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Abstract

Triple-negative breast cancer (TNB{S) veryaggressiveliseaseandhas thevorst prognosis
amongthevariousbreastcancersubtypesThelack of estrogemeceptor(ER), progesterone
receptor(PR), and human epidermal growth facteceptor2 (HER2)expressiordisadvantages
the patients from targeted therapi€se complexandheterogenic biologjeads to a high
incidence ofelapse andnetastasishataccount for 40%f treatment failurednsufficientdrug
exposureoveractivaion of pathways of cancearoliferation, metastais DNA damageepair,
andimmunosuppressive tumor microenvironment (TIBntributeto tumor progressionro
developnew therapeutiapproachefor TNBC, our laboratory and others haeeentlyfocused
ontargetingthe signaling pathways tte cluster of differentiation 44 (CD44thereceptor for
hyaluronan mediated motitRHAMM), andUv b3 and Uvb5 integrins th:;
on TNBC.In this thesispligomer hyaluronic acid (oHA) was expéul as a therapeuti@gentto
impedethe native HA/CD44/RHAMM axisnediated cancer progression and metastasis and
enhancehedelivery and efficacy of doxorubiciidOX). Theinternalizingcyclic peptide
(CRGDRGPDGCIRGD) was selected to functionalizelgmerlipid hybrid nanoparticle (PLN)

thatwereco-loaded witha synergistic combination of oHA arRiOX (iIRGD-DOX-oHA-PLN).



Thenew nanoparticle system was successfully developain oneanddemonstratetb reduce

metastasibiomarkers angrofoundly inhibittumorgrowthand metastasis.

Thesecondaim was toevaluatethe effects of IRGEDOX-oHA-PLN on theoncogenic pathways
relevantto the RHAMMA and DOX, andtheir associatedhemoresistangc®NA repairand
immune evasion. The iIRGDOX-oHA-PLN inhibitedbiomarkers oDNA-double and-single
strand breakrepair pathways of homologous recombina{idiR) andbase excisiomnepair
(BER) of poly (ADP-ribose)polymerasgPARP1) It also reducegirogrammed deathgand 1
(PD-L1) expressiorand secondary metastasesitelungs amwl liver compared tathe PARP
inhibitor olaparibin BRCA1 mutant and nomutantTNBC tumor modelsThe third aim of this
thesiswasto investigatethe effectof the IRGDDOX-0HA-PLN onreversing
immunosuppressioof TME. Results showehcreasednnate and adaptiventi-tumor immune
responséacilitating the inhibition of theprimary tumor growth and distal metastagike
research findingsuggest thatheiRGD-DOX-oHA-PLN systemis a promising multitargeted

nanomedicindor TNBC.



Acknowledgments

| amthankfulto everyone who haassistedne on my path to achieving my doctoral degree. |
would like tothankDr. Shirley (Xiao Yu) Wu, my doctoral advisor, for allowing me to work

under her guidance and watchful eier knowledge, advice, and patience hagaigedme

with the tools | need to succeed as a researcher. | sincerely appreciate my committee members,
Dr. Andrew Michael Rauth and Dr. Jack Uetrecht, for spending the time to attend my committee
meetings and offering feedback and guidance throughout my Ph.D. studies. | want to express my
gratitude to all my colleagues, particularly those who contribuggdfisantly to my projects,
including Drs. Tian Zhang and Chaoping Fu for the collaborative wotkexeo-first author

paperof the TNBC spontaneous metastasigject Pei Zhi for her dedicated work and

contribution to the TNBC murine immuweetastasiproject, and Dr. Chunsheng He for his
expertise and guidance tre chemicalaspect®f the projectsl would also like to thank Dr.

HoYin Lip for his friendship and the scholarly discussions on the immunology part of the
project.l wantto thankDr. Taksm Ahmed, TinYo YenAbdulmottalebZetrini, Franky Liu,

Elliya Park Jackie Liy and Brian Lu for their company want to thank myvhole family for

their support and specially myife Fatima for hecompanionshi@nd patienceavhile |

performedmy experimets that requiredong lab hours | amthanKkul for my children, Adam,

and Zainah, fomotivatingme and bringing joy into my lifd.thank King AbdwAziz City for

Science and Technology (KACST) for thaly fundedPh.D.scholarship that supported me

duringmy journey | am also grateful to the Natural Sciences and Engineering Research Council
of Canada (NSERC), the Canadian Institutes of Health Research (CIHR), the University of
Toronto, and the Graduate Department adriffaceutical Sciencésr supporting this workl

am also grateful for all the technical contributions, sampm@arationprocessing and staining

and the scientific discussions with Dr. Andrew J. Elia (The Campbell Family Institute for Breast

Cancer Resech, Ontario Cancer Institute, University Health Network).



Table of Contents

F o3 4 g oLV =To [o g 1= 0 | £ iv
TabIE Of CONTENTS ..uui e e e e e e e e e e e e %
LISt Of TADIES e et e e e e e e et e e e e e e e eeenees Xi
TSy Ao o 1 PSPPI Xii
ADDIEVIALIONS e XXii
Chapter 1 Thesis Objectives and HypOtheSesS............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiee 1
1 Introduction and RaAtIONAIE..........uiiii i e e e e e eeeees 1
1.1 Disease background ............ccoooiieiiiiiiiiiiiii e 1
1.1.1  Metastatic TNBC (triple-negative breast cancer) challenges.................... 1
1.1.2 Potential TNBC Targeted Treatments...........oooooevviiiiieeeeeeeeeeeeeeee 2

O € To =1 LS o I LS TRT 4
1.2.1 HYPOTNESES ... e 5
1.2.2  ODBJECHVES ... 5
1.2.3 SYNOPSES ..ttt ettt e e e e eeene 6
Chapter 2 LiteratuUre REVIEW .........uuiiii e e e e e e e 8
2 BrEaAST CANCE ...t 8
2.1  Triple-negative Breast Cancer (TNBC) ... 8
2.1.1 Epidemiology and RiSK FACIOIS ..........cooooiiiiiiiiiii 8
2.1.2 PatholOgy ... .cooeeiiei e 9
0 R T - Vo | o TSP 10
2.1.4  Molecular Subgroups of Breast CanCer ..........ccccccvvviiiiiiiiiiiiiiiieiiieeeeeeeen 11
2.1.5 Epitheliali mesenchymal Transition ..o, 12

P A |V [ = T = 1 L PR 13
2.2.1 Migration and INVASION.........cocuuiiiiiiii e e 13
2.2.2 L= Y ET= L1 0] o U 14
2.2.3 = \YZ= 1T 1 [ o 14

2.3 MetastasiS MOUEIS .........uuuuiiiiieeiee e 15



2.3.1 The ANAtOMIC MOAEI ... .. 15

2.3.2  The Seed and Soil Hypothesis...........cccccciiiiiie 15

F S N (=T L1 1T o | PP 16
2.4.1  Advancementin TreatMentS........ccccovviiiiiiiiiiiiiieeeee e 16
2.4.2 [0 ) o] 101 o] o | o R 18
2.4.3  Treatments Based on Molecular Classification of TNBC ...........cccccceeeee.. 19
2.5  Tumor Microenvironment (TME) .........ciiiiiiiiiiiiici e 21
251 (OF=T g (o7 g1 (01 1 - F PP 21
2.5.2  The Role of HA in the TUMOr Stroma...........cceeiiiieiiiiiiiiceee e 22
2.5.2.1 Cluster of Differentiation 44 (CD 44) ......ccouuveeiiiieiiiiiiiiiiiiiiiiiiiieieeeeeeee 24
2.5.2.2 Receptor for HA-mediated Motility (RHAMM)..........ccoooeeiiiiiiiiiiiieneee, 27
2.5.2.3 Lymphatic vascular endothelial hyaluronan receptor (LYVE-1)............ 28
2.5.2.4 Hyaluronic Acid Receptor for Endocytosis (HARE) .........cccccvvvivvvennnnne. 28
2.5.3 IO NS e 28
2.6 The DNA Damage RESPONSE........cuuuuuiiiie et e e 30
2.6.1 The DNA Damage Repair Pathways ..........ccccooovieiiiiiiiiiiiiii e, 31
2.6.2  Single-Strand Breaks (SSB) ... 32
2.6.3 Double-strand Breaks (DSB) .......coooooiiiiiiie 33
2.6.3.1 Non-Homologous End Joining (NHEJ) ...........coovviiiiiiiiieeiieeeee e 33
2.6.3.2 Homologous Recombination (HR).........ccccoeeiiiiiiiiiiiiiiieeeeeeeeee e 34
2.6.4  Chemotherapeutic Agents for Targeting DNA Repair........ccccccevvvveeeennnn. 35
2.6.4.1 DNA damage repair blocking agents..........ccccccvvveeviiiiiiiiiiiiiiiiiiiiiieeeee 36
2.6.4.2 Platinum T BTP-114 ......ouiiiiiiiieiiiiiieeee et 36
2.6.4.3 SapaCItabINe ........ccoooiiiii 37
2.6.4.4  OlAPAIID.....coiiiiiiiiiiiiiiiiiiiieeee e 37
2.6.4.5 VelPAriD ....coeviiiiiiiiiiiiiiiiiii e 38
2.6.5 Resistance to PARP INIDItOrS........coooiiiiiiii 38
2.7  Tumor IMMUNOSUPPIESSION . .cvvviieeiiiii e e et e ettt e et e e et e e e e e e e eaa s 39
2.8  Hyaluronic acid in Immune Modulation ..., 40
2.9  Tumor-Infiltrating LYMpPROCYIES .....ccooieeeeeeeeeeeeeeeee 40
2.10 Immunogenic Cell Death (ICD) .....ccovuuiiiiiiii e 41

Vi



2.11 Tumor-associated Macrophages (TAMS) ... 42

2.12  Other Immune-based MedIiCINES ..........coiii i 42
2.13 Nanomedicine and Barriers to Drug DeliVery. .......cccccoevvvviiiiiiiii e, 44
2.13.1 Active versus Passive Targeting in Drug Delivery ..........cccoooeeeevvviiiiinnnnnn. 45
2.13.2 Commonly Targeted NanopartiCles ..........cccccccvvviiiiiiiiiiiiiiieeeeeee 46
2.13.3 mRNA Nanoparticles TherapeutiCs............coovvrriiiiiiiiiiiiiiiiiiiiiieeeeeeeeee 48
2.13.4 Integrin-targeted Therapy .........cceiiiieeeiiiiiiiie e e 49
2.13.5 RGD-NAN0OPAIICIES ....uiiieciieieeie e 51

Chapter3Targeting Signaling Pathways of Hyaluroni
Receptors by Synergistic Combibat s o8y Naemcomp

