be accounted for by variation in age, sex, sampling technique
DQG WHVWLQJ PHWKRGRORJ\ L H LQVWUXPHQW

Liver and kidney biomarkers remain unchanged with uncoated and HA
coated chitosan NPs while high doses of lipid NPs led to imased

transaminase levels

Since cationiclipid-basedsystems and liposomes, in addition to their immune stimulating
properties, are known inducers of liver biomarkers such as alanine transaminase (ALT) and
aspartate transaminase (AST), we investigateéffieet of our formulations on serum biomarkers

and compared them with LNF[Eigure7-6 As shown irEFigure?—G blood urea nitrogen (BUN)

and creatinine (Cr), both byproducts of protein and creatine catabolism in the liver and muscles

respectively and considered clinically relevant indicators (bikema) of kidney function, were
within the normal reference ranges and statistically comparable to the PBS control group following
injection with uncoated and HA coatetitosanbasedNPs. Our results indicated thettiitosan

based\Ps (uncoated and HA ceat) targeting kidney PTE@-igure 7-2) were well tolerated for

at least 24 hours postjection with no changes in kidney biomarkers (i.e. functiom).ifcrease

in BUN with a concomitant decrease in Cr was observed fdrRISdreated group consistent with

increased protein catabolism, reduced clearance and induction of cytgkqwee (-4) associated

with fever like symptoms or infections. Surprisingly a decrease in Cr with a normal BUN value
was observed with Invivofectamifi€.0-siRNA LNP (Inv LNPsiApoB Nat) only atiow dose. In
contrast to lipid nanoparticles (LNPs) or liposomes, information on liver (or systemic) toxicity
following administration of uncoated (positively charged) and HA coated (negatively charged)
chitosan NPs is lacking. As illustratedkigure 7-6| ALT, AST and ALP levels were within the

normal range and comparable to the PBS control 24 hoursagoshistration otchitosanbased

NPs indicating thabsence of liver (or systemic) toxicity. As expected, cationic LNPs (Inv LNPSs)
demonstrated a@osedependentincrease in liver biomarkers with 2 tef@d increase in the
ALT/AST ratio consistent with previous daf@0, 61] -JOXWDP\O WUDQVIHUDVH
biomarker for liver and bile dii injury, total bilirubin (TBil) and creatine kinase (CK), a biomarker

for muscle toxicity, were within the normal range for all formulations tested (i.e. Inv LNPs,

*7

\
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XQFRDWHG DQG +$ FRDWHG FKLWRVDQ '"HVSLWHs&WwedHH VWDW
for the high dose Inv LNP formulation, the clinical relevance of this increase is anecdotal due to
KLIJK YDULDELOLW\ LQ *7 QRBRUPDOKHD®IHN IRH *7 H[SUHVVLEF

following administration of uncoated and HA coated nanagarindicate that hepatobiliary

excretion |Figure 7-2| A) of these formulations is safe. LipopolysaccharidPg) induced a

decrease in alkaline phosphatase (ALP) and albumin/globulin ratio with no effect on ALT, AST,
*7 TBil and CK.

Figure7-6 Serological profiling of Invivofectamirfe2.0, uncoated and HA coatetitosan
SiRNA nanoparticleollowing single ascending dose administration in-CI(ICR) mice. PBS
(Phosphate buffered salinéPS (Lipopolysaccharide), Inv LNP (InvivofectamiB@.0-siRNA
Lipid Nanopatrticles)siApoB Nat (unmodified antApoB siRNA sequence}iApoB 2P H
1 2nethykmodifiedanti-ApoB siRNA sequence), and HA (Hyaluronic acid, 866 kDa), BUN
(Blood Urea Nitrogen), ALT (alanine transaminase), AST (aspartate transaminase), ALP
$ONDOLQH SKRVSKDWDVH *77 JDPPD JOXWDP\O WUDQVIHL
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with test aticles, blood collected and analyzed 24 hours post injection at IDIE2OSratories
Each symbol represents an animal aathadepresent average values + standard deviatioi7 of 5
animals except for InvLNBiApoB Nat (8 mg/kg) where 3 animals were assaygchematology.
Thegray shaded area represents the normal values (95% confidence interval, N= 266 divided as
133, DQG f)of 812 week old CB1® (ICR) mice from Charles Rivers Laboratories (North
Americancolonies)[59]. Statistical significance versus PB®ated animals was computed with
OneWay ANOVA followed by Dunnett test fanultiple comparisons: *p< 0.01, **p <0.001,
***n < 0.00001. Note: Normal range limits in this figure are not firm boundaries and should be
used as guidelinesncea large range of values was reported in the literature and could be
accounted for by vari@n in age, sex, sampling technique and testing methodology (i.e.
LQVWUXPHQW WHFKQLTXH «

Despite normal clinical signs poseadministration of NPs, a decrease in
body weight was observed with cationic lipid nanopatrticles, specifically

following multiple injections

Next, we examined global changes in body weight (BW) following siffgigufe 7-7| A) and

multiple (Figure 7-7| B) intravenous administrations of uncoated, -etfated ad lipid

nanoparticles formulated with either native or chemically modified siRNA. Cationic lipid
nanoparticles at doses between 1 to 8 mg/kg have been shown to induce a reduction in BW which
was associated with vector and/or sequence dependent immunéatstimuand/or elevated
ALT/AST [58, 62, 63] As shown ifFigure7-7| a small decrease in BW (~20%) was observed
forquasiQHXWUDO ,-GRWIBWLDO a “ P9 -peténtRR-DWHG&GV) 3V
DQG ORZ GRVHV PJ NJ -potertalQFZ W @) fdlRwWing a single L.V.

injection. However, and due to variability, the observed difference was not statistically significant

compared with PBS, excipient and naked siRNA groups that showed a steady, or a small (< 1 %)
increase in, body gight. TheLPStreated group showed a sharp decline in BW (4 £ 0.5 %) that
could possibly be linked with elevated cytokine levels (i.e. IL -6, TNF. N- DQG .&

compared with other groups that had lower (i.e. Inv LNP) or did not induce cytokeasedi.e.

uncoated and HA coated NP$idure 7-4). The sharp decrease in BW correlated with clinical
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signs|Table 7-2) whereLPS injected mice showed signs of lethargy, delayed responsiveness to

stimuli and changes in their general appearance around 4 houigjpostn and with decreased
ALP levels Eigure?-G . Given the demonstrated safety of uncoated and HA coatedRA\Rsg

7-4{ 5, 6 and 7) administered asingleinjection, we assumed no changes in cytokine induction,

hematological and serological parameter upon multiple injections. However, we monitored clinical

signs, bodyweights and gross organ pathology as a general toxic assessment following multiple

injectiors (Figure7-7andTable S.J). As expected, urmated and HA coated chitosan NPs did not

induce a decrease in BW. Interestingly, an initial decrease in BW between 0.5 and 2 % was
observed for uncoated chitosan upon the first injection, followed by a steady increase in BW after
the second injection (d&8). Moreover, there was no difference between low (10 kDa) and high
Mn (120 kDa) formulations on BW. Invivofectamfe.0, a cationic lipid formulation with
improved potency relative to its previous 2.0 generation, induced a sharp decrease (4 £ 1 %) in

body weight typicalof lipid based and liposomal formulatiofib, 58, 62, 63]
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Figure7-7 Changes in body weight following intravenous nanoparticle administration. A)

Percent change in body weight following a sinigkeavenousnjection in CD1® (ICR) mice.
Invivofectaminé 2.0 lipid nanoparticles (Inv LNP) were formulated with unmodifisidgoB

1DW D @methyfidodified ApoB siRNAgiApoB 12PH DQG LQMHFWHG DW DC
Uncoated chitosan was formulated wsiApoB Nat andsiApoB 2PH DW DQ 1 3 UDWLR R
injected at 1 and 2.5 mg/kg. Hyaluronic acid (HA, 866 kDa) coated nanopatrticles were prepared

at an N:P:C of 2:1:1.5 and injected at 1 and 8 mg/kg. The injected doseshaseefrom the
hemocompatibility dat@ where the maximurdose resultin hemolysis below the

ASTM threshold. B) Percent change in body weight following three 1.V. injections in Balb/c

mice. Invivofectamin® 3.0 (Inv LNP) andAltogen (Altogen LNP) lipid nanoparticles were
formulated withLNA-modified GAPDH siRNA 6iGAPDH) and injected at 2.5 mg/kg. Low Mn
(10 kDa) and high Mn (120 kDa) chitosan nanoparticles were formulategi@i#PDHat an
N:P ratio of 5 and I.V. injected atmg/kg. Hyaluronic acid (HA, 866 kDa) coated nanoparticles
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were prepared at an N:P:C of 2:1:1.5 and injected at 8 mg/kg. The injected doses were chosen

from the hemocompatibility dat&igure7-1) where the maximum dose results in hemolysis

below the ASTM threshold and following personal communication with the manufacturers of
Invivofectamin& 3.0 andAltogen For panel A and B, body weight (g) was collected before each
injection and at euthanasia. Red arrows and crosses illustrate injection and euthanasia
respectively. Data represent the average + stamgadtionof 5-7 mice/group. Phosphate

buffered salie (PBS) and lipopolysaccharideRS) were used as controls.

