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Small interfering RNA (siRNA) is a therapeutic gene silencing strategy that has generated
substantial interest in the scientific community, but it remains a challenge to produce a robust
and nontoxic systemic delivery system capable of efficient in vivo intracellular siRNA delivery.
Due to the complexity of this problem, an efficient delivery system requires multiple functional
components including a cell targeting moiety, siRNA binding region, and an endosomal escape
component, all of which must be independently functional when combined. Based upon these
requirements, we developed a rationally designed siRNA carrier possessing the above properties
that form the basis for successful siRNA-polymer conjugates systemic delivery in vivo. We
engineered a biocompatible, neutral, pH-responsive multifunctional micellar system using
reversible addition fragmentation chain transfer (RAFT) polymerization. By incorporating biotin
and pyridyl disulfide functionalities into the polymer, we were able to directly link streptavidin
antibody conjugates and conjugate thiolated siRNA for multi-functional delivery platform. In
this work, we explored several advanced cell targeting moieties including antibody and

carbohydrate strategies, and furthermore we demonstrated that this modular siRNA delivery
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platform has the capability to overcome various delivery limitations on both cellular and
systemic levels. Finally, we demonstrated proof-of-principle therapeutic efficacy by sensitizing
ovarian cancer cells to carboplatin after Bcl-xL gene silencing with the trastuzumab-targeted
siRNA conjugates. The polymer-siRNA conjugates developed in this work may prove to a useful

approach for future clinical delivery of siRNA therapeutics in a variety of disease states.

iv



Table of Contents

Chapter 1. siRNA-Polymer Conjugates for the Treatment of Disease 1
L1 TOEFOAUCTION Leeiiiiiiiiiieiie ettt ettt ettt ettt et e s e st e st et e bt ettt e sabeesabeesabeesabaesnbaeenseeenanes 1
L2 IR A ettt h e bbbt e b e bt e bt e bt e bt e e bt e sb e e e bt e bt e bt e b e e s bt e sbeesbeenbeeas 2

1.2.1  RINALIMECHANISII.c..eeiiiiiiiiieiiieriieeriiee sttt ettt st sat e st e sabee e bt esbeeebeeesaeeesaneesaneens 3
1.2.2 SIRINA DEIIVETY ...eueiiiieiiiee ettt ettt ettt ettt e e st e e e sabae e s sabtee s snteeeenbaeesnaneeas 3
1.2.3 Delivery Challenges and APPrOAChES .........ccevvcuiiiiiiiiiiiiiiee ittt et bee e e 4
1.3 Polymers for SIRNA DEIIVETY ...cccooiiiiiiiiiiieiiee ettt ettt e et e e st e e s ssteeeennseeeeas 6
1.3.1 Reversible Addition Fragmentation Chain Transfer (RAFT) .....coccovviiiiiiiiiiiieeeee, 7
1.3.2  Block Copolymers for SIRINA DEIIVETY ......cccoviiiiiiiiiiiiiieeeeiiee ettt ettt e e 8
1.4 Cell TArEUNG AZENES..ccccuiieieiiieeeiiieeeeiteeeeetteeeetteeeeateeeesatteesssteeesstteesassseesssseeesassseesasseeesnnseeenns 9
1.4.1 Human Epidermal Growth Factor Receptor 2 (HER2) ........cccccoiviiiiiiiiiiiiieeee e, 9
1.4.2  MannoSe RECEPLOT ...cciiuuiiiiiiiieieiiie ettt ettt ettt e e et e e st e e s sabteeessteeesenbaeessneaeesnes 10
1.5 CONCIUSIONS ..eeiutiiiuiiieieeeiieenitte sttt stte ettt ettt ettt ettt esateesabeessbeesabeesabaeeabaeesaneessseessseesaneesaraeensesenne 11

Chapter 2. Neutral Polymeric Micelles for RNA Delivery 15
2.1 TNEFOAUCTION Leeiiiiiiiiiiiiie ettt et ettt et ettt e st e st e st e st e esbeeeabaeesaneesaneesmneesmneesanaeenbeeenne 17
2.2 MEROMAS ..ottt et ettt et s st et et e st e sbb e s et e e ssnee s raeebeeenee 18

221 MAETIALS c..eeeiiieiieeetee ettt et ettt et s s st ba e e eesareenenes 19
2.2.2  Synthesis of poly(N-(2-hydroxypropyl)methacrylamide (HPMA)-co-PDSMA) macro chain
transfer aZent (IMNACTOCT A ....iii ittt e ettt e st e e sttt e s s bt e e e sabeeesansbeesensseeesnnsaeenan 19
2.2.3 Synthesis of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] ...cccovvvveciinnnns 20
224 Synthesis of poly[(HPMA-co-PDSMA)-b-(methyl methacrylate) (MAA)] non-pH
1eSPONSIVE CONITOL POLYINET ..cooiiiiiiiiiiiiiiiecee ettt et e et e e enaaeeeas 21
2.2.5 Polymer CharacCteriZatiOn ..........ecueeeeiiieeieiiieeeeiieeeeeiteeeeiteeeeiteeeseataeesesteeessnseeesansaeesssseaessnne 21
2.2.6  Critical Micelle Concentration (CMC) via ANS fluOrescence ..........eeevveeeveeeeieiiieiiiieeieennee.n. 22
2277 Transmission Electron Microscopy (TEM) .....cc.coivoiiiiiiiiiiiiiieectee et 22
2.2.8 Dynamic Light SCAMEIING .....eeevviuiiiiiiiiie ittt ee et ee et e e sette e s sbtee e ssnteeesenbaeessaseaeesnes 23
229 siRNA Conjugation via thiol-eXChange ...........cccceveiiiiiiriiiiieiiee e 23
2.2.10  Gel SHift ASSAY .uveeutiiiieieiieete ettt ettt ettt ettt et st ettt ettt et s e et eat e et e et eateeas 24
2.2.11 Red blood cell hemOLYSIS @SSAY ...cccecuuiiiieiiieieiiieeieiieeeeiieeeecteeeseieeeeeieeeessneeeesebeeessreeeesnes 24
2.2.12  CytotoXIiCIty MEASUTEIMEILS t.eeevreeeeririeereiieeeeitteeesetreeeetteeeesteeesanseeesaseeeesssseeesaseeessssseessanes 25
2.2.13 Measurement of siRNA knockdown activity using quantitative PCR...........ccocoeiiviinnnn. 26
2.2.14 Measurement of siRNA knockdown activity by measuring GAPDH protein ..................... 26
2.2.15 Polymer siRNA Conjugate Internalization by Fluorescence Microscopy .........ccceceeereveenee. 27
2.3 RESUILS ceeeieie et et et st s st e et et esat e sba e s et e e s sree s baeebaeenee 28
2.3.1 Polymer Synthesis and CharaCteriZation..........c..ceevevieerriiiieeriiieeeeiieeeeiieeeeereeeseeeeeesieeeesnee 28
2.3.2  Diblock copolymer MOTPROIOZY ...cccecuviiiieiiiiiiiiiie ettt ettt e e e e st e e seeeee s 29
2.3.3 Polymer-siRNA conjugation and characterization by gel electrophoresis ..........ccceceerueennne. 31
234 pH-responsive Membrane Destabilizing ACtIVILY ......ceevviuieiiiiiieeiiiieeeeiee et eeieee e eiiee e 32
2.3.5 Polymer-siRNA conjugate internaliZation .............eecveeereiiiereriiieeieiieeeeiieeeesieeeseieeeeeneeee e 33
2.3.6  siRNA conjugates are aCtive IN VILIO .......cceeeeecuiieeriiieeieiiieeeiieeeseieeeseiteeessnteeessbeeessneeessnnee 34
24 DISCUSSION ...utteuiiiiuiieeiee ettt ettt esiteestteesteesabeeeabeeebeeebaeesateesabeesabeeesbeeesbaeenbatenaneessneessseessneesnsasenseeenes 35
2.5 CONCIUSIONS ..eerurieriiieeieeeittenittenite e st e stee ettt ettt e bt ebeeesateesabeesabeesabeeenbeeenbaeesaseesaneessseessneesasasenseeanns 36
2.6 ACKNOWIEAZEMENLS ....eeeiiiiiiiieiiieeeiiiie et tee ettt e ettt e e ettt e e sttt e e st e e s sabbeeesasbeeeesnbeeessnsseeesnnsaeessneeas 37
2.7 CONTHCE OF INTETEST...couueiiiiiiiiieiieeiieeeee ettt ettt sttt et e et e sat e siteesateesmneesareeenbeeenee 37
2.8 Supporting INFOTMALION .....eeeiiiiiiiiiiiie ittt et e e sttt e e et e e e sebteeesstaeesnnbeeessnneeas 38



Chapter 3. Trastuzumab Targeted Neutral Polymeric Micelles Conjugated to Bel-xL siRNA

Sensitizes Ovarian Cancer Cells to Carboplatin 53
3.1 INETOAUCTION teoniiiiiiiiiieeitee ettt ettt sttt st e ettt e s bt e e sbe e e sateesabeesabeesabeesabeeenbeeenaneenanes 55
3.2 MEENOMS oottt et et e b e sa e st s bt s bt earaeebeeenateenanes 57

321 MALETIALS oottt ettt st s ettt s s et st s et e e e e nareenanes 58
3.2.2  Thiolated STRINA ....c.ooiie ettt st sttt s st st e saeesaeeeae 58
3.2.3 Synthesis of poly(N-(2-hydroxypropyl)methacrylamide (HPMA)-co-PDSMA) macro chain
transfer aZent (IMNACTOCT A ....iii ittt ettt e ettt e ettt e s s bbeeeeabeeeeansbeesenssaeesnsaeeens 59
3.24 Synthesis of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] ...cccevvvvveeennen. 60
3.2.5 Polymer CharaCteriZatiOn ........ccueeeeiiieeiiiieeieiieeeeeiee e et e e e et e e st e e e sbteeesateeeenbeeessabeeeesnneeas 60
3.2.6 siRNA Conjugation via thiol-€XChange .........cccceevviiiiiriiiiiniieeeee e 61
327 Gl SHift ASSAY .eueiiiiiiiiieiiiee ettt ettt e et e e e st e e st e e e bt e e e sbte e e et eeeeebeeeeeneeas 61
3.2.8 Red blood cell hemOLYSiS @SSAY ...cccecuuiiiiiiiieiiiiieeeieeeeeiteeeetee ettt e e eee e e st e e s ebeeeesneeas 62
329 HABA (2-Hydroxyazobenzen-4'-Carboxylic Acid) assay ......ccceeeveeeeriuieeeriierenniieeeriiee e 62
3210 PAGE Gel.eoniiiiiieee ettt st sttt s st st 63
B2 01 Gl IIMES .ttt sttt sttt sat e s bbbt s bt s bt b sae e saee e ae 63
3.2.12 Polymer siRNA Conjugate Internalization by Flow Cytometry .........ccooceevveerveeeneeenueennne. 64
3.2.13 Measurement of siRNA knockdown activity using quantitative PCR ...............cccoecceeeennen. 64
32.14 5’ -RLM-RACE and SEQUENCING ......ceeeiriiieieiiieeeiiieeeeiieeeeieeeeeiteeeesieeessneeessnreeessnneeeesneeas 65
3205 Cell Titer GLO ASSAY ..eiiiieiiieieiiieeeiieeeitee e etee e st e e et e e e eitee e st e e s sbteessateeesnreeessabeeeesneeas 66
3.2.16  StatiStiCal ANALYSIS «oouvvieieiiiieieiiie ettt ettt et et e et e st e e st e e e e ebeeeeeneeas 66
3.3 RESUILS ettt et ettt e b e e bt s bt s bt s b et eabaeebeeenateenans 67
3.3.1 Synthesis and characterization of the biotinylated diblock copolymer and polymer-siRNA
COMJUZALE . envteeeeuttieeeeieeeeetteeeetteeesutteesaabeeeeeasteeesantaeesanseaeesnteeesanseeesanssaeesansaeesanstaessssaeesansaeesssseeenanee 67
3.3.2 Antibody-mediated polymeric micelle internalization in HER2+ cancer cells ..................... 69
3.3.3 Functional activity of siRNA delivered by antibody-targeted polymeric micelle ................. 70
334 Synergistic effect of Bcl-xL siRNA with carboplatin in ovarian cancer cells....................... 71
34 DISCUSSION ..tteutieritieriteeette ettt ettt ettt ettt ettt e sabeesabeesabeesabeeeabee e batesbteeabeeesateesareesnbaeeabeeenbaeenneeensneenanes 72
3.5 CONCIUSIONS eiueiiiiiiiiiieeitie ettt et ettt sat e et e st e et e bt e e s bt e e sbteesateesabeesabaesabeeeabaeenmeeenaneenanes 76

Chapter 4. In vivo assessment of siRNA-polymer conjugate for the treatment of acute lung injury91
4.1 INTEOAUCTION ...eiiiiiiiiiiieiiie ittt ettt ettt eb e et e bt e bt e sbe e e sabeesabeeembeeeabaeenbeeenmneesaneesareens 92
4.2 Materials and MEthOS .......coooueiiiiiiiiiiieieee ettt st e esareesaneesaree s 94

421 MAEIIAIS ottt st e et e st e se bt e sat e sareesabaeebeeenee 94
4.2.2 Mannosylated polymer synthesis and characterization ............cccueevecveeeriiieeeicieeeniieee e 94
4.2.3 Polymer conjugate purification and characterization...........ccoeccveeerriiveeeriiieeenieeeeieee e 95
424 Labeling polymer wWith AleXa 750 .....cccciiiiiiiiiiiiiiee ettt esaaeeeas 95
4.2.5 Labeling polymer with Oregon Green 488 ........cc.oviviiiiiiiiiieeeiiee ettt e e 96
4.2.6 Radiolabeling of POlymeric CarTier ........ceevouiiiiriiiieiiiiieieiiteeeiteeeeieeeeeree et e s s ereeeseaeeeas 96
4277 Establishment of Bleomycin-Induced Lung Injury in a Mouse Model..............ccecveeerunnne.. 96
42.8 In VIvO POLYMET AEIIVETY ..eeiiiiiiiiiiiiiieiiee ettt ettt et e et e e st e e s s ebeeeennaeeeas 97
429 1In vivo Toxicity EVAlUAION .....ccoocoiiiiiiiiiiiiiiiieeiiee ettt ettt eeeaee s 97
42.10 Biodistribution of * H-radiolabeled carrier in healthy MiCe ............cccocevereverereererereeeeerennas 98
42.11 Biodistribution of Alexa fluor 750-1abeled carrier in bleomycin-injured mice ................... 98
4.2.12 Macrophage Targeting with Oregon Green 488 Polymer..........ccoocvveeviiiiiiiiieeiniiieeeieenne 99
4.2.13 Evaluation of mMRINA KnOCKAOWN ........oiiiiiiiiiiiiieiieceee ettt 100
4.2.14  StatistiCal ANAlYSIS ...eeeeiuiieiiiiieieiiiee ettt et e e te e e st e e e sabteeeenneas 100
4.3 Results And DiSCUSSION .eo.uveiiiiiiiieiiiieiiienitterteertee ettt et e sateesabeesreesreeeabeeenaeeesaneesanes 100
43.1 Intranasal (IN) deIIVETY .....coooouiiiiiiiiieiiiie ettt ettt sbee e s st ee e esabeeeeeneeas 100
4.3.2 Intratracheal (IT) delIVETY ..cccueiiiiiiiieiiiie ettt e e st e e e e e e e 101
433 Intravenous (IV) deIIVETY ....cccuuiiiiiiiiiiie ettt e e saee e e 103

vi



VG T 5 3 TeYe TS g 101015 (o)« U TP R 105

435 Development of a Mannose-targeted diblock copolymer for targeted siRNA delivery ...... 108
4.3.6 Macrophage Uptake with Mannose Targeting Polymer in Vivo .......cccccoeciveiniiieeiniieeennnen. 111
4377 Polymer-siRNA Conjugate Efficacy in VIVO......ccceeiriiiiiiiiiiiiiieeeeeeeee et 113

44 CONCIUSIONS ...tiiiiiiiiieiiientte ettt ettt ettt e stee st e bt et e e bt e e sateesebeesabeeeabaeenbeeeseeenaneenans 115
Chapter 5. Conclusions and Future Directions 138
5.1  Summary of Major FINAINGS ....cooiviiiiiiiiiiiie ettt et e s saeee e 138
5.1.1 Design and validation of new sSiIRNA delivery Carriers .........cccceevvveeeeruieernieeeeniieeesseeeens 138
5.1.2 Trastuzumab targeting enhances conjugate efficacy and works in synergy with carboplatin in
OVATIAN CANCET CEILS .uuiiiuiiiiiiiiiiiete et e ettt s e st e b e ebeeessreesaneesaneeas 139
5.1.3 siRNA conjugates are biocompatible in vivo after IV administration .........c.ccceeeveereveennneen. 140

BT §11] o) § 12215 10 PSR SPUSP 141
5.3 FULUTE DITECHIONS «..eeeiuiiiiiiieiiieiitiesiteeette ettt et ettt sttt s e e sabee et esbeeesbaeesbteesmreesabeesareeas 143
5.3.1 Trastuzumab-targeted siRNA polymer conjugates in VIVO ........eeeecveeeervieeeniiieeeniiieesneeeenns 143
5.3.2 Substitution of PDB, pH-responsive block with EB-based technology...........ccceccuveevnneenn. 144
5.3.3 Polymer redesign to increase biocompatibility and siRNA protection in Vivo.................... 145

54 CONCIUSIONS ..eerurieriiierieeeitieniiteniteent e st ee st ee ettt ebeeebeeesbteesabeesabeesabeesabaeeabeeenbaeensaeenseeessseesareesnneeas 146
Chapter 6. References 148

vii



List of Figures

Figure 1.1 RNAT MEChANISI ...cooiiiiiiiiiiiiieeieee ettt ettt et e e s 12
Figure 1.2 Challenges associated systemic delivery of SIRNA........ccociiiiiiiiiiiiineceee e 13
Figure 1.3 Polymer based endosomal €SCape SIrateZY . ...ccuueeevruriieriiiieieiiieeeiiieeeeieeeeeieeeesireeeseeeeessnnaeeeas 14
Figure 2.1 Polymer composition via "H NMR. .........cc.cccceeiuruiieiieieeieteieececee e 41
Figure 2.2 Polymer morphology via "H NMR. ........c.cccceceuiiieiereieieeeeeeeeeeeeese et ss et seeeenans 42
Figure 2.3 Polymer-siRNA conjugation validation..........cccecueerieenieeniiiennieiieenieenieesiee et 43
Figure 2.4 pH-responsive membrane lytic profile of pOlymer. .......ccccoevviiiiiiiiiiiiiiieeeeeee e 44
Figure 2.5 siRNA dose dependent RNA and protein knockdown. ........c.ccccovveeviiiniiiniiennicnnecenieenieenne 45
Figure 2.6 Polymer-dependent RNA and protein KnOCKAOWIN. ....c.c.covviiiiniiiiiiiiniieniienieeeiec e 46
Figure 3.1 Antibody-targeted polymer-siRNA conjugate development. .........cccceevvieriieenieennecenieenneennne. 78
Figure 3.2 Antibody polymer conjugation validation. ..........cccecueerieeriiieineeiiieeniieniee e 79
Figure 3.3 Trastuzumab mediated Cell UPLaKE. .......coceerviiiiriieniieniieiieeeee ettt 80
Figure 3.4 Trastuzumab mediate siRNA-polymer conjugate gene Silencing...........ccoeccvveeerciveeencveeesnneeenn. 81
Figure 3.5 GAPDH gene SilenCing tiMe COUTSE. ....cccuuttiirurireeiiieeeiiieeeeiitteeeitteessnteeessnseeeesseeesssseesssseeenns 82
Figure 3.6 Bcl-xL gene silencing and validation. ..........cccovveeriieniiiniiieiieeiicenieenieesee e e e 83
Figure 3.7 Bcl-xL-polymer conjugates sensitize ovarian cancer cells to carboplatin..........cccccceevveenneenne. 84
Figure 4.1 Illustration of the three-stage pathophysiology of acute lung injury.......cccccccceeveiieeenieeeennnen. 118
Figure 4.2 GAPDH gene silencing after IN adminiStration. ........c.ccceeeueerveerneeeniienieenieenieeneeeeeeneeenne 119
Figure 4.3 Toxicity analysis after IV administration in healthy mice........ccccceeviieniiiniiiniiennicinieenieene 120
Figure 4.4 Organ histology to evaluate polymer tOXICILY .....ccevureerrriierriiieeeriieeeeiteeeriee e ereeeeereee e 121
Figure 4.5 Toxicity analysis after IV administration in ALI mice model........c.cccoovveeniiiniiinniinnnienennns 122
Figure 4.6 Polymer circulation in blood and organ accumulation. ........c.cccceveeeviieniienieenieenneceneeeneeene 123
Figure 4.7 Polymer organ biodistribution in healthy vs ALI mMicCe. .....cccccveivviiiiiiiiiiiiiieeeiee e, 124
Figure 4.8 Polymer uptake by alveolar macrophages in healthy and ALI mice. .......ccocccevvveenveirneienncnes 125
Figure 4.9 Mannosylated polymer characterization by SEC........c.cccoooiiiiiiiniiniiiniienienieeeeceee e 126
Figure 4.10 Mannosylated polymer characterization by "H NMR..........ccccceeveiruerereeeieeieeeeee e 127
Figure 4.11 Mannosylated polymer-siRNA conjugates validation........c...cceeceeeveieniienieenneennieceneeeneeene 128
Figure 4.12 Mannose targeting is retained in SIRNA CONJUZALES........ccooviiririiiiiiiiiieeeiee e 129
Figure 4.13 Membrane destabilizing profile of mannosylated siRNA conjugates. .........ccceecveeeeruveeennnnen. 130
Figure 4.14 GAPDH gene silencing validation of mannose conjugates inn Vitro. .......c..ccceeeeeveeeneeenneenee 131
Figure 4.15 Macrophage uptake of mannose and nontargeted polymer in vivo. .......cccccoeceevveeeveeennennee 132
Figure 4.16 Alveolar macrophage uptake of mannose and nontargeted polymer in vivo..........cccec........ 133
Figure 4.17 Relative macrophage uptake of polymers i1 Vivo. .......ccccoovvieiiniiiiiiiiiieeeieeeeeee e 134
Figure 4.18 RNA silencing in organs after IV administration of siRNA-polymer conjugates................. 135
Figure 4.19 RNA silencing by both non-targeted and mannosylated conjugates in the liver................... 136
Figure 4.20 Evaluation TGFf-1 silencing in alveolar macrophages. ..........cccevveveerenierierieeneeriesieeeeenes 137

viii



List of Schemes

Scheme 2.1 POlymer SYNthesis SITAtEZY . ...cceeuiiiiiiiieeieiieeeeiiee e ettt e ettt e e et e e sitee e e ebeeeesateeesnbeeeesabeeessnneeas 40
Scheme 4.1 Mannosylated polymer Synthesis SIrateZY . .....ecuueirrruiieiriiereiiiieeeeiieeeeieeeseireeeerteeeeieeeesaes 117
List of Tables
Table 2.1 Polymer CharaCteriZation..........cccuuiiieiiieeeiiiee ettt eeeiteeeritee e et e e et e e ssaeeeeesabeeeesnsaeessssseeesnnnneenas 39
Table 3.1 Polymer CharaCteriZation...........ccuueiieiuiieeiiiieeeeiieeeeeteee et ee e et e e et e e s seeeeesateeessnsteessnsseeesnnnaeesas 77
Table 4.1 Mean pharmacokinetics parameters of polymer via non-compartmental analysis. .................. 116

List of Supporting Figures

Supporting Figure S 2.1 SEC polymer characterization. ...........cceeeeeiiieiiiiieeeniiiee e eeiee et e e e 47
Supporting Figure S 2.2 CMC and TEM characterization. .........ccceeeecuieerriieeeniiieeeniiee e eieeeeseeee e 48
Supporting Figure S 2.3 siRNA-polymer conjugation Tatios. ........ceeecveeerrrieeerniieeeniieeesiieeesseeeeesveeessneeas 49
Supporting Figure S 2.4 Polymer internalization in HeLa cells. .......cccccoviiiiiniiiiiiniiiiiieceeeeeee e, 50
Supporting Figure S 2.5 POLYMET tOXICILY ..eveuuiiiieiiieeiiiieeeeiiee ettt e eitee e et e e e ebeeesssteeesateeeesabeeessnneeas 51
Supporting Figure S 2.6 RNA knockdown of CONtIOIS. .....cc.eeiiviiiiiiiiiieieiee ettt 52
Supporting Figure S 3.1 Polymer characterization by SEC. ........ccoooiiiiiiiiiiiee e 85
Supporting Figure S 3.2 Polymer characterization via "H NMR. ..........ccccccovveveveeeeereeeeeeeeeeeee s 86
Supporting Figure S 3.3 Quantitative analysis of biotin On pOlyMeT........cccceevviiiiiriiereriie e, 87
Supporting Figure S 3.4 siRNA-polymer conjugation validation...........cccceeeevriieriniieeeniiieeeieee e 88
Supporting Figure S 3.5 siRNA-polymer pH-responsive membrane destabilization. ............cccccevcuveeennneen. 89
Supporting Figure S 3.6 Validation of RNA silencing in SKOV3 EA8 cells.....cccccoeviviiiiiniiiiiiieeeen, 90

ix



Glossary

ANS: 1-Anilino-8-Naphthalene Sulfonate

Bcl-2: B-cell lymphoma-2

Bcl-xL: B-cell lymphoma-extra large

BHV1: non-targeting isotype-matched IgG1 human anti-bovine herpes virus-1 antibody
BMA: butyl methacrylate

CTA: chain transfer agent

DMAEMA: dimethylaminoethyl methacrylate

DTT: dithiothreitol

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
HPMA: N-(2-hydroxypropyl) methacrylamide

LDH: lactate dehydrogenase

MAA: methyl methacrylate

NT: No treatment

PAA: propyl acrylic acid

PDS: pyridyl disulfide

PDSMA: pyridyl disulfide methacrylamide

RAFT: Reversible Addition-Fragmentation chain Transfer
RNAi: RNA interference

SA: streptavidin

SCR: scrambled

SDS: sodium dodecyl sulfate

siRNA: short interfering RNA

TCEP: tris(2-carboxyethyl)phosphine

Trast: Trastuzumab



Acknowledgements
I would like to express my deepest appreciation for my mentor Pat Stayton. Without his
guidance and expertise, my journey through graduate school would have been far less productive
both scientifically and personally. His willingness to give me independence to develop my own
solutions to difficult problems has made me a far better independent researcher and scientist. |
would also like to thank my thesis committee members Suzie Pun, Oliver Press, Kim Woodrow,
Christine Luscombe. They have challenged me, encouraged me, and developed my ability to
think critically, and because of their guidance and critical thinking, my thesis is far stronger. I
would especially like to acknowledge Tony Convertine, who has proven to be an invaluable
mentor, especially in the area of polymer chemistry. His support has been instrumental in the
development of this project. I would like to thank Corinna Palanca-Wessels for her mentorship
and assistance in the development of the Trastuzumab targeted siRNA conjugates. I also
sincerely appreciated the assistance provided by her technician Garrett Booth. I would like to
thank my collaborator Yu-Hua Chow in the Lynn Schnapp Laboratory for all her hard work and
patience with the animals in our acute lung injury studies. Furthermore, I would not be able to
complete this work with out the help and support of my labmates Geoffrey Berguig, Emily
Crownover, Jessica Garbern, Bilal Ghosn, Matthew Manganiello, Salka Keller, and John
Wilson. I have enjoyed our lively scientific discussions and working with each and everyone
one of you for the past six years. And finally to my friends and family, I would like to thank you

all. You have made Seattle my home and I will be forever grateful to you all.