Met astases and Primary Tri pl.e..Neg.at..v.e5b6Breast

3 A SITACT oo 57
1 700 R A |1 0 Yo [ Tod 1 o] o SR 58
3.2 Materials and Methods..........coooiiiii i 60

3.2 1 MALEHIAIS ettt 60
3.2.2 Preparation and Characterization of Nanoparticles .............ccccceeeeeeeeen. 61
3.2.3 (O] | I O U] 62
3.24 IN Vitro VIability .......oveeiiieeeceee e 63
3.25 In Vitro Cellular Uptake................eoiiiiieiiicce e 63
3.2.6 IN Vitro Anti-metastasiS ASSAYS .....cooveveeriieieeeeeeeeee e 64
3.2.7  Subcellular Fate of HA IN VItrO......ccovvieiiiieee e 65
3.2.8  Western Blotting of p-ERK .......ccooiiiiiiii e 66
3.2.9  PAILL ELISA o 66
G 3020 K I N o1 4= L1, o o =] P 66
3.2.11 In Vivo Biodistribution Study ...........cceevviiiiiiiiiiiiiiiiiiiiiieeeeeeee 67

3.2.12 Evaluation of In Vivo Therapeutic Efficacy on Primary Breast Tumor
Inhibition and Spontaneous Metastasis Prevention.............ccccooevveviiiiiiecivin e, 67
3.2.13 Immunohistochemical Staining of Biomarkers in Breast Tumor and Organ
TOXICIEY TN VIVO ..ttt 68
3.2.14  Statistical ANAIYSIS .....cciieiiii e 68

Vii



3.3 RESUIES AN DiSCUSSION ... e et 69

3.3.1  Synthesis and Characterization of Nanoparticles ............ccccccvvvviiieernnnnn. 69
3.3.2 In Vitro Cytotoxicity and SYNergiSm ............ceeiiiieeeiieeeiiiiisee e 71
3.3.3  IRGD-Conjugation for Cellular Uptake of Nanopatrticles In Vitro.............. 73
3.3.4  Vitro Anti-Migration/Invasion Effect of IRGD-0HA-PLN..........ccccccceeiieennn. 73
3.3.5  Subcellular Fate of OHA IN VItrO......cooviiiiiiiiiie e 75
3.3.6  IRGD-0oHA-PLN Inhibits p-ERK and Plasminogen Activator Inhibitor (PAI-
) 1 11/ P 77
3.3.7 IRGD Conjugation Increases Nanoparticle Accumulation in Human Breast
TUMOIS IN VIVO ...ttt e e e e e e ettt s e e e e e e e aeassnnn e e e e eeeeennnes 78
3.3.8  IRGD-DOX-0HA-PLN Induce Apoptosis and Inhibit Growth in TNBC
BrEasT TUMOTK ... e et e e e e e e e e e e e e e e e ennnns 79
3.3.9 IRGD-DOX-0HA-PLN Prevent Spontaneous Metastases..........ccccccee.... 82
3.3.10 IRGD-DOX-0HA-PLN Exhibit No Histological Change to Major Organs .. 86
34 CONCIUSION . 86
3.5 ACKNOWIEAGEMENTS......uii i e e e 87

Chapter 4 Nanoparticle drug combination inhibits DNA damage repair and PD-L1

expression in BRCA-mutant and non-mutant triple negative breast cancer ......... 88
N o 1= 1 = [ 89
o R | 11 0T [ Tod 1 o] o 90
4.2  Materials and MethOodS.........ooouuiiiiiiii e 93
421 MALETIAIS ... 93
4.2.2 Preparation and characterization of nanoparticles............cccccccvvvieeenne.n. 93
4.2.3 Maintenance of Cell CURUIE ..........coooiiiiiiiii e 94
424  ANIMAl MOAEIS ... eeaae 94
4.2.5 In vitro viability and synergy Studies ............ccooieiiiiiiiiiiiii e, 95
4.2.6 Drug cellular uptake studies and drug resistance protein ...........cc.cc.occo.. 96
4.2.7  Western blotting for measuring DNA damage and repair biomarkers...... 97
4.2.8 IRGD-DOX-0HA PLN versus Olaparib in VItro ...............eeeveeiemieveiiiinnnnnnnn. 97
4.2.9 Immunohistochemical staining of primary tumors ........c.cccooeevvviiiveeeennnnnnn. 97

viii



4.2.10 In Vivo efficacy and lung metastasis Studies.................uuuuuiviimininiinnninnnnnns 98

4.2.11 StatiStiCal ANAIYSIS .......uvuriiiiiiiiiiiiiiiiiiiii i 98
4.3 RESUIS ..cciiiiiiieieeee e 99
43.1 Nanoparticles synthesis and characterization..............c.cccceevvvvvviicieeeeenn. 99
4.3.2 Synergistic oHA and DOX NPs efficacy and selectivity for TNBC ........... 99
4.3.3  The iRGD-functionalized PLN increase DOX intracellular uptake.......... 102

4.3.4  The iRGD-DOX-oHA-PLN induces DNA damage and inhibits DNA repair
invitro 102

4.3.5 IRGD-DOX-oHA-PLN reduced DNA repair without increasing PD-L1

[ 01 (=31 o] o DU PPPPPPPPPPP 104
4.3.6 IRGD-DOX-oHA-PLN prevents DNA repair and induces DNA damage in
vivo 106

4.3.7 IRGD-DOX-oHA-PLNSs prevent tumor growth and inhibit lung and liver

metastases deVelopPMENT ... 108
VG TS T I 1o U 7] o] o 110
4.4 ACKNOWIEAGMENTS......uiii i e e e 112

Chapter 5 Integrin-targeted Nanoparticle Drug Combination Induces an Anti-

tumor Immune Response for Metastatic Breast Cancer Treatment...................... 113
S N o 1= 1 = [ 114
o 00 R 0110 Yo [T 1 o 115
5.2  Material and Methods ..........cooiriiiiiiiiiiie e 119
5.2.1 MALEIIAIS ... 119
5.2.2 Preparation and Characterization of Nanoparticles ..............cccccevvvvnnnnn. 119
5.2.3 Cell Lines and Cell CURUIE .........coovvviiiiiiiiie e 120
524 In Vitro Viability Assay and SYNergy .......ccooeeeeiie 120
525 In Vitro Cellular Uptake ..........coouviiiiiii e 121
5.2.6 IN Vitro Anti-metastasiS ASSAYS ....ccvvvvriieiiiiiiieee et eee e e e 122
5.2.7 LIV o =T o I [ AV 1Yo TR 123
5.2.8  Calreticulin EXPreSSION ........cccuuiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 123
5.2.9 Mouse TUMOr MOEI........oooiiiiiii e 124



5.2.10 In vivo Biodistribution StUdY.........coovveiiiiiiiiiii e 125
5.2.11 Evaluation of Doxorubicin Accumulation in Primary Tumors.................. 125

5.2.12 Evaluation of In Vivo Therapeutic Efficacy on Primary Breast Tumor

Inhibition and Spontaneous Metastasis Prevention...............cccccevvvvvviiiiiieeeeeeeennns 126
5.2.13 Immunohistochemical Markers .............ccooiiiiiiiiiiiiiiiii e 126
5.2.14  ANLDOAIES ..o 127
5.2.15 Cytokines QUantifiCation ............ccooviiiiiiiiiiii e 127
5.2.16 StatistiCal ANAIYSIS .......cceviiiiiiiiie e 128
5.3  RESUIS and DISCUSSION.....ccceeiiiiiiiiiiiiie e e e ettt e e e e et e e e e e e eeeenan s 128
5.3.1  Synergy and Cellular Uptake ..o 128
5.3.2  Anti-growth and Metastasis of NPS IN VItro .............ccccoeeiiiiiiiiiiiiieieeeeee, 131
5.3.3  Tumor Drug ACCUMUIALION ......oiiieiiiiiiiice e 131
5.34 ICD Markers, TAMs and IL-6 in Evaluation............ccooovviiiiiiiiiiiiiieeens 132

5.3.5 IRGD-DOX-0HA-PLN reduces CXCR4 and FoxP3 and induces IFN-o a n d
TNF-U 135

5.3.6  Antitumor Efficacy of IRGD-DOX-0HA-PLN...........cccoiiiiiiiiiiiiiiieeeeee, 138
5.3.7 IRGD-DOX-o0HA-PLN Mounts a Cellular Immune response .................. 139
5.3.8 IRGD-DOX-oHA-PLN Prevents Lung Metastasis and Tumor Progression

in TNBC 142

5.4 CONCIUSION ... 145
5.5  ACKNOWIEAGMENL ... 146
Chapter 6 Conclusion, Findings, and Future Remarks ...........ccccvvvvvviiiiinneeeeeeeennns 147
O AV T = | I @ T T 11 F] Lo I 147
6.1  Summary of Original ContribUtioNS .........ccoooviiiiii 147
6.2  Future Directions and Concluding Remarks............ccooeeieiii, 149
6.3  Limitations of the StUdIES .........coooiiiiiiiii e 150
N oY o L= Lo [T o= 151
Copyright ACKNOWIEAdGEMENT ......uuiiiiiiiiiiiiiiiiiiiiiiii bbb 174
] =T =T o PR 178



List of Tables

Table 1. Potential therapeutic strategies and targeted drugs are proposed based on the TNBC

ES 0] 7/ =P 20

Table 2.A summary of common tumdargeted receptors on specific types of cancer cells that
can be exploited using different types of nanoparticles carrying specific drugs..............47

Table 3. Selected mRNA nanoparticles therapeutics in development for solid tumors spiked by

the COV}19 vaccine. Reproduced with permission from the publiSfer............c..coove..... 48

Xi



List of Figures

Figure 1. Signaling pathways and molecular landscape of TNBC presents an understanding into
novel and investigational targeted therapeutic strategies. Reproduced with permission from the
[OTE o)1) (=Y TR 2

Figure 2. The scheme depicts all the stages of breast cancer and the associated biology with each
stage, and, on the right panel is the major vital organs targeted by the metastatic cells. Created

VL g =3 e] R4 o [T el 1 1 o VTR 10

Figure 3. This depicts the five major molecular subtypes of breast cancer and their prevalence in
the patient population, rating the subtype according to their prognosis and molecular markers.