Table7-2 Clinical signs collected following singleascending dose of LNPs, uncoated and HA
coated chitosasiRNA nanoparticles. General aspectrsd@AS), or the general physical aspect
of the animal (i.e. hunchback positignioerection YRFDOL]DWLRQ « Wg&breQDW XUD
(NBS), or the behavioral aspect of the animal relative to its habitat and littermates (i.e. litter
aspect, activityQHVWLQJ « DQG WK ir Sar&kPKBY), ldrGheEadind espRnse to
VWLPXOL L H SHQ WDS RQ WKH FDJH « ZHUH FROOHFWHG E
this table along with the frequency.

Clinical signs Time (h) post injection
TA (dose)

parameters 4h (frequency) 24h (frequency)

GAS 0 (7/7) 0 (7/7)
PBS NBS 0 (7/7) 0 (7/7)

PKBS 0 (7/7) 0 (7/7)
LPS GAS 3(7/7) 0 (7/7)
(4mg/kg) NBS 0 (7/7) 0 (7/7)

PKBS 3(7/7) 0 (7/7)
siApoB Nat GAS 0 (7/7) 0 (7/7)
(8 mg/kg) NBS 0 (7/7) 0 (7/7)

PKBS 0 (7/7) 0 (7/7)

GAS 0 (7/7) 0 (7/7)
VL$SR% T2PH

NBS 0 (7/7) 0 (7/7)
(8mg/kg)

PKBS 0 (7/7) 0 (7/7)
InVLNP siApoB Nat GAS 0 (7/7) 0 (7/7)
(2 mg/kg) NBS 0 (7/7) 0 (7/7)
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PKBS 0 (7/7) 0 (7/7)
InVLNP siApoB Nat GAS 1 (7/7) 0 (717)
(8 mg/kg) NBS 0 (717) 0 (717)

PKBS 1 (7/17) 0 (7/7)
,QY/13 VL$SR Y| GAS 1 (7/7) 0 (717)
(8 mg/kg) NBS 0 (7/7) 0 (7/7)

PKBS 1 (7/7) 0 (717)

GAS 0 (7/7) 0 (7/7)
92-105 siApoB Nat

NBS 0 (7/7) 0 (7/7)
(Img/kg)

PKBS 0 (717) 0 (717)

GAS 1(7/7) 0 (7/7)
92-10-5 siApoB Nat

NBS 0 (7/7) 0 (7/7)
(2.5 mg/kg)

PKBS 1(717) 0 (7/7)
92100 VL$SR% 9 GAS 1 (417) 0 (7/7)
(2.5 mg/kg) NBS 0 (717) 0 (717)

PKBS 1 (3/7) 0 (7/7)
HA92-10 siApoB Nat GAS 0 (717) 0 (717)
(2 mg/kg) NBS 0(7/7) 0 (7/7)

PKBS 0 (717) 0 (717)
HA92-10 siApoB Nat GAS 0 (717) 0 (717)
(8 mg/kg) NBS 0 (7/7) 0 (7/7)

PKBS 0 (717) 0 (717)
HA92- VL$SR% |GAS 0 (7/7) 0 (7/7)
(8 mg/kg) NBS 0 (717) 0 (717)

PKBS 0 (717) 0 (717)
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Uncoated and HA coatedchitosan NPs did not induce histopathological

changes in main organs following 1.V injection at low and high doses

Histopathological changes are often associated with nanoparticle toxicity and accumulation in

target organsWe, therefore,monitored gross and microscopic morphological changes in main

organs 24 hours pestjection. As shown ifFigure 7-8| tissue sections from liver anddkey

display no difference relative t®BStreatedgroup indicating that NPs accumulating in PTECs

Figure7-2) are relatively saféd thoroughexamiration of these organs showed no changes in cell

morphology,absencef apoptotic cells and/or immune infiltration. Similar results were obtained

at lower doses of uncoated and HA coated NPs and for other organs such as thenggamd

spleen|Figure S.7-1|and S4) highlighting the safety of these formulations. Histopathological

examination of tissues upon multiple injections underlined the safety of these NPs (data not shown)
with similar reslts obtained in comparison withsingleinjection. In contrast tehitosanbased
NPs, immune cell infiltration close to liver sinusoids was observed for the high dose of Inv LNP

(8 mg/kg) (Data not shown).

Figure7-8 Histopathological comparison of liver and kidney tissue sections following
intravenous administration of high doses of uncoated and HA coated nanoparticles. Uncoated and
HA coated nanoparticles were formulated with both unmodiBespB 1 DW D Qréthy 2
PRGLILHG $SR% VL51% \siAjoBHataR N:Y:C of 2:P.Bifor uncoated and 2:1:1.5

for HA-coatedformulations freezedried rehydrated using excipients and I.V. injected at a dose
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of 2.5 (uncoated) and 8 (HA coated) mg/kg siRMnimals were euthanatized 24 hours post
administration, organ collected, fixed and processed for histopathological analysis. Phosphate
buffered saline (PBS) and lipopolysaccharide$) were used as controls. Organs from at least

two animals per treatmégroup were processed and analyzed. Heart, LungSieentissues

from low (1 mg/kg) and high doses (2.5 and 8 mg/kg) are depictBapplementgFigure S.7-4

Tissues showheabsencef morphological changes, alterations, clots, apoptotic/necrotic cells or

infiltration of immune cells.

Figure S.7-3 Histopathological comparison of liver and kidney tissue sections following
intravenous administration of low doses of uncoated and HA coated nanoparticles. Uncoated and
HA coated nanoparticles were formulated with unmodifs@dgoB Nat) at an N:P:C ratiof
5:1:0 for uncoated and 2:1:1.5 fdA-coatedformulations freezedried rehydrated using
excipients and intravenously injected at a dose of 1 mg/kg siRNA. Animals were euthanatized 24
hours postadministration, organ collected, fixed and processetliftopathological analysis.
Tissues showheabsencef morphological changes, alterations, clots, apoptotic/necrotic cells or

infiltration of immune cells.
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Figure S.7-4 Histopathological comparisarf spleenheartand lung tissue sections following

intravenous administration of high doses of uncoated and HA coated nanoparticles. Uncoated and
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HA coated nanopatrticles were formulated with either unmodi§gkppB 1 D W Rrdeth§l2
modified ApoB siRN$ T2PH $SR% DW DQ 1 3 & UDWLR RI IRU XC
HA-coatedformulations freezedried, rehydrated using excipients and intravenously injected at a
dose of 2.5 (uncoated) and 8 (HA coated) mg/kg siRNA. Animals were euthanatizear24 ho
postadministration, organ collected, fixed and processed for histopathological analysis.
Phosphate buffered saline (PBS) and lipopolysacchdtll®) (vere used as controls. Organs
from at least two animals per treatment group were processed ancedndigsues show
absence®f morphological changes, alterations, clots, apoptotic/necrotic cells or infiltration of

immune cells.