Xi



Dedication

The following work is dedicated to my family, whose love and support have allowed me to
become the person I am today. To my husband Scott, who encouraged me to pursue my dreams
and never give up, and to my parents, whose unconditional love and faith allowed me explore
different facets of life. Finally, to my son Jacob, who brings me happiness and joy every day.

xii



Chapter 1. SIRNA-POLYMER CONJUGATES FOR THE TREATMENT OF

DISEASE

Small interfering RNA (siRNA) has been hailed as a revolutionary approach for disrupting gene
expression and treating a diverse array of diseases. Despite its unequivocal potential to treat
disease, siRNA has one major limitation that must first be addressed; it must be delivered intact
to the cytoplasm of target cells. This delivery challenge has spurred research efforts in a variety
of fields, including polymer science, to produce a nontoxic carrier vehicle capable of crossing the
cell membrane and delivering functional siRNA. Recent advances in controlled polymerization
techniques, cell-specific targeting strategies, and clinically relevant disease models have enabled
researchers to begin rationally designing siRNA carriers for therapeutic use. Here we describe
the development of next-generation polymeric materials for cell-specific targeting for in vivo

siRNA delivery.

1.1 INTRODUCTION

Modern medicine’s knowledge of disease pathology continues to grow exponentially, and the
identification of new cellular and molecular pathways and targets that play a role in disease
progression has raised our knowledge of biology immensely. Despite these advances, often a
significant delay occurs between our understanding of a disease and our ability to treat it. Until
relatively recently, for example, most drugs were limited to small hydrophobic compounds
capable of crossing the cell membrane or to compounds with an extracellular site of action'. This

has drastically limited the number of “druggable” targets to a fraction (less than 20 %) of



identified human genes, with the remainder of drug targets considered “undruggable” with
current technology®. Recent advances in drug design, however, have opened up a world of new
opportunities, including novel intracellular drug targets, antibodies, proteins, peptides, DNA, and
RNA interference molecules. The immense potential of these new targets and strategies is now
limited only by the comparatively outdated approaches currently used clinically to deliver

biological drugs to these targets.

1.2 SIRNA

First reported by Fire ef al. in 1998, RNA interference (RNAi) is the process of sequence-
specific mRNA transcript degradation prior to translation’. This degradation is triggered by the
presence of double-stranded silencing RNA (siRNA) in the cytosol, which activates intracellular
degradation machinery and effectively silences gene expression. While the first reports of RNAi
were conducted in C. elegans, more recent work has extended this work to mammals and
suggests that this pathway is highly conserved*. The Nobel prize-winning discovery of RNAi
clearly has promising therapeutic potential, especially for conditions where silencing of a single
upregulated pathological gene may ameliorate the disease phenotype’. siRNA is typically 21-23
nucleotides in length and has approximately 40 negatively-charged phosphates, rendering the
molecule rather large, anionic, and difficult to deliver across cell membranes effectively. The
development of a robust siRNA delivery platform capable of targeting specific cell populations
in the body following systemic administration is the main challenge for therapeutic use of siRNA

in a clinical setting®.



1.2.1 RNAi Mechanism

RNAIi is a naturally occurring phenomenon that can be exploited for therapeutic purposes
(Figure 1.1). The pathway is activated when double-stranded RNA (dsRNA) of approximately
100 or more nucleotides in length is detected in the cytosol of the cell. Upon recognition, the
dsRNA is degraded into siRNA fragments by the ribonuclease (RNAse) III-type enzyme Dicer’.
These fragments enter the RNA-induced silencing complex (RISC), which becomes activated
after unwinding and selecting the guide (antisense) strand. Determination of the guide stand is
performed by a multifunctional protein, Argonaute 2, within the RISC and is based on the less
thermodynamically stable 5> end of the duplex’. The guide stand then selectively targets
complementary mRNA for degradation through the RNAse activity of the Argonaute 2 protein®.

Following transcript destruction, the guide strand is then free to interact with another transcript.

1.2.2  siRNA Delivery

Delivery of dsRNA greater than 30 nucleotides in the length activates the innate immune
response by antagonizing the antiviral interferon (IFN) response’. In vivo therapeutic strategies
for RNAi thus must rely on the delivery of synthetically generated shorter (21-23nt) siRNA to
bypass this unsolicited immune response yet still activate this potent and highly specific gene
silencing machinery. Naked siRNA is polyanionic in nature and has a large molecular weight,
which prevents it from readily crossing the cell membrane'®. To overcome these obstacles,
several nonviral delivery strategies including cationic lipoplexes, liposomes, and cationic
polymers have been developed for delivery siRNA in vivo. Unmodified siRNAs are highly
susceptible to degradation by endo- and exonucleases; however, chemical modifications to the

backbone, base, or sugar of the RNA can be employed to enhance potency and stability''. In



addition, siRNA sequences must be investigated to ensure assessable hybridization with target
mRNA and to avoid unintended (off-target) effects often caused by partial sequence homology
or stimulation of the innate immune response with GU-rich sequences antagonizing the toll-like
receptor 3*'?. It is important to note that in order to achieve 90% suppression of target gene
product, the siRNA must remain active inside the cell for more than 3 half-lives of the protein.
This is an important consideration when designing a gene targeting strategy, and some targets

may require multiple dosing to achieve this effect®.

1.2.3 Delivery Challenges and Approaches

The hurdles with siRNA delivery are diverse and exist on multiple scales, including extracellular
and intracellular transport, circulation, and biodistribution after systemic in vivo delivery (Figure
1.2). Depending on the route of administration, endothelium penetration (extravasation) may be
the initial extracellular transport challenge'’. Following escape from the circulatory system, the
siRNA delivery system must then diffuse though the extracellular matrix network and bind
specifically to target cells. Once identified, target cells must internalize the siRNA complex via
endocytosis. Once internalized, however, endocytic vesicles rapidly become highly acidic and
fuse with the lysosome to allow for thorough degradation of the vesicular contents. To prevent
degradation and facilitate gene silencing, siRNA must escape this endosomal environment.
Finally, the siRNA must dissociate for the carrier in order to activate the cellular machinery
enabling RNAi'". As discussed previously, off-target RNAi and enzymatic degradation are two
more challenges inherent to siRNA sequences. Rapid clearance of siRNA after administration
or non-specific accumulation in tissues leading to systemic toxicity are also potential challenges

to consider when designing a siRNA delivery system for in vivo delivery'.



Several approaches have been utilized to overcome these challenges using non-viral delivery
systems. Computer algorithms and empirical testing have lead to the identification of active
siRNA sequences with chemically-modified structures to increase stability in blood'®. Cationic
carriers shield siRNA from endonuclease activity, and biocompatible or PEGylated carriers
reduce toxicity as well as rapid clearance by the renal system'’. Direct conjugation of siRNA
molecules to small molecules, peptides, cholesterol, fatty acids, and bile salts have been
evaluated and shown in vivo efficacy by increasing circulation and cell uptake'". Increased cell
uptake has also been exploited via targeting moieties to facilitate receptor-mediate endocytosis™.
Optimization of delivery route or use of leaky vasculature (tumor targeting) can relieve
unwanted systemic effects and extravasation into tissues’'. Fusogenic and endosome-
destabilizing peptides/polymers have been used to facilitate endosomal escape and stimuli-

cleavable polymers have also been shown to release siRNA in the cytosplasm**>**%,

In particular, our laboratory has great interest in the polymer poly(propylacrylic acid) (PPAA) to
facilitate endosomal escape by undergoing a process similar to that of viruses, which have
evolved efficient ways to evade degradation by the lyosomal pathway®®. Viruses display
fuscogenic proteins on their viral coat that undergo a conformational change under the acidic
conditions found in the endosomal compartments>’. These newly hydrophobic regions allow the
viral coat to perturb the endosomal membranes and allow for cytosolic release. Carboxylic acid
residues along PPAA are partially ionized under physiological pH (pH 7.4), creating a
hydrophilic and aqueous soluble polymer. However, as the pH decreases to endosomal pH levels

(less than 6.6) the carboxylic acids residues become protonated, causing a pH-responsive



conformational change resulting in a hydrophobic, membrane destabilizing switch®™*"°,
Because of these advantageous characteristics, we have chosen to incorporate propylacrylic acid

as part of the membrane-destabilizing component of the siRNA delivery system.

1.3 POLYMERS FOR SIRNA DELIVERY

Polymers for siRNA delivery can be classified into two categories based on siRNA binding
mechanism; those that are positively charged (cationic) and those that are neutral. Linear or
branched cationic polymers rely on electrostatic interactions to condense negatively charged
siRNA and form polyplexes. Endosomal escape is achieved by the high charge density in the
cationic polymer, which acts a sponge and buffers endosomal pH. This buffering enhances the
influx of protons and water and results in the rupture of the endosome, which delivers the siRNA
cargo via “proton-sponge” effect'°. One of the most highly studied cationic polymers for the
delivery of siRNA is polyethyleneimine (PEI). PEI, like many other cationic polymers, tends to
be cytotoxic, and polycations in general are associated with systemic toxicity and thus are of

limited clinical significance' .

Without a highly charged makeup to drive siRNA complexation, neutral polymers must employ
functional groups to covalently attach siRNA. The most common attachment species is a
disulfide linkage, which is reducible by the cytoplasmic protein glutathione'. The literature is
sparse on the topic of neutral polymers directly conjugated to siRNA; however, a few recent
studies have directly conjugated poly(ethylene glycol) (PEG) to siRNA™?**  This particular
system required the addition of complexation to a polycation after sSiRNA-PEG conjugation to

see any efficacy in vivo. Acid-responsive polymers synthesized of amphipathic poly(vinyl ether)



composed of butyl and amino vinyl ether and contained PEG along with a hepatocyte targeting

ligand were directly conjugated to siRNA making a ‘Dynamic PolyConjugate’*

. This system
demonstrated successful multifunction in vivo delivery by suppressing both apolipoprotein B and
peroxisome proliferator-activated receptor alpha in a murine model. York, et al. demonstrated
the feasibility of multiconjugation of folate and cleavable siRNA to a well-defined N-(2-
hydroxypropyl) methacrylamide-s-N-(3-aminopropyl)methacrylamide (HPMA-s-APMA)
copolymer synthesized via reversible addition-fragmentation chain transfer (RAFT)

polymerization; however, no in vitro or in vivo characterization of this siRNA delivery system

was performed”’.

1.3.1 Reversible Addition Fragmentation Chain Transfer (RAFT)

To rationally design polymers for biological applications, we must employ a polymerization
technique capable of tight synthetic control to insure homogeneity and reproducibility. In 1998,
the CSIRO group reported the invention of a control “living” radical polymerization technique
called Reversible Addition Fragmentation Chain Transfer (RAFT), which is an extremely
versatile polymerization process with respect to the type of monomer and reaction conditions™.
This technique is characterized by the formation of polymers with controlled molecular weight,
low polydispersity, and complex polymeric microstructure”. The primary difference between
RAFT and traditional free radical polymer is a reagent called the chain transfer agent (CTA),
which forms intermediate radicals with two propagating polymer chains to facilitate uniform
propagation of the polymer chains. The overall RAFT mechanism can be described in two parts.
The first phase is the “pre-equilibrium” set of reactions and involves the initial RAFT agent and

the initiation of the living process. The second phase, or “main equilibrium” set of reactions,



occurs between growing and dormant polymer chains*. This process is advantageous because it
reduces the amount of free radicals in solution and thereby limits termination and uncontrolled
polymerization. In addition, the CTA provides a “living” functionality on isolated polymer
chains, which can subsequently act as a macroCTA for future block polymerizations.
Modifications of the CTA prior to polymerization can provide multiple functionalities on either
terminus*'.  Polymers prepared with RAFT exhibit precise molecular weights and narrow
polydispersities, with a variety of architectures and chemical modality of either terminus. Taken
together, these advantageous characteristics make RAFT uniquely suited to future potential use

as pharmaceutical carriers.

1.3.2  Block Copolymers for siRNA Delivery

The RAFT polymerization technique enables the control synthesis of polymers with discrete
regions (blocks) with separate functionalities. Amphiphilic block copolymers are polymers with
one hydrophilic block and one hydrophobic block which self-assemble to form core-shell
micelles under aqueous environments*’. The micelle structure is driven by the entropic
sequestration of hydrophobic regions and stabilized by the solubility of the hydrophilic regions.
Amphiphilic micelles have been previously successful in the delivery of hydrophobic
chemotherapy drugs by providing a hydrophobic core for encapsulation purposes**. Cationic
micelles are a subset of amphiphilic block copolymers that use electrostatic interactions to drive
the complexation of negatively charged molecules and can incorporate pH-responsive activity in
the core®. Potent mRNA knockdown, illustrated in Figure 1.3, has been shown with siRNA

delivery carriers composed of a positively charged block of dimethylaminoethyl methacrylate



(DMAEMA) to mediate siRNA binding and a second pH-responsive endosome releasing block

composed of DMAEMA, PAA, and butyl methacylate (BMA)*.

1.4 CELL TARGETING AGENTS

Cell targeting can greatly improve efficacy and specificity of therapeutic delivery in clinical
applications”’.  This targeting takes advantage of the intrinsic cell surface receptors or
biochemical characteristics unique to the tissue of interest. Various ligands including folate,
transferrin, antibodies, oligosaccharides, peptides, and polysaccharides have been utilized to

facilitate advances in siRNA delivery*®*~0°122%,

14.1 Human Epidermal Growth Factor Receptor 2 (HER2)

HER?2 is a tyrosine kinase receptor of the epidermal growth factor receptor family”*. Though
thought to be an orphan receptor, HER2 does form heterodimers with other HER2 members, and
heterodimerization results in the activation of signaling pathways involving mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways®. When activated,
HER?2 stimulates a signal cascade that drives cellular proliferation, migration, differentiation,
angiogenesis, and cell survival. Several cancers including breast, ovarian, gastric, and prostate
cancers overexpress wild-type HER2, which leads to enhanced and prolonged signals triggering

transformation, which is directly associated with poor clinical outcomes™®.

There are several reasons HER2 has been historically chosen as a useful target for cancer
therapies. Most importantly, HER2 upregulation leads to tumorigenesis and expression levels

are much higher in malignant cells than in healthy cells’’. Furthermore, HER2 overexpression is



found in both primary malignant cells as well as metastases™. Finally, inhibition of HER2
heterodimerization with other HER family members impedes signal propagation through P13K

and MAPK pathways™.

The extracellular domain of HER?2 in particular has provided an ideal target for cancer therapies.
Artificial ligands, such as affibodies and peptides, have been generated and linked directly to
cytotoxic agents or attached to nanoparticles encapsulation therapeutic drugs™. A humanized
monoclonal antibody directed against HER2, trastuzumab, has been used a both as drug and a
cell-targeting agent of drug conjugates for cells overexpressing HER2. Trastuzumab is FDA
approved to treat HER2+ breast cancer as both a standalone therapy and as an adjuvant therapy.
Its ability to provide targeting for nanoparticles and immunoliposomes has been employed in
numerous studies to delivery small molecule drugs or nucleic acid. In the current work, we have
investigated Trastuzumab as an ovarian cell targeting agent to facilitate cell uptake of our neutral

micellar siRNA delivery system and provide synergism with existing approved drug therapies.

14.2 Mannose Receptor
Sugar modalities are also often used to enhance cell-specific uptake and targeting. Macrophages
have mannose-specific membrane receptors, which can mediate phagocytosis of saccharide-

coated carriers and pinocytosis of soluble glycoconjugates™**!

. A mannosylated liposome
appears to be a promising approach for the delivery of chemotherapeutics®® as well as the
antituberculosis drug rifabutin in targeting alveolar macrophages”. We have investigated

mannosylated diblock copolymers to target alveolar macrophages in a murine lung injury model

to enhance the neutral siRNA conjugates delivery.
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1.5 CONCLUSIONS

The therapeutic promise of siRNA to treat a dizzying array of illnesses has challenged the drug
delivery field to invest in strategies to overcome the inherent obstacles associated with its
functional delivery. For siRNA to become a viable clinical therapy, a robust non-toxic delivery
system must be developed. The work discussed in the following chapters addresses the rational
design of a novel RAFT synthesized copolymer for the delivery of siRNA in respect to the

challenges associated with systemic delivery of siRNA to cell-specific targets.
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Figure 1.1 RNAi mechanism

RNA interference (RNAI) is activated when double-stranded RNA (dsRNA) is detected in the
cytosol of the cell. Ribonuclease (RNAse) IlI-type enzyme Dicer degrades dsRNA into short
fragments called siRNA. These fragments enter the RNA-induced silencing complex (RISC),
which becomes activated after unwinding and selecting the guide (antisense) strand.
Determination of the guide stand is performed by a multifunctional protein, Argonaute 2, within
the RISC and is based on the less thermodynamically stable 5’ end of the duplex.
Complementary mRNA binds to the guide strand and is then cleaved and degraded. The guide
strand is then free to interact with another transcript.
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Figure 1.2 Challenges associated systemic delivery of siRNA.
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Figure 1.3 Polymer based endosomal escape strategy.

Synthetic polymer poly(PAA-co-DMAEMA-co-BMA) is designed to mimick viral mechanisms
for intracellular biologic transport and exploits endosomal acidification for pH-responsive
membrane destabilization.
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Chapter 2. NEUTRAL POLYMERIC MICELLES FOR RNA DELIVERY

RNA interference (RNAi) drugs have significant therapeutic potential but delivery systems with
appropriate efficacy and toxicity profiles are still needed. Here, we describe a neutral,
ampholytic polymeric delivery system based on conjugatable diblock polymer micelles. The
diblock copolymer contains a hydrophilic poly[N-(2-hydroxypropyl) methacrylamide-co-N-(2-
(pyridin-2-yldisulfanyl)ethyl)methacrylamide) (poly[HPMA-co-PDSMA]) segment to promote
aqueous stability and facilitate thiol-disulfide exchange reactions, and a second ampholytic block
composed of propyl acrylic acid (PAA), dimethylaminoethyl methacrylate (DMAEMA), and
butyl methacrylate (BMA). The poly[(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
was synthesized using Reversible Addition-Fragmentation chain Transfer (RAFT)
polymerization with an overall molecular weight of 22,000 g/mol and a PDI of 1.88. Dynamic
light scattering and fluorescence measurements indicated that the diblock copolymers self-
assemble under aqueous conditions to form polymeric micelles with a hydrodynamic radius and
critical micelle concentration of 25 nm and 25 pg/mL respectively. Red blood cell hemolysis
experiments show that the neutral hydrophilic micelles have potent membrane destabilizing
activity at endosomal pH values. Thiolated siRNA targeting glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was directly conjugated to the polymeric micelles via thiol exchange
reactions with the pyridal disulfide groups present in the micelle corona. Maximum silencing
activity in HeLa cells was observed at a 1:10 molar ratio of siRNA to polymer following a 48 h
incubation period. Under these conditions 90 % mRNA knockdown and 65 % and protein
knockdown of at 48 h was achieved with negligible toxicity. In contrast the polymeric micelles

lacking a pH-responsive endosomalytic segment demonstrated negligible mRNA and protein

15



knockdown under these conditions. The potent mRNA knockdown and excellent
biocompatibility of the neutral siRNA conjugates demonstrate the potential utility if this carrier

design for delivering therapeutic siRNA drugs.
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2.1 INTRODUCTION

Short interfering RNA (siRNA) technology has the potential to revolutionize the treatment of
serious diseases by allowing selective silencing of oncogenic or therapeutic mRNAs and their
corresponding proteins. Despite this immense therapeutic potential of this technology the
effective systemic and intracellular delivery of siRNA remains a significant challenge. The
delivery of siRNA typically yields low levels of mRNA silencing due to barriers that include

degradation by endo- and exo-nucleases, poor cellular uptake, and intracellular trafficking'®.

To overcome these obstacles, delivery systems including liposomes, cationic lipoplexes, and

A 10,64,65

cationic polymers, have been developed to enhance the effectiveness of siRN Due to

their small size (~100 nm), biocompatibility, and activity, liposomes have been used to

successfully knock down the expression of proteins associated with a variety of disease targets®”

72-77

' Both cationic and neutral lipoplexes have exhibited good efficacy’>”’, with different toxicity

and protein adsorption/targeting properties that affect the choice of target tissue and medical

80-83 81,84

s and other natural polymers®"™,

application Cationic polymers, such as chitosan

86,87

polyethylenimine (PEI)*, dendrimers®*®’, and other synthetic polymers®® have also shown

promise although the toxicity of polycation carriers remains problematic.

Conjugation strategies have also been developed with a variety of non-viral delivery carrier
systems. Lipophilic siRNA conjugates to cholesterol®, bile acids'”', lipids®*, and a-tocopherol
(vitamin E)” have been shown to moderately increase target cell uptake. Cell-penetrating

95,96

peptides such as TAT trans-activator protein’*”, Penetratin®*°, and Transportan® have also been

conjugated to the antisense strand of siRNA to increase cellular uptake and enhance gene
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silencing. PEG-siRNA conjugates exhibit high levels of serum stability and have been shown to
increase gene silencing efficiency”. Additionally, PEG-siRNA conjugates complexed with a
cationic polymers or peptides to form polyelectroplyte complex micelles, further enhancing
circulation time, uptake, and efficacy””*** . Recently, Heredia, et al. employed reversible
addition-fragmentation chain transfer (RAFT) to prepare poly(ethylene glycol acrylate) with
telechelic pyridyl disulfide functionality®. Covalent siRNA conjugates have also been prepared
by Xu, et al. who conjugated siRNA to a pyridyl disulfide end-capped poly(HPMA)-dendritic

carbohydrate scaffold'”.

Previously, we described the synthesis of a new family of diblock copolymer siRNA

Cal.rier823,45,46,]0] .

These carriers are composed of a positively charged block of
dimethylaminoethyl methacrylate (DMAEMA) to mediate siRNA binding and a second pH-
responsive endosomal-releasing block composed of DMAEMA, propylacrylic acid (PAA), and
butyl methacylate (BMA) monomers. This carrier system displays excellent delivery activity but
the cationic segment could have adverse toxicity profiles. Here, we describe the development of
a neutral, ampholytic diblock copolymer that replaces the cationic DMAEMA segment with a
hydrophilic block of N-(2-hydroxypropyl) methacrylamide (HPMA) and a disulfide-conjugatable
monomer N-(2-(pyridin-2-yldisulfanyl)ethyl)methacrylamide. This system provides a starting

foundation for future targeted siRNA delivery schemes using pH-responsive polymeric micelle

conjugates for therapeutic use.

2.2 METHODS
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2.2.1 Materials

All reagents were purchased from Sigma-Aldrich and Wako Chemicals and used without further
purification unless specified otherwise. The trithiocarbonate CTAs ethyl cyanovaleric
trithiocarbonate (ECT) and PEG3 Biotin ECT were synthesized as previously described'''*.
Pyridyl disulfide methacrylamide (PDSMA) was synthesized as described previously'”. N,N-
dimethylacrylamide was distilled under reduced pressure. Propylacrylic acid (PAA) was
synthesized as previously reported. Radical initiator (V70) was purchased from Wako chemicals.

2,2-azobisisobutyronitrile (AIBN) was recrystallized from methanol.

2.2.2  Synthesis of poly(N-(2-hydroxypropyl)methacrylamide (HPMA)-co-PDSMA) macro
chain transfer agent (macroCTA)

Poly(HPMA-co-PDSMA) was synthesized using a mixed aqueous-organic solvent system.
Polymerizations were conducted with an initial molar HPMA to PDSMA ratio of 9:1. HPMA
(1.134 g, 7.9 mmol) was dissolved in ultra pure water (5.87 g). Biotinylated-4-Cyano-4-
(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (Biotin-ECT) (93.8 mg, 0.106 mmol) was
dissolved in ethanol (1 g). The initiator solution was prepared by dissolving V501 (1.23 mg/g
ethanol solution, 4.38 pumol) in ethanol. PDSMA (0.225 g, 0.89 mmol) was dissolved in ethanol
(1 g). The ethanol solutions were combined and added to the aqueous HPMA solution in a 25
mL round bottom flask. The final solvent concentration was a ratio of 2:1 (water to ethanol).
The solution was purged with nitrogen for 30 min on ice and then allowed to react at 70 °C for 4
h. Ultra pure water (35 g) was added to the reaction solution and frozen under liquid nitrogen.
Water was removed from the reaction via lyphilization after 48 h. The resultant polymer was

isolated by repeated precipitation from ethanol into an excess of ether. The polymer was rinsed
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after final precipitation with pentane to remove excess ether and dried overnight in vacuum oven.
The macroCTA was characterized by SEC to be 9,300 g/mol with a PDI of 1.07 from the
measured dn/dc of 0.091. '"H NMR was used to determine the composition of 94 % HPMA and
6 % PDSMA, by evaluating the peak at 3.9 ppm and aromatic peaks at resonances between 7-8.5

ppm for HPMA and PDSMA, respectively.