Created With BiorENAEI.COMM.. ... e e e e e e emaaaes 12

Figure 4. Future aspects of TNBC therapeutic strategies in patients based on tumors
chemosensitivity and immurraolecular heterogeneity. Areas are shown of conventional
chemotherapy, targeting the BRCAness, revisiting old but good targets, and immunotherapy,
regulators of the TNBC TME. Combinatorial agents between these four indepeonhemnhsl
would be the future therapeutics for TNBC. CTéAcytotoxic Flymphocyteassociated protein
4; EGFR, epidermal growth factor receptor; MAPK, mitogetivated protein kinase; PAM,
PI3K-Akt-mTOR; PARPI, poly(ADFibose) polymerase inhibitors; PD) programmed cell

death protein 1; PID1, programmed cell death ligand 1; TNBC, triplegative breast cancer.

Reproduced with permission from the publister.............c.coovoii e 18
Figure 5. The chemical structure of doxorubicin (DOX)...........ccovvviiiiiiiimmmeeeeeeeeeeeeeiiiiaes 19
Figure 6. The chemical structure of hyaluronic acid............ccccciiiiieen e 23

Figure 7.High molecular weight HA activatd33K/AKT for proliferation, invasion and survival
andincreases chemoresistance by drug efflux pumps. HA binding to cell surface CD 44 and

RHAMM triggers a variety of signaling events, including complex formation bet@&en4

and cereceptors such asMet, EGFR,and TGl r ecept or s, and activati
effectors such as Akt, PI3K, Protein phosphatase 2 (PP2) (for negative regulation (redlines)),

ERK1/2, and Ras/Raf/Rac. These signaling events culminate imghession of a variety of

Xii



inflammatory cytokines and activation of a feedback loop continuing cell surface expression of
CD 44/RHAMM. By inducing these signaling events and downstream effectoi<C BIA4

signaling drives proliferation, invasion, cytoskalaearrangement, and angiogenesis, leading to
normal cell functions such as fibroblast migration, wound healing, and immune cell function and

to tumor growth and progression. Reproduced with permission from the pubfiSher.......26

Figure 8. The subunit structure of an integrin-selfface matrix receptofhe green portion of
the scheme is the alphalsinit, while the blue part is the beta subunit. The yellow dots represent
the divalent cations (Such B&g2+ or Ca2+). The grey area is intracellular, and the white area is

extracellular. Reproduced with permission from the publiSHer............c.ccoveveviieeeeneene 29

Figure 9. PARP inhibitors synthetic lethality mechanisms. PARP inhibition kills BR€fisient

cells by compronsing the DNA single strand breaks repair (BER), resulting in replication stress
and genomic instability, and cell death. PARP1 is involved in repair of SSBs, which may, in the
presence of a PARP inhibitor, persist and collapse a replication fork letttabDSB. Since

BRCA defective cancer cells lack DSB repair proteins, the resulting DSBs would be selectively

toxic to the cancer cells. Created with BIORENder-Com.............uuviiiiiiieeciiiiiiiiiiiiiieeeeeeeens 36
Figure 10. The chemical structure of olaparib..............ccooiiieee 38

Figure 11. Challenges of CART cell immunotherapy in solid tumors. Due to tumor
heterogeneity, there could be a partial or complete loss of target antigen expressitulityfhe a

of CAR-T cells to traffic to and infiltrate solid tumors can be limited by physical tumor barriers
(the tumor stroma which limit the penetration and mobility of CABells) and by an
immunosuppressive tumor microenvironment driven by myedeiived suppressor cells

(MDSCs), tumorassociated macrophages (TAMs), and regulatory T cells (Tregs). Created with

2] Te] R L=) 210 [=] g e10] 1 1 WURTE TR TR 43

Figure 12. The chemical structure of the basic linear tripeptide RGD as the minimum amino acid
sequence required for integrin binding. Linear RGD peptides have lower binding affinity, rapid

degradation by proteases, and latkpecificity for integrin binding in comparison to cyclized

RGD peptides that are more rigid wit.h..BOhcreas

Xiii



Figure 13. The chemical structure of the cyclic peptide R@Bed Cilengitide developed to be

more selective than the linear peptide with a stronger affinity to integrins...................... 51

Figure 14. The chemical structure of the cyclic IRGD peptide used in this thesis. The igeptide
conjugated onto the nanoparticle surface for active tumor targeting..............cooeevueeeeeeennn. 53

Figure 15. Multiste@Binding and Penetration Mechanism of iRGD. First the RGD part of the

peptide binds to Uvb3 and Uvb5 integrins that

vasculature endothelial cells. Second, protecsase the peptides to expose the activated
CendR motif at the Gterminus. In the final step, the CRGDK binds to the adjacent-NRP

receptor to penetrate deep into the tumor with the load. Reproduced with permissidfy. fiodn

Figure 16 Schematic diagram of the synthesis of iIREIX-oHA-PLN via selfassembly, and
the proposed mechanism of iIRGBDX-0HA-PLN for TNBC treatment and metastasis

[S1=3YT 01110 o O TS PPPPOPPPPPP 59

Figure 17. a) GPC trace of oHA depictitggMW. b) Cytotoxicity to MDAMB-231-luc-

D3H2LN TNBC cells of free DOX and/or HA at various mass ratios at a fixed DOX
concentration of 0.1 pg mllL. The cytotoxicity was assessed by an MTT cell viability assay after
24 h drug exposure. c) Particle sizstdbution (intensity %) of NPs by dynamic light scattering.

d) TEM images of NPs. Scale bars = 200 nm. e) In vitro binding of Bddited NPs on

i mmobilized recombinant human Uvb3 integrin
intensity. f) Sumrary table of NP properties. g) Release profiles of DOX and oHA from iRGD
DOX-0HA-PLN in PBS (pH = 5.0, 6.8 or 7.4) and free DOX or free oHA in PBS (pH = 7.4)

determined by dialysis at 37 °C from 0 to 96 h. All data are presented as the mean + SD, n = 3.

Figure 18a) and b) Doseesponse curve, Median effect plot and Combination indéx (C

analysis of the interaction of DOX and oHA in MEMB-231-luc-D3H2LN TNBC cells. Cells

were allowed to grow for 24 h after 1 h treatment exposure of a) free solutions or b) nanopatrticle
formulations of DOX and oHA, alone and in combination at fixed D®Manass ratio = 1:4

and [DOX] 0.015 0 & d. c)Mddseresponse curve and d) IC50 of different formulations of

Xiv

r



DOX or DOX/oHA combination. Concentration oraxes refers to DOX concentration. All data

are presented as mean £ SD, N SB<M0.05.......cooi i s 72

Figure 19 Cellular uptake of DOX and oHA in MDMB-231-luc-D3H2LN cells. Cells were
treatedwith saline, free oHA/DOX, DOHA-PLN or iRGD DOX-oHA-PLN for 1 h, and

analyzed for the fluorescence of a) olA5 and b) DOX simultaneously by flow cytometry.
Relative mean fluorescence intensity was calculated compared to control group. Data are
preseted as mean = SD, n=3p¥ 0.05. c) Confocal microscopic examination of the
intracellular uptake of 0 HCy 5 and DOX. Scale bars = 20 &m.

same as in panels @ and.D...........ooooi e ——————- 74

Figure 20iRGD-oHA-PLN inhibits migration and invasion of MDMB-231-luc-D3H2LN

TNBC cells. a) MDAMB-231-luc-D3H2LN in vitro monolayers were scratefourded with

100 €L micropipette tip, and -SUNeoBARLM orwi t h s al
iIRGD-oHA-PLN. The migration of cells was imaged at 0, 8 and 24 h after treatment. Scale bar =

1 mm. b) Quantification of the recovered area of the gap fortesatment group in panel a.
Representative images of the transwell ¢) migration and d) invasion assay eMB281-luc-

D3H2LN and their quantification. Data are presented as mean + SD, np=30.05............. 76

Figure 21 Downregulation of fERK and PAI1 activity in in MDA-MB-231-luc-D3H2LN

cells. a) Cells were treated with saline, free oHA, iIRGIIN, oHA-PLN, and iRGBoHA-PLN

at [ oHA] ofer4hifvitm,gndranalyzedforBRK 1/ 2, ER#tinudngand b
Wedern blot. The fraction change in normalized band density was calculated by normalizing the
band densityoffE RK t o t h e b-actindandlcemparing tlye band deffisity ratios to

saline treatment. b) Secreted PRlevels in culture media detecteg ELISA assay after cells

were treated for 12 h. Data are presented as mean £ SD, p=B8.05..........cccccevviiiiiiininnn. 78

Figure 22. Induction of apoptosis and growth inhibition in human MBR&-231-luc-D3H2LN

TNBC orthotopic tumors. a) Representative images of the immunohistochemical staining of
apoptosis marker: activated Casp8sand TUNEL in the breast tumors treatdth saline, free

DOX, free DOX + oHA, iIRGBDOX-PLN and iRGDBDOX-oHA-PLN at [DOX] of 10 mg kel

for 24 h; And b) their gquantitative presentat

SD, n = 3. * p <0.05. c) Schedule of treatment and weeklptumeasurement + metastasis
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imaging for tumotbearing mice intravenously injected with saline (n = 7), free oHA (n = 4), free
DOX (n = 8), free DOX + oHA (n = 8), iRGDHA-PLN (n = 4), iRGDDOX-PLN (n = 9),
IRGD-DOX-0HA-PLN (n = 9). All treatments with DOXHA combination are in a fixed

DOX:0HA mass ratio of 1:4. DOX dose is 10 mgXkagnd oHA dose is 40 mg K d) Changes

in relative body weight of mice in various treatment groups. €) Average tumor volumes vs time.

Data are presented as mean + SD. * @5@or the tumor volumes at week 4.................... 81

Figure 23 Metastasis prevention in a spontaneous metastasis model of humaiVBEX3 1-
luc-D3H2LN TNBC tumor in NRG mice following the treatment schedule in Figure 7c. a)
Representative in vivo bioluminescence images of lungs/lymph node metastases progression
over 4weeks; And ex vivo bioluminescence images of major organs at week 4. b) Incidence of
distal metastasis to lymph node and lung at week 4 based apgbarance of tumor
bioluminescence in lymph nodes and lungs ex viiyAverage weight of excised lungs week

4. d) Representative histological images of H&E stained lungs at week 4. The dark purple
regions represent metastatic nodules. e) Quantification of metastases by lung metastasis area
index based on the images of the H&E stained lungs. f) Repregemnaages of the
immunohistochemical staining of proetastases markers: MMPand PAY1 in breast tumor

sections (sampled 5 days after treatment). Scale bar = 50 um. Data are represented as mean + SD.