Uncoated chitosan NPs demonstrated functional genespecific

knockdown in kidney cortex independent of polymer length (Mn)

We next examined the efficacy of uncoated and-déAted NPs through the assessment of
functional GAPDH knockdown in inbred Balb/c mice. Nanopatrticles were manually prepared, and
injected via the tail vein, except for the HA formulation which Waszedried (FD), following

manual mixing, to reach the specific dose and rehydrated before injection. As illustfaitga @

7-9| statistically significanfunctional knockdown of 55%, as assessed by GAPDH enzymatic

activity (Figure7-9] A), was achieved in the kidney cortex following administration iwiglkg of

uncoated chitosan NPs. Low (10 kDa) and high (120 kDa) Mn chitosan achieved similar

knockdown efficiency with a small, but improved performance observed with low Mn chitosan

Figure7-9| A and B). Assessment of GAPDH knockdown by western blot showed a similar trend

in knockdownbetween lowersts high Mn chitosan with minor differences that could be attributed

to the different techniques used for target knockdown assessment (Enzyeratisimmune
detection). Interestingly, the HA coated formulation, injected at the higher dose of 8 mg/kg,
prodwed no knockdown of the target gene. Naked siRNA has a natural tendency to accumulate in
thekidney[33, 6467] and is used as a strategypimasdll clinical trial to target p53 inschemia
reperfusiorkidney injury (NCT02610296). In our study, chemically modified siRNA, containing
Locked Nucleic Acid (LNA) combined wittother AMBION Silence? Select modifications

(undisclosed), resulted in only 16% target knockdown when injected at a dose of 2.5 mg/kg
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indicating a clear, and positive effect, of the chitosan delivery system to improve SiRNA
knockdown efficiency nearly 4ofd to 55%. Surprisingly, a commercially availalXginey
targetediposome Altogen LNP, did not achieve knockdown possibly due to its large size (~ 300
nm) preinjection which could increase to around 48 nm upon injection in blood. Qualitative

confirmation of target knockdown was performed using immunohistochemistry on kidney sections

from chitosan an®PBStreatedmice. As shown ifFigure 7-9|C, specific target knockdown was

achieved in the cortex of chitosan NP treated kidneys. Taken together, our data showed that
uncoated chitosans (both high and low Mwith a degree of deaggation (DDA) of 92%, are safe

Figure 7-5/and 6), noAmmune stimulating delivery systerr[Eigure 7-4) that targets kidney

PTECs|Figure7-2), and are well tolerated upon single and multipleatipn to achieve significant

functional knockdown in kidney corticgBigure7-9| A, B and C).
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Figure7-9 Efficacy ofin vivo target knockdown. A) GAPDH activity (U) normalized per tissue
mass (mg). Kidneys were collected, snap frozen in liquid nitrogen, and cortex excised,
homogenized, protein extracted and assayed using tie'GA.' DOHUW & HQ]J\PDWLF NL)\
nonsignificant and numbers express % knockdown relative to PBS. B) Western blot detection of
GAPDH in kidney lysate. GAPDH signal was normalized to the vinculin loading comtrel.
insetshows an actual example of a westblot membrane used for quantification. The
membrane shows three different animals injected with PBS (control) and Wit ®21 mg/kg
SiIGAPDH). Numbers in the histogram columns represent % knockdown relative to PBS. C)
Qualitative assessment of GAPxHockdown inthekidneyby immunohistochemistry. Panels a,
b, ¢, and d show a kidney section collected frorRB&treatedanimal stained witranttGAPDH
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antibody (a and b) and isotype control (c and d). Panels e, f, g, and h show a kidney section
collected from a chitosan (90-5) treatecanimal stained withantrGAPDH antibody (e and f)
and isotype control (g and h). Data represent average valuesiarstaeviation of 5 animals
except for 921205 siGAPDH (1 mg/kg) where 4 animals were assayed. Statistical significance
versus PBSreated animals was computed with @ffay ANOVA followed by Dunnett test for
multiple comparisons: *p< 0.01, **p <0.001, **< 0.00001.

7.4 Discussion

Here, we investigated the effect of chitosan polymer length, dose, and surface modification with
hyaluronic acid (HA) on the hemolytic potential, acute and organ toxicity, cytokine induation,
vivo biodistribution and target kie&kdown efficacy in addition to comparing chitosan NPs with
commercially available cationic lipid nanoparticles (InvivofectarffiineHemolytic and
hemagglutination properties have been well characterized for cationic polymers such& PEI

69] and chitosa40] with chitooligosaccharide (Mn < 5 kDa) found to be +i@molytic but cause
dosedependenérythrocyte aggregatidir0]. In our study, we have shown that uncoated chitosan
NPsdisplay dose and molecular weight dependent hemolytic and hemagglutination properties that

could be abrogated with the use of nanoparticles prepared at low nitrogen to phosphate ratio (N:P

ratio) or following HA coating|figure 7-1) consequently highlighting careful dosing to avoid

hemotoxicity and/or embolism. The hemolytic/hemagglutination potential of chitosan could occur
through interaction with rgatively charged erythrocyte (RBC) membranes via a pore forming
mechanism, followed by a subsequence osmotic shock, and/or through regulation of surface protein
and increase in surface roughness as demonstrated for methacrylate based pohjnaers
chitooligosaccharide$70] respectively. In addition, the interaction betweenagah amino groups

and acidic groups on erythrocytes could promote polyelectrolyte complex formation leading to
RBC aggregation as seen for other biomatefié$. NP coating with HA, a biocompatible and
negatively charged molecule, eliminated both hemolysis and RBC aggregatsblypdsie to

limited interaction with erythrocyte membranes through electrostatic repulsion and reduced

interaction with serum component$-igure 7-1| In contrast to uncoated chitosan, lipid

nanoparticles (LNPs) did not shaesedependenhemolysis|Figure7-1| Inset) probably due to
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surface PEGWtion implied by the quasQ H X Wpatéhtial ~ 810mV [Figure7-3). Shielding with
polyethylene glycol (PEG) has been the method of choice to liNft hemolysis with high PEG

density required for improved biocompatibility and reduced cytokine indud¢&&h and is
incorporated in most ifiot all LNPs that are commercially available or in clinical development. In

contrast to PEGylation, electrostatic coating with HA has demonstrated a similar protective effect

permitting dose increase to at least 8 mgkgyre7-1).

Immune stimulating properties of nanopatrticles, or their payloads, can be studied by monitoring
the expression of cytokines in plasma, serum or target tif$ug8, 62, 63pnd represent one of

the major hurdles for clinical translatiqa4]. In the current study, uncoated and dddated
chitosan NPs did not induce type | prdlammatory cytokines (IL 7)) N- DQ®),/
except for a small but statistically insignificant increase in KC, a hum&rhtimolog@

indicating a noAimmunogenic effect 4 hours peastiministration. KC is a chemoattractant

cytokine with distinct, or quasinique target specificity for neutrophils and is produced by a
variety of epithelialand endthelial cells (EC)[73, 74] The absence of neutrophil invasion, 24
hours postadministration, in main organSpplemental Fig. S3 and Sdand in kidney tissues
Figure7-8) where chitosan has been found to accum@ suggests an epitheliegll-

independenmechanism of KC expression. However, platelet activation, aggregation and cytokine

release (i.e. TGF  3'*JAB) have been observed followimg vitro assessment of chitosan in

hemostatic aggregation experimems] suggesting that KC levels pestiministration of chitosan

Figure7-4) could be attributed to platelattivationand their release from WeibBhlade bodies.

The adjuvant and immune stimulating effect of chitosan baea well described both vitro and

in vivo, and involve the activation of dendritic cells, and the secretion of-Tgprinflammatory

cytokines (i.e. IN-. -/ 7Lk) « WKURXJK 1/53 LQIODPPDVRPH DFW
recently discoveredGASSTING pathway for lower DDA (80%) chitosafél, 42, 7678]. The

apparent contradiction between the lack of cytokine activ@ and the literature could

be explained by differences in routes of administration, dose, degrees of deacetylation and priming
of immune cells. For instance, most studies demonstrating thall@ngic properties of chitiand
chitosan (Th inhibition) via the expression of Tygdecytokines have been testedvitro and/or
using the intranasal, intraperitoneal, intraocular and intravaginal routes of adminig¢2ti@6]
However, in all these studies, priming strategies were used and could explain cytokine induction

consistent withthe finding that chitosan stimulated significant cytokine release only from primed
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% 0 0-[77]. In this study, we did not measure cytokine levels at subsequent time points which
could also explain the absence of cytokine induction, that only appeared around 9 h an@4eaked
hours post stimulatiof#2]. Other considerations such as Mn, contaminants, particle size may also

contribute to the observed difference.

Lipid nanoparticles (LNPs), and liposomes are known, and potent, immune actinatitrs and

in vivo with immune stimulation governed by the lipid and cationic head groups, and/or the
combination with the nucleiacid payload4, 15, 52, 58, 63]In this study, Invivofect@ine® LNPs
demonstrated dosedependeninduction of FN- -6 and KC and aminor TNE LQFUHDVH LQ
serum (Figure 7-4 ,PPXQH VWLPXODWLRQ ZDV DEURJDWHG ZLWK
confirming previous results with LNH4, 58] highlighting major differences with our chitosan

system where cytokine induction was not observed with any payload. In this study, we chese TNF
EHFDXVH LW LV D SRWHQW F \téd RaNdLiiQrie oNst&IDrtVedsad, byda¥ Bl LD E O\

Like receptors (TLR9)79, 80] Therefore, the TNFE VW L P XoBsBrvéd. Wit lipid nanoparticle

used in this study, while not induced with chitosan, suggests a TLR based mechanism of immune

induction reminiscent aEhol:DSPC:DOTARS3:1:1) cationic liposome$3].