2.2.3 Synthesis of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)]

Poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] was prepared by adding the
poly(HPMA-co-PDSMA) macroCTA (0.239 g, 28.5 pumol) to a solution of BMA (0.486 g, 3.42
mmol), DMAEMA (0.403 g, 2.56 mmol) and PAA (0.292 g, 2.56 mmol) (40:30:30 mol %) in
dimethyl acidimid (DMAc) (2.4 g) such that the final solvent concentration was 66 % by weight.
The initial macroCTA to V70 initiator (3.5 mg, 11.4 umol) ratio ([macroCTA]o/[I]o) and initial
monomer to macroCTA ([M]o/[macroCTAJo) was 2.5:1 and 300:1 respectively. The
polymerization solution was purged with nitrogen for 30 min before being allowed to react at
30 °C for 24 h. The final polymers were isolated by precipitation from ethanol into a 50x excess
of pentane:ether (3:1 v/v). The polymer precipitant was rinsed with neat pentane and dried under
vacuum overnight. The polymers were dissolved in deionized water and further purified by
passing them through PDI10 desalting columns. The final dry polymers were obtained via
lyophilization. The diblock copolymer was characterized by SEC to be 22,000 g/mol with a PDI
of 1.88 from the measured dn/dc of 0.081. '"H NMR was used to determine the composition of
the second block to be 27 % PAA, 24 % DMAEMA, and 49 % BMA, by evaluating the peaks
between 3.9-4.2 ppm (representing HPMA, BMA, and DMAEMA), peak at 2.4 ppm (resonance

peak of DAEMA) and the backbone peaks. The proportion of PAA was back-calculated from
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integrating the entire backbone peak and subtracting the protons associated with the other

protons from HPMA, PDSMA, DMAEMA, and BMA.

224 Synthesis of poly[(HPMA-co-PDSMA )-b-(methyl methacrylate) (MAA)] non-pH
responsive Control Polymer

The control polymer was prepared by adding the poly(HPMA-co-PDSMA) macroCTA (0.066 g,
7.92 umol) to a solution of MAA (0.278 g, 2.77 mmol) in dimethylformamide (DMF) (0.416 g)
such that the final solvent concentration was 55 % by weight. The initial macroCTA to AIBN
initiator (0.125 mg) ratio ([macroCTAlo/[I]Jo) and initial monomer to macroCTA
([M]o/[macroCTA]Jo) was 10:1 and 350:1 respectively. The polymerization solution was purged
with nitrogen for 30 min before being allowed to react at 30 °C for 6 h. The final polymers were
isolated by precipitation from DMF into a 50x excess of ether. The polymer precipitant was
rinsed with neat ether and dried under vacuum overnight. The polymers were dissolved in
deionized water and further purified by passing them through PD10 desalting columns. The final
dry polymers were obtained via lyophilization. The diblock copolymer was characterized by

SEC to be 17,300 g/mol with a PDI of 1.04 from the measure dn/dc of 0.0963.

2.2.5 Polymer Characterization

Absolute molecular weights and polydispersities (PDI) were determined via SEC laser light
scattering (LLS) using a Optimlab T-rEX (Wyatt) equipped with miniDAWN TREOS (Wyatt)
for light scattering, refractive index, and UV. HPLC-grade DMF containing 0.1 wt. % LiBr at
60 °C was used as the mobile phase at a flow rate of 1 mL/min. Copolymer composition was

determined via '"H NMR spectra were recorded on a Bruker AV301 in deuterated methanol
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(CD,0D) at 25 °C. A deuterium lock (CD,0OD) was used and chemical shifts were determined in
ppm at 3.35 and 4.78 (CD,0D). Polymer concentration was 7.5 mg/mL. Copolymer morphology
was determined via 'H NMR spectra and was recorded on a Bruker AV500 in CD;OD and

deuterated oxide (D,0) at 25 °C. Polymer concentration was 12.5 mg/mL.

2.2.6 Critical Micelle Concentration (CMC) via ANS fluorescence

The CMC for the diblock copolymer was determined using a fluorescent probe, 1-Anilino-8-
Naphthalene Sulfonate (ANS). The ANS was dissolved in ethanol to form a 100 uM stock
solution. Polymer concentration was varied from 1 to 100 ug/mL with a set ANS concentration
of 5 uM. The various polymer solution (95 pL) was incubated with ANS stock solution (5 pL)
for 1 h in a black 96-well Nunc plate. The fluorescence spectra (ex 390/ em 550 nm) were
recorded using a Tecan Safire 2 microplate reader. The CMC was estimated to be the
concentration corresponding to the half-width intensity at 550 nm between low and high plateau

regions.

2.2.7 Transmission Electron Microscopy (TEM)

A 1.0 mg/mL solution of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] in PBS
was applied to a carbon-coated copper grid for 30 min and fixed in Karnovsky’s solution,
washed in cacodylate buffer and water. The grid was stained with a 6% solution of uranyl acetate
for 15 min and then dried until analysis. Transmission electron microscopy was carried out on a

Tecnai G2 F20, 200 kV scanning transmission electron microscope (S/TEM).
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2.2.8 Dynamic Light Scattering

Particle sizes of polymer alone or polymer-siRNA conjugates were measured by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS. Lyophilized polymer was dissolved in
100 % ethanol at 10-50 mg/mL, then diluted 10-fold into phosphate buffer, pH 7.4. Polymers
were analyzed in phosphate buffered saline, pH 7.4 (PBS) at 0.1 mg/mL for polymer alone and
polymer-siRNA conjugates. Polymers and polymer-siRNA conjugates were filtered with a 200

nm filter prior to measurement.

2.2.9 siRNA Conjugation via thiol-exchange

The number of thiol reactive pyridyl disulfide groups on the diblock copolymer was determined
by following the release of pyridine-2-thione at 343 nm following a 60 min incubation period in
pH 7.4 phosphate buffered saline (PBS) (137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO,, and 2
mM KH,PO,). The thiolated siRNA was reduced (GAPDH and SCR sequences) by combining
20 pL thiolated siRNA stock solution (500 uM) with 45 uL. RNAse-DNAse free water and 50 pL
of DTT (0.1 M) with 3 pL of triethylamine (TEA) (All values are per number of reactions)'®.
Reactions incubated for 30 min, and the thiolated siRNA was isolated by precipitation into water
saturated with ethyl acetate. The lyophilized diblock polymer was predissolved in 100 % ethanol
then diluted 10-fold into phosphate buffer (RNAse-DNAse free), pH 7.4 at a final concentration
of 2.5 mg/mL. Varying molar ratios of reactive PDS groups on polymer determined via TCEP
reduction (1, 2, 5, 10, 20) were immediately added to siRNA solution (10 nmol siRNA). Sterile
phosphate buffer (RNAse-DNAse free), pH 7.4, was added to the final reaction have siRNA

concentration of 11 uM and reacted at 37 °C for 12 h. The degree of siRNA conjugation to the
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block copolymer was determined by measuring the release of pyridine-2-thione at 343 nm using

an extinction coefficient of 8.08 x 10° M cm™.

2.2.10 Gel Shift Assay

To determine the polymer to thiol ratio at which complete siRNA conjugation occurs, gel
retardation assays were conducted at varying molar ratios of polymeric PDS groups to thiolated
siRNA. Ratios of 1:1, 2:1, 5:1, 10:1, and 20:1 (polymer reactive PDS groups to siRNA) were
evaluated. A 2 % agarose gel was loaded with each lane containing 1 pg of free siRNA or
siRNA conjugated with varying quantities of diblock copolymer. 2 pLL of a 0.1 M DTT solution
were reacted with the conjugates for 1 h prior to loading on gel to evaluate the reversibility of the
siRNA conjugation. 5 pL of 2.5 % SDS solution were combined to siRNA-conjugates to
determine if electrostatic interactions were driving complexation rather than conjugation. Non-
thiolated siRNA and the same polymer to siRNA ratios were also evaluated as controls. The gels
were run at 100 volts for 1 h and then stained with SYBR Safe dye diluted 1:5000 for 30 min for

UV visualization.

2.2.11 Red blood cell hemolysis assay

pH responsive membrane destabilizing activity was assayed by titrating polymer alone or
polymer-siRNA conjugates into preparations of human red blood cells (RBCs) and determining
membrane-lytic activity by hemoglobin release (determined by measuring absorbance at 540 nm)
under 5 different pH conditions. RBCs were isolated by centrifugation from whole blood
collected in vaccutainers containing EDTA. RBCs were washed 3 times in normal saline and

brought to a final concentration of 2 % RBCs in PBS at a specific pH (5.8, 6.2, 6.6,7.0, or 7.4).
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Polymer alone or polymer-siRNA conjugates were evaluated at 20 and 40 pg in triplicate at each
pH. RBCs with polymer alone or polymer-siRNA conjugates were incubated at 37 °C for 60
min and centrifuged to remove intact RBCs. Supernatants were transferred to a transparent 96-
well plate and absorbance determined at 540 nm. Percent hemolysis is expressed as A540

sample/A540 of 1 % Triton X-100 treated RBCs (control for 100 % lysis).

2.2.12 Cytotoxicity Measurements

Free diblock copolymer toxicity was evaluated in HeLa cells using the CellTiter 96AQueous
One Solution Cell Proliferation Assay (MTS) (Promega Corp., Madison, WI). HeLa cells were
seeded in 96-well plates at a density of 3,000 cells/cm® and allowed to adhere overnight. The
media was then replaced with 200 uL of fresh media containing the diblock copolymer at the
appropriate concentrations. Polymer cytotoxicity was evaluated in triplicate after 12 h using the
CellTiter MTS assay according to the manufactures instructions. The absorbance at 490 nm was
evaluated using Tecan Safire 2 microplate reader, and untreated cells in media were used as a

negative control.

The cytotoxicity of diblock copolymer and siRNA-polymer conjugates for normalization in the
GAPDH protein assay was determined by assaying for cell metabolic activity. HeLa cells were
seeded in 96-well plates at a density of 3,000 cells/cm”® and allowed to adhere overnight.
Conjugates were formed with GAPDH siRNA at concentrations up to 100 nM siRNA/well (200
uL volume). Samples were added to wells in triplicate. After cells had been incubated for 24 h or
48 h with the polymer or polymer-siRNA conjugates, the cells were lysed with KDalert Lysis

buffer and incubated at 4 °C for 20 min. 40 pL of cell lysate from each sample was then
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transferred to a fresh transparent 96-well plate and diluted with 60 pL of PBS buffer (pH 7.4).
100 pL of Lactate Dehydrogenase (LDH) reagent mix was then added to each well (Roche). The
coupled enzymatic reaction occurred within 5 min at 25 °C, and fluorescence (490/650 nm) was
determined according to the manufacturer’s instructions. Percent viability is expressed as

function of 1 % Triton X-100 treated cells (control for 0 % viability).

2.2.13 Measurement of siRNA knockdown activity using quantitative PCR

Knockdown activity of siRNA-poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)]
complexes was assayed in 96-well format by measuring specific gene expression after 24 h and
48 h of treatment with polymer-siRNA conjugates. Polymer and GAPDH targeting siRNA or
negative control siRNA were mixed as described above and allowed to conjugate overnight
before the addition to HeLa cells in 200 L normal media containing 10 % FBS. Final siRNA
concentration was evaluated at 50 nM. Total RNA was isolated 24 and 48 h post treatment and
GAPDH expression was measured relative to the internal normalizer gene, B-actin, by

quantitative PCR.

2.2.14 Measurement of siRNA knockdown activity by measuring GAPDH protein

HeLa cells were seeded in 96-well plates at a density of 3,000 cells/cm” and allowed to adhere
overnight. Conjugates were formed with GAPDH siRNA or negative control siRNA to attain
concentrations up to 50 nM siRNA (200 xL volume). Ratios of 1:1, 2:1, 5:1, 10:1, and 20:1
(polymer PDS groups to siRNA) were evaluated. Samples were added to wells in triplicate.
After cells had been incubated for 24 h or 48 h with the polymer or polymer-siRNA conjugates,

the cells were lysed and incubated at 4 °C for 20 min. The KDalert GAPDH assay kit (Ambion)
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was used to determine GAPDH protein levels. 10 pL of cell lysate from each sample was then
transferred to a fresh black 96-well plate and 90 uL. of KDalert master mix was then added to
each well. Fluorescence levels for each well were then read immediately after addition of the
master mix (AExc. = 560 nm and AEmm. = 590 nm). Identical measurements were then repeated
after 4 min. GAPDH activity was determined by the difference of the two readings. Values were
then normalized to total Lactate Dehydrogenase (LDH) protein content via lysate analysis with

LDH cytotoxicity kit (Roche) as previously described.

2.2.15 Polymer siRNA Conjugate Internalization by Fluorescence Microscopy

Internalization of diblock siRNA conjugates was visualized by fluorescence live-cell microscopy.
Helas were seeded in 96-well plates at a density of 15,000 cells/cm® and allowed to adhere
overnight in Lab-Tek II Chambered Coverglass Slides (NUNC, Rochester, NY). Polymer and
polymer-siRNA conjugates were bound to Alexa-488-label streptavidin (4:1 M polymer to
streptavidin) through the biotin RAFT agent after 1 h incubation. Cells were treated with a 30
min incubation of polymer, polymer siRNA conjugate, or streptavidin alone to look at
internalization of the carrier at 1 h. 25 nM steptavidin dose was administered in all sample
groups. Chamber slides were placed on a Live-Cell Fluorescence Microscope (Nikon Ti-E)
equipped with an environmental control chamber at 37 °C. Cells were imaged with a mercury
lamp and a 100X objective using the following filter sets for AF488 and DAPI. Z-sections of the
cells (step size 0.4 wm) were acquired and after image acquisition image stacks were
deconvolved using object-based measurement software, Volocity (Perkin Elmer), to focus
fluorescence. To deconvolve image stacks, point spread functions were calculated for the green

and blue channel and applied using 25 iterations to reach a near 100 % confidence interval.
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2.3 RESULTS

2.3.1 Polymer Synthesis and Characterization

RAFT polymerization methodology was employed in order to prepare the macro chain transfer
agent (macroCTA) composed predominately of the hydrophilic HPMA with 10 mol % (feed) of
a thiol-reactive PDSMA comonomer as shown in Scheme 2.1. Aqueous conditions were selected
for the copolymerization of the methacrylamido-based comonomers as they have been shown to
provide excellent control over the molecular weight and polydispersity at lower initiator
concentrations leading to materials high chain end retention of the thiocarbonylthio groups'**'®.
In order to facilitate solubilization of the poorly water soluble PDSMA comonomer, 33 %
ethanol by volume was added to the aqueous polymerization solution. These conditions provided
excellent control over the copolymerization as evidenced by the narrow and symmetric
molecular weight distribution (Supporting Figure S 2.1) and yielded a copolymer with a
molecular weight and polydispersity of 9,300 g/mol and 1.07 respectively. Incorporation of
both comonomers in the copolymer as well as retention of PDS functionality was determined by
'H NMR spectroscopy in CD;0D. Comparison of the HPMA methyne resonance at 3.78 ppm to

the PDSMA aromatic resonances at 8.45 ppm suggests that approximately 6 % PDSMA was

incorporated into the polymer as compared to 10 % in the feed (Table 2.1).

The resultant copolymer was subsequently employed as a macroCTA for block copolymerization

of PAA, DMAEMA, and BMA. The polymerization was conducted in DMAc at 30 °C for 24 h.

Although broadening of the molecular weight distribution was observed for the diblock
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copolymer, a clear shift to lower elution volumes is observed (Supporting Figure S 2.1).
Evaluation of the copolymer composition via 'H NMR spectroscopy indicates approximately 49
mol % BMA content in the second block with approximately equimolar quantities of of PAA and
DMAEMA making up the remainder (Figure 2.1). Also evident from the 'H NMR spectrum is
the presence of aromatic resonances asociated with the PDS pyridine ring. Because the absolute
concentration of PDSMA residues in the block copolymer are critically important for
conjugation of thiolated siRNA, a TCEP reduction assay was also conducted to corroborate the
values determined by '"H NMR. In this assay the copolymer was dissolved in PBS buffer and
incubated with 50 mM TCEP for 1 h in order to reduce disulfide bonds. It was determined that
the number of PDS groups retained on the polymer was approximatey 1.9 as compared to 2 PDS
groups per polymer by NMR. A non pH-reponsive control polymer containing a methyl
methacrylate (MMA) based core (poly[(HPMA-co-PDSMA)-b-(MAA)]) was also synthesized
via RAFT polymerization and had an overall molecular weight of 17,300 g/mol with a PDI of

1.04.

2.3.2 Diblock copolymer morphology

Spectroscopic confirmation of the anticipated micellar morphology with a poly(HPMA-co-
PDSMA) segment making up the corona and the poly(PAA-co-DMAEMA-co-BMA) segment
making up the core was provided by '"H NMR. Analysis of copolymer in deuterated methanol,
which acts as a solvent for both block copolymer segments, shows resonances associated
comonomer residues present in both blocks. This is clearly shown in Figure 2 where resonances
associated with HPMA residues (iii, iv) as well as DMAEMA (i v) and BMA (ii, vi, vii) are

observed together. In contrast NMR analysis of the diblock copolymer in D,O NMR shows a
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strong attenuation of resonances associated with the poly(PAA-co-DMAEMA-co-BMA)
segment. This is illustrated in Figure 2.2 most notably by the disappearance ester resonances
(DMAEMA and BMA; i, ii) at 4.2 ppm and 4.0 ppm respectively as well as an almost complete
disappearance of the strong DMAEMA dimethyl resonance (v) at 2.4 ppm. These results, taken
together, strongly suggest the association of the diblock copolymers under aqueous conditions to
from core shell particles. The peaks corresponding to the proton adjacent from the hydroxyl on
HPMA (3.8 ppm) (iii) and the protons adjacent from the amide of HPMA (3.0 ppm) (iv) retain

their intensity.

Self-assembly of the diblock copolymers into a micelle-like morphology under aqueous
conditions was further supported by conducting dynamic light scattering measurements as a
function of solution pH. Polymer and polymer siRNA conjugates were prepared in 1x PBS
solutions (0.1 mg/mL) at pH 7.4, 6.6, and 5.8. Under physiological conditions, a hydrodynamic
diameter from 25 to 27 nm was observed for polymer and siRNA-polymer conjugates (ratio of
20:1 PDS to siRNA); this is indicative of the expected micelle morphology. Under more acidic
environments representative of the endocytosis pathway, a reduction in the hydrodynamic
diameter was observed to below 10 nm, which is consistent with unimers and micelle disruption.
This transition occurs when DMAEMA residues in the core-forming block become increasingly
protonated, building up an excess cationic charge as PAA is protonated and becomes neutral. No
significant size difference was observed with the addition of a reducing agent, TCEP, in solution

under these conditions.
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The critical micelle concentration (CMC) for the diblock copolymer was determined by
following the change in fluorescence intensity of 8-Anilino-1-naphthalenesulfonic acid (ANS) as
a function of block copolymer concentration. ANS shows a significant increase in fluorescence
intensity as well as a blue shift upon translocation from an aqueous solution to a nonpolar
environment. By evaluating the fluorescence intensity of ANS at 550 nm (370 nm excitation) it
was possible to follow the transition of the diblock copolymer from an associated micellar state
to unimers. Low ANS fluorescence is observed below a diblock copolymer concentration of
approximately 10 uxg/mL, while above this concentration a sharp increase in fluorescence occurs
indicating a transition from unimers to micelles (Supporting Figure S 2.2A). Measurements of
the half-width intensity between low and high plateau regions indicate a CMC of ca. 25 ug/mL
for the diblock copolymer derived micelles. Additional evidence that the diblock copolymer
exists in particle morphology was evaluated by electron microscopy (Supporting Figure S
2.2B) From the electron micrograph the average diameter of the particles, which appear spherical,

are sub-50 nm.

2.3.3 Polymer-siRNA conjugation and characterization by gel electrophoresis

To conjugate polymer and siRNA via reducible disulfide linkages, thiolated siRNA molecules
were first reduced with DTT for 30 min and then reacted with the PDS-functional diblock
copolymer overnight at 37 °C. Polymer-siRNA conjugation efficiency was determined via
agarose gel electrophoresis and by analysis of pyridine-2-thione release. Thiol to PDS ratios of
1:1, 1:2, and 1:10 (thiol to polymer ~1:0.5, 1:1, and 1:5) were evaluated in order to determine the
minimum ratio necessary to achieve complete siRNA conjugation. This value was determined to

be 1:10 (thiol to polymer ~ 1:5) as evidenced by gel electrophoresis where a complete
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disappearance of the free siRNA band is observed at this ratio (Supporting Figure S 2.3). As
expected, siRNA conjugations conducted at a thiol to PDS ratio of 1:20 also showed complete
siRNA conjugation (Figure 2.3). Following incubation with DTT, a disulfide reducing agent that
cleaves the siRNA-polymer linkage, electrophoresis of the conjugates resulted in a reappearance
of the free siRNA band. Following incubation with SDS, which disrupts micelle formulation,
electrophoresis of the conjugates indicated no band corresponding to free siRNA, suggesting that
the siRNA molecules remained conjugated to the unimer form of the polymer. Complete siRNA
reduction from the polymeric system was observed under the presence of DTT and SDS, perhaps
because the DTT was allowed access to the bond without steric hindrance from the micelle
formation. Control experiments in which non-thiolated siRNA was incubated in the presence of
the diblock copolymer did not result in any visible associations with the polymer. Comparison of
thiolated GAPDH siRNA to the corresponding scrambled sequence showed negligible
differences in the pyridine-2-thione release, particle sizes, and conjugation reversibility assays.
In addition, siRNA conjugation was successful at this ratio to the non-pH-responsive control

polymer (data not shown).

234 pH-responsive Membrane Destabilizing Activity

The pH-responsive membrane destabilizing activity of diblock copolymer was assayed using a
red blood cell hemolysis assay. Five different pH conditions were used to mimic the transitions
within the endosomal pH environments ranging from extracellular pH = 7.4 to late endosome pH
= 5.8. Membrane destabilization is thought to occur through a combination of ionic localization
of the polymer on the membrane surface and hydrophobic interaction of the nonpolar butyl

methacrylate with the membrane lipids. To test whether conjugation of the diblock copolymer to
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a hydrophilic nucleic acid interfered with the intrinsic membrane disruptive properties of the
polymer, hemolysis experiments were conducted on both the polymer alone and the polymer-
siRNA conjugates for both the GAPDH and SCR siRNA sequences with a final polymer
concentration at 40 yg/mL (Figure 2.4). No significant hemolytic activity was observed at pH
7.4 for polymer and polymer-siRNA conjugates. Significant increases in red blood cell lysis
were observed as pH was reduced to 6.2. Under these conditions, similar hemolytic properties
were observed between the both GAPDH and SCR sequence siRNA-polymer conjugates. The
maximum hemolytic activity was approximately one-third of the value for free polymer alone,
suggesting that the RNA does attenuate the membrane-destabilizing activity when conjugated.
Attenuation of the polymers intrinsic membrane disruptive properties, as shown by the red blood
cell hemolysis assay, is generally proposed to be a result of altering the individual polymer
chains hydrophilic-hydrophobic balance. © The pH-responsive segment becomes sharply
membrane destabilizing as the propyl acrylic acid is protonated to neutrality, where the alkyl
segment can destabilize membrane packing together with the butylmethacrylate alkyl segments.
More specifically, there could also be activity reducing effects of ionic interactions between the
negatively charge siRNA and the endosomolytic segment as the pH drop increases the net
positive charge of this block. The non-pH-responsive control polymer and siRNA-polymer

conjugates exhibited no hemolytic activity at all pH ranges.

2.3.5 Polymer-siRNA conjugate internalization
In order to evaluate the presence of polymer-siRNA conjugates within the Hela cells,
nanoparticles were incubated for 1 h at room temperature with an Alexa-488 labeled streptavidin

(SA) to bind the biotin on the RAFT chain transfer agent. The SA-polymer-siRNA conjugates
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were then added to the cell media at a dose of 25 nM. After 30 min incubation with the SA-
polymer-siRNA conjugates and a media wash, cells demonstrated robust intracellular
fluorescence, suggesting that internalization had occurred. Free SA alone was not visualized

within the cells (Supporting Figure S 2.4).

2.3.6 siRNA conjugates are active in vitro

The knockdown activity of the pH-responsive siRNA-polymer conjugate was evaluated in HeLa
cells. siRNA directed against GAPDH (or a scrambled negative control) was conjugated to the
polymer carrier and added directly to HeLa cells in media containing 10 % FBS for a 48 h
continuous incubation. The final siRNA concentration was evaluated at 50 nM for the polymer-
siRNA conjugates and 25 nM for the commercially available siRNA delivery agent Hiperfect.
The high intrinsic toxicity of Hiperfect limited the maximum siRNA dose for the control to 25
nM. Above this concentration a substantial loss in cell viability was observed. Specific gene
knockdown activity was then measured 24 and 48 h post transfection via real-time quantitative
PCR (Figure 2.5A). GAPDH-polymer conjugates successfully reduced GAPDH mRNA to
17 % and 11 % control at 24 and 48 h, respectively. Negative control SCR-polymer conjugates
did not show any knockdown GAPDH mRNA activity at either time point. Cell toxicity was
evaluated with an MTS assay and verified the polymer and polymer-siRNA conjugates up to 3
orders of magnitude above reasonable siRNA doses are non-toxic in Helas cells (Supporting

Figure S 2.5).

The ability of the siRNA-polymeric conjugates to deliver active siRNA was further evaluated by

assaying the amount of GAPDH protein in HeLa cells (Figure 2.5B). GAPDH protein
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knockdown activity was then measured 24 and 48 h post transfection via KDalert GAPDH assay
kit. GAPDH-polymer conjugates successfully reduced GAPDH protein levels to 50 % of
controls at 24 h incubation and 35 % of controls at 48 h incubation at 50 nM siRNA dose in
HeLas. Negative control SCR-polymer conjugates failed to exhibit GAPDH protein knockdown.
To evaluate with effect of the polymer on the ability to effect siRNA knockdown, various ratios
of conjugated siRNA to polymer were tested at a fixed siRNA dose of 50 nM. A higher dose of
polymer (lower siRNA to polymer ratio during conjugation) in the siRNA-polymer conjugates
resulted in a greater ability to knockdown GAPDH without increasing toxicity in this
concentration range (Figure 2.6). Physical mixtures of non-thiolated siRNA and polymers

showed negligible protein knockdown activity (Supporting Figure S 2.6).