Figure 24. Scheme of the combinational therapy mechanism. (A) lllustration of the metastatic
pathway cancer cells takes to travel frdra mammary gland to the lung. (B) Safisembly of
iIRGD-DOX-0HA-PLN by microemulsion technology. (C) A diagram of the molecular tumor
microenvironment forces that contribute to tumor metastasis. (D) The synergistic dual functions

of IRGD-DOX-0HA-PLN to irhibit RHAMM, PI3K/AKT and MAPK/ERK pathways and

impair the DNA repair of BRCA1, RAD50, and RAD51 (HR for DNA DSB repair) and PARP1

(SSB repair) proteins, and expression of[IPD Cytotoxicity of DOX is enhanced through

increased DNA doublstrand breaksthi cat ed by H2A histone. 92 amil y

Figure 25. The synergistic combination of D@Xd oHA enhances cytotoxicity compared to
olaparib against BRCAvild type MDA-MB-231-luc-D3H2LN and BRCAmutated MDAMB-

436 cell lines. The dosesponse curve of cells viability (IC50 values shown by dotted lines) of
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MDA -MB-231-luc-D3H2LN (A) and MDAMB-436 (B) treated with oHAPLN, DOX-PLN, or
DOX-0oHA-PLN (at a DOX/oHA mass ratio of 1:4) for 24 hours (top plots). The middle plots are
the median effect plots (Log[fa/fa)]), and the bottom plots are combination index (CI)
analyses. (C) Dosesponse cues of MDAMB-231-luc-D3H2LN and MDAMB-436 cell

lines treated with olaparib for 24 h. (D) Daessponse curve of the nomalignant breast

epithelial MCF10A cells treated with oHRLN, DOX-PLN, DOX-oHA-PLN, and iRGDBDOX-
OoHA-PLN (at DOX:0oHA ratio of 1:4) foR4 h. (E) Fold change comparisons of IC50 values of
MCF10A, MDA-MB-231-luc-D3H2LN and MDAMB-436 after nanoparticles treatment. Data

are presented as mean + SD (n= 3). *p < 0.05. error bars standard error of the mean 101

Figure 26. The effect of free or encapsulated drug combinations on DNA repair and damage

bi omar ker expression i n vl RADSL and RADD0ieMDAI on o f

MB-231-luc-D3H2LN cells (A) and MDAMB-436 cells (B) after a 4 h treatment with different
formulations (saline, iIRGEPLN, FreeoHA, oHA-PLN, iRGD-oHA-PLN, FreeDOX, DOX-
oHA-PLN, and iRGBDOX-oHA-PLN). The right panels represent the quantification of all the
bandsintensidi s n or ma | {adctirebdnd.tData drehpeesebted as mean + SD from different
o] o) RS (Y i o TR O X 01 TSR 103

Figure 27. IRGBDOX-0oHA-PLNs reduce DNA repair without inducing R} expression. (A)

CLSM images of the nucleus of MDMB-231-luc-D3H2LN cells stained for RAD51 (green),
JH2AX (red) and nucl eus (-MB-28&I)yc-DaH2INcefl®e r ge d i
treated with (saline, iIRGIPLN, F.oHA, oHAPLN, iRGD-oHA-PLN, F.DOX, F.DOX0oHA,
DOX-oHA-PLN, and iRGBDOX-0HA-PLN) for 4 h. Quantification of relative foci stains are
calcul ated based on area ratios cRB*PdHDDAX or
The error bars represent the mean of positive areas quantified with ImageJ). (B and C) Western
blotofo H2 AX, RAD50, RADS51 and -MBARHU-DIHRINICElss si on
and MDA-MB-436 cells treated for 4 h and their quantificatign< 0.05. Data are presented as
mean + SD from different blots (n= 3). (D and E) CLSM images and Western blotlof PD
expression in MDAMB-231-luc-D3H2LN and MDAMB-436 cells treated for 24 h. (n = 3) *p

< 0.05. Cells were treated with saline, olapatitD( & M/ L ) -DOX-aHA-PLRIS( mg [*

ma

R

of DOX). Al guanti fication of ba-actinbandst ensi t i

and then normalized against their respective sditgsed groups.......ccccoeeveeveviiiiiieceienenn, 105
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Figure 28.n vivotargeted delivery of synergistic DOX and oHA combination prevents DNA
repair and induces DNA damage in the human MdB-231-luc-D3H2LN and MDAMB-436
orthotopic breast cancer models. (A and B Top panels) Representative images of the IHC
staining of RHAMM\R A D5 1 , BRCA 1, a nMB-231-luetR3N2AN and MDA
MDA-MB-436 breast cancer model tumor sections, by the treatment with saline, free DOX,
iIRGD-DOX-PLNSs, free DOX + oHA, or iIRGEDOX-0HA-PLNSs. All treatments are formulated
at a DOX concentration of 10grkg?. Scale bar is 50 um. (A and B Bottom panels)
Quantification of the entire tissue sections stained with the antibodies as specified in the top

panels. The data are presented as mean £ SD *p <.0.05..........coovviiiiimemeeeeeeeeeeeeiiiis 107

Figure 29. Treatment with IRGDOX-oHA-PLN prevents lung metastasis and tumor
progression in TNBC tumors. (A) Schematic of the time frame ofrerpatal procedures
performed on orthotopic tumdirearing mice, including tumor inoculation, iRGBDX-0HA-

PLN (10 mg kgl of DOX, i.v. one dose on day 0 and one dose on day 14) or olaparib injections
(50 mg kgl 5 i.p. injections/week (Monday to Friday) fa total of 20 injections), and then

animals were sacrificed at the endpoint) [Bvivobioluminescence images of lung metastases
progression over four weeks. (C and D, Left Panels) Week 4 of MIBA231-luc-D3H2LN and

MDA -MB-436 tumor models representat of H&E-stained images of lungs and livers and
guantification of metastases area. The metastatic lung and liver nodules were quantified using
HALO i mage analysis software. Scale -btanesd = 10
images. (C and D, ight Panels) The average MBMB-231-luc-D3H2LN and MDAMB-436

tumor sizes and body weights of animals were obtained over 4 weeks. n = 6 for the tumor

bearing animals used per treatment group *p < 0.05. Results are presented as mean1H$D.

Figure 30.Schematic illustration of the construction of IREEEDX-oHA-PLN, their use in
overcoming treatmetarriers and efficacy in altering immune mechanisms in the treatment of
TNBC. Components in the construction of IRGIX-oHA-PLN (selfassembled by

microemulsion technology to target overexpressed tumor integrins by thepR@lde), their
administratiorfor the treatment of an orthotopic murine triplegative breast cancer and drug
diffusion barriers, such as inaccessibility to the vascular blood supply, dense extracellular matrix
(ECM) impeding drug penetration and efficacy, and internally stressedbatietpathways are

illustrated. The resulting stimulation of CD4+ and CD8¢€ll expansion, triggered by the-co
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delivered oHA and DOX, enhances ICD (due to increased calreticulin and ATP levels),
promoting APC activation and metastatic inhibition. Stiatioh of NK release of granzyme B
andincreaseinIFd  an dU TWNFi | e r eahsi(EadxABYy CXICR,dL-6Tand TAMSs
help to verify the elicited antitumor IMMUNE rESPONSE...........euuuurrmmiieeeeeeeeieaiaae s 118

Figure 31.The presence of oHA enhances DOX efficacy in-iclcells and iRGD enhances
cellular drug uptake. Results shown for dosgponse curves, median effect plots and
combination index (Cl) analyses of the interaction of DOX and oHA irldd TNBC cells for
A) different concentrations of free solutions of oHA, DOX or oHA plus DOX and B)
nanoparticle formulations of oHA PLN, DOX PLN or D@X¥A PLN all at equivalent DOX
concentrations of 0.05 0 & @. C)m&ft panels show representative images of CLSMI4E 1
cells after 1 hr treatment with free D@¥XA, DOX-0HA-PLN, and iRGBDOX-oHA-PLN.
Scale bare =15 pum. Right panel, spectrophotometertric DOX fluorescence signatlot £Ells
exposed to free DOXHA, DOX-oHA-PLN, and iRGBDOX-oHA-PLN over time (15 min 2
hr). Data are presented as faldange compared to free DOX uptake in the-diclcells. All
data are presented as mean £ SD, N = 3. *P <008 .....ouiiiiiiiiiiiiieeeiee e 130

Figure 32Free DOXoHA, DOX-oHA-PLN or iRGD-DOX-0oHA-PLN induce ICD markers and
reduce immunosuppressive-@. A) Representative CLSM images of calreticulin expression in
4T1-luc cells treated in vitro ith free DOX0HA, iRGD-DOX-PLN or iRGDDOX-oHA-PLN

equi val ent DOX c¢ onk Scal¢ bhara=t50 ponnB) ATP biGlumiheseegce m|
assay of supernatants of 4Lt treated cells treated with saline, free DOX, DGXA-PLN, or
iIRGD-DOX-0HA-PLN in vitro. C) MTT assay of RAW264.7 cells after a 24 hr exposure to
iIRGD-PLN or three different DOX formulations (free D@*A, DOX-oHA-PLN or iRGD
DOX-PLN (equivalent DOX c onrl. ®&nAtsumanary tabte®f:IC50 . 0 1
values of 4T1uc cells or RW264.7 cell lines. E) IL6 levels in 4Tduc cells treated with

saline, IRGDoHA-PLN, IRGD-DOX-PLN, and iRGBDOX-oHA-PLN at a DOX concentration

of 0. 8 foe2d hr.rf) I-6 in Raw264.7 and 4Fllic co-culture treated for 24 hr with

saline or one of tiee different doses of IRGDOX-oHA-PLN and imaged with EVOS XL
microscope. scale bar = 200 um. All data are presented as mean + SD, with n = 3 for biological

replicates in vitro and n=3 animals for in vivo experiments. *p < 0.05............cccceeeeeieen. 134

Xix

t



Figure 33.n vivo, NP-drug combinations reduce CXCR4 and FoxP3 and induceolFNa n d

TNF-U i nlucdkithitopic tumes. Balb/c mice were inoculated orthotopically with 4Tit

cells and monitored over three weeks. Mice were treated with iv injections of saline, free DOX,

free DOX0HA, IRGD-DOX-PLN or iRGD-OX-0HA-PLN at an equivalent DOX concentration

of 10 mg kgl. Micewere sacrificed on day five peseatment to harvest the primary tumor for
analysis of FOxP3, CXCR4,IFbl, an-él. TRF Representative i mmuno
images of the of FoxP3 and CXCR4 expression in tissue sections of the different treatment

groups (scale bar = 50 pm). Quantification is presented in B). C) Quantitation of ttze IFN

TNF-U a n@llevelslfrom isolated proteins of homogenized tumors. Error bars represent + SD.