In the absence of cytokine indumicﬁFigure 7-4), we next examined the acute toxic effects of
chitosan, dose, siRNA sequence, 4ddating on hematological and serological parameters.

Hematocrit (HCT) and total hemoglobin (Hb) levels were unchanged relative to PBS and within
the normal reference ranges of @® (ICR) mice indicating a relatively safe and Aoemolytic

profile for all formulation tested. Lower Hb, but not HCT, levels coragavith the reference range

could be observed intragroup and might be due to differences in gender, age and quantification
techniques used to establish the reference rgd68e81] However, Hb levels were comparable to

the PBS group and considered normal in this study. In contrast to chitosan NP, and their HA coated
form, LNPs used in this study sharply decreased platelet counts consistent with previous
observationg15, 58] In this study, platelet decreases, or thrombocytopeostLNP injection

was sequence dependent consistent [BiBh Thrombocytopenia was also observeddatisense
oligonucleotide (ASO) administered at doses above 200 mg/kg, which resulted in a halt in both the
IONIS CARDIO-TTR and the NEURGTR phase Il trials, and could be traced to the
phosphorothioate (PS) backbanedification[82]. In the present study, as seen in a previous study

[58], the antiApoB siRNA was not PS modified, supportifigither mechanistic investigation.



220

Interestingly,lymphocyte counts decreased with both lipid and chitosan based formulations when

formulated with the native immune stimulatdd] antrApoB sequencg-igure 7-5). All other

parameters tested such as circulating basophils, eosinoploigcytes and neutrophils were

normal and within the normal standard ranges forX2ICR) mice[59, 81]

Chitosan accumulation itihe kidney|Eigure7-2) did not impair kidney function since levels of

blood urea nitrogen and creatine remained noffFigu(e7-6). However, one major drawback of

this study consists of the lack of BUN and creatinine measurements in urine iwhiare
predictive than their serum counterparts as they permit the computation of the glomerular filtration
rate (GFR), a clinical indicator of renal function. BUN and creatinine, are also indirect indicators
of liver health, and therefore support the aleseonf liver toxicity as indicated by normal

transaminase levels such as ALT, AST and AER){re 7-6). In contrast to uncoated and HA

coated NPs, ligi nanoparticles showed a typidaisedependenincrease in transaminasgsgure

7-6) indicating transient liver toxicitjl5, 62, 63] This was further accompanied by a reduction in

body weight|Eigure 7-7) further highlighting systemic (liver) toxicity with LNPs. In general, a

decrease in body weight has been observed with lipid nanopaftibles8, 62, 63hnd could be
attributed to either the lipidd5, 62, 63]or to properties of the encapsulated nucleic acid payload
[58]. In the present study, the decrease in body weight is believed to be due to the general toxicity
induced by the lipid system, since injections were performedanitbckedNucleic Acid (LNA)
PRGLILHG VHTXHQFH F R@ospbdrdfidate(PS) Bi&véleD fa@her examination

of the immune stimulation properties of this sequence, in the lipid encapsulated form is required.

Lipopolysaccharidel(PS) treatment increaseBUN, and decreased Cr levels in serum typical of

catabolic processes induced follogimduction of cytokinesRigure7-4) in feverlike symptoms

or infections [83]. Alkaline phosphatase (AP), an enzyme endowed WR$ detoxifying

properties decreased following L.V. injection bPS (Figure 7-6). The reduction is mainly

attributed to malnutrition and weight logsiqure 7-7A), and correlates with overt clinical signs

including lethargy, decreased reactivity to stimuli and changed in the general appearance of mice

Table7-2). However, and under the current experimental conditions, we cannot rule out another,

less possible but validhypothesigo explain AP reduction in serum, likely due to AP depletion

following LPSdetoxification.
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Organ and tissue toxicity is generally recognized by morphological changes, immune infiltration,
apoptosis and/or necrosis. In the current study, no morphological changes, including an absence of

infiltrating neutrophils, apoptotiand/or necrotic cells were observed in main organs upon single

Figure 7-8|and SupplementgFigure S.7-3|and S4 and multiple injections (data not shown)

further confirming the safety of uncoated and HA coated NPs. However, immune infiltration in
liver was observed with high doses (8 mg/kg)mfivofectamin& 2.0 (data not shown) supporting

immune stimulation datg{gure7-4). Considering the data discussed above,asuke and chronic

toxicity studies should be performed as per the international conference on harmonization (ICH)
and the Food and Drug Administration (FDA) guidelines, with cytokine induction assessed at
multiple time points, in order to draw a complete toxicity profile.

Intravenous administration was shown to cause accumulatiochitosansiRNA NPs in kidneys

Figure7-2) and promote siRNA translocation through the glomerular basement membrane (GBM)

as evidenced by the intracytoplasmic localization and punctuate pattern of |Giigiva 7-2| B

and Inset). PTEC internalization of chitosan has been previously demonstrated to be dependent on
glucosamine (GleMegalin interaction and subsequent endocyt§®%5 84] Hyaluronic acid

coating modified theghysicochemicalSURSHUWLHY RI QDQRSDUWLFOHV ZLW
potential indicating effective coatin@ , without modifying the kidney-targeted
biodistribution pattern possibly via CD44 internalization. Indeed, PTECs express at least five

CD44 splice variants that play an important role in HA internalization and could be blocked using
ant-CD44 antibodie$85]. In addition, HA has been shown to increase colloidal stability of NPs
in serum[23] but HA could shed irirculation thereforegxposing the chitosasiRNA core (N:P

2) that subsequently accumulate in PTECMegalinmediatedendocytosisThis two hypothesi,

could be validated through a PK/PD study in CD44 and Megalin double negative transgenic mice
or CD44 negative witidruginduced Megalin shedding. Independent of the observed PTEC
accumulation, the mechanism of NP translocation through GBM still remmiclear since
fenestration and ECM restrict translocation and diffusion of NIBs-conventionaimechanisms

such as those observed with 2Z8@ nm carbon nanotubd86], or through nanoparticle
disassembly at the highly negative GBM and reassembly in the lumen as propagebbttextrir

based nanoparticles[87] might provide an explanation for GBM translocation and PTEC
accumulation. Alternative delivery through the fenestrated peritubular capillaries could occur but
also faces similar diffusion challenges through the negatively charged interstitium. In addition to
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kidney, uncoated and Héoated NPs accumulate in the gallbladder ({Fljure 7-2) suggesting

hepatobiliary elimination of nanoparticles, or a fractidrereof, with a size above liver

fenestrations suggesting that a fraction of the injected NPs was in the rangd pin®[88].

Considering the biodistribution and the toxicity assessment of lettaaid HAcoated NPs, we

next examined the efficacy of these NPs to induce target specific knockdown. The glyceraldehyde
3-phosphate (GAPDH) gene was selected as a target due to its ubiquitous expression in tissues and
the availability ofin vivo validated and chemically modified, siRNA sequences. In this study,

functional GAPDH knockdown in the kidney cortex was achieved upon three injections of

uncoated NP#Hgure7-9{ A). GAPDH enzymatic activity was reduced in kidney lysate by around
55% and 45% using low (10 kDa) and high (120 kDa) Mn chitosan respectively. Western blot

analysis and qualitative immunohistochemistry confirmed the enzymatic adatéyand showed

cortex specific knockdow(figure7-9| B and C). In contrast to uncoated chitosan;¢bated NPs
accumulated in the kidng¥igure7-3) but did not induce target knockdowfigure7-9| A). This

result could be explained by the need of excess chitosan (N:P = 5:1 in unated inHA-
coated to promote endosomal relea9], possibly through the proton sponge effect. As a

consequence, it is likely thetA-coated\Ps formulated at an N:P:C 2.5:1:2 are able to translocate

to the cytoplasm of PTEQFi(gure 7-2) but remain sequestrated in endolysosomal compartments

due to poor endosomal buffering capacity and reduced proton sponge effect. In addition, the
negatively charged HA molecule, if ¢ocalizing with chitosan, could otribute to lower
endosomal release lmyaskingpositive charge in thendosomgtherefore reducing the capacity

of endocytosed chitosan to mediate endosomal rupture. Independent of the two hypotheses, further
validation throughin vivo rescue experimentsi.e. injection of HAcoated NPs, followed by, or
co-injected with, free chitosarand intracellular trafficking studies are needed. In contrast to HA
coated NPs (N:P:C of 2.5:1:2), uncoated chitosan formulations prepared at an N:P ratio of 5 contain

araund 70% free chitosa®0] that couldcolocalizein PTEC endosomes and promote endosomal

rupture, explaining the observed efficaglyigure 7-9). Endosomalcolocalization strategies