2.4 DISCUSSION

Delivery challenges still limit the therapeutic potential of siRNA'®. Considerable progress has
been made in siRNA drug development with liposomal carriers for liver applications'””'®®. These
carriers can have excellent therapeutic indices due to both passive and intrinsic targeting to the
liver. They can also be designed to enhance endosomal release via proton sponge and/or lipid
phase effects directly on the endosomal membrane. While lipid-based systems have led the way
in the siRNA delivery field, a critical need exists for better carriers that work in other disease
target tissues and with good toxicity profiles. In this work have described an endosomal-
releasing siRNA delivery system that retains delivery activity within a neutral, ampholytic
diblock copolymer micelle system. The carrier exploits a reducible disulfide conjugation

strategy for linking the siRNA to the micelle carrier. This approach allows for direct conjugation
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of thiolated siRNA drugs directly to the polymeric scaffold without the need for a polycation

segment.

The cytotoxicity of our neutral corona nanocarrier is strikingly reduced compared to the
polycation corona composition with negligible toxicity observed in HelLa cells even after 24
hours continuous exposure at 500 mg/mL polymer*®. Successful disulfide formation between
thiolated siRNA and the PDS functional polymer was quantitated via pyridine-2-thione release
and agarose gel electrophoresis. These studies suggest that greater than 95 % siRNA conjugation
was observed at a siRNA to PDS ratio of 1:20. GAPDH-polymer conjugates at 50 nM doses
successfully reduced GAPDH mRNA to 17 % and 11 % of the untreated control levels at 24 and
48 h, respectively. No reduction in GAPDH levels was observed for physical mixture of the
diblock copolymer micelles with siRNA lacking thiol-functionality. This finding supports the
conclusion that reversible covalent association of the siRNA to the micelle is necessary to
achieve cytoplasmic delivery. Control experiments conducted with micelle carriers containing
an inert micelle core lacking any pH-responsive membrane destabilizing behavior (ie.
poly(methyl methacrylate)) also showed negligible mRNA knockdown. The strong correlation
between the hemolytic activity of the siRNA conjugates and the ability to knockdown GAPDH
protein indicate that an endosomal releasing core provides a significant intracellular delivery

advantage in this carrier system.

2.5 CONCLUSIONS

Here, we have reported the development of a neutral, ampholytic polymer micelle carrier for

siRNA delivery that exploits direct disulfide drug conjugation. Using RAFT polymerization, an
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[(HPMA-co-PDSMA)-b-(DMAEMA-co-PAA-co-BMA)] diblock copolymer was synthesized
with 2 mol % PDS groups per polymer chain. Thiolated siRNA was reacted with the pyridyl
disulfide moieties incorporated into the hydrophilic block to achieve approximately 1 to 2 siRNA
molecules per micelle with an average diameter of 25 nm. The siRNA conjugates retain the pH-
responsive membrane-destabilizing activity of the parent polymer, although the absolute activity
is attenuated by conjugation. The siRNA-polymer linkages are reducible by glutathione and
conjugation is required for the knockdown of GAPDH mRNA and protein. These carriers
exhibit maximum mRNA and protein knockdown at 50 nM siRNA doses in Helas with a siRNA
linear dose response curve. The effectiveness and low cytotoxicity of this new carrier make it a

promising candidate for future in vivo siRNA delivery studies in disease models.
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2.8 SUPPORTING INFORMATION

Size exclusion chromatograph for p(HPMA-co-PDSMA), p[(HPMA-co-PDSMA)-b-(PAA-co-
DMAEMA-co-BMA)], and p[(HPMA-co-PDSMA)-b-(MAA)]; CMC of diblock copolymer via
ANS fluorescence; Polymer-siRNA conjugation at various ratios via gel retardation assay;
Polymer-siRNA uptake via fluorescent microscopy; Polymer toxicity via MTS assay in HelLa

cells after 24 hour incubation; GAPDH protein knockdown with non-thiolated siRNA and

polymer. This material is available free of charge via the Internet at http://pubs.acs.org.
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Table 2.1 Polymer characterization.

Molecular weight and chemical composition of the diblock copolymer for siRNA conjugations
employed in these studies.

Composition Composition® M,"  PDI"

Polymer (Feed) (Exp)  (g/mol) (M./M.)
(HPMA, PDSMA,) 90:10 94:6 9300 107
(HPMA, PDSMA.,)-b- . -
(PAA DMAEMA. ENAL) 30:30:40 27:24:49 22000 188

* As determined by 'H NMR (CD,0D) spectroscopy (Bruker AV 500) (Fig. 1)
® As determined and size exclusion chromatography.
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Scheme 2.1 Polymer synthesis strategy.

Synthetic structure, molecular weight, and chemical composition of the diblock copolymer for
siRNA conjugations employed in these studies.
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Figure 2.1 Polymer composition via '"H NMR.

'H NMR spectra of the macroCTA and diblock copolymer in deuterated methanol (CD,OD) at
25 °C. (a) is one proton from PDSMA, (e) is one proton from HPMA, (j) is two protons from
DMAEMA, (k) is two protons from BMA, (m) is 6 protons from DMAEMA and the sum of
protons from 0.5-3.1 ppm are from HPMA (10), DMAEMA (13), PDSMA (9), PAA (9), and
BMA (12).
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Figure 2.2 Polymer morphology via '"H NMR.

'H NMR spectra of the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] in
deuterated methanol (CD,OD) and deuterated oxide (D,0O) at 25 °C represents polymer
morphology based on environment. Resonances associated with HPMA residues (iii, iv) as well
as DMAEMA (i v) and BMA (ii, vi, vii) are fully solvated in CD,0D, while a strong attenuation
of resonances associated with DMAEMA (i, v) and BMA (ii) at 4.2 ppm, 2.4 ppm, and 4.0 ppm
respectively, is observed in D,0.
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Figure 2.3 Polymer-siRNA conjugation validation.

Gel Retardation Assay validating polymer-siRNA conjugation via a reducible disulfide bond. 1
ng siRNA/lane. Lane: Free thiolated siRNA (1), 20:1 (Reactive PDS-groups on polymer to
thiolated siRNA) polymer-siRNA conjugate (2), polymer-siRNA conjugate and 0.1 M DTT (3),
polymer-siRNA conjugate and 1 % SDS (4), polymer-siRNA conjugate, 0.1 M DTT and 1 %
SDS (5), free polymer (6).
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Figure 2.4 pH-responsive membrane lytic profile of polymer.

Hemolysis of the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer, poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer-
siRNA conjugates (Conj. 1), and poly [(HPMA-co-PDSMA)-b-(MMA)] diblock copolymer-
siRNA conjugates (Conj. 2) both at a 20:1 of the reactive PDS groups on the polymer to thiolated
siRNA at pH concentrations of 5.8, 6.2, 6.6 and 7.4 of 40 ug polymer/mL. Hemolytic activity is
normalized relative to a positive control, 1 % v/v Triton X-100, and the data represent a single
experiment conducted in triplicate + standard deviation.
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Figure 2.5 siRNA dose dependent RNA and protein knockdown.

(A) GAPDH mRNA knockdown in HeLa cells was measured using real time RT-PCR following

a 24 and 48 h incubation with the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer-siRNA conjugates (Con. 1) and poly [(HPMA-co-PDSMA)-b-(MMA)]
diblock copolymer-siRNA conjugates (Con. 2) both at a 20:1 of the reactive PDS groups on the
polymer to thiolated siRNA at 50 nM doses. Scrambled siRNA conjugates and a commercially
available transfection reagent, Hiperfect, were used as negative and positive controls,
respectively. The data is represented with a N= 6 + standard error. (B and C) GAPDH protein
knockdown in HeLa cells was measured using KDalert GAPDH Assay following 24 and 48 h
incubation period with poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer-siRNA conjugates (12.5, 25, and 50 nM siRNA dose). Data was normalized with an
LDH toxicity assay. Scrambled siRNA conjugates and a commercially available transfection
reagent, Hiperfect, were used as negative and positive controls, respectively. The data is
represented with a N= 6 + standard deviation.
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Figure 2.6 Polymer-dependent RNA and protein knockdown.

(A) GAPDH mRNA knockdown in HeLa cells was measured using real time RT-PCR following
a 24 h incubation with the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer-siRNA conjugates at a 1:2.5, 1:5 and 1:10 of the thiolated siRNA to the
diblock copolymer at a 50 nM siRNA dose. A commercially available transfection reagent,
Hiperfect, was used as a positive control. The data is represented with a N= 6 + standard error.
(B) GAPDH protein knockdown in HeLa cells was measured using KDalert GAPDH Assay
following 48 h incubation period with poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-
BMA)] diblock copolymer-siRNA conjugates (50 nM GAPDH siRNA dose) with a range of
siRNA to diblock copolymer ratios. Data was normalized with an LDH toxicity assay. A
commercially available transfection reagent, Hiperfect, was used as a positive control. The data
is represented with a N= 6 + standard deviation.
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Supporting Figure S 2.1 SEC polymer characterization.

Size exclusion chromatogram for biotin-HPMA-co-PDSMA (Mn = 9,300 g/mol; PDI = 1.07),
the corresponding diblock copolymer (Mn = 22,000 g/mol; PDI = 1.88), and control polymer
(Mn = 17,300 g/mol; PDI = 1.04).
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Supporting Figure S 2.2 CMC and TEM characterization.

(A) ANS fluorescence intensity vs. polymer concentration for poly[(HPMA-co-PDSMA)-b-
(PAA-co-DMAEMA-co-BMA)] in 1 x PBS at pH 7.4. (B) Transmission Electron Microscope
(TEM) image of micelles formed from an aqueous solution of 1 mg/mL poly[(HPMA-co-
PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] in 1 x PBS at pH 7 4.
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Supporting Figure S 2.3 siRNA-polymer conjugation ratios.

Gel Retardation Assay validating polymer-siRNA conjugation via a reducible disulfide linkage.
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Supporting Figure S 2.4 Polymer internalization in HeLa cells.

Three-dimensional rendering of live HeLa cells using fluorescent microscopy after 30 minute
incubation with 25 nM steptavidin dose with Alexa-488 labeled bounded to polymer-siRNA
conjugates at a 4:1 polymer to steptavidin molar ratio (green) and Hoest nuclear stain (blue).
Cells were washed with 1X PBS and imaged 1 hour later. Control Alexa-488 labeled SA (left).
25 nM streptavidin-Alexa 488 bound to Biotinylated polymer-siRNA conjugate (right).

50



1.2 1
—~ 1.1 1
¢
s 1.0 -
(o]
< 0.9 -
o~
T 0.8 1
>
£ 0.7 -
T 0.6 -
2 0.5 -
)
O 04 -
)
2> 0.3
©
E 0.2 -
0.1 -
00 B T T T T T
0 5 25 50 500 1000

Polymer Concentration (ng/mL)

Supporting Figure S 2.5 Polymer toxicity.

MTS assay to determine polymer toxicity via HeLa cell survival after 24 hour incubation at

various polymer concentrations..
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Supporting Figure S 2.6 RNA knockdown of controls.
GAPDH knockdown in HeLa cells was measured using KDalert GAPDH Assay following 48 hr

incubation period with diblock copolymer to physical mixture siRNA and free siRNA (50 nM
siRNA dose). Data was normalized with an LDH toxicity assay. Scrambled siRNA physical
mixture and a commercially available transfection reagent, Hiperfect, were used as negative and

positive controls, respectively. The data is represented with a N= 6 + standard deviation.
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Chapter 3. TRASTUZUMAB TARGETED NEUTRAL POLYMERIC
MICELLES CONJUGATED TO BCL-XL SIRNA SENSITIZES OVARIAN

CANCER CELLS TO CARBOPLATIN

The effective treatment of ovarian cancer has been complicated by development of drug
resistance associated with the Bcl-2 family of apoptosis regulators. RNA interference (RNAi)
against Bcl-2 family members, including Bcl-xL, sensitizes ovarian cancer cells to
chemotherapeutics, but effective delivery of short interfering RNA (siRNA) to the cytoplasm of
cells remains a challenge. The human epithelial growth factor-2 (HER-2/neu) oncogene is
overexpressed on the surface of 25-35% of breast and 10% of ovarian adenocarcinomas and has
been correlated with a poor response to primary therapy and decreased survival. Trastuzumab is
an internalizing monoclonal antibody that binds the HER-2/neu receptor and prevents
uncontrolled proliferation. Here, we report the development of a trastuzumab-targeted Bcl-xL
siRNA delivery carrier that successfully sensitizes ovarian cancer cells to carboplatin. The
neutral polymeric delivery system is based on diblock copolymer micelles with conjugatable
functionalities synthesized using Reversible Addition-Fragmentation chain Transfer (RAFT)
polymerization. The first block contains poly[N-(2-hydroxypropyl) methacrylamide-co-N-(2-
(pyridin-2-yldisulfanyl)ethyl)methacrylamide) (poly[HPMA-co-PDSMA]) synthesized with a
biotin functionalized RAFT agent. This segment allows for conjugation via both thiol-disulfide
exchange reactions and streptavidin-biotin associations. The second block composed of propyl
acrylic acid (PAA), dimethylaminoethyl methacrylate (DMAEMA), and butyl methacrylate

(BMA) exhibits pH-responsive behavior and facilities cytosolic delivery of siRNA. Polymers
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composed of these two blocks self assemble into micelles and were successfully conjugated to
thiolated siRNA and monoclonal antibody-streptavidin conjugates (mAb-SA). Trastuzumab
targeted siRNA polymer conjugates increased cell uptake by 50 % in both ovarian and breast
cancer cells expressing HER2/neu. Treatment with trastuzumab-targeted GAPDH-siRNA-
polymer conjugates resulted a significant decrease in GAPDH mRNA levels as compared to the
conjugates with no targeting antibody in both cell lines. In addition, trastuzumab targeted
delivery of a therapeutic siRNA against Bcl-xLL was able to silence target gene expression to
40 % and significantly reduce the IC(50) of carboplatin in ovarian cancer cells. This well-
defined system overcomes many barriers to siRNA delivery to HER2+ cells and may be a

valuable tool to combat chemotherapy drug resistance.
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3.1 INTRODUCTION

The American Cancer Society estimates that 12,340 women will receive a new diagnosis and
4,030 women will die from ovarian cancer in 2013.'” Chemotherapy agents such as carboplatin
and paclitaxel, are the most common treatment for ovarian cancer,'’ but these treatments are
limited by systemic toxicity and the emergence of drug resistance. These limitations likely

contribute to the poor overall 43.5% 5-year survival of ovarian cancer patients.'”

Bcl-xL, a structural and functional homologue of the Bcl-2 protein, provides protection against
apoptosis and is associated with tumor progression, resistance to modern drug therapies, and
recurrent cancer.''""'* Inhibition of Bcl-xL, either from small molecule drugs such as ABT-737
or through RNA interference (RNAi), has been shown to sensitize ovarian cancer cells to
carboplatin."”""*'"® " Furthermore, small interfering RNA (siRNA) against Bcl-xL inhibits
proliferation, reduces invasion, and enhances radiosensitivity of human colorectal cancer cells in
murine xenograft models."” Targeting Bcl-xL therefore is likely a promising strategy to inhibit

carcinogenesis and prevent resistance to current ovarian cancer therapies.

The demonstrated potential of siRNA as a therapeutic cancer agent has been tempered by the
need for an effective and robust delivery system. Vector- and adenovirus-mediated delivery of
siRNA against Bcl-xL or other Bcl-2 family members has been reported to induce apoptosis in
breast cancer and colorectal cancer in vivo;''''® however, a clinical limitation to both vector and
adenoviral-based is that repeated administrations can trigger strong immune responses, thereby

decreasing their therapeutic potential.” Non-viral delivery of Bcl-2 siRNA, was achieved via
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poly(d, I-lactide-co-glycolide) (PLGA)-chitosan coated nanoparticles and showed significant
tumor regression in animals,'”” however, this non-targeted approach required repeat injections

directly into the tumor due to the lack of cancer-specific targeting.

Targeted siRNA conjugates are an attractive alternative approach for future clinical translation
because targeting not only minimizes off-target effects, but it also reduces the effective dose
necessary for therapeutic effects.'” For example, Yu et al. engineered a clinically relevant CD20
antibody conjugated to lipopolyplex nanoparticles and Bcl-2 targeted antisense oligonucleotides,
which demonstrated improved therapeutic efficacy in vivo for B-cell malignancies."
Trastuzumab is a clinically available HER2/neu targeting antibody that binds to the internalizing
HER?2 cell surface receptors. Despite HER2+ expression in ovarian cancer cells, clinical studies
with trastuzumab have not met the same level of success as seen in breast and gastric cancers.”
Recent studies, however, suggest the re-evaluation of trastuzumab as a therapeutic “primer” for

other therapeutic drugs as a viable treatment for ovarian cancer.'”

Using Trastuzumab as a
targeting strategy may provide an efficient method to deliver of Bcl-xL siRNA to ovarian cancer

cells through target-specific uptake.

In comparison to each modality alone, combination strategies involving both therapeutic siRNA
and chemotherapy drugs may represent a promising approach to combat drug resistant cancers.
For example, PLGA nanoformulations of Bcl-2 siRNA have been used as an adjuvant in
chemotherapy of cisplatin. Koganti, et al. reported the reduction in IC(50) values for cisplatin in
vitro and improved survival of Ehrlich ascites carcinoma-bearing mice receiving combined

3

treatments.'” siRNA directed against other anti-apoptotic members, such as Survivin, has also
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been reported to enhance chemosensitivity to cisplatin in vivo."”* Based upon these studies, we
hypothesized that a combination of carboplatin and a cancer antigen targeted polymer-based Bcl-

xL siRNA delivery platform may be an effective therapeutic strategy.

Previously, we described the synthesis of pH-responsive, diblock copolymer siRNA

Carriers .23,45 46,101,125

First generation carriers were composed of a positively charged block of
dimethylaminoethyl methacrylate (DMAEMA) to mediate siRNA binding and a second pH-
responsive endosomal-releasing block composed of DMAEMA, propylacrylic acid (PAA), and
butyl methacylate (BMA) monomers. Although this carrier system displayed excellent delivery
activity to ovarian cancer cells in vitro, it was limited by adverse toxicity profiles in vivo.*
Second generation carriers contained a neutral, ampholytic diblock copolymer that replaces the
cationic DMAEMA segment with a hydrophilic block of N-(2-hydroxypropyl) methacrylamide
(HPMA) and a disulfide-conjugatable monomer N-(2-(pyridin-2-
yldisulfanyl)ethyl)methacrylamide to directly conjugate siRNA.'"” Here, we have evaluated our
multifunctional HER2-targeted siRNA-polymer conjugates in ovarian and breast cancer cells for
biocompatibility and efficacy as well as tested synergistic effects with siRNA against Bcl-xL and
carboplatin in ovarian cancer cells. We showed that the pretreatment of ovarian cancer cells with

trastuzumab targeted Bcl-xL micelles significantly reduces the IC(50) of carboplatin, and that

this method of combined therapy is a promising strategy for the treatment of ovarian cancer.

3.2 METHODS
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3.2.1 Materials

All reagents were purchased from Sigma-Aldrich and Wako Chemicals and used without further
purification unless specified otherwise. The trithiocarbonate CTAs ethyl cyanovaleric
trithiocarbonate (ECT) and PEG3 Biotin ECT were synthesized as previously described.'”"'”
Pyridyl disulfide methacrylate (PDSMA) was synthesized as described previously.'” N,N-
dimethylacrylamide was distilled under reduced pressure. Propylacrylic acid (PAA) was
synthesized as previously reported. Radical initators (V70) and (V501) were purchased from
Wako chemicals. BHV1 (a non-targeting isotype-matched IgG1 human anti-bovine herpes
virus-1 antibody) was produced from a hybridoma obtained from American Type Culture
Collection and purified from ascites fluid over a HiTrap Protein G HP column (GE Healthcare).
Trastuzumab (Genentech) was obtained from pharmacy.  Streptavidin conjugation to
trastuzumab and BHV1 antibodies was performed as previously described.””™'”” Zeba Spin
Desalting Columns and Slide-A-Lyzer Dialysis Cassettes were purchased from Pierce. Oregon
Green 488 lodoacetamide, High Capacity cDNA Reverse Transcription kit with inhibitor, and
gene expression assay reagents were purchased from Life Technologies. The Cell Titer Glo
Luminescence Assay was purchased from Promega. GAPDH and scrambled (SCR) thiolated
siRNAs were gifted by PhaseRX, and the thiolated Bcl-xLL siRNA was purchased from Thermo

Scientific.

3.2.2 Thiolated siRNA

Thiolated siRNA were modified with a S-S on 5' end of sense strand. The Bcl-xL sense strand:

GCUGGAGUCAGUUUAGUGALt, and the anti-sense strand:
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UCACUAAACUGACUCCAGCtg; GAPDH sense strand: GGUCAUCCAUGACAACUUULt,

and anti-sense strand: ttCCAGUAGGUACUGUUGAAA.

3.2.3  Synthesis of poly(N-(2-hydroxypropyl)methacrylamide (HPMA)-co-PDSMA) macro
chain transfer agent (macroCTA)

Poly(HPMA-co-PDSMA) was synthesized as previously described.”” HPMA (1.138 g, 7.9
mmol) was dissolved in ultra pure water (591 g) and the PDSMA (0.226 g, 0.89 mmol) was
dissolved in ethanol (1 g) resulting in an initial molar ratio of 9:1. The biotinylated-4-Cyano-4-
(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (Biotin-ECT) (31.5 mg, 0.045 mmol), and
the V501 initiator solution (1.24 mg/mL ethanol solution, 4.4 umol) were individually dissolved
in 1 g of ethanol each. The combined ethanol solutions were added to the aqueous HPMA
solution in a 25 mL round bottom flask, resulting in a 2:1 (water to ethanol) final solvent ratio.
The solution was purged with nitrogen for 30 min on ice and then allowed to react at 70 °C for 4
h. The reaction mixture was diluted with ultra pure water (35 g), frozen under liquid nitrogen,
and lyphilized for 48 h. Isolation of the resultant polymer was conducted by repeated
precipitation from ethanol into an excess of ether. Removal of excess ether was achieved by one
polymer precipitation with pentane and dried overnight in vacuum oven. The macroCTA was
characterized by SEC to be 10,500 g/mol with a PDI of 1.1 from the measured dn/dc of 0.091. 'H
NMR was used to determine the composition of 93 % HPMA and 7 % PDSMA, by evaluating
the peak at 3.9 ppm and aromatic peaks at resonances between 7-8.5 ppm for HPMA and

PDSMA, respectively.
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3.2.4 Synthesis of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)]

Poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] was prepared as previously
described.”” The poly(HPMA-co-PDSMA) macroCTA (0.299 g, 28.5 umol) was dissolved in
dimethyl acidimid (DMAc) (2.9 g) with BMA (0.486 g, 3.42 mmol), DMAEMA (0.403 g, 2.56
mmol) and PAA (0.293 g, 2.56 mmol) (40:30:30 mol %) such that the final solvent concentration
was 66 % by weight. The polymerization had an initial macroCTA to V70 initiator (3.5 mg, 11.4
umol) ratio of 2.5:1 and degree of polymerization of 300. The polymerization solution was
purged with nitrogen for 30 min before being allowed to react at 30 °C for 24 h. The final
polymers were isolated by precipitation from ethanol into a 50x excess of pentane:ether (3:1 v/v).
The polymer precipitant was rinsed with neat pentane, dried under vacuum overnight, and
purified through PD10 desalting columns. The final dry polymers were obtained via
lyophilization. The diblock copolymer was characterized by SEC to be 25,000 g/mol with a PDI
of 1.8 from the measured dn/dc of 0.081. '"H NMR was used to determine the composition of the

second block to be 22 % PAA, 25 % DMAEMA, and 53 % BMA, as previously described.'”

3.2.5 Polymer Characterization

Absolute molecular weights and polydispersities (PDI) were evaluated with SEC laser light
scattering (LLS) using a Optimlab T-rEX (Wyatt) equipped with miniDAWN TREOS (Wyatt)
for light scattering, refractive index, and UV. HPLC-grade DMF containing 0.1 wt. % LiBr at
60 °C was used as the mobile phase at a flow rate of 1 mL/min. Copolymer composition was
determined via '"H NMR spectra were recorded on a Bruker AV301 in deuterated methanol
(CD,0D) at 25 °C. A deuterium lock (CD,0D) was used and chemical shifts were determined in

ppm at 3.35 and 4.78 (CD,0OD). Polymer concentration was 10 mg/mL.
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3.2.6 siRNA Conjugation via thiol-exchange

The number of thiol reactive pyridyl disulfide groups on the diblock copolymer was determined
as previously described,'” by following the release of pyridine-2-thione at 343 nm following a
60 min incubation period in pH 7.4 phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 8 mM Na,HPO,, and 2 mM KH,PO,). The thiolated siRNA was reduced (GAPDH, BCL-
xL and SCR sequences) with 200 molar excess of DTT (0.1 M) and 2 pL of triethylamine (TEA)
in RNAase-free water so that the final volume is 100 pL. Reactions incubated for 30 min and
the solution was run through Zeba Spin Desalting Columns (7K MWCO) twice. Final RNA
concentration was determined with UV spectroscopy. The lyophilized diblock polymer was
predissolved in 100 % ethanol at 50 mg/mL, then diluted into phosphate buffer (RNAse-DNAse
free), pH 7.4 at a final concentration of 5 mg/mL. The polymer was then added to the reduced
siRNA at a 1:10 or 1:15 siRNA to polymer ratio. Sterile 10X PBS (RNAse-DNAse free), pH 7.4,
was added to the final reaction in order to have a 1X PBS solution that was reacted overnight at

37 °C.