Figure 34. Induction of apoptosis, cell death and DNA double strand break markers in vivo in

4T1-luc tumors. A) Representa¢ images of the tumor sections taken from -4dd orthotopic

breast tumors from Balb/c mice treated with saline, free DOX, free DOX + oHA, iBGK-

PLN or iRGDDOX-0HA-PLN at an equivalent DOX concentration of 10 mglkgiven iv.

Shown are H&E, DAPI, CB1, TUNEL, merged images, magnified merged images, Ki67,

JH2AX and cleaved (C) caspase. |l mage scale b
TUNEL = 2.5 mm, for magni fied fI|-H2AX ewmspasence t h
they = 50 um. Quarication of staining signals is shown in B). Data are presented as mean +

ST I R o o= « IO 01X 0L P 139

Figure 35. Treatment wittiRGD-DOX-oHA-PLN activates cellular immunity in TNBC tumors.

Balb/c mice transplanted with orthotopic 4Lt tumors (308200 mm3) treated with saline, free
DOX, free DOX0HA, iIRGD-DOX-PLN or iRGDOX-oHA-PLN (DOX 10 mg kgl) for five

days prior to sacrifice. Primary tumor sections were subjected to IHC staining féy CD&,
Granzyme B, CD11% or F4/80. The top panels contain representative images of, CD&',

granzyme B, CD11h and F4/80 treated cells. Scale bas8 2m for primary figures and 50 um

for the magnified images. The bottom panels show quantification of the IHC stained sections.
Data are presented as the mean * SD, * p <0.05 for the number of positive cells stained per mm2

in tumor sections and % poskihareas for Granzyme B staining. n =3 of mice used....... 141
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Figure 36iRGD-DOX-0oHA PLN reduces lung metastasis and tumor growth in TNBC compared
to DOX alone or more limited PLN. A) Bhtimeline for in vivo tumor preparation, treatment,
monitoring of treatment, animal sacrifice, ex vivo imaging and cell culture. The Balb/c mice
were injected orthotopically at week with 4T Xluc tumor cells. Two and four weeks later, at
week 0 and weeR after tumor injection the mice received i.v. treatment of saline, free DOX,
free DOX0HA, IRGD-DOX-PLN or iRGDOX-oHA-PLN at a DOX concentration of 10 mg

kg-1, when the tumor size was around 200rivfice were sacrificed at the completion of week

4 on te timeline. Mice were sacrificed at week 4.B) Representative in vivo bioluminescence
images of lung metastases progression over the tumor treatment growth period (weekée
timeline. C) Ex vivo bioluminescence images of major organs. D) Repragertatvhole lung
images, H&E stained (scale bar = 2.5 mm), and-Wi€lung isolated colonies. E), F), and G) are
guantifications of ex vivo lungs bioluminescence (photon efflux), metastasis area index (H&E),
and lung isolated colonies, respectively. Hia@ges in body weight of mice as a function of

time. 1) Primary tumor size as a function of time. Data are presented as mean + SD * p < 0.05.

n=5 of used animals per treatMeNt GrOUP.........uuiiiiiieeiiii it eeee e 144
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ACS American Cancer Society

ADME absorption, distribution, metabolism, and excretion
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ATCC American Type Culture Collection
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Chapter 1 Thesis Objectives and Hypotheses
1 I ntroduction and Rational e

1.1 Di sease background

1.1.1 Metastatic TNBC (triple-negative breast cancer) challenges

Triple-negativebreast cancer accounts fori 28% of all breast cancer (BC) caskss
characterized by the lack of ER, P&hd HERZeceptors, which makes hormonal endocrine
therapy (e.g., Tamoxifen) and aitER?2 therapy (Trastuzumab) used for other types of BC
ineffectivel® Therefore, chemotherapy remains the backbone therapeutic option for BC patients
with systemic metastasis in the neoadjuvant and adjuvant sétfingsnultifacetedmetasatic
process o NBC is drivenby alterations irtumorgeneticmakeup, residentstroma and

immune cellsanddevelopedangiogenesifor cancer cells spreadiigrhe TNBC cellsmust
acquirespecificcapabilities like motility and extracellular matrix (ECM) renebdg to escape
from the primary tumor locatiarmhis escape imediated byheepitheliatmesenchymal
transition (EMT) process by which cells lose theiriaall adhesioato gain migratoryand
invasive propertieandbecome mesenchymal stem cél@onventional keast cancer treatment
include surgicaéxcision radiation therapy, and chemotherapwith the anthracyclinetaxane
and cyclophosphamideased regimescommonlyprescribed: ¢ TNBC oftenresponds well to
chemotherapyn the initial stagesf treatmentlespite its poor prognosislowever relapsesand
metastass are more frequent in tHe stfive years after therapy completitimnin anyother
breast cancer subtypeven wth a positivetreatment response, theedian overall survival is
approximatelyl4-24 monthsn metastatic settingsThesecondary organsuch ashelung,
brain, liver, andbone tendto bethefavoredsites of theTNBC metastatic cellsVarious
metabolicgrowth factorsanddownstreammetworks control TNB@rowth andmetastatic
progressionFor examplethe vascularendothelialgrowth factor(VEGF) binds andactivaes two
VEGFreceptorsn TNBC, VEGFR-1 and VEGFR2, which aremorehighly expressed than the
otherBC subtypesThese receptoie cruciafor angiogenesis and vascular permeabdityl

are part of theationale fordevelopingantrangiogenic theraps



1.1.2 Potential TNBC Targeted Treatments

Numerous preclinical andicical studieshavebeen undertaketo developtargetedherapies

based onthe TNBC-dysregulatesignaltransductiorpathways. Common targeg therapeutis

that are under investigation for TNBC treatment inclB@&RP inhibitorfPARPI), immune

checkpoint modulatorgnhibitors ofreceptor tyrosine kinases (RTK#&e epidermal growth

factor receptor (EGFR), ER2, fibroblast growth factor receptor (FGFR), and VEGBR
intracellularsignalinginhibitors such as phosphoinositekbhases (PI3K)omi t ogen acti v a
protein kinase (MAPK) inhibitord & For exampleinhibitors of the PI3KAlpelisib) andits

downstream signals likgrotein kinase BAKT) (Ipatasertipandmammalian target of

rapamycinimTOR) (Everolimug areclinically used BC drugsincePI3K/AKT/mTOR signaling

canpromotecancercells proliferation motility, and metastasfs

Theschemébelowrepresents thketerogeneous biologyf TNBC and a summary gfotential

cellular targetgor inhibitors asprospectiveTNBC therapeutis (Fig.1)°

Immunotherapy

Ipilimumab &

TLA-4
Cytotoxic chemotherapy

T-cell

[_f_ l—Cetuxumab
*_Pembrolizumab EE— -
i PR | tGFR& MAPK S
' = Growth factor Receptors pathway
po-L1 - DA i copals systans

Figurel. Signaling pathways and molecular landscape of TlgBSentsanunderstandingnto
novel and investigational targeted therapeutic strategieso®emdwith permission fronthe

publishert



TheUnited States (USFKood and Drug Administration (FDA) approveldparih aPARP

inhibitor, for the treatment of BReast CANd®&RCA) mutated HER2 negativeetastatic breast
cancerandapprovedatezolizumapanimmune checkpoinantibody against therogrammed
deathligand 1 (PBL1) for advanced TNBC expraag PD-L1 in combination with nab

paclitaxel (Abraxane)'2 However,despite an effective preliminary response in patients, PARP
inhibitor resistanceccurred, possiblthroughdrugefflux pump upregulation or DNA repair
restoration® Another major issue with the utilization BARP inhibitorss that theyhave been
shown toupregulate PEL1 in TNBC, makingit more resistant to-€ell killing andsusceptible

to tumorassociateédmmunosuppression, attributable to the activity of glycogen synthase kinase
3 beta (GSK3Db) partiallyy* controlled by the

Moreover, even when these FEapproved treatments are effective, they are seleiiveells

with theBRCA mutation or PEL1 expressia thatrepresent only a fraction of the TNBC patient
population asPD-L1 is expressed in 20% of TNBBC patientsand onlyl5-20% of patients
carry the BRCA mutatiaf® The most recerfiDA-approvedirug is theantibodydrug conjugate
sacituzumab govitecan (Trodelwjiyected against the human trophoblast-setface antigen 2
(Trop-2), expressed in TNB@imors and delivers the topoisomerase inhibitang SN-38.2° It

is recommendetbr refractory/relapsed metastatic TNR@tientswho have failed at least twar
moreother prior therapied.he progressioffree survival was 5.6 months fpatientsreated

with Trodelw versus 1.7 months fohosetreated withconventionathemotherapywhich is
significant butdoes not eliminate thergent need fomoreeffective TNBC treatment

Integrinreceptos havebeenproposedas therapeutic targets for TNBC treatmdmiegrins are
heterodimericransmembrane receptarso mp os ed o f -subunitatdl ar@ esdentialn e
for cell-cell and ceHECM adhesiorand interaction'd. Becausesome integrins areverexpressed
in TNBC, Arginine-Glycine-Aspartic acidRGD) peptideqthe minimum amino acid sequence
requiredfor integrin bindinghave beemproposed byeveralgroupsasa treament optiornto

inhibit cancer progressioifthe RGDpeptide mimeticCilengitidewas evaluated in clinical trials
as a monotherapy targettheUv b 3 i ovierexgressed en tumor vasculature and invasive
cancer cell$® However thephase Zlinical trial against glioblastomaasterminaed due tdhe
lack of efficacyof Cilengitide which isattributed to thepeptides short halflife andalack of

understanding ahis antagonizingeffect on thentegrin receptor$® Neverthelessntegrin
3
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targeed RGD peptides stilpresent promising strategy cancer treatmermue to the strong

affinity to theintegrinreceptorghat could be harnesséat drug deliveryapplications

Chemotherapy ithe choice okystemic treatment approach for metastatic caniceisding
TNBC. However, chemoresistem incancer cells witlactivatedDNA damageepair
mechanisméacilitate primary tumor progressioimvasion,andmetastasi$®>?° The cancer
signaling network can beredundahin controling cell proliferation survival,and resistancdue
to thereactivationof inhibited signals or activation of alternative patfise edundantaind
alternativecell signalingand transduction pathwagandampenthe treatment efficacyzor
example cytotoxic doxorubicin (DOXpenerates highinitial responseatein TBNC. Still,
manychallenges arisaftertreatmentsuch asirug resistangeecurrenceandmetastasisn
addition to theoff-targettoxicity. Thus,effective drug delivery systems with hittargeted drug
combinations are necessary to address these challenges and provide safer affdatoee
TNBC treatment.