involving cholesterciconjugatedsiRNA and GalNAeconjugatedendosomodisruptiv@olymers
have been previouslgescribedand applied in the clinic as a Dynamic Polyconjugate (DPC)

system.
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In contrast to chitosan, InvivofectamfheNPs accumulated in liver (data not shown) and induced
target knockdownSupplemental Fig.S% confirming previous findings with the same delivery
system[91]. Knockdown levels obtained in this study with LNPs are lower than previously
reported dat§64, 91]and could be explained by differences in target geneliiaff (t/2). Full
depletion of the target protein after complete mRNA knockdown (> 95%), given steatiyngnd
termknockdown, requires around 5 hiifes indicating the importance of time point selection for
knockdownassessment. As such, knockdown is underesuhfat long (i.e. GAPDH >35 [92])

versusshorthalf-life targets (i.e. factor ViitearoytCoA Desaturase dbid «

Compared to the potency of LNPs in biopharmaceutical pipelines98%)[18, 93] functional

target knockdown obtained with our system (-6886) appears lower. However, caerations

such as halfife of the target genepotencyof the siRNA, and tissue dependent technical
challenges could eXqin these differences. Given that chitosan accumulates in PTECs (minor cell
subtype of the kidnewersusLNPs in hepatocytes (predominaal typein liver), assessment of

target knockdown using conventional techniques (i.e. qPCR, enzymatic activisyerme
EORWWLQJ« WKDW DYHUDJH H[SUHVVLRQ OHYHOV DFURVV D
underestimated. Therefore, functional knockdown obtained in this report underestimates the true
efficiency of our system to silence a target gene iB®9, and highlight that precise evaluation

of knockdown requires the development of methods capable of estinkaogdownin a

specific subset of cells composing an organ.

Taken together, our findings are critically important in revealing that uncoate#iA-coated

NPs display no toxicity along with extteepatic delivery of siRNA leading ta functional
knockdown in kidney cortices. The efficacy of our uncoated system in inducing functional target
knockdown in PTECs specifically differentiates it fregctlodextrinbased\NPs accumulating in

the glomerulus and podocyt§&7]. This study also highlights the potential of hyaluronic acid
coated chitosan hybrid systemagotentialsystem that accumulates in the kidney and could be
delivered at high doses without hemolytic and/or adverse events. Further investigation is needed
to elucidate the mechanism of PTEC accumulation and lack of knockdown efficacy observed with

the HA-coatedsystem in this report despite similar distribution properties.
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7.5 Conclusion

Uncoated chitosan NPs were shown to have hemolytic potential in a dodénatebendent
manner with hyaluronic acid coating abrogating this negative effect. In contrigidtbased
nanoparticles, and liposomes, uncoated and HA coated chitosan NPs did not induce
proinflammatory Typel cytokines except for a small but statistically insignificant increase
observed with the human 48 homolog KC. Toxicological profiling showed thdoth uncoated

and HA coated chitosan NPs injected at low and high doses were safe as demonstrated by normal
hematological parameters and serological biomarkers. In this study, lipid nanoparticles
(Invivofectamin&), induced a dosdependent cytokineelease and caused acute toxicity
exemplified by increased serum transaminases and a sharp reduction in body weigha.
biodistribution showed cytoplasmic accumulation of SiRNA in the proximal tubular epithelial cells
of the kidney, with a clear role farhitosan, whether uncoated brA-coated in improved
bioaccumulation. Nanoparticle efficacy showed-88% functional knockdown with a clear
confinement to the kidney cortex after 1.V. administration. In contrast, we have found that HA
coating sharply reded knockdown despite accumulation in the kidney cortex suggesting the
incorporation ofendosomolyticmoieties in such NPs may improve endosomal release. Taken
together, our data indicate that chitosan NPs are safe delivery systems with the potenditl to tre

kidney diseases, specifically in PTEC related pathologies.
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This study was carried out with the purpose of identifying molecular properties favoring efficient,

andnon-toxic, in vitro and in vivadelivery of sSiRNA|Objective 1& 2). Furthermoretheefficacy

of selected formulations to induce potent functional gene knockdown was tested in mice after

thorough profiling of hemocompatibility, single ascending dose acute toaiedybiodistribution

Objective 3. This study demonstrates the importance of chitosan degree of deacetylation (charge

density), polymer length, and N:P ratio on nanoparticle physicochemical properties and biological
performance. Restsl showed that nanoparticle uptake and target gene knockdown positively
correlated with an increase in all three parameters, with polymer length and N:P ratio playing
positive but marginal roles. Systemic administration ofiseimolytic doses revealed eadiepatic
distribution to the cytoplasm of renal proximal epithelial tubular cBlEnoparticles were nen

toxic compared to their lipidounterpart@nd had no impact on clinical signs, hematological and
serological biomarkers, cytokine induction and cleEngn body weight. Functional target

knockdown reached 580% in renal cortices.

Our data show that chitosan degree of deacetylation (DDA), or the numtretarfatableamines

(NH>), played a predominant role in dictating successfwitro knockdown The positive effect

of high charge density, achieved at high DDA, on knockdown efficiency can be attributed to several
factors includingncreasedinding affinity for sSiRNA, increased electrostatic interaction with cell
membranes and increased endosomdkbinfy capacity. None of the previous studi2d-23, 25,

27] investigating the infilence of chitosan molecular parameters on siRNA delivery examined the
biological relevance of DDA. Instead, polymer length and the amine to phosphate molar ratio (N:P)
was varied to optimizi vitro knockdown efficiency. In our study, the molecular wejgin chain

length (Mn), and the N:P ratio had a positive but margaffaict on knockdown efficiencyrhis
observation is in agreement with results reported previd@ély29] where increased polymer
length and N:P ratio had minimal effects on target knockdown efficigdoyever, and as
hypothesised i@. our findings are distinctly different from previous work on chitosan

mediated plasmid delivery (pbDNA), where a flmdlanceor the modulation ofither the molecular
weight (chain length) or the degree of deacetylation (charge density) was required in order to
redu@ nanoparticle stability to a threshold where particles are able to protect pPDNA and promote

intracellular dissociation for efficient transgene expresg3dn 39, 40] These differences could
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be due to different affinities between chitosan and the nucleic acids. pDNA is a large and flexible
molecule able to form multiplenterchain bridges with high affinity[210] (avidity) with the
polymer compared to the short and rigid SIRNA mole¢2@3.

In the current study, the importance of chain length (Mn) and&ti®was demonstrated below a
certain Mn thresholevhere nanoparticlenternalization and target knockdown were both reduced
when nanoparticles were formuldtéelow 10 kDa. Lowin vitro performance was not only
attributed to nanoparticle integrity at pH above chitosan pKag®)but also due to the presence

of serum. Low Mn formulations showed inferior performance in presence of serum and required
an increge in Mn or N:P ratio for improvegotency,suggesting nanoparticle destabilization
occurring through competitive displacement with negatively charged serum components. The
negative effect of serum on nanopatrticle integrity has been previously demonstrated for cationic
liposomeq126] and chitosa+PEI hybrid nanopartles[21] with theinclusionof helper lipds i.e

DOPE and cholesterol or surface modification (e.g. PEGylation or HA coating) abrogating these
negative effects. Although we could not elucidate the precise effect of serum, heparin and albumin

were found to have antagonistic effects on siRNA releate heparin increasing and albumin

decreasing release partially confirming our hypoth@digp6thesis L These opposed effects

confirm previous finehgs with albumin antagonizing the negative effects of heparin and oleic acid
on cationic liposomes formulated without helper lipgjitl26]. In our study, cooperation between
competingserum components, ionic strength, pH and their effects on nanopatrticles is believed to
drive the need for highévin and N:P ratio for particle stability. This observation was confirmed

in the presence of relevam vivo concentrations of serum, where nanoparticle performance

decreased in a Mn and N:P dependeatner.