3.2.7 Gel Shift Assay

Polymer siRNA conjugation was determined by gel electrophoresis. A 2 % agarose gel was
loaded with each lane containing 1 ug of free siRNA or siRNA conjugated with the diblock
copolymer. 3 uL of a 500 mM Bond-Breaker TCEP solution, at a neutral pH, was reacted with
the conjugates for 1 h prior to loading on gel to evaluate the reversibility of the siRNA
conjugation. 5 pL of 2.5 % SDS solution were combined to siRNA-conjugates to determine if

electrostatic interactions were driving complexation rather than conjugation. The gels were run
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at 100 volts for 1 h and then stained with SYBR Safe dye diluted 1:5000 for 30 min for UV

visualization.

3.2.8 Red blood cell hemolysis assay

Characterization of pH responsive membrane destabilizing activity was assayed by incubating
polymer alone or polymer-siRNA conjugates into preparations of human red blood cells (RBCs)
and determining membrane-lytic activity by hemoglobin release under 5 different pH conditions
as previously described.”” Whole blood collected in vaccutainers containing EDTA and RBCs
were isolated, washed 3 times in normal saline and brought to a final concentration of 2 % RBCs
in PBS at a specific pH (5.8, 6.2, 6.6, 7.0, or 7.4). Polymer alone or polymer-siRNA conjugates
were evaluated at 40 pg in triplicate at each pH. RBCs with polymer alone or polymer-siRNA
conjugates were incubated at 37 °C for 60 min and centrifuged to remove intact RBCs.
Supernatants were transferred to a transparent 96-well plate and absorbance determined at 540
nm. Percent hemolysis is expressed as A540 sample/A540 of 1 % Triton X-100 treated RBCs

(control for 100 % lysis).

3.2.9 HABA (2-Hydroxyazobenzen-4'-Carboxylic Acid) assay

A HABA assay was performed to determine the appropriate molar excess of biotinylated
pl[(HPMA-co-PSDMA)-b-(PAA-co-DMAEMA-co-BMA)] required to fill one biotin binding site
on streptravidin (SA). SA was loaded with an excess HABA dye and incubated with 0,0.5, 1, 2,
4,6,8,10, 12, 16 M excess of biotinylated polymer to SA for 1 h. Displacement of HABA by

biotinylated polymer was then monitored spectrophotometrically at 500 nm and quantified to
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determine the optimum molar excess to conjugate SA targeting moieties to the biotinylated

micelle.

3.2.10 PAGE Gel

To confirm the complete binding of biotinylated polymer to monoclonal antibody-streptavidin
conjugates (mAb-SA) through the biotin RAFT agent, the conjugates were evaluated with gel
electrophoresis at various ratios of polymer to mAb-SA. The mAb-SA was labeled with Alexa
Fluor 647 Carboxylic Acid, Succinimidyl Ester at a 10 to 1 dye to protein ratio overnight at 4 °C.
Protein was purified with Zeba Spin Desalting Columns (7K MWCO) twice and quantified
spectrophotometrically.  mAb-SA had approximately 1.8 dyes per protein conjugate. The
biotinylated polymer was labeled with Oregon Green 488 Iodoacetamide at an equal molar ratio
in a 50 mg/mL polymer solution in ethanol overnight at 4 °C. The reaction underwent 4 rounds
of dialysis against methanol in a Slide-A-Lyzer Dialysis Cassette (7K MWCO), and a final round
of dialysis against water. Purified labeled polymer was frozen, lyophilized, and labeling
efficiency quantified by UV spectroscopy (85 % efficiency). All conjugates ratios were
incubated for 1 hr and run on a native 4-20% Tris-HCI PAGE (Biorad) gel. Samples were
loading with a bromophenol blue and glycerol loading buffer and run for 1 h at a constant
voltage of 100 V. The gel was then imaged via Storm 860 Molecular Imager (GMI) to determine

the fluorescent shift of the mAb-SA.

3.2.11 Cell lines

SKOV3 cells, derived from a papillary serous cystadenocarcinoma of the human ovary (ATCC)

and SKOV3 EAS, were maintained in RPMI-1640 medium supplemented with 10% fetal bovine
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serum and 1 % penicillin/streptomycin at 37 °C and 5 % CO,. SKBR3 cells, derived from
metastatic human breast tissue (ATCC), were maintained in McCoy’s 5A medium supplemented

with 10% fetal bovine serum and 1 % penicillin/streptomycin at 37 °C and 5 % CO,.

3.2.12 Polymer siRNA Conjugate Internalization by Flow Cytometry

Internalization of the mAb-SA targeted diblock siRNA conjugates was evaluated using flow
cytometry. siRNA-polymer conjugates were generated at a 1:15 siRNA to polymer ratio, with
33 % of the polymer labeled with Oregon Green. SKOV3 and SKBR3 were seeded in 12-well
plates at a density of 200,000 cells/cm2 and allowed to adhere overnight. Trastuzumab targeted
or a non-targeted (BHV1) polymer-siRNA conjugates were generated (4:1 M polymer to
streptavidin) after 1 h incubation. Cells were treated with for 30 min at 37 °C with either Trast-
SA or BHVI1-SA targeted polymer-siRNA conjugates at a 50 nM siRNA dose. Cells were
washed, trypsinized, and resuspended in PBS buffer containing 2% bovine serum albumin and
0.01 % bromophenol blue to quench extracellular fluorescence associated with surface bound
polymer and allow discrimination of endocytosed polymers.'” Flow cytometry was performed
on a FACSCantoll (BD) using a 488 nm excitation source and a 530/30 nm band pass filter.
Cells were gated by forward scattering area (FSC-A) and side scattering as well as FSC height
(FSC-H) and FSC width (FSC-W) with 10,000 gated events per sample. Postacquisition analysis

was performed using FlowJo flow cytometry analysis software (Tree Star, Ashland, Oregon).

3.2.13 Measurement of siRNA knockdown activity using quantitative PCR

Knockdown activity of antibody targeted siRNA-poly[(HPMA-co-PDSMA)-b-(BMA-co-

DMAEMA-co-PAA)] conjugates was assayed in 96-well format by measuring specific gene
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expression after 24 h and 48 h of treatment. Trastuzumab or BHV1 targeted siRNA-polymer
conjugates were generated as described above. SKOV3, SKBR3, and EASs cells were seeded 24
h prior to transfection in RPMI with 10 % FBS in a 12-well plate format at density of 13,000
cells/cm®. The transfection growth media was RPMI with 5 % FBS and a final siRNA
concentration of 50 nM. For the pulse-chase experiments, the transfection media was removed
after 2 h, the cells were washed, and the media was replaced with RPMI containing 5 % FBS.
Total RNA was isolated 24 and 48 h post treatment and GAPDH or Bcl-xL expression was

measured relative to the internal normalizer gene, PPIA (Cyclophilin A), by quantitative PCR.

3.2.14 5’-RLM-RACE and sequencing

5’-RLM-RACE was performed using the GeneRacer Kit (Invitrogen) with some modification as
previously described.”'* Briefly, 100 ng total RNA was directly ligated to 250 ng GeneRacer
RNAOIligo with T4 ligase. After phenol/chloroform extraction and ethanol precipitation, cDNA
was synthesized using random primers. From this reaction, 2 ul was used for first round 5’
RACE reaction using the GeneRacer 5° primer and Bcl-xl-specific reverse primer (5°-
TCTACGCTTTCCACGCACAGTGCCC-3’) with the following cycling conditions: 1 cycle of
94 °C for 2 minutes, then 5 cycles of 94 °C for 30 seconds and 72 °C for 1 minute, then 5 cycles
of 94 °C for 30 seconds and 70 °C for 1 minute, then 20 cycles of 94 °C for 30 seconds, and
68 °C for 1 minute. Second-round 5’ RACE reaction was then performed using 1 ul of the first-
round reaction and internal GeneRacer 5’ nested and Bcl-xL-specific nested (5°-
GCTGTCCCTGGGGTGATGTGGAGCT-3’) primers using the above cycling conditions except
for an extension time of 15 seconds and 25 cycles. PCR were performed using an Eppendorf

Mastercycler thermocycler. PCR products were run on a 3 % agarose gel containing ethidium
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bromide then excised and extracted using a QIAquick Gel Extraction kit (Qiagen). Sequencing
was performed using the ABI BigDye Terminator v3.1 Cycle Sequencing kit and subsequently

analyzed on an ABI-3730xI DNA Analyzer (Applied Biosystems) per manufacturer’s protocol.

3.2.15 Cell Titer Glo Assay

Synergistic effects of trastuzumab targeted Bcl-xL knockdown with carboplatin on the IC50 of
EAS cells were evaluated with a Cell Titer Glo assay. EAS8 cells were plated in RPMI with 10%
FBS on a white 96 well plate at a density of 5,000 cells/cm®. Cell were transfected 24 h later, for
2 h with trastuzumab or BHV1 siRNA conjugates (1:15 siRNA to polymer) as described above.
Final siRNA concentrations were 50 nM. Trastuzumab or polymer alone groups evaluated as
controls. After 2 h, the cells were washed and the media replaced with RPMI containing 5 %
FBS. 24 h after transfection, the media was removed and replaced with RPMI containing 10 %
FBS and various concentrations of carboplatin (0 to 160 uM). We used the Cell Titer Glo assay,
as described by manufacture’s instructions after 96 h (72 h after carboplatin treatment). Cells
were removed from incubator 45 min prior to the substrate addition. The manufacture’s
substrate reagent was added directly to the cells and incubated while shaking for 2 mins.
Relative cell viability as function of luciferase activity was obtained via luminometer 10 mins

later. IC50 was determined via 3 independent experiments with ED50 Plus software.

3.2.16 Statistical analysis

One-way ANOVA was used to test for treatment effects at a significance of p<0.05 with Tukey’s

test for post hoc pairwise comparisons between individual treatment groups.
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3.3 RESULTS

3.3.1 Synthesis and characterization of the biotinylated diblock copolymer and polymer-siRNA

conjugate

The neutral, hydrophilic region containing pyridyl disulfide functional groups was synthesized

2346101 4y a mixed

via RAFT polymerization with a biotinylated chain transfer agent (CTA)
aqueous and organic solvent'” (Figure 3.1). The thiol-reactive PDSMA monomer (10 mol %
feed) was dissolved into ethanol with the biotin-CTA and V501 initiator, and the ethanol solution
was then added to the aqueous solution containing the hydrophilic HPMA monomer (90 mol %
feed). The resultant solution (1:2 ethanol to water) was previously reported to provide excellent
control over the copolymerization.'” This was confirmed by the narrow and symmetric
molecular weight distribution of the resulting polymer (Supporting Figure 3.S1), which
demonstrated a molecular weight and polydispersity of 10,500 g/mol and 1.1, respectively. The
composition of the macroCTA was confirmed by '"H NMR spectroscopy in CD,OD (Supporting
Figure 3.S2). The ratio of HPMA methyne resonance at 3.78 ppm to the PDSMA aromatic
resonances at 8.45 ppm suggests that approximately 7 % PDSMA was incorporated into the
polymer as compared to 10 % in the feed (Table 3.1). The pH-responsive block, consisting of
PAA, DMAEMA, and BMA, was then RAFT synthesized in DMAc at 30 °C for 24 hours using
the previous copolymer as a macroCTA and V70 as a source for free radicals. The final diblock
copolymer was determined to have a molecular weight and polydispersity of 25,000 g/mol and
1.8, respectively (Table 3.1). Evaluation of the copolymer composition with 'H NMR
spectroscopy in CD,;0D indicated approximately 53 mol % BMA content in the second block

with approximately equimolar quantities of PAA (22 mol %) and DMAEMA (25 mol %), which
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facilitated near-neutral charge of this block at physiological pH values (Supporting Figure

3.52).

This diblock copolymer has been previously reported to self-assemble into micelles at
physiological pH, with a poly(HPMA-co-PDSMA) segment forming the corona and the
poly(PAA-co-DMAEMA-co-BMA) segment comprising the core.'” A hydrodynamic diameter
of approximately 25-30 nm was observed by dynamic light scattering measurements in
physiological solutions for both polymer and polymer-siRNA conjugates. Because the micellar
morphology may impact the number of accessible functional groups available on the polymer
chain, a TCEP reduction assay was used to evaluate the number of accessible PDSMA residues
per polymer chain and corroborate the values determine by '"H NMR. These values were in good
agreement and the diblock copolymer was approximated to have 3 PDS groups per polymer
chain (Table 3.1). We evaluated the amount of free biotins on the polymer-chains available to
bind streptavidin and streptavidin conjugates via 4-hydroxyazobenzene-2’carboxylic acid
(HABA) assay. Although the polymer was designed to have one biotin per polymer chain, the
micellar morphology reduced the number of accessible biotins; in result, a four molar excess of

polymer was required to displace one biotin-binding site (Supporting Figure 3.S3).

The polymer-siRNA conjugates were generated via a disulfide exchange reaction with the PDS
functionalized polymer to the thiolated siRNA as previously reported'” at a siRNA to polymer
ratio of 1:10 (Figure 3.1), and complete siRNA conjugation was validated via agarose gel
electrophoresis (Supporting Figure 3.S4). pH-responsive behavior of both the polymer and the
polymer-siRNA conjugates was evaluated with a red blood cell lysis assay, which involved

incubating the polymer and the polymer-siRNA conjugates (polymer concentration of 40 yg/mL.)
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with red blood cells for 1 hour at various pHs representative of the endosomal-lysosomal
pathway. As expected, both the polymer and polymer-siRNA conjugate exhibited membrane

disruptive behavior at pH values of 5.8 and 6.2 (Supporting Figure 3.S5).

3.3.2 Antibody-mediated polymeric micelle internalization in HER2+ cancer cells

Evaluation of monoclonal antibody-streptavidin conjugate (mAb-SA) binding to biotinylated
micelles was conducted with native page gel electrophoresis. mAb-SA labeled with Alexa fluor
647 was incubated with Oregon Green 488-labeled polymers at various mAb-SA to polymer
ratios. Successful conjugation via a biotin-streptavidin linkage formed between the free biotins
on the RAFT chain transfer agent and the streptavidin of the mAb-SA was detected by the
disappearance of the mAb-SA band on the gel. Complete binding of the polymer to the antibody
conjugate occurred at a 4:1 polymer to mAb-SA ratio (Figure 3.2). All subsequent polymer
conjugates to the mAb-SA were conducted at a 4:1 polymer to mAb-SA ratio to ensure
maximum targeting potential of the micelle. The SKOV3 ovarian cancer cell line and the
SKBR3 breast cancer cell line both overexpress HER2; however, SKOV3 cells have
approximately half the number of HER2 receptors as SKBR3 cells."”” In order to evaluate the
effects of antibody-targeted uptake of the siRNA neutral micelles in both cell types, the HER2+
targeting antibody conjugate (Trast-SA) and a non-targeting mAb-SA (BHV1-SA) were
conjugated to the fluorescently labeled siRNA-polymer conjugates. Both cell lines were
incubated with the Trast-SA-siRNA conjugate and BHV1-SA-siRNA conjugate at a 50 nmol/L
siRNA dose for 30 minutes at 37 °C. Internalization, evaluated with flow cytometry, showed a

significant increase with Trast-SA targeting as compared to BHV1-SA in both SKOV3 (Figure
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3.3 a,b) and SKBR3 (Figure 3.3 c, d) cell lines. Pre-incubation of the conjugates at 4 °C for 30
minutes to theoretically facilitate receptor-mediated binding did not affect the amount of uptake
(data not shown). This data suggests that at early time points (30 minutes) trastuzumab-targeting

robustly mediates internalization of the nanoparticles in both SKOV3 and SKBR3 cancer cells.

3.3.3 Functional activity of siRNA delivered by antibody-targeted polymeric micelle

We previously demonstrated that non-targeted, pH-responsive siRNA-polymer conjugates can
efficiently deliver siRNA in the immortalized HeLa cervical cancer cell line.'”” The ability of
trastuzumab targeting to enhance delivery of siRNA to HER2 expressing cells was evaluated
with real-time quantitative PCR of RNA isolated from both SKOV3 and SKBR3 cells.
Conjugates were prepared with either Trast-SA or BHVI-SA bound to polymers directly
conjugated to either the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) siRNA or a
negative control (SCR) siRNA sequence (with no known homology to human genes) at a 1:10
siRNA to polymer ratio (Figure 3.4). The cells were then incubated continuously for 48 hours
with a final siRNA concentration of 50 nmol/L. Trast-SA GAPDH conjugates successfully
reduced GAPDH to 51 % and 47 % after 48 hours in SKOV3 and SKBR3, respectively. The
non-targeting BHV1-SA GAPDH conjugate did not exhibit GAPDH knockdown in SKOV3
cells; however, in SKBR3 the GAPDH mRNA level was reduced to 67 %. As expected, the

negative control siRNA conjugates did not exhibit GAPDH mRNA knockdown.

To further enhance the delivery efficiency in the targeted carrier, we increased the amount of
polymer in the siRNA conjugates to 1:15 siRNA to polymer. Although the overall siRNA dose
remained the same (50 nmol/L) the overall polymer dose and mAb-SA dose were increased by

150 % to maintain a constant mAb-SA to polymer ratio. After 48 hours of continuous treatment
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in SKOV3 cells, the GAPDH mRNA was significantly reduced in Trast GAPDH conjugate;
however, the differential effect of targeting with Trast-SA compared to BHVI-SA was
diminished (data not shown). Because long continuous incubation may not permit the
ascertainment of differences in uptake between targeted and non targeted mAb-SA, functional
siRNA delivery in SKOV3 cells was evaluated after a 2 hour pulse-chase with a 50 nmol/L
siRNA dose and siRNA-polymer conjugates at a 1:15 siRNA to polymer ratio (Figure 3.5). The
Trast-SA GAPDH conjugates exhibited successful GAPDH mRNA knockdown to 44 % and
27 % gene expression after 24 and 48 hours, respectively. GAPDH expression was reduced in
the BHV1-SA GAPDH conjugates to 62 % and 74 % after 24 and 48 hours, respectively.
Conversely, negative control siRNA conjugates showed negligible knockdown in SKOV3 cells
at both time points. The addition of trastuzumab targeting doubled the efficacy of the siRNA
carrier at the short 2 hour incubation time. Furthermore, changing the siRNA to polymer ratio

from 1:10 to 1:15 improved GAPDH mRNA knockdown from 51% to 27% respectively.

3.34 Synergistic effect of Bcl-xL siRNA with carboplatin in ovarian cancer cells

The trastuzumab targeting system was evaluated to deliver a therapeutic siRNA directed against
the gene target Bcl-xL in SKOV3 EA8 human ovarian carcinoma cells stably expressing the
firefly luciferase gene (Figure 3.6a). These cells, derived from the parental line SKOV3,
exhibited a reduction of B-cell lymphoma-extra large (Bcl-xL) mRNA with trastuzumab-
targeting Bcl-xL conjugate at 24 hours (35% of untreated cells). Trastuzumab targeted GAPDH
knockdown was similar after 24 hours in both SKOV3 and SKOV3 EAS, indicating that the
constitutive expression of luciferase does not impact RNAi activity (Supporting Figure 3.S6).

The SKOV3 EAS8 cells exhibited negligible knockdown after treatment with the non-targeting
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BHVI1-SA conjugates. Reduction of Bcl-xL gene expression through the RNAi pathway was
confirmed through the 5’-RLM-RACE assay (Figure 3.6b). The detection of the expected
mRNA cleavage product was observed only in samples receiving the trastuzumab targeted Bcl-

xL siRNA polymer conjugates.

Bcl-xL is a transmembrane molecule in the mitochondria that promotes cell survival. By
reducing Bcl-xL expression, traditional chemotherapies including carboplatin, may be more
effective. SKOV3 EAS cells were pulse-treated for 2 hours with trastuzumab targeted Bcl-xL
conjugates. After 24 hours, cells were treated with carboplatin (0-60 ug/mL) then assayed 72
hours later for viability (Figure 3.7a). The trastuzumab targeted Bcl-xL conjugates significantly
decreased the relative cell viability at a carboplatin dose of 40 pug/mL. The IC(50) value of
carboplatin was reduced from 39.9 to 32.0 yg/mL by pretreatment with trastuzumab targeted
Bcl-xL siRNA conjugates (Figure 3.7b). The trastuzumab containing polymer-control siRNA
conjugates slightly reduced the IC(50) value of carboplatin to 36.5 ug/mL; however, it was not
statistically significant from any of the other treatments. BHV1-SA siRNA conjugates, polymer
alone, and trastuzumab alone did not affect the relative cell viability. This data indicates that the

trastuzumab-targeted Bcl-xLL conjugates had a synergistic cytotoxic effect with carboplatin.

3.4 DISCUSSION

While siRNA technology holds immense therapeutic potential, a major challenge in utilizing
siRNA for clinical application is a robust delivery system. We have previously described a

RAFT polymerized, pH-responsive cationic polymer based siRNA delivery system capable of
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facilitating cytoplasmic siRNA delivery.* """

More recent iterations of this polymer have
incorporated a biotinylated RAFT agent to bind an anti-CD22 streptavidin-conjugated antibody
for the treatment of non-Hodgkin’s lymphoma.” The incorporation of antibody targeting
reduced the required siRNA dose from 25 nmol/L to 15 nmol/L, achieving greater than 60 %
gene silencing” and represented a particularly exciting result because lymphomas are
traditionally difficult to transfect using traditional delivery systems in vitro. While promising,
cationic delivery carriers are often associated with significant in vivo toxicity. To overcome this
barrier, we have recently developed a neutral, hydrophilic siRNA delivery system for the direct
conjugation of siRNA.'"” This system replaced the cationic DMAEMA siRNA-condensing block
with a neutral block composed of the hydrophilic monomer HPMA. Non-targeted siRNA-

polymer conjugates were first evaluated in the HelLa cervical cancer cell model as a proof-of-

principle for a neutral polymeric siRNA delivery system.

Herein, we evaluated a strategy involving the direct conjugation of siRNA to this neutral, non-
toxic diblock biotinylated micelle and the subsequent addition of trastuzumab as a targeting
moiety. We tethered the siRNA to the polymer via reducible disulfide linkages that allow native
cytoplasmic reducing agents such as glutathione to release the functional siRNA from the
polymer backbone and activate the intracellular RNAi machinery. Trastuzumab-streptavidin
conjugates bind exposed biotins on the micelle corona and enable receptor-mediated endocytosis
via HER2/neu receptors on ovarian cancer cells. Together this conjugate-based trastuzumab-
targeted strategy may overcome major barriers for the systemic delivery of siRNA that include
cell-specific targeting, endosomal escape, normal tissue toxicity, and finally retention of efficacy.

To our knowledge, this is the first demonstration of targeting with neutral, pH-responsive
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polymer-siRNA conjugates and the first demonstration of efficacy with therapeutic siRNA in

target specific cells.

As expected, trastuzumab targeted micelles selectively enhanced siRNA uptake and improved
efficacy in HER2+ cells in our studies. Past generations of siRNA delivery systems have relied
on electrostatic interactions to condense and release siRNA. These carriers have a net positive
surface charge that increases electrostatically-driven association with the negatively charged cell
membranes. The direct conjugation of siRNA to a neutral polymer negates electrostatic
interactions and reduces indiscriminate cell uptake. Trastuzumab conjugation to the siRNA-
polymer system compensates for this loss in non-specific uptake and promotes cellular
internalization via receptor mediated endocytosis in HER2+ cells. The increased uptake
provided by trastuzumab targeting contributed to the robust efficacy of the siRNA conjugates in

both SKOV3 and SKBR3 HER2+ cancer cell lines.

We have recently reported the polymer-dependent efficacy of this system in HeLa cells, in which
we can tune gene-silencing activity by increasing the polymer to siRNA ratio.'” This
phenomenon was also observed in SKOV3 ovarian cancer cells. When the polymer to siRNA
ratio was increased from 10:1 to 15:1, GAPDH mRNA expression was reduced from 50 % to
27 % after 48 hours despite shortening the exposure time from a 48-hour continuous incubation
to a 2-hour pulse treatment. However, HER2+ expressing cell lines required a higher polymer to
siRNA ratio than HeL a cells to achieve similar level of RNAI activity. We hypothesize there is a
critical polymer concentration necessary inside the endosomal compartment to achieve
membrane destabilization activity when siRNA is present that may differ depending on the target

cell type.
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Effective gene silencing of Bcl-xLL has been reported to sensitize ovarian cancer cells to
carboplatin. In particular, 100 nmol/L Bcl-xL siRNA (resulting in greater than 60 % Bcl-xL
mRNA knockdown) was previously required to reduce the IC(50) of carboplatin 2-fold.""® In the
present study, we observed greater than 60 % gene knockdown and a significant reduction in the
IC(50) of carboplatin after a 2 hour treatment with 50 nmol/L. Bcl-xLL siRNA delivered by the
trastuzumab polymer conjugate. Interestingly, trastuzumab and our polymer conjugates —
regardless of the siRNA sequence — slightly reduced the IC(50) of carboplatin. Treatment with
trastuzumab alone, the diblock copolymer alone, or the non-targeting BHV1-SA polymer-siRNA
conjugates showed no difference in toxicity compared to the no treatment control. Perhaps, the
increased uptake of the endosomal-lytic polymer via trastuzumab contributed to a higher cellular
dose and was responsible for this effect in ovarian cancer. Inoue and colleagues engineered an
antisense oligonucleotides delivery system composed of poly(f-1-malic acid) with 40% leucine
ethyl ester to provide endosomal escape and trastuzumab targeting. SKBR3 cell viability and
tumor growth in vivo were both reduced with the treatment of this nanobiopolymer; however,

1.°" Since trastuzumab

there was no difference between this treatment and trastuzumab contro
has an extracellular target, it is unlikely that its endosomal-escape via a pH-responsive polymer

would have a synergistic effect with carboplatin.