The overexpression ofluster ofdifferentiation 44 (CD44has also been exploited forgated
therapeutic delivery to TNBC usiraligomeric hyaluronic acid (oHAgs a targeting moiety.
Native tyaluronic acidHA) is amajorcomponent of the extracellular matrix (ECM) of multiple
connectiveissuedo performmultiple cellular functionsin solid tumorsthe native HA with

MW >1000kDa, existentin large quantitiegpromotes tumor proliferation, migration, and
invasionvia interacting with its receptors such as CD44 and receptor for HA mediated motility
(RHAMM).?+22 These interactions activatiee oncogenic and prmetastatic pathways including
MAPK/ERK pathway and PI3KAkt pathway, leaihg to theactivationof downstream proteins
such as matrix metalloproteina8éMMP-9) and DNA damage repair pathwai?2* On the
contrary, HA oligomersNIW < 10 kDa)have been shown tohibit cancercell proliferation
invasion and angiogenesis lmpmpetitivéy binding to the nativéHA receptors andeversing

their functions’® 2528 Also, oHA is reportedo activateinnate immunity throughuclear factor

a BN F g),Botentiallyreversng thetumors immunosuppressi.?®

1.2 Goal s of Thi s wor k

Nanomedicine could playnantegralrole intreatingmetastatic TNBQIue tothe ease ofoading

synergistic drug cobyinationsinto a single nanoparticle system for improved physicochemical
4



properties, biodistribution, pharmacokinstiand tumor accumulatio®incethe tumor
vasculature and cancer cells produce high | ev
strang affinity fortheRGD peptides, this researidfocused oranovel nanoparticléNP)
systemformulaedfor the treatmendf primary tumorand prevention ofmetastaticTNBC. The
NPs were cdoaded withoHA and DOX andthenfunctionalized withthe iIRGDpeptide for
integrin targetingThedeveloped iIRGEDOX-oHA-PLN system was examined fats
physicochemical properties, tegnergistiomechanisnof theloadedDOX and oHAthrough the
examination of metastasiBNA repair, and TME immune biomarks; andfor its therapeutic
efficacy onthe primary TNBC tumor and its systemic metastasethieeorthotopic tumor
models humanBRCA1 mutant MDAMB-436 andBRCA1 nonmutantMDA-MB 231-luc-
D3H2LN xenografts ilfNRG mice, andmurine4T1-luc TNBC syngeneignouse model in

immunocompeteriBalb/cmice).

1.2.1 Hypotheses

I.  Themulti-targetedRGD-DOX-0HA-PLN caninhibit the TNBC tumorgrowthand lung
metastasiby theiRGD-increasedellular uptake oDOX and oHAto antagonie the
native HACD44mediatednetastasi®y oHA, and enhancetimorkilling by DOX.

Il.  The IRGDDOX-oHA-PLN outperformslaparib @n inhibitor of PARPDNA repair
protein) in inhibiting BRCAl-mutantandnon-mutantTNBC progression anthetastases
to lungs and liverby downregulatinghe HA motility receptorandDNA damageepair

proteinswithout increasing®D-L1 expression

lll.  The IRGDDOX-oHA-PLN remodels the immunosuppressiMdE to induceaninnate
and adaptivantirtumor immunity thus inhibitingtumor growth and metastasismpared

to free drug or nontargeted NPs

1.2.2 Objectives

1. To develop thaRGD-DOX-0oHA-PLN system and investigate its effectsiohibiting
TNBC primary tumor progression and lung metastasisharaan TNBCxenograft

orthotopicbreast tumomouse model.



2. To investigate the effesbf IRGD-DOX-oHA-PLN onRHAMM expressionDNA
damageepairresponseand PDL1 expressiortomparedo a PARP1 inhibitoolaparib

in BRCA1 mutant and nemutant human TNBC mouse models.

3. To investigate thefiects of IRGDDOX-oHA-PLN on the tumor immune
microenvironment (TIME) and the inhibition of TNBC primary tumor growth and

metastasis using a murine 4k TNBC syngeneic mouse model

1.2.3 Synopses

Chapter 1 presesmain overview of TNBC treatment obstackesl therationalefor the thesis

objectiveshypothesesandoverall plan.

Chapter Zoversbackground information aralliterature review bthe fields relevant to the

scope of this thesis.

Chapte 3 is a published manuscript describthg development of targeted iRADDX-0HA-
PLN loadedwith asynergistic DOX and oHA combination to significantly inhibit the
progression of lung metastases of TNBC in the human breast ¢4DéeiMB-231-luc-
D3H2LN orthotopic mouse model compared to #iargeted nanoparticles and free drug
combinatiors with a primary focus on the involvement of timetastasis biomarkers-ERK,
MMP9 and PA11) downstream ohativeHA. The enhanced efficacy is attriledtto the
sensitization effects exerted by nanoparticlévdetd oHA orblocking the action 0ERK1/2

Chapterd is amanuscript describg e the effectiveness of the IRGDOX-oHA-PLN to
significantly inhibit the progression of lung and liver metastasesarTNBC orthotopic NRG
mousemodelsof MDA -MB-231-luc-D3H2LN and MDA-MB-436 (BRCAXmutant)compared

to the DNArepair inhibitor olaparib. The synergistic role of oHA in sensitizing cancer cells to
DOX was investigated with a focus on tleeeptor oHA mediatedmotility (RHAMM), DNA-
damage repaproteinsandPD-L1 expression

Chapter Ss based ortheresults ofmanuscript 3. It descrikehe effect of IRGBDOX-o0HA-
PLN onmechanisms dumor immunosuppressiptumor growth andnhibition of metastasis in

anorthotopic4T1-luc tumormodel inimmunocompetent Balbimice TheiRGD-DOX-oHA-
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PLN increased DOX tumesccumulatiorandcancercell apoptosis. The delivered oHA allowed
for the TME remodeling through the influx of activated cytotoxicdllsalong with remodeling
of the immune TME te f igntly prevent TNBC metastasis compared to free doug®n
targeted NPs

Chapter 6 summarizes the significant research outcomes pfethbenstudiesand considers

future directions this work may take.



Chapter 2 Literature Review

Chapter2 will coverthe following topicsbreast cancer with a foces TNBC, the metastais
cascade andhodels,current TNBC teatmenbptions thetumormicroenvironmentTME) with
a focus orthe hyaluronic acidole in oncogenic signalinghe DNA damageresponsgthe tumor
immurity andtherole of majortumor residenimmune cellsandnanomedicindo battle the
barriers todrug developmentvith a focuson RGD peptideengrafted nanoparticlésr active

tumor targeting.

2 Br east Cancer

21 Tri-pégati ve Br @ad8 Cancer (
2.1.1 Epidemiology and Risk Factors

Breast cancer (Bd3 themost commorandprevaleninvasive cancein women according to

the worldhealth organization (WHGY In 202Q there were ~2.3 million women diagnosed with
breast canceand 685000reporteddeaths globally®3! In the pastwo decadeshreast cancer
incidence ratebavesteadily increaseith womenby around~ 0.5% pe year®>3! The risk for
breast cancer imcreasedn women with specific genetic alteratigrssich asheinheritance of
mutations in thdRCA1/2 susceptibilitygeneghatpredispose women to breast and ovarian
cancerand arancreasinglybeingrecognizeds, importanfactorsin prostate and pancreatic
cancersn men as welf? In addition,BRCA mutations areloselyassociated witthe basal

type/ TNBC cances, as 7090 %of BRCA cancersre considered TNBE

Triple-negative Breast Canceravery heterogenic solitumorwith mutationsn genes related
to DNA damage repaie.g, theloss offunction ofBRCAL,the presence of thermor protein 53
(TP53), andetinoblastoma protein (RB1).3* In addition, tumoiheterogeneity is exacerbated
due to nutation inthe metabolomid?I3K/mTOR signaling pathwaythe lossof thelipid
phosphatase PTE(fhosphatase and Tensin homolog) or INPP4B (Ingsitlyiphosphate 4
phosphatase tyd$ that regulate cellular processes suchediproliferation, survival, adhesion
and motility. * This heterogeneitglso stems from variations thelevel of mutaton expression

of these proteins amordifferentpatients, which can render some tumoi@eresistam to
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chemotherapy®3® Breast cancer incidence and mortality are genel@gr inundeveloped
countries as they are underrepresented in epidemiological andldinideesdue toa lack of
resources for screeniragndearly detectiod” However, the rise in breast cancer incidence
worldwide isalsoattributed to raltiple risk factors likeafamily history ofbreast cancer or
inheritance oMmutations in BRCAgeresor otherDNA repairgeneghatfail to menddamaged

DNA .38 Other dentifiedBC risk factors include changeslated tcearly and delayed
menstruation, reproductiordélayedfirst birth or fewer children), exogenous hormone intake
(oral contraceptive use and hormone replacement therapy), nutrition (alcohol intake), weight
gain during adulyearsandincreasedody fat distributiort® In contrast, breastfeeding and

physical activity arseen aprotective factors®

2.1.2 Pathology

The breast is both a gland and an organish@mprisel of milk ducts, fat, nerves, lymph and
blood vasculature, ligaments, and other connective ti3$ieER, PR and HERZormone
expressiorstatuscan bedentified by immunohistochemistryiiC) techniquesand has shown
thereto beanoverlapbetweenthe TNBC andthebasalcell-like breast cancerassificationat
approximately70-80%based omene expression profiliff) The American Cancer Society
(ACS)relies on the Surveillance, Epidemiology, and End Results Program (SEER) database to
provide survival statistics for different types of canddre 5year relative survival rates f&C

in theU.S. are grouped into localized, regional, and distant stégéne survival rate i91%for
localizedBC, where the cancer cells are confinéthin thebreastissuesThe regionalsurvival
rate is65%asBC hasspread outsidthe breast to nearby structures or lymph nodlke dstant
typeof BC hasal2%survival rate as cancer hggread to distariiody partsuch as the lungs,

brain, liver, or boneg*

At diagnosis in thadvanced stagaf BC, patientpresent withalargersizetumor,ahigher rate
of lymph node involvementhave ashorter survivatime andare more likely tehowmetastatic
disease to distant orgaffsThe TNBC form of BCcan also baccompanied by adher risk of
visceral and central nervous system metastatlsing mammographythe tumor may appear as
ahyperdense, oval dobular masshat can bernidistinct orhave demarcated margirfé Magnetic
resonance imagindvRI) providesthe highest sensitivity among alliagnostic imging



modalities The tumomaybe presenteds arim with mass enhancement whaneertumoral
areas havencreased 2 signal intensitfaka,transverse relaxation tijyavhichis the time

constanbf theexcited protorrate toreach equilibrium or go out of phase with each Qtffe

2.1.3 Staging

Overall, breast cancer staging is basedaultiple factors likgphysical examination, biopsies,
imagingstudies, tumor size, dissemination to surrounding tissues or lymph nodes, spread and
metastasis to distant regions, and the molecular status of the following receptors ER, PR, and
HER24 This informationprovides insight for thephysicianto devise a patient treatment plan

The tumornodemetastasis (TNM) method is usually used to stage BC with a score or a number
Thegreater the number, the bigger the tuntibe greater theumberof nodes involveand the
greater the numbef metastasedNoninvasive breast cancer is characterized ge $tawhile

stages 13 are invasive, having expanded beyond the breast ducts, lobules, or skin, and in stage
4, cancer has spread to distant locatfdidhe etent of lymph nodénvolvement isessentiafor
staging, clinical managememtnd prognosisTherefore axillary and sentinel lymph node
biopsiesarehistologically evaluated to identithe presence ahetastass, andnodescan be

removed surgicallyf metastases are presénihedifferentstages of breast cancer are presented
in Figure2.