Nanoparticle size and surface charge are two important parameters that affect colloidal stability,
pharmacokinetics, biocompatibility and nanopartcdd interactiong[237]. In this study, size
increased with increasing polymer length (Mn) and ionic strength. In contrast to size, nanopatrticle
-potential, increased witincreased DDAMnN and N:P ratio and decreased with increasing ionic
strength. As expected, an increase in the number of ioniaafdhegroups (NH) per chain (DDA),
increases the charge density of the polymer and consequently has a direct and pts#iveei

on -potential However, surface charge is not, at least theoretically, expected to increase with
increasing Mrsincel) the pairing of chitosan positive charge and siRNA negative charge groups

is not obviouslyMn-dependenand2) an increase in size, due to an increase in Mn, is translated to
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a lower electrophoretic mobility and thus a lower appargmvtential. Nevertheless, thin-
dependenincrease in-potential may be due thains that are partly bound at the surface tiegul

in pendant chains that are longer for higher Mn that increase sutiacge,or possibly more
chitosan chains are bound in particles through greater cooperativity of binding to siRNA. The effect
of ionic strength on colloidal stability over time shedvstrong aggregation aeduld therefore,
influence nanoparticle performanicevivothrough unintended blood interactions. In this stuely,
potentialpositively correlated with knockdown efficiency confirming previous red@Ts 238]
However, a lack of correlation between size and EGFP knockdown was observed and could be
explained by serum dependent size stabilization occurring through rapid protein corona formation
[38]. Nimeshet al found that the size athitosanbasednanoparticlegapidly increases in the

presence of serum then stabilizes aroundZIWnm without loss in performanf28].

siRNA and/orvectorbasedoff-target effects continue to pose problems at the bench and the
bedside[239-241]. A thoroughevaluation of offtarget effects was conducted in our study with
nontargeting siRNA (sSiNT) and mock transfections (M) performed in parallel to treatniéms.
delivery of sSiNT showed insignificanknockdownwhile mock transfections mediated a slight
increase in EGFP expression for some chitosans. In both cases, target knockdown and/or
expression reached a maximum of +10% indicating a relatively safe profile. The pattern of EGFP
knockdown and/or gxession seem to follow a trend where |lasghort chains appear to have
opposite effects. This is reminiscent of the marginal toxicity observed when assessing metabolic
activity in transfected cells. Therefore, the decrease in EGFP expression feiNdo#nd mock
transfections observed with short chains, and independent of the N:P ratio, is possibly associated
with marginal metabolic toxicity observed at low Mn. Consistent with this idea, Malmdz2fi]al

found that mock transfection with fully deacetylated chitosan consistently reduced EGFP
expression by about 10% and that a ddspendent response was associated withnarG25%
decreaseAlthoughno metabolic decrease was mentionef20], the number of seeded cells was
above the linear sponse of the assay and therefore, toxicity was not accurately estimated for
correlation withmockinducedEGFP knockdown. However, this toxicitgsuewas indirectly
highlighted during qPCR calibration relative $0NT treated instead of netneated cells, which
according to the authors was justified by differences in confluence between chitosan treated and
untreated cell§20].
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Our results suggested that chitosan, and depending on its DDA, Mn and N:P ratio, disturbs global
gene expression indicative of a certain parallelism with lipegrethylereimine (IPEI) [242] and

cationic lipidg[243]. PEI has been shown to induce the expression of apoptotic genes, inflammation
and oxidative stress responses while cationic lipids were generally associated with increased
expression obtressrelatedgenes. The im@d of chitosan on the global transcriptome might be

due to random binding of chitosan with intracellular nucleic acids or molecular machines through

electrostatic or hydrophobic interactions.

Nanoparticle toxicity is a major hurdle for clinical translatemd could be du& 1) physical
interactions with vesicular and mitochondrial membrg2d4], 2) disruption of normal protein
synthesis via electrostatic interaction with polyanionic component in the cytoplasm, and/or 3)
injuries from hydrolytic enzymes released idgrendosomal escap237]. Formulations used in

this study wereealatively nontoxic with around 10+10% reduction in cell viability confirming our

hypothesig@bjective 3. Toxicity increased with lower molecular weight chitosan with high DDA.

Mock transfections demonstrated that toxicity is payload independent. These results are affirmed
in other studies, whie chitosan showed minimal toxicity when formulated at Ntffo ranging

from 560 [20, 22, 27, 29, 33, 34, 36, 371h contrast, Liu et al[23] have shown significantly
reduced metabolic activity in H1299 cells. The apparent toxicity is probably due to the extremely
high free chitosan content (N:P 150), serum free conditionassajspecific differences. Chitosan
translocation into the nucleus could potentially indueeagic damage either through electrostatic
interactions, hydrolysis fromo-impuritiesor through physical obstruction during chromosomal
separation at the anaphase. We found DNA damage to be statistically insignificant indicating that
neither the nanopacte nor the ascending concentrations of free chitosan or SIRNA sequence were

genotoxicand therefore confirming our hypothef3bjective 3.

The cationic nature of chitosan favors interaction with cellular blood components that could
potentially have deleterious effedts vivo. However, this aspect of probable toxicity has been
neglected20-25, 2729, 3340, 245]with in vivo reports often using extremely high N:P ratios
without reporting any signs of toxi@s [22, 24, 4144]. However, high N:P ratio could pose
serious adverse effects in light of reports suggesting bioateral interaction30]. In our study,

we showed that uncoated chitosan NPs display dose and molecular weight dependent hemolytic
and hemagglutination propertitgat could be abrogated with the use of nanoparticles prepared at
low nitrogen to phosphate ratio (N:P ratio) or following HA coating confirming our hypothesis
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e

Objective 3 and consequently highlighting careful dosing to avoid hemotoxicity and/or

embolism. The hemolytic/hemagglutination potential of chitosan could occur through interaction
with negatively chargd erythrocyte (RBC) membranes via a pore forming mechanism, followed
by a subsequence osmotic shock, and/or through regulation of surface protein and increase in
surface roughness as demonstrated for methacrylate based polyi246$ and
chitooligosaccharidef247], respectively.In addition, the interaction between chitosan rami
groups and acidic groups on erythrocytes could promote polyelectrolyte complex formation leading
to RBC aggregation as seen for other biomatej24l8]. NP coating with HA, a biocompatible and
negatively charged molecule, eliminated both hemolysis and RBC aggregation pdssility

limited interaction with erythrocyte membranes through electrostatic repulsion and reduced
interaction with serum components permitting dose increase to at least 8 mg/kg. In contrast to
uncoated chitosan, lipid nanoparticles (LNPs) did not sosedependenhemolysis probably

due to surface PEGylation implied by the guassiitral surface charge. Shielding with polyethylene
glycol (PEG) has been the method of choice to limit LNP hemolysis with high PEG density
required for improved biocompatibilitgnd reduced cytokine inducti¢249] and is incorporated

in most if not all LNPs that are commercially available or in clinical development

Immune stimulating properties nanoparticlesr their payloads represent one of the major hurdles
for clinical translatior{250]. In the current study, uncoated and 4d@ated chitosan NPs did not
induce type | pranflammatory cytokines (It1 , TNF ., IFN- and IL-6) except for a small but
statisticallyinsignificant increase in KC, a human-8homologindicating a noimmunogenic
effect 4 hours posadministration. KC is a chemoattractant cytokine with distinct, or quaque

target specificity for neutrophils and is produced by a variety of egthatid endothelial cells
(EC)[251, 252] The absence of neutrophil invasion, 24 hours-pdstinistration, in main organs

and in kidrey tissues where chitosan has been found to accumulate suggests an egglhelial
independentmechanism of KC expression. However, platelet activation, aggregation and cytokine
release (i.e. TGF1, PDGFAB) have been observed followirng vitro assessmerof chitosan in
hemostatic aggregation experimengb3] suggesting that KC levels peatiministration of
chitosan could be attributed to platedetivationand their release fronveibelPalade bodiesShe
adjuvant and immune stimulating effect of chitosan have been well described biith andin

vivo, ard involve the activation of dendritic cells, and the secretion of -Type-inflammatory
cytokines (i.e. IN-./ / , IL-1 , TNF. « WKURXJK 1/53 LQIODPPDVRPH DFW
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recently discoveredGASSTING pathway for lower DDA (80%) chitosaf3l, 32, 208, 254,

255]. The apparent contradiction between the lack of cytokine activation and the literature could
be explained by differences in routes of administration, dose, degrees of deacetylation and priming
of immune cells. For instance, most studlemonstrating the anéillergic properties of chitin and
chitosan (Thinhibition) via the expression of Tygecytokines have been testedvitro and/or

using the intranasal, intraperitoneal, intraocular and intravaginal routes of admini$821ip08]
However, in all these studies, priming strategies weesl and could explain cytokine induction
consistent with the finding that chitosan stimulated significant cytokine release only from primed
BMM - [254]. In this study, we did not measure cytokine levels at subsequent time points which
could also explain the absence of cytokine induction, that only appeateud & & and peaked 24
hours post stimulatiof82]. Other considerations such as Mn, contaminantdcleasize may also

contribute to the observed difference.