Other gene targets have also been investigated in vitro to sensitize cancer cells to chemotherapies
agents via polymeric delivery. We previously reported the cationic version of this endosomal
polymer reduced the IC(50) of doxorubicin 5-fold through plkl knockdown in ovarian cancer
cells after a 25 nmol/L siRNA dose for 4 hours.”” Koganti, et al. reported a 1.3 fold reduction in
the IC(50) value of cisplatin in HeLa cells after 24 hour incubation with 50 ng of Bcl-2 siRNA.'*

Although higher siRNA doses were required for our studies, shorter incubation times were used,
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which is more representative of the short exposure times that the target cells of interest may

encounter in an in vivo setting

3.5 CONCLUSIONS

We report the development of a HER2-targeted neutral, ampholytic polymer micelle carrier for
siRNA delivery that exploits direct disulfide drug conjugation. Using RAFT polymerization, a
pl(HPMA-co-PDSMA)-b-(DMAEMA-co-PAA-co-BMA)] diblock copolymer was synthesized
with a biotinylated RAFT agent to allow for targeting via biotin-streptavidin linkages with
monoclonal antibody streptavidin conjugates. Therapeutic Bcl-xL thiolated siRNA was reacted
with the pyridyl disulfide moieties within the corona of the micelle. This siRNA delivery system
was designed specifically to overcome the major hurdles of in vivo siRNA delivery by
possessing antibody mediated cell-specific uptake, low toxicity, reducible siRNA-polymer
linkages via glutathione, and pH-responsive membrane-destabilizing activity to provide cytosol
delivery of the siRNA molecules. Trastuzumab targeting increased siRNA-polymer conjugate
uptake in two different HER2+ cancer cells lines, SKOV3 and SKBR3. Trastuzumab-targeted
micelles conjugated with Bcl-xL siRNA reduced Bcl-xL. mRNA expression to less than 40 %
and exhibited synergy with carboplatin by significantly reducing the IC(50) of carboplatin 1.25-
fold in ovarian cancer cells. The robust knockdown activity and the ability to sensitize ovarian
cancer cells to carboplatin makes this targeted siRNA delivery system a promising candidate for

future in vivo combination therapy studies for cancer applications.
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Table 3.1 Polymer characterization.

Molecular weight and chemical composition of the diblock copolymer for siRNA conjugations
employed in these studies.

Composition Composition® M, PDI"

Polymer (Feed) (Exp)  (g/mol) (M./M.)
(HPMAPDSMA,) 90:10 93:7 10,500 1.1
(HPMA,PDSMA,)-b- . .
(PAA DMAEMA. BMAL) 30:30:40 2225:53 25000 138

* As determined by 'H NMR (CD,0D) spectroscopy (Bruker AV 500) (Supplemental Figure 2)
® As determined and size exclusion chromatography.
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Figure 3.1 Antibody-targeted polymer-siRNA conjugate development.

Illustration of polymer synthesis and antibody-targeted, siRNA conjugated polymeric micelle
formation. A biotin functionalized polymer is synthesized via a biotinylated reversible addition
fragmentation chain transfer (RAFT) agent to produce a biotinylated poly(HPMA-co-PDSMA)
block that reversibly conjugates small interfering RNA (siRNA). A subsequent pH-responsive
block of DMAEMA, PAA, and BMA subunits is chain extended via RAFT polymerization.
Polymers self assemble into micelles and are directly conjugated to thiolated siRNA via a
disulfide exchange reaction. Subsequent addition of mAb-SA results in streptavidin binding to
available surface biotin and generation of an antibody-targeted polymeric micelle. BMA,
butylmethacrylate; DMAEMA, dimethylaminoethyl methacrylate; HPMA, N-(2-hydroxypropyl)
methacrylamide; mAb-SA, monoclonal antibody-streptavidin conjugate; PAA, polyacrylic acid;
PDSMA, pyridyl disulfide methacrylate; siRNA, small interfering RNA.
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Figure 3.2 Antibody polymer conjugation validation.

Native page gel electrophoresis validating of mAb-SA conjugation with biotinylated
poly[(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] labeled with Oregon Green-488.
10 pg Alexa fluor-647 mAb-SA/lane. Lane: mAb-SA (1), 1:1 mAb-SA to polymer (2), 1:1 mAb-
SA to polymer (3), 1:4 mAb-SA to polymer (4), 1:8 mAb-SA to polymer (5), polymer (6).
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Figure 3.3 Trastuzumab mediated cell uptake.

Internalization of siRNA-polymer conjugates containing Oregon Green 488-labeled polymer
with or without monoclonal antibody-streptavidin conjugate (mAb-sA) targeting. (a,b) SKOV3
or (c,d) SKBR3 cells were incubated at 37°C in the presence of polymeric micelles containing 50
nmol/L of siRNA conjugated to biotinylated polymer and bearing Trastuzumab-SA conjugate or
nontargeting BHV1-SA conjugate. After 30 mins of treatment, cells were rinsed with phosphate-
buffered saline (PBS), trypsinized, and resuspended in flow cytometry buffer containing 1%
bromophenol blue to quench surface bound fluorescent polymeric micelles then analyzed for
fluorescence by flow cytometry. (a) SKOV3 or (c) SKBR3 cells treated with polymeric micelles
bearing Trastuzumab-SA (green line), BHV1-SA (blue line) or no treatment (black line). Vertical
axis is percentage of maximum intensity (% of Max), Representative histograms depict
fluorescence intensity (horizontal axis) of SKOV3 or SKBR3 cells. (b,d) Median relative
fluorescence intensity (RFI) + standard deviation of quadruplicate samples is shown.
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Figure 3.4 Trastuzumab mediate siRNA-polymer conjugate gene silencing.

Trastuzumab-mediated reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
expression in HER2 expressing cancer cells lines, (a) SKOV3 and (b) SKBR3. GAPDH mRNA
levels were assayed by quantitative reverse transcription (QRT)-PCR after a 48 hour incubation
with siRNA-polymer conjugates bearing Trast-SA (Trastuzumab-targeted conjugate) and BHV1-
SA (nontargeted conjugate). The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer was conjugated with thiolated siRNA at 1:10 siRNA to polymer ratio and
cells were dosed with 50 nmol/L. siRNA directed against GAPDH or a negative control siRNA
(SCR) with no sequence homology to known human genes. Values are normalized to the
housekeeping gene PPIA (Cyclophilin A) and relative to GAPDH expression in untreated cells
(NT). Error bars represent the mean GAPDH expression + standard error of triplicate samples.
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Figure 3.5 GAPDH gene silencing time course.

Trastuzumab-mediated reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
expression in HER2 expressing cancer cells, SKOV3. GAPDH mRNA levels were assayed by
quantitative reverse transcription (qQRT)-PCR 24 and 48 hours after a 2 hour pulse-chase with
siRNA-polymer conjugates bearing Trast-SA (Trastuzumab-targeted conjugate) and BHV1-SA
(nontargeted conjugate). The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer was conjugated with thiolated siRNA at 1:15 siRNA to polymer ratio. Cells
were dosed with 50 nmol/L siRNA directed against GAPDH or a negative control siRNA (SCR)
with no sequence homology to known human genes for 2 hours. Values are normalized to the
housekeeping gene PPIA (Cyclophilin A) and relative to GAPDH expression in untreated cells
(NT). Error bars represent the mean BCL-xL. or GAPDH expression + standard error of triplicate
samples.
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Figure 3.6 Bcl-xL gene silencing and validation.

Trastuzumab-mediated reduction of Bcl-xL gene expression of EAS8 cells treated with
Trastuzumab targeted siRNA-polymer conjugates containing siRNA directed against
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), or BCL-xL, or a negative control siRNA
(SCR) with no sequence homology to known human genes. (a) BCL-x. mRNA levels were
assayed by quantitative reverse transcription (qQRT)-PCR at 24 hours after a 2 hour pulse-chase
with siRNA-polymer conjugates bearing Trast-SA (Trastuzumab-targeted conjugate) and BHV1-
SA (nontargeted conjugate). The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer was conjugated with thiolated siRNA at 1:15 siRNA to polymer ratio and
cells were dosed with 50 nmol/L siRNA for 2 hours. Values are normalized to the housekeeping
gene PPIA (Cyclophilin A) and relative to BCL-XL expression in untreated cells. Data represents
two independent experiments. Error bars represent the mean BCL-xL expression + standard
error of triplicate samples. (b) 5'-RLM-RACE analysis for the specific detection of Bcl-xL
mRNA cleavage products performed using RNA from each treatment group: Trast Bcl-xL
siRNA conjugate, Trast SCR conjugate (negative control siRNA), and untreated cells (NT). PCR
products were analyzed by agarose gel electrophoresis and run alongside a 100 base pair DNA
ladder. The arrow indicates the correct cleavage product at 309 bp.
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Figure 3.7 Bcl-xL-polymer conjugates sensitize ovarian cancer cells to carboplatin.

Effect of trastuzumab targeted Bcl-xL siRNA conjugates on viability of EAS8 cells treated with
Carboplatin. (a) EA8 cells were transfected for 2 hours with a sensitizing Bcl-xL. siRNA or a
negative control siRNA (SCR) with no sequence homology to known human genes (50 nmol/L
siRNA and 1:15 siRNA to polymer ratio) and treated with increasing concentrations of
Carboplatin (0-60 pg/mL) for 72 hours. Cell viability was measured by cell luminescence via
CellTiterGlo Assay and normalized to untreated cells. Data are from three independent
experiments conducted in quadruplicate, with error bars representing standard deviation of the
mean. (b) IC(50) of carboplatin with the 2 hour treatment of antibody targeted siRNA conjugates
at 50 nmol/L siRNA dose 24 hours prior to carboplatin. Statistical significance was evaluated at
a level of p<0.05 with the following symbol * indicates significance versus NT, Trast-SA, and

BHV1-SA Bcl-xL.
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Supporting Figure S 3.1 Polymer characterization by SEC.

Size exclusion chromatogram for biotin-HPMA-co-PDSMA (Mn = 10,500 g/mol; PDI = 1.1),
the corresponding diblock copolymer (Mn = 25,000 g/mol; PDI = 1.8).
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Supporting Figure S 3.2 Polymer characterization via '"H NMR.

'H NMR spectra of the macroCTA (top) and diblock copolymer (bottom) in deuterated methanol
(CD,0OD) at 25 °C. (a) is one proton from PDSMA, (b) is one proton from HPMA, (c) is two
protons from DMAEMA, (d) is two protons from BMA, (e) is 6 protons from DMAEMA and
the sum of protons from 0.5-3.1 ppm are from HPMA (10), DMAEMA (13), PDSMA (9), PAA
(9), and BMA (12).
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Supporting Figure S 3.3 Quantitative analysis of biotin on polymer.

HABA (4-hydroxyazobenzene-2'carboxylic acid) assay to determine the molar excess of
polymer required to occupy one-biotin binding site on streptavidin.
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Supporting Figure S 3.4 siRNA-polymer conjugation validation.

Gel Retardation Assay validating polymer-siRNA conjugation via a reducible disulfide bond for
thiolated GAPDH, SCR, and Bcl-xL siRNA. 1 ug siRNA/lane. Lane: Free thiolated siRNA (1),
1:10 (siRNA:Polymer) polymer-siRNA conjugate (2), polymer-siRNA conjugate and 0.1 M DTT
to reduce disulfide linkages (3), polymer-siRNA conjugate and 1 % SDS to disrupt electrostatic
interactions and micelle morphology (4), polymer-siRNA conjugate, 0.1 M DTT and 1 % SDS

(5).
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Supporting Figure S 3.5 siRNA-polymer pH-responsive membrane destabilization.

Hemolysis of the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer, poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer-
siRNA conjugates at a 1:10 siRNA to polymer ratio at pH concentrations of 5.8, 6.2, 6.6 and 7.4
of 40 ug polymer/mL. Hemolytic activity is normalized relative to a positive control, 1 % v/v
Triton X-100, and the data represent a single experiment conducted in triplicate + standard
deviation.
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Supporting Figure S 3.6 Validation of RNA silencing in SKOV3 EAS cells.

Trastuzumab-mediated reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
expression of EA8 cells treated with Trastuzumab targeted siRNA-polymer conjugates
containing siRNA directed against GAPDH, or BCL-xL, or a negative control siRNA (SCR)
with no sequence homology to known human genes. GAPDH mRNA levels were assayed by
quantitative reverse transcription (qQRT)-PCR at 24 hrs after a 2 hr pulse-chase with siRNA-
polymer conjugates bearing Trast-SA (Trastuzumab-targeted conjugate) and BHVI-SA
(nontargeted conjugate). The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer was conjugated with thiolated siRNA at 1:15 siRNA to polymer ratio and
cells were dosed with 50 nmol/L siRNA for 2 hours. Values are normalized to the housekeeping
gene PPIA (Cyclophilin A) and relative to GAPDH expression in untreated cells. Data represents
two independent experiments. Error bars represent the mean GAPDH expression + standard
error of triplicate samples.
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Chapter 4. IN VIVO ASSESSMENT OF SIRNA-POLYMER CONJUGATE

FOR THE TREATMENT OF ACUTE LUNG INJURY

Small interfering RNA (siRNA) has the potential to become a robust therapeutic strategy to
control cellular processes at the post-transcriptional level. However, the systemic administration
of siRNA in vivo has many additional challenges prior to cytosolic delivery to a target cell,
including renal clearance, uptake by phagocytes, aggregation with serum proteins, and enzymatic
degradation by endogenous nucleases. To overcome these challenge, siRNA has been previously
formulated into nanoparticles composed of lipid and lipid-like materials, polymer-based
nanocarriers, or siRNA conjugates. Here we describe the development and systemic
administration of a neutral, pH-responsive polymer for the direct conjugation of a therapeutic
siRNA against transforming growth factor beta 1 (TGF-f1). TGF-f1 is secreted by immune
cells during inflammation and plays a substantial role in wound healing. TGF-1 has been
implicated in acute lung injury (ALI), a disease characterized by rapid increases in lung
inflammation, inadequate perfusion, and high morbidity and mortality. Here, we evaluated
pharmacokinectic behavior, cellular uptake, safety, and efficacy of our neutral siRNA-polymer
conjugates in vivo for the treatment of inflammation after ALI. We found that systemic delivery
of macrophage targeted siRNA-polymer conjugates at a 2 mg TGF- 1 siRNA/kg daily dose for
3 consecutive days was insufficient to reduce TGF-31 mRNA levels in alveolar macrophages in
vivo. We presumed this was due to poor carrier distribution to the resident lung macrophages,
and future work will be conducted to evaluate gene-silencing capabilities of this system in

peritoneal macrophages after intraperitoneal administration.
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4.1 INTRODUCTION

ALI is a severe form of rapid-onset diffuse lung disease that causes insufficient gas exchange
and poor end-organ perfusion. Approximately 190,000 patients are diagnosed each year in the
Unites States, and nearly half of these patients die annually from the condition’*>. Due to the
variability and complexity of the clinical course, the underlying pathophysiology is only
marginally understood'”’. ALI is often secondary to other illnesses such as sepsis or pneumonia,
but other insults such as physical trauma or chemotherapy agents like Bleomycin can also

precipitate the disease'”"**

, which only complicates the understanding its pathophysiology. In
high doses, bleomycin, can lead to lethal ALI via recruitment of neutrophils, macrophages, and

lymphocytes, and pulmonary fibrosis in both humans and mice'**, which has allowed researchers

to study ALI and its treatment in mice models.

Animal models of ALI have suggested several critical processes in pathophysiology of ALI.
These include processes involving the alveolar epithelium, endobronchial homeostasis, and the
immune response of neutrophils and alveolar macrophages'””. The pathophysiology of ALI has
three primary stages (Figure 4.1); (1) initial onset of acute inflammation with neutrophil
infiltration, (2) fibroproliferation with varying degrees of fibrosis, and (3) resolution. The
resolution phase is not defined by the relief of injurious agents but rather by removal of apoptotic

neutrophils, remodeling of the matrix, and reabsorption of the protein rich alveolar fluid'”.

The current standard of care for the treatment of ALI is to place patients on low-tidal volume

ventilation and administer glucocorticoids to reduce inflammation'”. Unfortunately this course
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of action is not always effective. Therapeutic strategies are thus limited and do not specifically

target the progress of the illness.

To date researchers have primarily focused on investigating the first stage of ALI in hopes of
identifying potential therapeutic strategies. These candidate targets include preserving alveolar
epithelial/endobronchial homeostasis and modulating the immune response in alveolar
neutrophils. Literature reports have implicated that factors including transforming growth factor-
B (TGF-P), tumor necrosis factor-a, IL-1B, macrophage-inflammatory protein-1c, monocyte
chemoattactant protein-1, reactive oxygen species, and Fas/Fas ligand interactions all play a role
in bleomycin-induced ALI"*. The disruption of one or several of these candidate genes may

provide a clinical benefit in patients with ALI.

Recent studies have investigated the use of siRNA to disrupt gene expression and minimize ALI
morbidity and mortality. Perl, et al. recently demonstrated the efficacy of preventative
therapeutic siRNA against caspase-3 in lung epithelial cells for the prevention of apoptosis and
inflammation. A single intratrachael treatment (3 mg siRNA/kg mouse) before ALI initiation
subsequently improved ALI symptoms and 10-day survival of hemorrhaged septic mice'*®. Thus
far, successful studies to ameliorate ALI with specific gene suppression have been conducted in

vivo in pre-treatment animal models.

Here, we report the evaluation of the neutral siRNA-polymer conjugates reduce gene expression

in alveolar macrophages with mannosylated and non-targeting siRNA-polymer conjugates in a

bleomycin-induced lung injury model. We have characterized the biodistribution,
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pharmacokinetic properties, macrophage targeting, and toxicity of this system in both healthy

and ALI mice.

4.2 MATERIALS AND METHODS

4.2.1 Materials

Alexa Fluor 750 C5-maleimide probe and Quant-iTTM OliGreen® ssDNA Reagent were
purchased from Invitrogen. PD10 columns were obtained from GE life sciences. Amicon Ultra-
0.5 mL Centrifugal Filters for Protein Purification and Concentration buffer exchange columns
were obtained for Millipore. Amplite Ethanol Quantification Assay kit was purchased from AAT

Bioquest.

4.2.2 Mannosylated polymer synthesis and characterization

The poly[(HPMA-co-PDSMA-co-ManEMA)-(PAA-co-DMEAMA-co-BMA)] was synthesized
and characterized with SEC and 'H NMR by Salka Keller (Stayton Laboratory). siRNA
conjugation protocol and validation with an agarose gel electrophoresis was describe in Chapter
2. An agglutination assay was conducted to evaluate the mannose-binding lectin A of the
polymer and polymer siRNA conjugates. 1 uM polymer was incubated with 1mM Concanavalin
A in 1X PBS (pH 74) and the change in absorbance at 350 nm was monitored
spectrophotometrically for 30 mins. In vitro conditions for polymer-siRNA conjugate efficacy in

HelL a cells was described in Chapter 2.
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4.2.3 Polymer conjugate purification and characterization

siRNA-polymer conjugates (described in Chapter 2) were purified using Amicon Ultra-0.5 mL
Centrifugal Filters (3k MWCO) to remove trace organic solvents remaining from the conjugation
protocol.  Briefly, conjugates and polymer controls underwent 5 buffer exchanges with
RNAse/DNAse-free 1x PBS (pH 7.4) to yield a final ethanol concentration of < 0.001% as
determined with the Amplite ethanol quantification kit. Final polymer concentration was
estimated spectrophotometrically by measuring absorbance at 286 nm, which corresponded to
the PDS groups retained on the polymer. The final siRNA conjugate concentration was

determined by a fluorescent assay using Quant-iTTM OliGreen® ssDNA Reagent.

4.24 Labeling polymer with Alexa 750

4.0 mg of poly[(HPMA-co-PDSMA)-b-((BMA)-co-(DMAEMA)-co-(PAA))] in 1X PBS (pH
7.0) was reduced with 10 M excess TCEP for 30 minutes to introduce free thiols on the polymer.
5M excess of Alexa Fluor 750 C5-maleimide (Invitrogen) reconstituted in DMSO (50 mg/mL)
was added to polymer solution and purged under nitrogen. The reaction was allowed to run at
4°C for 2 hours. Fluorescently labeled polymer was purified with PD10 desalting columns and
subsequently dried by lyophilization. The degree of Ilabeling was determined
spectrophotometrically at the maximum absorbance wavelength (754 nm with an extinction

coefficient of 270,000 cm'M™ in methanol).
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4.2.5 Labeling polymer with Oregon Green 488

Polymers were labeled with Oregon Green 488 lodoacetamide at an equal molar ratio in a 50
mg/mL polymer solution in ethanol overnight at 4 °C. The reaction underwent 4 rounds of
dialysis against methanol in a Slide-A-Lyzer Dialysis Cassette (7K MWCO), and a final round of
dialysis against water. Purified labeled polymer was frozen, lyophilized, and labeling efficiency

quantified with UV-vis spectroscopy.

4.2.6 Radiolabeling of Polymeric Carrier

A solution of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] was prepared at 50
mg/mL in ethanol and reacted with 100 pCi of *H-labeled iodoacetamide for 24 hours at room
temperature to quaternize the tertiary amines of the pH-responsive core. Reaction was then
purified via gel chromatography with PD-10 columns twice and then evaluated on a scintillation
counter to determine labeling efficiency. Polymer concentration was then quantified

spectrophotometrically.

4.2.7 Establishment of Bleomycin-Induced Lung Injury in a Mouse Model

C57BL/6J mice (8-16 weeks, Jackson Laboratories) were administered bleomycin via
intratracheal instillation at a dose of 2.1 U/kg and monitored for behavior, survival and weight
loss. 72 hours later, GAPDH or scrambled siRNA-polymer conjugates or polymer alone were

administered via retro-orbital injection.
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4.2.8 Invivo polymer delivery

siRNA-polymer conjugate or polymer alone was administered either intranasally or
intratracheally. For experiments requiring intranasal delivery, animals were anesthetized using
Isoflurane and 25 pL of siRNA-polymer conjugate or polymer alone was deposited at the surface
of the nose. For experiments requiring intratracheal (IT) delivery, animals were anesthetized,
intubated with a 24 gauge trochar, and administered 50 pL of siRNA-polymer conjugates or
controls intratracheally. For experiments required intravenous (IV) delivery, animals were
anesthetized, and 200 uL of the polymer-siRNA conjugates was injected retro-orbitally. Mice
were sacrificed 72 hours later with Euthanasia solution, and the alveolar macrophages were
isolated via bronchoalveolar lavage (BAL) with PBS with 5 mM EDTA. The total remaining

lung tissue was also harvested for qPCR analysis.

4.2.9 Invivo Toxicity Evaluation

Toxicity of the siRNA-polymer conjugate was monitored via animal weight loss and the BAL
fluid was subjected to a complete blood count with differential. To evaluate toxicity, C57BL/6J
mice were administered polymer at escalating doses (7.5 mg/kg to 120 mg/kg polymer in healthy
mice and 30 mg/kg to 90 mg/kg in bleomyocin-injured mice). Mice were then monitored for
survival, behavior, and weight loss daily. After 24 hours (for injured mice) and 72 hours (for
healthy mice), mice were weighed and sacrificed followed by bronchoalveolar lavage was
performed to collect samples to determine the presence or absence of lung injury. Blood was also
collected via cardiac puncture for evaluation of levels of liver enzymes. To evaluate lung injury,
BAL fluid was evaluated for red blood cell and white blood cell count, as well as total protein

concentration by a Bradford protein assay. Organs were collected for histology.
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4.2.10 Biodistribution of > H-radiolabeled carrier in healthy mice

To evaluate biodistribution within healthy mice, C57BL/6J mice (Jackson Laboratories) were
administered *H-labeled polymer at polymer doses of 90 mg/kg with each mouse receiving 2 uCi
of tritium labeled polymer via retro-orbital injection. Blood samples were taken from mice retro-
orbitally from the opposite eye at time points of 2, 5, 30, 120, 240, 480, and 1440 minutes (n=3).
Mice were sacrificed at time points of 2, 8, and 24 hours at which point a bronchoalveolar lavage
was performed with 1 mL of PBS via a 20 gauge tubing adapter to collect alveolar macrophages
followed by organ harvesting for evaluation including the brain, heart, intestines, kidneys, liver,
lung, spleen, and stomach. Tissues were then washed in PBS and homogenized in ddH,O at
0.1g/mL. 200 pL of homogenate was taken for each organ and treated with 500 puL of Solvable
(Perkin Elmer) at 60°C overnight to solubize tissues. Samples were decolored by the addition of
250 pL of 40 mM EDTA / 24 % H,0, and incubated overnight at room temperature. Samples
were then treated with 25 pLL of 1IN HCL and 15 mL of Ultima Gold scintillation fluid. Samples
were vortexed and incubated for 24 hours at room temperature, and then read on a scintillation
counter. Blood samples were directly added to 500 uL of solvable and treated identically for the

remainder of the preparation.

4.2.11 Biodistribution of Alexa fluor 750-labeled carrier in bleomycin-injured mice

To evaluate the biodistribution within an acute lung injury model, a bleomyocin-induced injury
was conducted C57BL/6 mice. Mice were monitored for 72 hours, and then intravenously
administered fluorescently labeled polymer at a dose of 60 mg/kg via retro-orbital injection. The

control mice were uninjured, uninjured and administered polymer, or bleomycin-injured with
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PBS administration. At 2 and 24 hours post-administration mice were lavaged to collect alveolar
macrophages. Following lavage, blood was collected via cardiac puncture and relevant organs
(lungs, liver, spleen, heart, and kidneys) were harvested for evaluation. Tissues were washed in
PBS and then imaged as whole organs on the Xenogen Spectrum IVIS to visualize dosing.
Organs were then homogenized at 0.2 g/mL in ddH,O and evaluated on a fluorescence plate
reader (Tecan Safire 2) to determine polymer concentrations within the tissues. Isolated alveolar
macrophages were then fixed in paraformaldehyde and evaluated for mean and median

fluorescence intensity using flow cytometry (FACSCalibur).

4.2.12 Macrophage Targeting with Oregon Green 488 Polymer

To evaluate the relative polymer uptake by macrophages in C57BL/6 mice, mice received an
intravenous injection of fluorescently labeled mannosylated or non-targeting polymer at a dose
of 60 mg/kg or 120 mg/kg via retro-orbital injection. Control mice received a retro-orbital
injection of PBS. At 24 hours post-administration mice were lavaged to collect alveolar
macrophages. Following lavage, blood was collected via cardiac puncture and the spleen was
harvested for macrophage isolation. Red blood cells (RBCs) in the blood were lysis with two
round 5 minute incubators in RBC lysis buffer. The spleen was crushed with a plunger to cells
were isolated. Isolated alveolar macrophage, circulating macrophages, and splenic macrophages
double stained with CD11 and F40/80 macrophage markers, fixed in paraformaldehyde, and

evaluated for mean and median fluorescence intensity using flow cytometry (FACSCalibur).