::,;-':I Stage0 | | Stage | | [ stagen | [ Stagemn || Stage IV |

é

Noninvasive ductal Invasive ductal Invasive ductal Invasive ductal Metastastatic breast cancer
carcinoma in situ carcinoma carcinoma carcinoma

Distant metastasis via Q
circulatory system
(Intravasation and

extravasation)

Cancer cells in breast Cancer in breast Cancer in breast ~Tumor >5 cmin Cancer spread to distant organs.
i| duct have not spread tissue. Tumor <2 tissue. Tumor 2-5 diameter & spread to Preferential to lungs, brain, liver and
| tobreast tissue. cm in diameter. cm in diameter. auxiliary lymph nodes. bones.

Figure2. The scheme depicts all the stages of breast cancer and the associated biology with each
stage, andon the right panel is the major vitaigans targeted by the metastatic cells. Created

with BioRender.com
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2.1.4 Molecular Subgroups of Breast Cancer

Not all breast cancers are the saasethey comprise several subgroups thatveayn
substantially in terms of clinical appearance, molecular prafild,therapeutic respon&eFor
example,TNBC is classified immunohistochemically among the different BC subgrouhseby
completdack of ER, PR, and HER2 expression. Basetheigene expressioprofiling, BC has
beencategorizednto five molecular subtypes (Luminal A, Luminal B, HERenrichedBasat
like and Normalike (claudinlow)), with each subtypblavingits incidence ratggrognosisand
treatment algorithpnwith the luminal A havinghe bestesponse to treatmecdompared tahe
varioussubtypes®°° Luminal A tumors tend to groslowerthan other types of breast cancer
while luminal B cancer cells grow faster and aomsidered more aggressi?éBoth subtypes
are positive fothehormone receptoSR, PR andhavehigherthannormal amourgof HER2
thereforetheyqualify for hormonal theapy.*° The tasatlike or claudinlow tumors formmost

of theTNBC. They are the mosiggressive subgrospf breast malignancieand havehe
lowestnumbers otell-cell adhesion moleculdi&e claudins occluding {ight junction
membrane protes), and Ecadherin which aresignificantlyimplicated in cancecell migration,
invasion,and metastasi$>! Thesetwo subtype basailike or claudinlow are highly enriched in
mesenchymal stem celindareregarded as thmost primitive breastancersubtype Thefive

molecular subtypes of breast cancer aes@nédin Figure3.
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Breast Cancer Subtypes

Best
prognosis

* Most prevalent A

Luminal A (~40%) :
* Low levels of Ki-67: slow growth
HR+ (ER+ and/or PR+), HER2- | . Targeted therapy: Tamoxifen

g \

i 9. * Low levels of Ki-67: slow growth
Normal-like (~2-8%) » Slightly worse prognosis than Luminal A
HR+ (ER+ and/or PR+), HER2- | . Targeted therapy: Tamoxifen

\

Luminal B (~20%) * High levels of Ki-67: fast cancer cell growth
HR+ (ER+ and/or PR+), HER2+/-| - Targeted therapy: Tamoxifen

J

; 4 ~10-15% » Amplification/overexpression of receptor HER2
HER2-enriched ( 10 15%) * Faster growth than luminal subtypes

HR- (ER‘- PR‘): HER2+ * Targeted therapy: Herceptin

: : ~15-20° * Most aggressive subtype (recurrence &metastasis )
T"T_:g NEgRat;’; ( |_.: Engo %) * Occurs more often in younger women
- (ER-, PR, = » Highest association to BRCA1 mutations

Worst
prognosis

Figure3. This cepicts the five major molecular subtypes of breast cancer and their prevalence in
the patient population, rating the subtype according to their prognosis and molecular markers.

Created witBiorender.com.

2.1.5 Epitheliali mesenchymal Transition

The epitheliglmesenchymal transition (EMT) ispaocesghat enables epithelial cells to migrate
and invadesurrounding tissues in physiological conditions like tissue réyathanging their
phenotype? Tumor cellsusethe EMT processo acquiregtheloss of epithelial featurggellular
junctionsand Ecadherin)and gain a mesenchymal phenotyfNecadherin, fibronectin and
vimentinexpressionjor tumor invasion, migration, and metasitaformatior®2 Numerous
studies suppothe EMT process aa key mechanism for successful metastatic dissemirrition
The EMT processs also reversibléo allow disseminied tumor cells to revert to an epithelial
phenotypdor secondary tumor formatiol However, there is aomplexityin detectingthe

transientEMT markersn vivo.
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Furtherstudies are needed to develop more efficient EMT repddesisicidate th&MT
involvement inmetastasisormation® Nonetheless, the odulation of theEMT process might
be useful impreventing or slowingancemetasasis. Hyaluronic acid and its interactions have
been shown tsmduce EMT by regulatinthe Snail, Twist, and Zebl transcription netwamk
tumorsandcontrollingthe activation and expressioniatercellularadhesionrmolecule(ICAM)
andvascular cell adhesion molec{dCAM) adhesion moleculgbrough the activation dhe

nuclear factoe B ( N, FhasBrpmoting cancer progressiini®

22 Met astasi s

Metastasis ipossiblythe most lifethreateningumor manifestatiorthat can occuin cancer
patientsandas asingle event can result in the death of most patients as cancer cells spread to
tissues and organs beyond thrginal tumorto formnew secondary tumar§ Several sequential
events calledthe metastatic cascadeust be completed for the tumor cell to metastaasize

form secondary tumatin distant organs’ The three main processasthe metastatic cascade

can besummarizedy the following stepsmigration andnvasion, intravasatiqrand

extravasation.

2.2.1 Migration and Invasion

In the firstinvasioneventof the metastaticascadeaggressiveells lo® cell-cell adhesion
capacityallowing cancer cells to dissociate from the primary tumor mas&&id, which
enablsthese cells to invade the surrounding strdasypéhesecreibn of a mixture of digestive
enzymes that degrade the proteins in the basal faamdoasement membrangsFor example,
secretion of proteases, such as matrix metalloprotethasd 9 (MMP2/9) and activation of the
urokinasetype plasminogen activator (uPA)/plasminogen activator inh#ii{¢tAl-1) cascades
thatdegradeand remodethe ECM formetastaticell migrationand invasiort® Othermatrix-
degrading enzymesuch asathepsins and glycolytenzymes, such as heparinase and
hyaluronidases (HYALS) cleave hepamairifate (HS)/heparin chains on proteoglycans (PGs) and
hyaluronan (HA for the ECM remodeling®*®° Thedownregulation of Ecadherin and

upregulation of mesenchymal cadherins such-aadherin, integrisd v b 6 ,  vandvBR t i n
proteasesanalsoinducethe EMT procesdo assist ircancer cell motility, invasiorgnd

angiogenesis, through vital signaling cassddecancer celmetastati¢ransition®® 52 The

13



migrationand intravasatioof cancer cells to therculation isalsomediatedby Sug, a

transcription factgrwhich regulate the expression of tumor suppressors such-eadBerirnf?

2.2.2 Intravasation

Once thecancercells havecrisscrossethe ECM,intravasatioroccuss, in which cells travel

through the wall of a blood or lymph vessel into the vessel asel€an follow severaloutes
Interactions between tlrancercells and the surrounding stroragessentiafor stimulatingthe
development of a new blood supply, @iagiogenesidor thelocal supply and transpoaf

nutrientsand removal of metabolic waste produt®nce the vasculature is established, cancer
cells can penetrate through the lymphatic or vascular circulation sy%téfter the tumor cell

arrives at a likely point of intravasatiahjnteractswith the vasculature endothelial cells to

undergo biochemical reactions and develop adhesion to the endothelial cells to form bonds that
allow the cells to penetrate the endothelium and the basement membrane and gain access to the
circulatorysystem(dissmination)® Increased/EGF expressiornthroughtumor hypoxiaand

enhancd hypoxiainducible factor 1 (HIFL) levelsin the tumorcanmediateendotheliakcell
angiogenesiprovidingcirculatory accest tumor cells®® In addition, thee pr essi on of TG
(Transforming growth facteb ) s i gnal i n gndacinbindingproteis thaEaid Tn

themotility andintravasatiorof cancercells®’ In addition,triggeringCXCR4 by its ligand €X-

C-Motif chemokine ligand 12 (CXICL2) can drive organspecific metastasis to lung and bone

and aids irangiogenesis formation amtravasatiot?’ Moreover the ropomyosin receptor

kinase B(TRKB) canbindto thebrainderived neurotrophic factor (BDNE) regulate MMPs

and calmodulin proteifor lung and brain metastasis in TNBE

It is worth noting thaéntiangiogenidreatmentg$ocused orWVEGF and its receptotike the
VEGF antibody(Bevacizumah)the anttVEGF receptor (Afliberceptand thetyrosine kinase
inhibitor (Sorafenibgs single agents have been attemptidcally, buttherewaspoorresponse
in patients or resistande these agentieveloped®

2.2.3 Extravasation

Extravasations defined as thkeakage of blood, lymph, or other fluid, such as an anticancer
drug, from a blood vessel or tube into the tissue around it. It is also used to describe the

movement of cellfrom a blood vessel into tissue during inflammation or metastasis (the spread
14



of cancerf® Metastatic cefl must remodethe stromaf the distant organ®r successful
colonization ofthe new site (for exampl@itiate angiogenesisy ®°If the metastatic cells in the
distant organsannot proliferate but still survive, the tumor cells are said to be dormant and
incapable ofyrowing®® However acquiring additional somatic mutations and evading immune
recognition @er timemayallow these micrometastases to overcome the dormancy fonase

secondary tumor formatiott®®

23 Met asMadeks
2.3.1 The Anatomic Model

In the anatomic mtastasis modesecondaryumorsdevelop in organs that tliancer celldirst
encounteon theirinitial spreading® This seems to be the case with regional metastases, as

tumor cells gain access to adjacent tissue or lymph nodes through blood or lymphatic circulation.
Forexample liver metastasis is common in colorectal cancer pataentsecapillay bed of the

liver is the first tissue the tumor cells meet after exiting the caratis ideal for secondary
tumorformation This anatomic metastasis modekupporedby theisolation ofcirculating

tumor cells (CTCsjrom tissues near the primaryntor site Howevercurrentevidence

indicates thatmetastases formatias due tathe priming of prametastatic niches in distant

organsfor malignant cell homing ancblonization. Thereforeother differenimetastasis models

than the anatomimodel,are required to explaithe repeated patterssenof distal organ

metastass formation®!