Lipid nanoparticles (LNPs) and liposomes are known immune activatorssentral groups
demonstrating thatnmune stimulations governed by the lipid and cationic head groups, and/or

the combinattn with the nucleic acid payloafil4, 76, 81, 249, 256]In this study,
Invivofectamin® LNPs demonstrated @osedependentnduction of FN , IL-6 and KC and a

minor TNF. LQFUHDVH LQ VHUXP ,PPXQH VWLPXODWLRQ ZDV DE
SiRNA confirming previous results with LNRg6, 81] highlighting major differences with our
chitosan system where cytokine induction was not observed with any payload. dtutlyiswe

chose TNF. because it is a potent cytokine that is invariably activated, and immediately released,
by all Toll-Like receptors (TLRgR57, 258] Therefore, the TN stimulationobserved with lipid
nanoparticle used in this study, while not induced with chitosan, suggests a TLR based mechanism
of immune induction reminiscent @hol:DSPC:DOTAR3:1:1) cationic liposomed 4].

In the absence of cytokine inductidrematocrit (HCT) and total hemoglobin (Hb) levels were
unchanged relative to PBS and within the normal reference ranges Bt @DR) mice indicating

a relatively safe and nememolytic profilefor all formulation tested. Lower Hb, but not HCT,
levels compared with the reference range could be observed intragroup and might be due to
differences in gender, age and quantification techniques used to establish the referenfZ5@nges
260]. However, Hb levels were comparable to the PBS group and considered normal in this study.
In contrast to chitosan NP, and their HA coated form, LNPs used in this study sharply decreased
platelet counts consistent with previous observatigits 256] Thrombocyopenia was only
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observed withLNPs confirming previous dat@6]. Interestingly, lymphocyte counts decreased
with both lipid and chitosan based formulations when formulated with the native immune
stimulatory sequend@1]. All other parameters tested such as circulating basophils, eosinophils,
monocytesand neutrophils were normal and within the normal standard ranges &? QDR)
mice[259, 260]

Chitosan accumulation in thedney didnot impair kidney function since levels of blood urea
nitrogen and creatine remained norniidwever, one major drawback of this study consists of the
lack of BUN and creatinine measurements in urine whigmore predictive than their serum
counterparts as they permit the computation of the glomerular filtration rate (GFR), a clinical
indicator of renal function. BUN and creatinine, are also indirect indicators of liver health, and
therefore support the absenof liver toxicity as indicated by normal transaminase levels. In
contrast to uncoated and HA coated NPs, lipid nanoparticles showed a tigsealependent
increase inransaminases accompanieg a reduction in body weight indicating transient liver
toxicity and highlighting systemic toxicitjl4, 256, 261] In general, a decrease in body weight

has been observed with lipid nanopartigles, 76, 256, 261and could be attributed to either the
lipids [14, 256, 261)or to properties of the encapsulated nucleic acid paylegldIn the present

study, the decrease in body weight is believed to be due to the general toxicity induced by the lipid
system, since injections were performed with a-mamune stimulatory LNA modified sequence
containing methylated sugars aR& modificationin the backbone. LipopolysaccharideRS)
treatment increased BUN, and decreased Cr levels in serum typical of catabolic processes induced
following induction ofcytokines infeverlike symptoms or infection®62], and further confirming

that negative data obtained with chitosan are not due to dspagdent technical issues. Alkaline
phosphatase (AP), an enzyme endowed WiB detoxifying properties decreased follimg 1.V.
injection of LPS, canprobablybeattributedto malnutrition and weight loss, which correlated with
overt clinical signs including lethargy, decreased reactivity to stimuli and changed in the general
appearance of mice. However, and under the current experimental conditions, we cannot rule out
another, less possible but validypothesisto explain AP reduction in serum, likely due to AP
depletionfollowing LPS detoxification.The absence of toxicity was confirmed by histopathology
with no morphological changes, including an absence of infiltratingr oghils, apoptotic and/or

necrotic cells observed in main organs
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In contrast to polyethyleneimine (PEI), intravenous administration of chitosasiRNA
nanoparticlesshowed exclusive accumulation in the kidnef#ner examination of kidney
structures rewaled gpunctatepattern of sSiRNA[39] in the cytoplasm of the proximal epithelial
tubular cells (PTECs) suggesting translocation through the glomerular basement membrane
(GBM). PEI a cationic polymer that spontaneouslgrm nanoparticles with similar
physicochemical properties and colloidaatslity compared to chitosan has been found to
accumulate in lungs, livespleerand kidneys following intravenous administrat[dd]. Although

naked siRNA filters through the kidnej&63] and a fraction accumulate in PTER83], our data

clearly indicate a role for chitosan in increasing the efficiency of sSiRNA accumulation into PTECs
probaby through glucosamine (Gldylegalin interaction and subsequent internalizajdi 264]

In contrast to our hypothes|®kjective 3, hyaluronic acid coating modified physicochemical

properties of nanopatrticles without alteration of kltmey-targetedoiodistribution pattern.

PTECs express at least five CD44 splicearats that play an important role in HA internalization
and could be blocked using a@D44 antibodied265]. In addition, HA has been shown to
increase colloidal stability of Rs in serunj21] but could shed iwirculation thereforegxposing

the chitosarsiRNA core (N:P 2) that subsequently accumulate in PTEQWagalinmediated
endocytosisin either casenanoparticle translocation through the GBM remains to be elucidated
mechanistically since fenestration and the extracellular matrix limit nanopatrticle translocation and
diffusion. Translocation and PTEC accumulation could be achieved through either non
conventional mechanisms as observed with-300 nm carbon nanotubdg266] or through
nanoparticlelisassembly at the highly negative GBM and reassembly in the lumen as proposed for
cyclodextrinbasednanoparticle§174]. Alternative delivery through the fenestrated peritubular
capillaries could occur but also faces similar diftun challenges through the negatively charged

interstitium.

Irrespective of the mechanism involved, chitosan based nanoparticles, not only accumulate in the
cytoplasm ofPTEC,but also induce functional knockdown without causing deleterious effects on
body weight. In this studyin vivo efficacy was demonstrated through functional GAPDH
knockdown where both low Mn (10 kDa) chitosans demonstrated the highest efficacp@%40
knockdown at the protein level)WVestern blot analysis and qualitative immunohistochemistry
confirmed the enzymatic activity data and showed cortex specific knockdown. In contrasnto the
vitro data, high Mn (12@Da) chitosans did natutperformtheir lov Mn counterpartemphasiing
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fundamental differences betwernvitro andin vivo validation. Gacet al [42] demonstrated that
low Mn (40 kDa) fully deacetylated chitosan is able to achieve arouft li@bckdown in PTEE
when formulated at N:PRatio of 60 with higher Mn and/or lower N:P ratio unalbdedistribute to

the kidneys. In contrast, we have demonstrated that low and highkéMoept for the high Mn
fully decetylatedhitosanztare able to achieve 40% target knockdown when formulated at low
N:P ratia The discrepancy between our data and tposgented if42] \ is most probably due to
aggregatiorsincephysicochemicapropertiesof the injectednanoparticleg42] are questionable
with nonrhomogenous and polydisperse NB0G-800 nm). The distribution afiaked siRNAIn
mice exhibited a predictable pattern based on the known propensity of oligonucleotides
accumulate in the kidney41, 267, 268hand resulted in poor (~ 15%hockdownconfirmingprior
reports [263, 268] Formulation with chitosan significantly increased knockdown efficiency
by~3035% compared to fresh naked siRNA suggesting a clear and positive role of the delivery

system(3-fold improvement)

HA-coated NPs accumulated in the kidney but did not induce tlangekdowneven at higher

dosexomparedto uncoated nanopatrticles cogaently refuting our hypothesi®bjective 3. This

result could be explained by the need dacesschitosan (N:P = 5:1 in uncoated 2.5:1 in HA

coated) to promote endosomal relefd&6], possibly through the proton sponge effect. As a
consequence, it is likely that HA coated NPs formulated at an N:P:C 2.5:1:2 are able to translocate
to the cytoplasm of PTEC but remain sequestrated in endolysosomal compartments due to poor
endosonal buffering capacity and reduced proton sponge effect. In addition, the negatively charged
HA molecule, assumed tlocaliz with chitosan, could contribute to lower endosomal release

by masking positive charge in tlmadosomgtherefore,reducing the gaacity of endocytosed
chitosan to mediate endosomal rupture. In contrast teéiied NPs (N:P:C of 2.5:1:2), uncoated
chitosan formulations prepared at an N:P ratio of 5 contain around 70% free cf@b3pthat

could colocalizein PTEC endosomes and prote endosomal rupture, explaining the observed

efficacy.