99



4.2.13 Evaluation of mRNA Knockdown

Animals were sacrificed at 72 hours with an intraperitoneal injection of Euthanasia solution, and
alveolar macrophages were isolated via bronchoalveolar lavage with PBS with 5 mM EDTA.
Total mRNA was isolated from homogenized lung tissue and reverse transcribed. Total RNA
from both the alveolar macrophages and whole organ homogenate was isolated 72 hours post
treatment, and GAPDH or TGF-31 expression was measured relative to the internal normalizer

genes, B-actin or HPRT, by quantitative PCR.

4.2.14 Statistical analysis
ANOVA was used to test for treatment effects at a significance of p<0.05, and Tukey’s test was

used for post hoc pairwise comparisons between individual treatment groups.

4.3 RESULTS AND DISCUSSION

4.3.1 Intranasal (IN) delivery

We have previously demonstrated successful mRNA and protein knockdown in vitro using this
pH-responsive siRNA conjugate system, but in order to test this platform as a potential future
therapeutic, evaluation of this neutral siRNA delivery system in vivo is also necessary. We first
assessed siRNA conjugate safety by using intranasal delivery to target alveolar macrophages
(AMs) due to their robust intrinsic endocytosis characteristics. Female BALB/c mice (n=3)
received either 0.75 mg/kg siRNA (GAPDH-siRNA conjugate) or PBS. The mice were

monitored daily for changes in weight or behavior, and after 72 hours the lung tissue was
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harvested and homogenized. No weight loss or behavior changes were observed throughout the
course of the study, which grossly suggests adequate biocompatibility of the siRNA-polymer
conjugates. Furthermore, real time quantitative PCR on RNA isolated from the tissue revealed
GAPDH knockdown in 2 out of the 3 mice administered with GAPDH-polymer conjugates
(Figure 4.2). While these values trended towards successful knockdown, this study was
underpowered, and in the future a larger study must be undertaken. Based on this result, we
hypothesized that changing the delivery route to intratracheal (IT) administration would result in

more consistent SiIRNA delivery to the lungs.

4.3.2 Intratracheal (IT) delivery

In collaboration with the Schnapp Laboratory, we delivered siRNA-conjugates using IT delivery
and a more rigorous toxicity evaluation. To reduce ethanol concentration to less than 0.001%,
we first revised the conjugate purification protocol to include 5 buffer exchanges, and we then
determined the siRNA concentration via a fluorescent RNA assay. Next, we administered the
conjugates to male C57B1/6 mice (N=3) with GAPDH or scrambled siRNA-polymer conjugates
(0.25 mg/kg siRNA dose). As expected, we did not see any significant weight loss in siRNA
conjugate groups at this low siRNA concentration. A sham (PBS) animal was observed to have
8% weight loss in 72 hours, which was attributed to either a complication with anesthesia or a
complication with the delivery of liquid to the lungs. Total red blood cell (RBC) counts of the
BAL fluid had less than 20,000 RBCs in both the siRNA-conjugate groups and PBS control (data
not shown). Since there was no difference in BAL RBC quantity between these groups, we
concluded that the low siRNA-conjugate dose appears to be well tolerated by the mice. This

conclusion is also supported by the low amount of white blood cells (75,000-150,000 cells) in
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experimental animals, well within the range of the PBS control groups. Total BAL protein in all
groups was less than 0.5 mg/mL, suggesting again that the polymer-siRNA conjugates have low
toxicity at this dose. Although the local dose received in the lungs may be comparable to the
dose received from the previous IN study, unfortunately no GAPDH mRNA suppression was
observed in whole lung preparations (data not shown). RNA isolation from AMs was also

unsuccessful.

The study was repeated to increase the siRNA dose (0.5 mg/kg) and to include a free polymer
group (N=2) in addition to the GAPDH and scrambled siRNA-polymer conjugates (N=3). The
animals that received polymer alone received the same amount of polymer as the siRNA
conjugates groups (8.75 mg/kg). Weight loss was observed in 1 mouse from the polymer-only
group and in 1 mouse from the GAPDH-conjugate group. All other animals did not show
adverse signs with this higher dose. mRNA was successfully isolated from whole lung tissue,
but again we observed no difference in GAPDH mRNA expression between sample groups.
RNA knockdown was not observed in any organ isolated 72 h after IT administration. It is
possible that the toxicity observed in the two animals may be a result of polymer toxicity or from
other unknown factors during the delivery procedure. Ultimately, it was difficult to elucidate
meaningful statistical conclusions with a sample size this small. Nevertheless, with at most only
1 out of 6 mice exhibiting any signs of toxicity after receiving siRNA conjugates, we felt we had
satisfactory evidence that these conjugates are moderately tolerated. On the other hand, we
administered polymer alone from 0 to 70 mg/kg (corresponding to siRNA doses of 0.5, 1, 2, and

4 mg/kg) and observed toxicity above 15 mg polymer/kg as evidenced by significant weight loss

102



and death. We concluded that the surfactant-like nature of the polymer prevented this method of

delivery from being clinically viable for siRNA-based therapy delivery to the lungs.

Moving forward, we hypothesized that our repeated inability to isolate RNA from the BAL
macrophages was a result of the insignificant quantity of AMs in the non-injured mouse model.

l9,137

By inducing a lung injury as described by Kass et a , we expected to see pneumonitis and

edema with an influx of inflammatory cells into the alveoli as assessed by alveolar lavage'®.

4.3.3 Intravenous (IV) delivery

Male C57BL/6 mice from 8-16 weeks of age were injected via retro-orbital injection to healthy
and bleomycin-injured mice in order to test polymer toxicity in the bloodstream. The polymer
batches synthesized as previous described in chapter 2 had a similar composition and block ratio

of 1 to 2.25.

To evaluate carrier toxicity, mice were administered polymer via retro-orbital injection at range
from 7.5 mg/kg to 120 mg polymer/kg mouse in PBS and subsequently evaluated for signs of
general toxicity including weight loss, aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) liver enzyme levels, signs of lung injury (total protein, red blood cell,
and white blood cell levels in bronchoalveolar lavage (BAL) fluid), and tissue histology. Criteria
for acceptable levels in each of these categories was as follows: Mean values of less than 10 %
weight loss at 3 days post administration, no greater than 2-fold increase in liver enzymes

(ALT/AST), and less than 50 % change in BAL cell counts.
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Our results demonstrated that the average weight loss 72 hours following administration was
below 10 % for all polymer doses evaluated; however, there was a positive correlation between
increased weight loss and polymer dose (Figure 4.3a). For all the polymer doses, AST and ALT
liver enzyme levels were increased by 19 % and 45 % respectively, but these values are still
considered to be in the normal range (Figure 4.3b, 4.3c). Common markers of lung injury were
also evaluated to determine any polymer-related lung toxicity. Results from our studies
demonstrated less than 50 % increases in total protein, red blood cells/mL and white blood
cells/mL in the BAL samples isolated from each mouse 72 hours post-administration for polymer
doses of 90 mg/kg or less (Figure 4.3d, 4.3e, 4.3f). The 120 mg/kg dose demonstrated minimal
signs of lung injury as determined by total protein and white blood cell levels; however, this dose
did have a near 2-fold increase in red blood cells in the BAL fluid. Lung histology demonstrated
no apparent lung injury, as shown by representative images from the 90 mg/kg dose (Figure 4.4).
From these results, we have determined that the maximum tolerated polymer dose for

intravenous administration is 120 mg/kg body weight in non-injured mice.

To determine the upper limit of polymer for IV administration, polymer toxicity was evaluated in
mice with a bleomycin-induced acute lung injury (ALI). ALI was established with an IT
administration of bleomycin at 2 U/kg. Mice were then monitored for 72 hours to allow for
disease progression. Body weight for these mice was taken daily to evaluate systemic toxicity.
Three days post injury, mice were treated with either PBS or polymer at doses of 30, 60, or 90
mg/kg via retro-orbital IV injection. Due to their higher susceptibility to toxicity following ALI,

signs of toxicity described above were evaluated at 24 hours rather than the 72 hours post-
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administration studied for healthy mice; however, criteria to evaluate an acceptable polymer dose

with low toxicity remained the same.

Baseline observations at 3 days post-injury showed weight loss for the injured mice varied from
0 to 124 %. Following polymer administration, only mice receiving a 90 mg/kg polymer dose
demonstrated a overall mean weight loss above 10 % at 24 hr (data not shown). When evaluated
as a percent weight loss from the time of carrier administration, however, all dosage groups
demonstrated a mean weight loss at 24 h of less than 10 % as shown in Figure 4.5a.
Furthermore, levels of the liver enzymes following polymer administration demonstrated less
than 2-fold increases for both AST and ALT for polymer doses at 60 mg/kg and below (Figure
4.5b, 4.5¢). No elevation greater than 50 % in value of common lung injury markers (BAL
values of total protein, red blood cell, and white blood cell concentrations) was observed (Figure
4.5d, 4.5e, 4.5f). It should be noted that while the mean value of the BAL RBC concentration
for the 60 mg/kg dose was greater than 50 % higher than the control bleomycin-injured mice,
this result was due to a single mouse which demonstrated a significantly higher overall injury
(based on weight loss) even prior to carrier administration. The weight loss and elevated liver
enzyme results from this study prompted us to limit our maximum dose in RNA knockdown

studies to 60 mg/kg polymer in bleomycin-injured mice.

4.34 Biodistribution
To evaluate polymer biodistribution after an IV administration, C57BL/6 mice (6-10 weeks in
age) were given “H-radiolabeled polymer via retro-orbital injections and blood and organs were

collected at various time points. Polymers were modified by quarternization of primary amines
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with a tritium(’H)-containing iodoacetamide reagent, and samples were purified via gel
chromatography and evaluated for labeling efficiency. A mixture of radiolabeled and unlabeled
polymer constituted a 2 pCi dose of tritium with a final polymer dose of 90 mg/kg. Blood was
collected was conducted 2, 5, 30, 60, 120, 240, 480, and 1440 minutes after injection. Organs
were harvested after 2, 8, and 24 h with 5 mice per time point. Organ and blood specific
radiation content was assessed and utilized to determine the polymers pharmacokinetic

parameters and quantify organ specific accumulation.

Detectable levels of the polymer were observed within the blood circulation for as long as 24 h
following retro-orbital injection (Figure 4.6a). Pharmacokinetic parameters of the polymer
system were determined using a non-compartmental model with the Graph Pad Prism software
and are presented in Table 4.1. The polymer had early and late half-lives of 0.511 h and 2.15 h,
respectively. This data signifies a precipitous clearance followed by a more linear, gradual
clearance as seen in Figure 4.6a. The area under the serum concentration-versus-time curve
(AUC) was calculated using the logarithmic trapezoidal method. Here we have determined an

AUC, ., value of 124.4 mgeh/mL.

Polymer accumulation in solid organs demonstrated high uptake within the liver and spleen at all
time points (Figure 4.6b). Accumulation in the kidneys and lungs was also noted with
decreased accumulation over time in both organs. Minimal uptake was seen in the BAL fluid.
Without the presence of injury, the lung vasculature is well maintained; therefore this result is

not unexpected. Minimal uptake was observed in the brain, heart, stomach and intestines. In
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summary, we have determined that the bulk of uptake was largely focused within the liver and

spleen; however uptake in the lungs could potentially be increased in mice with ALI.

While the polymeric carrier demonstrated minimal uptake in the BAL cells in healthy mice, we
hypothesized that the vascular leakage in the lungs during acute lung injury will provide
enhanced access to the macrophage populations, which are also found in greater numbers in the
injured lung. To evaluate this hypothesis, bleomycin-injured mice were administered
fluorescently labeled carriers via retro-orbital injection 72 h following lung injury. Mice were
then sacrificed at time points of 2 and 24 h post administration for organ, blood, and BAL
evaluation for carrier content. Based on our initial polymer toxicity studies in the injured mice, a
dose of 60 mg/kg was utilized for these studies. Only the relevant tissues of interest (lungs, liver,
spleen, heart, and kidneys) were evaluated. Detection of fluorescence was conducted by

Xenogen, plate reader, and flow cytometry.

Polymer uptake profiles were similar to those observed to in healthy mice (Figure 4.7). While
higher uptake within the kidneys was noted in this study as compared to our initial radiolabeled
study in healthy mice, the non-injured control mouse also demonstrated this increase, which
suggests the effect may be due to differences in polymer labeling methodology. Polymer uptake
in the total lung was 40 % higher on average for injured mice as compared to the healthy mouse

at 2 h (data not shown).

Polymer uptake by macrophages in the BAL fluid was evaluated by flow cytometry. After 24 hr,

the polymer had a 2.5 fold increase in mean fluorescence over the PBS treated mice in ALI,
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while the amount of polymer taken up by macrophages in healthy mice was barely above
baseline (Figure 4.8).  Although, this initial data appeared to be promising, the overall
fluorescence was still relatively low, and only 25 % of the AMs from injured mice were
considered positive for the presence of polymer. Based on these results, we next incorporated
mannose targeting in the diblock copolymer to facilitate macrophage uptake. Yu, et al. reported
that mannose targeting nanoparticles improved the delivery of siRNA into primary macrophages
by 4-fold relative to a nontargeted control'”"*. We hypothesized with a greater percentage of
cells taking up the carrier via receptor mediate endocytosis that we would have a greater

probability of observing RNA knockdown within this population of cells.

4.3.5 Development of a Mannose-targeted diblock copolymer for targeted siRNA delivery

A diblock glycopolymer containing functional mannose targeting, pyridyl disulfide groups for
thiolated siRNA conjugation, and a pH-responsive, membrane-lytic segment was successfully
synthesized via two sequential RAFT polymerizations (Scheme 4.1). Salka Keller (Stayton Lab)
developed the synthetic conditions to incorporate a mannosylated monomer (ManEMA) into the
corona of our existing diblock copolymer system. The mannose-targeted macroCTA was
prepared via RAFT polymerization with similar reactions conditions to the non-targeted diblock.
Briefly, the ethanol and water mixed solvent system was employed at the previously specified
volume ratio in order to predissolve the hydrophobic and hydrophilic reaction components,
respectively. The reaction occurred at a 16 weight % monomer and macroCTA was to solvent at
70 °C under a nitrogen atmosphere for 6 h. ManEMA was targeted at 10 % and the PDSMA
content was reduced slightly to 7 %. The initial CTA to monomer molar ratio ([CTA],:[M],) and

the initial CTA to initiator molar ratio ([CTA],:[1],) was 100:1 and10:1, respectively. ECT was
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used as chain transfer agent (CTA) and V501 was the source of free radicals. Purified polymer
was achieve via dialysis against water for 48 h at 4 °C using a 1000 MWCO dialysis membrane,
followed by lyophilization for 48 h. The second block was polymerized and characterized with

the same conditions previously described in Chapter 2.

The RAFT synthetic conditions for the glycopolymer were similar to the non-targeting polymer
previously described in chapter 2 and 3, and more importantly yielded polymers with similar
overall characteristics. Successful chain extension was confirmed by unimodal molecular weight
distributions and a clear shift in elution times by SEC (Figure 4.9). The first block was reported
at 9.9 kDa with PDI of 1.1 and the overall polymer was 32 kDa with a broaden PDI of 1.4.
Polymer composition was determined by 'H-NMR spectroscopy in DMSO (Figure 4.10).
Analysis revealed 19 % ManEMA, 4 % PDSMA, and 77 % HPMA in the first block, and a 31 %
PAA, 20 % DMEAMA, and 49 % BMA in the second block. Accessible PDS groups measured

via a TCEP reduction assay were determine to be 2 — 3 PDS per polymer chain.

The methodology for siRNA conjugation to the mannosylated diblock copolymer was previously
described in chapter 3. As expected, siRNA conjugations conducted at a 10:1 polymer to siRNA
ratio showed greater than 95 % siRNA conjugation (Figure 4.11). Electrophoresis of the
conjugates following incubation with DTT and SDS resulted in a reappearance of the free siRNA
band. These reversible bonds can be cleaved in the cytoplasm of target cancer cells by

glutathione reduction.
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To confirm mannose binding capability of this mannosylated diblock copolymer, an
agglutination assay was performed. Briefly, the mannose polymer and mannose polymer-
siRNA conjugates were incubated with Concanavalin A. As the mannose binds the lectin
Concanavalin A, the aggregation of sugar polymers tethered together via the binding protein
increases and the solution becomes turbid. By monitoring the absorbance at 350 nM for 30 min,
we concluded that the siRNA-polymer conjugates successfully agglutinates mannose-binding
lectin Concanavalin A (Figure 4.12). The non-targeted control polymer poly[(HMPA-co-
PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] did not change in absorbance in the presence of

Concanavalin A.

Membrane-lytic behavior of the mannosylated polymer and siRNA conjugates was evaluated
with a red blood cell (RBCs) lysis assay. The mannose targeted polymer and siRNA conjugates
(1:10 siRNA to polymer ratio) were incubated in solutions containing RBCs at pH-values
representative of the endosomal-lysosomal pathway for 1 h. Total polymer concentration was
normalized to 40 pg/mL. The supernant containing released hemoglobin was evaluated at 541
nm with UV-spectroscopy, and the percent RBC lysis was normalized to the surfactant, Triton-X.
As expected, both the mannosylated polymer and mannosylated polymer-siRNA conjugate

exhibited membrane disruptive behavior at pH values of 5.8 and 6.2 (Figure 4.13).

We previously demonstrated that non-targeted, pH-responsive siRNA-polymer conjugates can
efficiently deliver siRNA in the immortalized HeLa cancer cell line'”. The ability of
mannosylated polymer-siRNA conjugates was evaluated with real-time quantitative PCR of

RNA isolated from HeLa cells. Conjugates were prepared with either mannosylated polymer or
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the non-targeting poly[(HPMA-co-PDSMA)-b-(PAA-co-DMEAMA-co-BMA)] control polymer
conjugated to the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) siRNA at a 1:10
siRNA to polymer ratio (Figure 4.14). The cells were then incubated for 48 hours with the
conjugates in media containing 10 % FBS. The final siRNA concentration for the conjugates
was 50 nmol/L and 25 nmol/LL for the commercial available HiPerFect positive control.
Mannosylated GAPDH conjugates successfully reduced GAPDH to 30 % and their knockdown
ability was similar to the non-targeted polymer-siRNA conjugates previously evaluated. Based
on this result, we believe that mannosylated polymer-siRNA conjugates would be as effective as
the previously described non-targeting polymer in vivo. Furthermore, any enhanced RNA
interference activity may be attributed to the addition of mannose moieties to enhance

macrophage specific uptake.

4.3.6 Macrophage Uptake with Mannose Targeting Polymer in vivo

Prior to evaluating the effect of mannose incorporation in the polymer system, we evaluated the
biocompatibility of both our carrier systems (mannose-targeted and non-targeted) following
intravenous injection. In the case of both polymers at up to 120 mg/kg doses, the weight loss
was minimal while increases in liver enzyme production remained within a reasonable range

(data not shown).

To determine the effects of incorporating mannose residues within our polymeric carriers, we
studied both the biodistribution and specific uptake within alveolar macrophages following
administration of the carriers by retro-orbital injections at a 60 mg/kg polymer dose in both

healthy and bleomycin-injured mice. The organs evaluated during these studies included liver,
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lungs, spleen, heart, and kidneys. Tissue homogenates and blood were then evaluated on a
fluorescence plate reader. Initial studies showed non-difference in the mannosylated polymer
accumulation compared to the non-targeted polymer in the bleomycin-injured mice (data not
shown). We hypothesized that the nature of the injury caused significant vasculature disruption
negating the effect of targeting. However, the mannose-targeted carrier did seem to have a slight
increase in uptake in alveolar macrophages of healthy mice as determined via flow cytometry.
We repeated the study and looked for specific uptake within alveolar macrophages, circulating
macrophages in the blood, and macrophages in the spleen. Fluorescently-labeled polymers were
administered to healthy male C57BL/6J mice by retro-orbital injection, and tissue collection was
performed at 24 hours post-administration. Uptake was evaluated at two different polymer doses
(120 mg/kg and 60 mg/kg) to determine if there was a dose-dependent macrophage uptake effect.
Cells from the BAL, blood, and spleen were double stained for macrophage markers (CD11+ and
F4/80+) and present of polymer in these populations was evaluated via flow cytometry (Figure

4.15).

Cells isolated from the BAL fluid approached 100 % CDI11+ and F40/80+ for all groups,
indicating that the recovered cells were alveolar macrophages and that the administration of
polymer did not cause an influx of other immune cells into the lungs at 24 hours. Approximately,
5 % and 10 % of the cells isolated from the blood and spleen were determined to be macrophages,
which is consistent with what is expected. However, we do see a 50 % increase of macrophages
with the high dose polymer administration in the spleen, indicating there may be an immune

response associate with this dose.
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The mean fluorescent intensity was slight greater in the alveolar macrophages (AMs) with the
mannose-targeting polymer than the non-targeting polymer at the 60 mg/kg dose. However, at
the higher dose (120 mg/kg) we did not observe any targeting effect (Figure 4.16). Surprisingly,
the mean fluorescent intensity was reduced compared to the low dose (60 mg/kg). Although, we
do see a slight increase in the MFI with the mannose polymer in AMs, the overall fluorescent
intensity is significantly less than the macrophages isolated from the blood or lungs (Figure
4.17). In particular, the non-targeting polymer appears to have a greater accumulation in the
macrophages isolated from the blood and spleen, particularly at the higher dose. Therefore,
from this data, it does not appear that mannose-targeting will facilitate macrophage targeting and
efficacy of the siRNA conjugates. Although, Yu, et al. reported that mannosylated nanoparticles
similar in composition to the ones we developed, they were only able to demonstrate targeted
specific uptake in vitro with a 4 hour incubate of their conjugates in primary macrophages'*'>.
Perhaps, delivery of siRNA carriers via systemic administration allows for the internalization by

phagocytosing cells to such an extent that the presence of mannose to target macrophages is

mute.

4.3.7 Polymer-siRNA Conjugate Efficacy in vivo

While the siRNA-polymer conjugates have been evaluated for effective gene silencing in vitro,
here we present our results evaluating in vivo gene silencing of the metabolic and model protein
GAPDH as well as a therapeutic siRNA against TGF-f31. An initial pilot study was conducted
with GAPDH siRNA non-targeted polymer conjugates at doses of 4 mg/kg and polymer doses of
90 mg/kg administered intravenously by retro-orbital injection into healthy, male C57BL/6J mice.

After 72 h after administration, the animals were euthanized and a bronchioalveolar lavage was
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performed to isolate alveolar macrophages. The lungs, liver, spleen, kidneys, and heart were
also collected. We observed significant gene silencing in the liver (approximately 55 %) 72 h
after polymer-siRNA conjugates administration (Figure 4.18). RNA activity was not observed
in any other organ in though a significant amount distributes to the spleen. RNA isolation for the
alveolar macrophages was unsuccessful, presumably due to inadequate numbers of alveolar

macrophages or to RNA degradation during cell lysis by intrinsic nucleases'®.

No gene silencing was observed in any of the isolated organs (lungs, liver, spleen, kidneys, and
heart) with the mannosylated-siRNA conjugates in a bleomyocin-injured model. The polymer
concentration was reduced to 60 mg/kg even though the siRNA concentration stayed the same at
4 mg/kg to prevent carrier toxicity in the animals with ALI. However, as we observed the 60
mg/kg polymer dose was insufficient to cause RNA silencing in the liver. RNA isolation was
also unsuccessful from cells in the BAL. The amount of neutrophils that permeate the injured
lungs may increase the nuclease activity when the cells are lyzed, and the amount and quality of
the RNA from these samples was insufficient to perform quantitative PCR, even though a large

cell pellet was observed from the BAL.

We evaluated the effective of delivery 2 mg/kg siRNA and 120 mg/kg polymer for three
consecutive days in non-injured mice with both the mannosylated polymer and the non-targeted
polymer conjugated to either GAPDH or anti-TGF-$1 siRNA. As expected, RNA knockdown
was observed in the liver for both the mannosylated and non-targeting polymer-GAPDH
conjugates (Figure 4.19). The RNA isolation protocol was then modified, and we were

successfully able to isolate RNA from the alveolar macrophages to perform quantitative PCR.
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No knockdown activity was observed for the mannosylated or non-targeting polymer for either

TGF-B1 or GAPDH siRNA sequence (Figures 4.20).

4.4 CONCLUSIONS

In this chapter we evaluated a neutral, pH-responsive polymeric carrier for siRNA delivery via
intranasal, intratrachael, and intravenous administrations. Based on polymer associated toxicity
profiles, intravenous administrations via retro-orbital injections were well tolerated up to 120 mg
polymer/kg mouse healthy mice. Animals with bleomycin injury were more susceptible to
polymer toxicity and it was limited to 60 mg polymer/kg mouse. A mannose-targeted version of
the polymer was successfully synthesized and demonstrated similar properties and in vitro
efficacy in Hela cells as the non-targeted polymer. Both the non-targeted and mannose-targeted
polymers primarily distributed to the liver and spleen 24 h after intravenous injection. We
compared alveolar, circulating, and splenic macrophage uptake with the mannosylated polymer
and non-targeted polymer; however, mannose incorporation in the polymer system did not
significantly increased uptake in vivo either in healthy on bleomyocin-injured mice. In addition,
we evaluated efficacy of our siRNA conjugates in both healthy mice and bleomyocin-injured
mice at the maximum polymer dose tolerated. No mRNA knockdown was observed in the
alveolar macrophages with either GAPDH or the therapeutic TGF-B siRNA-polymer conjugates
after 72 h. However, GAPDH gene expression in the liver was significantly knocked-down by
the polymer-siRNA conjugates 72 h after a single 4 mg siRNA/kg dose or 3 consecutive 2 mg

siRNA/kg doses.
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Table 4.1 Mean pharmacokinetics parameters of polymer via non-compartmental analysis.

Dosage t,-Early t,,-Late AUC, ., CL vd,,
(mglkg) (h) (h) (mgeh/mL) | (mL/h/kg) | (mL/kg)
90 0.511 2.15 124 .4 0.724 1.52
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Scheme 4.1 Mannosylated polymer synthesis strategy.