Compared to the patey of lipid systems(~70-90%) in advanced p+elinical or clinical
developmen{121, 139, 140, 142Jfunctiona target knockdown obtained with our system (~40
50%) appears to be lower. However, considerations such a&dalf the target gene (GAPDH
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versudactor VII), potencyof the payload, and tissue dependent technical challenges could explain
these differaces. Accurate estimation of target knockdown using conventional techniques, such
as quantitative PCR, enzymatic activity or immunoblotting, depends the abundance of the

target cell type (fraction of cells transfected relative to the or@arihe aility of the delivery

system to transfect different cell types composing an organ &)dter tissuetor cell tspecificity

of a target gene. Inasmuch as chitosan displays specific targeting to PTECstypecétiat
represents a minor fraction of tleells in the kidney, assessment of target knockdown using
conventional techniques is necessarily underestimated unless the target gene is PTEC specific and
only expressed in this cell subtype. In contrast, LNPs accumulate in hepatocytes, the predominant
cell typein the liver, permitting no#biased (accurate) estimation of target knockdown. Therefore,
functional knockdown obtained in this report underestimates the true efficiency of our system to
silence a target gene in PTECSs, and suggest that preclsateraof target knockdown requires

the development of novel methods capable of estim&tiogkdownin a specific subset of cells

composing an organ.

Taken together, our findings are of critical importance to siRNA delivery since-reqhedic
targetingcould be naturally achieved without chemical modifications or ligand targeting and
accumulation occurred in PTECSs, with functional target knockdown around 50% in kidney cortex,
further differentiating this system frooyclodextrirbased\Ps that accumulatie glomeruli and
podocyteg174]. As a consequence, unmodified chitos#RNA nanoparticles could potentially

be used fothetreatmenbf PTEC associated kidney fibrotic diseases.
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The work presented in this thesis demonstrates the application of chitosan in nucleic acid delivery
in vitro and in vivo and highlight the role of chitosan molecular parameters on nanoparticle
physicochemical characteristics and bioactivity. In a firstystweshowedthat a simple method

based on the enzymatic digestion of chitosan permits the extraction and recovery of total RNA for

subsequent quantification of gene expression and downstream molecular aGalgpter( 4). In

addition, the method was found suitable for the removaleshbraneéboundchitosan during flow
cytometrybased assessment of nanoparticigtake and demonstrated that assessment of
nanoparticle internalization is biased by -11%%6 |(Chapter 4). In a subsequent study, we found

that nanoparties can be formulated at a low N:P ratio (N:P 5), and induce potenataiicin

vitro knockdown in multiple cell lines. In contrast to previously published data, we showed that
low molecular weight chitosan, prepared at low N:P ratio, effectively acammplicleic acids into
stable particles and protect the payload from nuclease digestion in slightly acidic conditions. The

modification of the electrophoresis buffer from basic to slightigic showed that nanoparticles

with low N:P ratio could be selectdased on their stabiliffChapter 5).

In a subsequent studCliapter 6), we found the following:1) both in vitro nanoparticle
internalizationand target gene knockdown wereximized with a concomitant increase in the
degree of deacetylation, molecular weight and fdtk®, 2) minimal molecular weight (10 kDa) is
required for efficient transfection and target knockdo@8)serum had a negativienpacton the
transfection efficiency of low molecular weight formulations, which could be abrogated by
increasing both Mn and the N:P rat#),increasing serum concentrations decreased knockdown
efficiency in adosedependenmanner, with formulations dtigh Mn/N:P ratio being the most
performant due to increased stabilBy,n vitro treatment with chitosan influenced the expression
of a panel of reference genes &@)drrespective of the Mn and N:P ratio, absence of genotoxic
effect at 4 and 48 hounsere demonstrated in this study. These findings revealed the exact
molecular requirement for potent andntoxicin vitro targetknockdownand the selection of

optimal formulation for further development and testing in animals.
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In vivo, chitosan was fountb accumulate in the proximal tubules epithelial cells of the kidney
(Chapters 6 & 7), with undetectable toxic effectas per evaluation of serological and
hematological biomarkerChapter 7). In addition, chitosan did not induce grdlammatory
cytokines at the maximum tested dose for both uncoated and hyalameicoatedformulations
further confirming the safety of this system in comparison with Invivofectdimiigpid
nanoparticle)Chapter 7). Perhaps the most important finding in this thedangwith the absence

of toxic effects Chapter 7), is the demonstrated potent functional gene knockdown in kidney
cortices Chapter 6 & 7). Interestingly, nanoparticle surface decoration (electrostatic) with

hyaluronic acid did not impair biodistributiomtomitigated potencyGhapter 7).

The comprehensive analysis of diverse factors studied in this research project revealed underlying
important factor for the development dhitosanbasednanoparticles for the delivery of small
interfering RNA. In addibn, these studies demonstrated the safety of specific formulatioins for

vivo application and in a proof afonceptstudy showed potent functional gene knockdown in
kidney cortices. In sum, formulations with extrahepatic capabilities were identifiecarand
believed to have promising potential for the treatment of kidney related diseases and cancer. All
through this thesis, we realized significant progress in advancing the field of chitosan for the
delivery of short oligonucleotides; however, with eachdiing, technical challenge, and
conclusion, more questions were open for contemplation, which when answered can make further
contributions toward the development of advancbilosanrbasedsystems intended to deliver

small interfering RNAIn vivo.

Although beyond the scope of this research, the following recommendations dreevwmitlering
in the future:

1. Demonstration of higher knockdown in PTEC isolatgs this study, nanoparticles were
shown to accumulate in kidney cortices, specifically inpiteximal epithelial tubular cells
(PTECSs). Since PTECs represent only a fraction of the renal cortex, assessment of target
gene knockdown is undoubtedly undsimmated using conventional techniques that
averageexpression levels across adllictypes of a tissue sampl€herefore, isolation of

primary PTECs, following intravenous administration of nanoparticles, would allow for
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further development in the efficg of the delivery system through increased PTEC specific
knockdown.

. Evaluation of therapeutiefficiencyin a model of kidney fibrosigProximal epithelial
tubular cells have been demonstrated to cause fibrotic diseases through activation of the
TGF &thway. The unilateralreieral obstruction (UUO) or streptozotoeinduced type

1 diabetes models are relatively simple models of renal fibrosis mimicking features in
humans. These models could be used to demonstrate the therapeutic effect of nasoparticle
targeting a TGF G R Z€am Wdrget, known as SMAB.

. Validation of hypothesis for limited Héoated nanoparticle efficacyx HA-coated
nanoparticles demonstrated excellent biocompatibility and safety profiles but failed to
induce target gene knockdowwWe, therefore hypothesized that the lack of free chitosan
reduces endosomal escape, and supported our claims, with published observations by
members of our group. Here we propose to validate our hypothesis by injecting HA coated
nanoparticles, followed bgn injection of free chitosan. This fraction of chitosalocalize

in the endosome promotintpe releaseof HA coated samples and subsequent gene
knockdown. We also propose to test other hyaluronic acid polymers with different degrees
of sulfation and macular weight to exclude a specific problem with the HA polymer used

in this thesis (HA, 866 kDa).

. Characterization of endosomal escape and comparison with lipid nanopartiches
mentioned throughout this thesis, endosomal escape is theatesniti ng step in gene
delivery. Improvement of targéhockdownandtherapeutiovindow can be achieved by
improving endosomal escape. In comparison with lipid nanoparticle, awareness in the
endosomal escape mechanisms for chitosan nanoparticle is embryoniositistudies
hypothesizing on the mechanism of release without its quantitative assessment. Prior
studies in our laboratory determined the kinetics of escape for plasmid DNA. Here we
suggest to study endocytosis, and endosomal escape in primary PTEEscuding live

cell imaging and spinning disk confocal microscopy.

. Improvement of colloidal stability and inclusion efidosomolytianoieties +Colloidal

stability in the presence of high ionic strength and serum protein need to be addressed for
uncoated naoparticles through PEGylation or surface coating (i.e. polyacrylic acid).

However, limitedin vivo efficiency, probably due to reduced endosomal release in the
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absence of free chitosan might limits strategies to improve colloidal stability. As a
consequence, we suggest the inclusioerafosomolytiamoieties in nanoparticle during

the colloidal stabilization process to circumvent poor endosomal release.

. Evaluation of repeated dose toxicityProper development of delivery systems, or drug
molecules, requires the assessment of both acute and chronic toxicity. Since chitosan
biodegradable properties depend ondkgree of deacetylation, and to a lesser extent on
molecular weightformulation with high degree of deacetylation i.e. 92 and 98%, can
accumulate in kidney PTEC elicitingng-termtoxicity. Studies targeted at evaluation of
repeated dose toxicity on @nod of 36 month to understand elimination kinetics, design
novel formulations with biodegradable linkers, and limit renal toxicity can be undertaken

in future.
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