RAFT conditions of poly[(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-DMAEMA-BMA)]
synthesis developed by Salka Keller. Polymer is synthesized via a reversible addition
fragmentation chain transfer (RAFT) agent to produce a poly(HPMA-co-PDSMA-co-ManEMA)
block that reversibly conjugates small interfering RNA (siRNA) and binds mannose-binding
lectin Concanavalin A. A subsequent pH-responsive block of DMAEMA, PAA, and BMA
subunits is chain extended via RAFT polymerization. BMA, butylmethacrylate; DMAEMA,
dimethylaminoethyl methacrylate; HPMA, N-(2-hydroxypropyl) methacrylamide; ManEMA, 2-
O-(a-D-mannosyl)hydroxyethyl methacrylamide); PAA, polyacrylic acid; PDSMA, pyridyl
disulfide methacrylate; siRNA, small interfering RNA.
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Figure 4.1 Illustration of the three-stage pathophysiology of acute lung injury.
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Figure 4.2 GAPDH gene silencing after IN administration.

GAPDH suppression by GAPDH-polymer conjugate in BALB/c mice. GAPDH mRNA levels
were assayed by quantitative reverse transcription (qQRT)-PCR 72 hours after intranasal delivery
of polymeric micelles conjugated with GAPDH siRNA. Values were normalized to the
housekeeping gene B-actin and are relative to GAPDH expression in untreated cells. Blue
markers represent individual mice while the red bar represents the mean of the sample group.
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Figure 4.3 Toxicity analysis after IV administration in healthy mice.

Parameters to evaluate polymer toxicity in healthy mice determined 72 h after IV administration
as a function of p[(HPMA-co-PDMSA)-b-(PAA-co-DMAEMA-co-BMA)] dose. (a) Weight
loss (b) Levels of aspartate aminotransferase (AST) liver enzyme (c) Levels of analine
aminotransferase (ALT) liver enzyme (d) Total protein levels in brochoalveolar lavage (e) Red
Blood Cells in brochoalveolar lavage (f) White Blood Cells in brochoalveolar lavage.
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Figure 4.4 Organ histology to evaluate polymer toxicity.

Light microscopy images of H & E stained lung tissue sections both with and without polymer
treatment after 24 hours.
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Figure 4.5 Toxicity analysis after IV administration in ALI mice model.

Parameters to evaluate polymer toxicity in bleomycin-injured mice determined 24 h after IV
administration as a function of p[(HPMA-co-PDMSA)-b-(PAA-co-DMAEMA-co-BMA)] dose.
(a) Weight loss normalized to IV administration (b) Levels of aspartate aminotransferase (AST)
liver enzyme (c) Levels of analine aminotransferase (ALT) liver enzyme (d) Total protein levels

in brochoalveolar lavage (e) Red Blood Cells in brochoalveolar lavage (f) White Blood Cells in
brochoalveolar lavage.
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Figure 4.6 Polymer circulation in blood and organ accumulation.

(a) Blood concentrations of radiolabeled p[(HPMA-co-PDMSA)-b-(PAA-co-DMAEMA-co-
BMA)] over time after IV administration in healthy mice. (b) Biodistribution of radiolabeled
pl[(HPMA-co-PDMSA)-b-(PAA-co-DMAEMA-co-BMA)] after 24 h after IV administration in
healthy mice. Values are mean + standard deviation (N=5).
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Figure 4.7 Polymer organ biodistribution in healthy vs ALI mice.

% Injected Dose / g Tissue

Biodistribution of fluorescently labeled p[(HPMA-co-PDMSA)-b-(PAA-co-DMAEMA-co-
BMA)] at 24 h following IV administration and 72 h post bleomyocin-induced injury. Values are
mean =+ standard deviation (N=4).
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Figure 4.8 Polymer uptake by alveolar macrophages in healthy and ALI mice.

Internalization of Alexa 488-labeled poly[(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-
BMA) in Alveolar Macrophages 24 h after 60 mg/kg polymer dose via IV administration in
C57Bl/6 mice measured by flow cytometry. Vertical axis is the percent positive alveolar
macrophages for polymer + standard deviation (N=4) over baseline (PBS treated animals).
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Figure 4.9 Mannosylated polymer characterization by SEC.

Size exclusion chromatograms of poly(HPMA-co-PDSMA-co-ManEMA) macroCTA and
poly[(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-DMAEMA-BMA)]  diblock glycopolymer
depicting successful chain extension via Reversible Addition Fragmentation Chain Transfer.
Figure courtesy of Salka Keller.
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Figure 4.10 Mannosylated polymer characterization by 'H NMR.

'H-NMR spectra of poly(HPMA-co-PDSMA-co-ManEMA) macroCTA (DMSO) and
poly[(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-DMAEMA-BMA)] (MeOD) at 500 MHz.
Indicated peaks were used for determining block compositions. Figure courtesy of Salka Keller.
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Figure 4.11 Mannosylated polymer-siRNA conjugates validation.

Gel Retardation Assay validating poly[(HPMA-co-PDSMA-ManEMA)-b-(PAA-DMAEMA-co-
BMA)-siRNA conjugation via a reducible disulfide bond. 1 pg siRNA/lane. Lane: Free thiolated
siRNA (1), 1:10 (siRNA to polymer) polymer-siRNA conjugate (2), polymer-siRNA conjugate
and 0.1 M DTT to reduce disulfide linkages (3), polymer-siRNA conjugate and 1 % SDS to
disrupt micelle formation and electrostatic interactions (4), polymer-siRNA conjugate, 0.1 M
DTT and 1 % SDS (5).
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Figure 4.12 Mannose targeting is retained in siRNA conjugates.

Validation of mannose-binding of p[(HPMA-co-PDSMA-ManEMA)-b-(PAA-co-DMAEMA-co-
BMA)]- siRNA conjugates via agglutination assay. Mannosylated polymer was conjugated to
thiolated siRNA at a 1:10 siRNA to polymer ratio and incubated with mannose binding lectin
Concanavalin A. Positive binding is indicated via an increase on optical density at 350 nm. The
pl[(HPMA-co-PDSMA-ManEMA )-b-(PAA-co-DMAEMA-co-BMA)] and p[(HPMA-co-
PDSMA)-b-(PAA-co-DMAEMA-co-BMA)], were shown as a positive and negative control,
respectively.
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Figure 4.13 Membrane destabilizing profile of mannosylated siRNA conjugates.

Hemolysis of the poly [(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer and poly [(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-
BMA)] diblock copolymer-siRNA conjugates both at a 10:1 polymer to thiolated siRNA at pH
concentrations of 5.8,6.2, 6.6 and 7.4 of 40 ug polymer/mL. Hemolytic activity is normalized
relative to a positive control, 1 % v/v Triton X-100, and the data represent a single experiment
conducted in triplicate + standard deviation.

130



120 -

100 -
80 A
60 -
40 -

20 A

SNl I B

NT Non- Mannose HiPerFect
targeting

% mRNA GAPDH Expression (Normalized)

Figure 4.14 GAPDH gene silencing validation of mannose conjugates in vitro.

Reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression in HelLa
cells. GAPDH mRNA levels were assayed by quantitative reverse transcription (qQRT)-PCR after
a 48 hr incubation with siRNA-polymer conjugates. The poly [(HPMA-co-PDSMA)-b-(PAA-co-
DMAEMA-co-BMA)] diblock copolymer (Blue) and the poly [(HPMA-co-PDSMA-co-
ManEMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer (Green) was conjugated with
thiolated siRNA at 1:10 siRNA to polymer ratio and cells were dosed with 50 nmol/L siRNA
directed against GAPDH. GAPDH HiPerFect was used a positive control at 25 nmol/L. Values
are normalized to the housekeeping gene PPIA (Cyclophilin A) and relative to GAPDH
expression in untreated cells. Error bars represent the mean GAPDH expression + standard error
of triplicate samples.
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Figure 4.15 Macrophage uptake of mannose and nontargeted polymer in vivo.

Mannose-targeted macrophage uptake evaluation with flow cytometry. Representative flow
cytometry plots depict green fluorescence intensity (vertical axis) of Alveolar Macrophages,
Circulating Macrophages, or Splenic Macrophages vs. yellow fluorescence intensity (horizontal
axis). poly [(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer and the poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer labeled with Oregon Green 488 and were IV administered. After 24 h, the
macrophages were harvest from the lungs, blood and spleen then analyzed for fluorescent
polymer internalization by flow cytometry.
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Figure 4.16 Alveolar macrophage uptake of mannose and nontargeted polymer in vivo.

Mannose-targeted alveolar macrophage uptake evaluation with flow cytometry. poly [(HPMA-
co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer and the poly
[(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer labeled with
Oregon Green 488 and were IV administered at a 60 mg/kg and 120 mg/kg polymer doses. After
24 h, the alveolar macrophages were isolated and stained with CD11 and F40/80 macrophage
markers, then analyzed for fluorescent polymer internalization by flow cytometry. Median
relative fluorescence intensity (RFI) + standard deviation (N=4).
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Figure 4.17 Relative macrophage uptake of polymers in vivo.

Mannose-targeted macrophage uptake evaluation with flow cytometry. poly[(HPMA-co-
PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer and the poly
[(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock copolymer labeled with
Oregon Green 488 and were IV administered at 60 mg/kg and 120 mg/kg polymer doses. After
24 h, the alveolar, circulating, and splenic macrophages were isolated and stained with CD11 and
F40/80 macrophage markers, then analyzed for fluorescent polymer internalization by flow
cytometry. Median relative fluorescence intensity (RFI) + standard deviation (N=4).
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Figure 4.18 RNA silencing in organs after IV administration of siRNA-polymer conjugates.

Reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression in C57B1/6
mice. GAPDH mRNA levels were assayed by quantitative reverse transcription (QRT)-PCR 72 h
after IV administration of siRNA-polymer conjugates. The poly [(HPMA-co-PDSMA)-b-(PAA-
co-DMAEMA-co-BMA)] diblock copolymer was conjugated with thiolated GAPDH siRNA at 4
mg/kg siRNA and a 90 mg/kg polymer dose. Values are normalized to the housekeeping gene
B-actin and relative to GAPDH expression in PBS treated mice. Error bars represent the mean
GAPDH expression + standard deviation (N=2).
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Figure 4.19 RNA silencing by both non-targeted and mannosylated conjugates in the liver.

Reduction of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression in the liver
of C57B1/6 mice after 3 daily doses of siRNA-polymer conjugates. GAPDH mRNA levels were
assayed by quantitative reverse transcription (qQRT)-PCR 72 h after IV administration of siRNA-
polymer conjugates. The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)] diblock
copolymer (blue) and the poly [(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-
BMA)] diblock copolymer (Green) were conjugated with thiolated GAPDH or TGF-31 siRNA at
2 mg/kg siRNA and a 120 mg/kg polymer dose. Values are normalized to the housekeeping
gene B-actin and relative to GAPDH expression in PBS treated mice. Error bars represent the
mean GAPDH expression + standard error (N=4).
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Figure 4.20 Evaluation TGF[}-1 silencing in alveolar macrophages.

Reduction of Transforming Growth Factor Beta (TGF-31) gene expression (a) and
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression (b) in the Alveolar
Macrophages of C57B1/6 mice after 3 daily doses of siRNA-polymer conjugates. mRNA levels
were assayed by quantitative reverse transcription (QRT)-PCR 72 h after IV administration of
siRNA-polymer conjugates. The poly [(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA)]
diblock copolymer and the poly [(HPMA-co-PDSMA-co-ManEMA)-b-(PAA-co-DMAEMA-co-
BMA)] diblock copolymer were conjugated with thiolated GAPDH or TGF-1 siRNA at 2
mg/kg siRNA and a 120 mg/kg polymer dose. Values are normalized to the housekeeping gene
B-actin and relative to GAPDH expression in PBS treated mice. Error bars represent the mean
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GAPDH expression + standard error (N=4).
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 SUMMARY OF MAJOR FINDINGS

5.1.1 Design and validation of new siRNA delivery carriers

Effective siRNA delivery relies strongly on a delivery platform capable of overcoming the
barriers associated with effective cytosolic delivery. In chapter 2 we discussed the rationale
design of a biocompatible, siRNA polymer conjugate system to facilitate escape from the
endosomal pathway. We employed reversible addition fragmentation chain transfer (RAFT)
technology in a mixed aqueous solvent system to successfully synthesize a well controlled pH-
responsive diblock copolymer for the direct conjugation of siRNA. Polymers self-assembled
into 25-30 nm micelles as shown with dynamic light scattering and transmission electron
microscopy. We characterized core-shell morphology via '"H NMR in both organic and aqueous
solvents. The corona was composed of a hydrophilic monomer N-(2-
hydroxypropyl)methacrylamide (HPMA) with approximately 2 pyridyl disulfide functionalities
per polymer chain, based on 'H NMR. The micelle core was composed propylacrylic acid
(PAA), dimethylaminoethyl methacrylate (DMAEMA), and butyl methacrylate (BMA), which
formed the pH-responsive block that facilitated endosomal escape.  The 30:30:40
PAA:-DMAEMA:BMA composition of the terblock allowed for charge neutrality at
physiological pH and the 40 % hydrophobic BMA in particular is responsible for driving the
self-assembly of micelle in order to sequester the hydrophobic region from an aqueous
environment. When the PAA and DMAEMA encounter acidic pHs, the carboxyl and amino

groups became protonated, resulting in a more cationic and hydrophobic polymer. This
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ultimately results in a conformational change from micelles to unimers, which are able to interact
with the vesicular membrane and cause membrane destabilization. Thiolated siRNA was
reversibly bound to the polymer and the siRNA-polymer conjugates retained membrane-
destabilizing behavior. The neutral polymer-siRNA conjugates showed minimal toxicity in
HeLas up to 500 pg/mL. We confirmed efficacy in HeLa cervical cancer cells at a 50 nmol/L
siRNA dose. RNA interference activity was dependent on polymer concentration; as the
polymer to siRNA ratio was increased the more gene silencing was observed. Furthermore, only
polymer-siRNA conjugates were able to successfully silence gene expression, and a physical

mixture of the two components failed to reduce gene expression.

5.1.2 Trastuzumab targeting enhances conjugate efficacy and works in synergy with
carboplatin in ovarian cancer cells

In chapter 3, we evaluated the need for extracellular targeting capabilities of the siRNA-polymer
conjugates to deliver a therapeutic siRNA in combination with chemotherapy to ovarian cancer
cells. We first incorporated trastuzumab targeting using a trastuzumab-streptavidin conjugate,
which bound free biotins from the chain transfer agent on the micelle surface. We then
measured HER2/neu receptor mediated endocytosis of the targeted conjugates in two different
HER2/neu expressing cancer cell lines, SKOV3 (ovarian cancer) and SKBR3 (breast cancer).
Binding to the cell surface and internalization is a known barrier of siRNA delivery, and
trastuzumab significantly enhanced micelle uptake above controls. Targeted siRNA-polymer
conjugates were successful at reducing GAPDH gene expression in both cell lines at a 50 nmol/L.
siRNA dose. We optimized RNA knockdown by the addition of more diblock copolymer and

shorter transfection times in SKOV3. The efficacy of trastuzumab Bcl-xL-polymer conjugates
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was further confirmed with a 5’-RLM-RACE assay and sequencing the cleavage product. The
trastuzumab Bcl-xL-polymer conjugates sensitized ovarian cancer cells to carboplatin, and
exhibited a synergistic effect by significantly lowering the IC(50) of carboplatin with the

targeted conjugated treatment.

5.1.3 siRNA conjugates are biocompatible in vivo after IV administration

In chapter 4, our goal was to demonstrate the clinical relevance of a neutral diblock copolymer
siRNA conjugate as a therapeutic delivery system. We first showed that the polymer system was
relatively non-toxic up to doses of 120 mg/kg in healthy mice and 60 mg/kg in mice suffering
from an acute lung injury (ALI), as noted by percent weight loss, elevation of AST/ALT liver
enzymes, markers with the bronchoalveolar lavage fluid, and histology. Polymer batches with
more equal block ratios appeared to be better tolerated in vivo. After intravenous administration,
the polymers distributed primarily to the liver and the spleen in both healthy and bleomyocin-
injured mice. Furthermore, we showed that macrophage populations successfully internalize the
polymer system with both mannose targeting and the non-targeting control polymer.
Unfortunately, we were unable to demonstrate efficacy in healthy or ALI mice with siRNA
polymer conjugates (mannosylated or non-targeted) in alveolar macrophages, the cell population
of interest to delivery the anti-inflammatory siRNA TGF-31. We believe that this was due to
insufficient drug reaching the alveolar macrophages, base on flow cytometry results, and that
isolating other populations of macrophages may provide more insight on the efficacy of this

system.
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In conclusion, the siRNA-polymer conjugates may be a viable therapy, but the careful selection
of target cells and disease process appears to be critical. For example, we were able to deliver
functional RNA to cells with the liver to demonstrate over 50 % GAPDH RNA silencing 72
hours after an intravenous administration of 4 mg/kg GAPDH siRNA and 90 mg/kg polymer or

after 3 consecutive doses of 2 mg/kg GAPDH siRNA with 120 mg/kg polymer.

5.2 IMPLICATIONS

To treat a majority of cancers and other disseminated diseases with siRNA, systemic delivery is
essential for adequate delivery to the target cells and tissues. However, the systemic
administration of siRNA in vivo has many additional challenges prior to cytosolic delivery to a
target cell, including kidney filtration, uptake by phagocytes, aggregation with serum proteins,

121141 siRNA molecules alone are unable to

and enzymatic degradation by endogenous nucleases
overcome these barriers and thus the formulations of siRNA that have translated into a clinical

setting has been divided into three subcategories: (1) nanoparticles composed of lipid and lipid-

like materials, (2) polymer-based nanocarriers, and (3) siRNA conjugates'*.

Here we report a polymer-based siRNA conjugate delivery system which addresses the
drawbacks associated with each the individual platforms and overcomes many barriers to
systemic siRNA delivery. To date, the most successful polymer based siRNA delivery carrier
for systemic delivery in vivo is CALAA-01, a 3 component system composed of cyclodextrin-
containing polymer (CDP), an adamantine-polythethylene glycol (AD-PEG) steric stabilization
agent, and human transferrin (Tf) as a targeting ligand®>'**. CDP is a short polycation that

minimizes toxicity, permits renal clearance, and condenses siRNA. CDP was capped with
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imidazole functional groups that facilitate endosomal escape via the proton sponge effect'®.

AD-PEG interacts with the CDP-siRNA to confer serum stability and prevent nanoparticle

disassembly upon dilution in the blood stream'**'*

. However, it prevents interaction with cell
surfaces and thus requires targeting via the Tf ligand. Rahman and colleagues demonstrated
systemic administration of targeted siRNA nanoparticles for the treatment of head and neck
cancers with 4 separate administrations of 10 mg siRNA/kg in mice'*'. Nonhuman primate
safety studies show that the nanoparticle is well tolerated up to 27 mg siRNA/kg'*>"**'*+1% " The

delivery of RRM2 siRNA via CALAA-0O1 and is currently in phase 1 escalating dose clinical

trials for patients with solid tumors'*.

A second approach is a sSiRNA conjugate system called Dynamic PolyConjugates (DPCs), which
is an emerging platform that has completed preclinical trials for the targeted delivery of siRNA
to heptacytes. DPCs contain a “reversibly masked” amphipathic endosomolytic polymer
composed of poly(butyl amino vinyl ether) modified with carboxylated dimethyl maleic acid
chemistry derivatives of PEG and N-acetylgalactosoamice (NAG)'*. NAG imparts imparted
hepatocyte-specific delivery via the highly expressed asialoglycoprotein receptor present on
hepatocytes. First generation solutions directly conjugated the siRNA to the polymer backbone
via bio-cleavable disulfide linkages and showed efficacy at 2.5 mg ApoB siRNA/kg in mice with
80-90 % gene silencing and 40 % lowering serum cholesterol 48 hours after intravenous
injection®. Despite this initial success, more recent formulations simply coinject the NAG

targeted, reversibly masked polymer with siRNA cholesterol conjugates'*’.

142



In comparison to these two polymer and conjugate based siRNA delivery systems currently in
clinical testing, the neutral pH-responsive siRNA conjugate system described here has several
unique advantages to address the challenges associated with systemic in vivo delivery. Both
CALAA-01 and DPCs are formulated with multiple components physically interacting and work
under the assumption that the complex will reach target cells intact. In contrast, we directly link
to the polymer chain all the major delivery components: cell specific targeting moieties,
membrane-lytic capabilities, a neutral, hydrophilic corona to impact biocompatibility, and
therapeutic siRNA. Although, we did not intentionally target the liver, we did get significant
GAPDH gene silencing with a similar siRNA dose without the presence of NAG-based targeting.
With a few modifications, we could synthesize the diblock copolymer with NAG targeting and
perhaps have more potent system than DPCs. Furthermore, the siRNA doses we administered
were significantly lower than those of the CALAA-01 system. Overall, the future success of
siRNA delivery platforms rests upon better understanding the biological barriers as a well as

rationally designing a system that can address these barriers.

5.3 FUTURE DIRECTIONS

5.3.1 Trastuzumab-targeted siRNA polymer conjugates in vivo

Ultimately, in vivo evaluation of tumor response to drugs is necessary to recapitulate
fundamental aspects of the disease progression, but to date the development of an appropriate
animal model for preclinical testing of ovarian targeting drugs has been an ongoing challenge'*®.
In 2007, Lin, et al. addressed some of the challenges with a more stable and reproducible animal

model based upon the SKOV3 human ovarian papillary serous adenocarcinoma cell line. We
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propose to use this model as the basis for future in vivo evaluation of our targeted siRNA

delivery system in ovarian cancer.

Our collaborators in the Press laboratory have been evaluating the effect of Trastuzumab targeted
cationic polymer-based siRNA delivery systems in vivo. Here we propose the addition of a
targeting system capable of preferentially delivering siRNA to a specific pathologic cell
population such as tumor cells. Specifically, we hypothesize that functionality of the system
described in Chapter 3 will facilitate cell-specific uptake and allow for systemic administration
with targeted action. The difference in in vitro mRNA knockdown between Trastuzumab
targeted and a non-targeted antibody siRNA-polymer conjugate has already demonstrated the
importance of targeting in human ovarian adenocarcimoma cells, which overexpress the
HER2/neu oncoprotein. To extend this work to an in vivo model, we will establish an
intraperitoneal xenograft model using human ovarian cancer cells overexpressing firefly
luciferase for imaging and detection of tumors. Targeted and control siRNA-polymer conjugates
will be intravenously administered and the carrier efficacy will be evaluated with quantitative
PCR to determine mRNA knockdown from harvested tumors. Furthermore, upon successful
silencing of Bcl-xLL. mRNA in vivo, studies with pretreatment of siRNA conjugates and combined
carboplatin treatment should be conducted to determine sensitization with trastuzumab-Bcl-xL.

siRNA conjugates by a reduction in tumor size and increase mice survival.

5.3.2  Substitution of PDB, pH-responsive block with EB-based technology

Manganiello, et al. reported on a family of diblock copolymer (EB) with tunable pH transition

for gene delivery that has a diethylaminoethyl methacrylate (DEAEMA) and butyl methacrylate
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(BMA) pH-responsive micelle core'”’. This family of polymers exhibited greater pH-responsive
behavior by a red blood cell hemolysis assay than compared to the corresponding PAA-
DMAEMA-BMA (PDB) based polymers. In collaboration with Matthew Manganiello, we
tested these cationic polymers as siRNA delivery carriers. We determined that there was a
minimum polymer concentration in order to achieve efficacy, but to avoid significant toxicity a
N:P ratio of 4:1 was necessary. Thus, the overall amount of siRNA was 50 nmol/L to achieve
these parameters. An interesting finding based on these studies was that a 1:4 and 1:2
(GAPDH:scrambled) mixture of siRNA reduced GAPDH mRNA expression in HelLa cancer
cells to 40 % and 30 %, respectively, while an overall 25 nmol/L GAPDH dose had negligible
RNA silencing (data unpublished). We propose the investigation of EB-based siRNA
conjugates, due to their potent pH-responsive behaviors; however, we acknowledge that the

overall polymer dose for the conjugates may be higher than the PDB-based conjugates.

5.3.3 Polymer redesign to increase biocompatibility and siRNA protection in vivo

One potential limitation with our siRNA-polymer conjugates is the lack of siRNA shielding and
protection by the neutral corona of the micellar system'”. We hypothesize the replacement of
the hydrophilic monomer HPMA with poly (ethylene glycol) methyl ether methacrylate
(PEGMA) in the micelle corona could provide a better protective shield from nucleases™. Initial
investigations with siRNA conjugation to a PEGMA,,,-co-PDMSA polymer micelle did not
show significant siRNA conjugation at a 40:1 polymer to siRNA ratio. However, our laboratory
has recently made both PDB and EB based micelles incorporation PEGMA,, into the corona for
the delivery of therapeutic peptides. We propose the exploration of siRNA conjugates with the

PEGMA modification in order to increase siRNA protection of exonuclease in vivo.
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5.4 CONCLUSIONS

The work presented in this dissertation demonstrates an improved siRNA delivery approach via
systemic administration with siRNA-polymer based conjugates. This research was prompted by
the in vitro success of the cationic, pH-responsive siRNA complexion delivery carrier, but due to
its associate toxicity when administered intravenously, the need to develop a more biocompatible
carrier arose. By determining that biocompatibility, cell specific targeting, and escape from the
endosomal pathway were the major barriers to a robust systemic in vivo siRNA delivery we
designed a neutral, pH-responsive micellular system with targeting and siRNA conjugation
functionalities. Employing RAFT-based controlled radical polymerization technology, we
developed synthetic conditions to generate a highly controlled neutral based polymer micelle,
with pH-responsive membrane destabilizing behavior for the direct conjugation of siRNA. The
development of this polymer has been the foundation of other carriers evaluated in our laboratory
including vaccine and peptide delivery polymer conjugate systems. The well-defined diblock
copolymer were successfully synthesized, self assembled into micelles, and conjugated thiolated
siRNA while retaining their pH-responsive profiles. The siRNA-polymer conjugates were
highly effective in vitro and were optimized with trastuzumab or mannose targeting to improve
efficacy in a desired cell populations. The therapeutic Bcl-xL siRNA-polymer conjugates that
had HER2+ targeting sensitized ovarian cancer cells to carboplatin. Most importantly, siRNA-
polymer conjugates were well tolerated after systemic administration in vivo. This system holds
great promise to become the first generation of therapeutic siRNA-polymer conjugates for

effective gene silencing following systemic administration in vivo.
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