2.3.2 The Seed and Soil Hypothesis

The £ed andwoil hypothesisof Steven Pagetlatingback to 1889attempedto explain why
certainprimarytumorstend tometastagieto the same orgaithe "Seed and Soil" concept states
thattumorcells (the seedshay only infiltratespecificorgans (the soilthatfavorthetumor cells
(seedsprowth conditions®® Effective metastasidependon the interaction between
metastasizing tumor cells and target organ cells (strori®&).”* Tumor cellsmustproduce
factorsto alter the stromal celland thesurrounding environmend support their survival and
growth Studies analging the profile of genes expressed in malignancies that metastasize to
organshave shown unique genetic fingerprints for these tumorseXamnple the genes that

mediate breast cancer metastasis to bone are distinct from those that promote metagasis to th
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lung.”* Different gene sets enable tumor cells to engage precisely with the stromal cells of the
targetspecfic orgars like the overexpressddXCR4andreceptor activator of nuclear facterB
(RANK) to have ligand&ighly expressed itheliver, lung, and bone marrof "2 The

inhibition of CXCL12-CXCR4 ha& been shown to reduce breast cammedrmetastasis to

regional lymph nodes and lungs anathancel cell numbersn treated tumors!

24 Treat ment

2.4.1 Advancement in Treatments

Surgeryis routinely performed on TNBC patientsither a lumpectomio preserve healthy
breast tissue or a mastectomy that completely removes the breast’d&adiation therapy and
systemic treatment with chemotherapy, endocrine therapy, bisl@gicombinationgre
conmon’? Radiotherapy may follow surgery if the tumor is large or involves lymph rtodes
eradicate residual cancer cells left after surgeryeoadjuvansettings chemotherapy is
administered before sungeto reduce the size tdrgetumors andit is the standard treatment
for boththeearly and late stages of TNBEChemotherapyvith combinationsof different
chemotherapeutic agentgyincrease response ratdsfined aghedisappearancef invasive
cancer in the breast after completion of therdyoy,may increaseormal tissudoxicities
compaedwith single agent$* TNBC patients do not benefit from hormonal therapy or
trastuzumab due to the absence of the ER, PR and HERRtorsTaxanesandanthracyclines
such aPOX with cyclophosphamidareacommonoptionfor thesepatients and &rapyis
usuallymaintained untithedisease progress or patients sholimiting toxicitiesto normal
tissues’™® In a recently complete@ndomized clinical trial conducted in Chjrilae oralanti
metabolitecytotoxic medication capecitabimesadministeredta lowdoseasa maintenance
treatmentIt enhanedthe5-year diseaséee survivalof thesepatientsby 10% compared to
patients without the medicatidhPlatinum treatment (such as cisplatin or carboplatin) or PARP
inhibitors(such as olaparib or talazopanigy be given to TNBC patientsth a BRCA
mutation” Despite the initial response in patients, resistance to PARP inhibitors may dévelop
It was also observed that PARP inhibitors upregulatd. P TNBC, resulting iran
undesirablyincreased resistance tecgll killing and immunosuppression associated with the

tumor progressiort®
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Immunotherapy is a very promising approach for TNBC treatnddtfitoughit can providea
durable response, the aptiogrammed cell death (PD-1) andant-PD-L1 could not be used
aloneas a singlemmunotherapygent for metastatic TNBC dueddack of overall survival
improvement in comparison to chemotherdphonetheless, when Atezolizumab (aka:
TecentrigPD-L1 inhibitor) or Keytruda (ak@embrolizumalPD-1 inhibitor) were combined
with chemotherapy, there was a statistically significant improvement in the survival rate that led
to the granting of ecelerated FDA approval for advanced-BDpositive TNBC based athe
IMpassion13Gnd KEYNOTES22 phase 3 trial§ However theatezolizumab Abraxane
chemotherapyor TNBC hasbeen withdrawn by Rocheluntarily, only in the USdueto
confirmatory trialdailing to indicate a clinical benefif this treatment. Continued approval of
the agent was contingent upthe results of the IMpassion131 trial (NCT03125962The FDA
approval of Tecentriq was contingent on the afse paclitaxeffreedruginstead of Abraxane
(paclitaxel nanoparticlesyr progressioffree survival and overall survival improvement. But
the lesultof this treatmentlid not show adifference betweethe Taxol and Tecentriq arm and
the Taxol alongroup ® However the drug is still available for oth&DA approvedtancers
and metastatic TNBCapients who shoeda positive responses aroff-labeldrug In addition,
pembrolizumalzontinues to be approved by the US FDA as it improvedndian overall
survivalof patientso 23.0 monthgompared td.6.1 months for patients thagceived

chemotheapy.’®

The antibodydrug conjugate sacituzumab govitecan (Trodelvy) may be an alternative for
metastaticTNBC patients who have failed at least two previous regimiemNeutropenia is a
severeadverse effect ahe recently appred Trodelvythatis only advised for patients with
metastatic TNBC who have been treated intensively in thébasen with the recent progress

in TNBC-targetedherapies,here is still a need for more effective treatment options, especially
in advanced metastatic settingbetherapeutictrategies in patients with TNBC based on its
chemosensitivity and immugaolecular heterogeneity clinical and preclinical studies are

presented ifrigure4.
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Figure4. Future aspects GiNBC therapeutic strategies in patieb&ssed ortumors
chemosensitivity and immurraolecular heterogeneitireas are shown obaventional
chemotherapytargetingthe BRCAnesgrevisiting old but good targetand immunotherapy
regulators othe TNBC TME. Combinatorialagentsetween these four independent domains
would be the future therapeutics for TNBCTLA-4, cytotoxic Flymphocyteassociated protein
4; EGFR, epidermal growth factor receptor; MAPK, mitogetivated protein kinase; PAM,
PI3K-Akt-mTOR; PARPI, poly(ADFribose) polymerase inhibitors; PD programmed cell
death protein 1; PID1, programmed cell death ligand 1; TNBC, triplegative breast cancer.

Reproduced with permission from the publisiier

2.4.2 Doxorubicin

The anthracycline DOXs a potentdrug used in cancehemotherapyit is extracted from
Streptomyces peucetius var bacteridine action ofinthracyclinesgainst cancer ihroughits

intercalation into DNA, leadipto inhibition of DNA synthesjgoisoning of topoisomerase |l
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and generation of free radic&lsThe athracyclineDOX is ann anthraquinone connected to a
sugar moietyFigure5. It canintercalae into the DNA to interfere with its synthesis and repair
resultingin the formation of DNA DSBhat interferenvith DNA replication topromotecell
death.Theoverallinitial responseate isapproximately30% in patients kess tharb0 yearsof
age treated with anthracyclind$ Commonadverse drg reactios of DOX include
cardiotoxicity, which limits DOX usefulness and can alse accompanieby alopecia,

neutropeniaandhandfoot syndromgredness, swelling and blistering on hands and.féet

Figure5. Thechemical structure of doxorubicin (DQX

2.4.3 Treatments Based on Molecular Classification of TNBC

Attemptshave been made to further subclas3iRBC into subgroupsased orits molecular
signature to aid inlevelopingpatienttailoredtreatment$?83 Thefour identified subtypesare
categorized intéwo basallike (BL1 and BL2),onemesenchymal (M), andneluminal

androgen receptor (LARJased omolecular patterns of RNA expression, somatic mutations,
and copynumber variations ia series ofelaed pathways? 8 Overall, therds a great overlap
in theproposedreatment strategider the subclassified TNBC groups based on theetie
mutations of metabolic pathways and the DNA damage repair respsnseown imable14°
Thelimitation of classifiercould explain the overlap between the subgroups g tifiding was
performed orbulk tumorsand does ndistinguish between tumor and stromal cellthe TME

and is not reflective of the actuahderlying biological process&s®®
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Tablel. Potential therapeutic strategies and targeted dmegproposetiased on the TNBC

subtypes.

TNBC subtype

Genetic abnormalities

Therapeutic targeted drugs

TP53 mutations (92%), hig
gain/amplifications of

Cytostatic(Cisplatin, Carboplatin,
Nedaplatin)

Basatlike 1 MYC, Cell division protein PARH g;p;irg;iﬁl;capanb,
(BL1) kinase 6 (CDK6)and o
deletions in BRCA2, PTEN DNA Synthess inhibitors ('Ifo.potecan.
and RB140. 86 Irinotecan, Doxorubicin,
Mitomycin).8”
High levels of growth factol
_ signaling and metabolic
Basatlike 2 pathway activityEGFR, Mitosis inhibitors (Paclitaxel,
(BL2) MET, Watenihénd Docetaxel, NakPaclitaxel)®*

insulin-like growth factor 1
(IGF-1) receptor®®

M (mesenchymal)

EMT, Angiogenesis gengs
Cyclin-Dependent Kinase
Inhibitor 2A (CDKN2A),

K-RAS, TP53 PDGFRAS3

Growth Factor inhibitorsmTOR
inhibitors
Scr inhibitors (Bosutinib, Dasatinib)
PI3K inhibitors®’

LAR (luminal
androgen

receptor)

Displays a luminal pattern
of gene expression (high
Forkhead Box A(FOXAL),
elevated androgen receptc
Enriched in mutations in
PIK3CA (55%),AKT
(13%)40, 86

Nonsteroidal antiandrogens
(bicalutamide)
MTOR inhibitors (rapamycin,
Everolimus)
PI13K inhibitors (Idelalisib}’

20



25 Tumdir croenvironment (TME)

The TMEand itscorresponihg signaling pathwayprovidestructuralsupport to the tumor
throughits cellular and nofcellular elementsThe TME enhancegroliferation,angiogenesis,
drug resistangemmunosurveillancevasionjnvasiveness and metasté§ighe ECM,
fibroblasts, adipose cells, immune selblood and lymphatiendothelialasculaturearesome

of the maincomponers of the TME?® The sgnaktransdudbn pathways are networksggered
by theinteractions ofigandswith cell-surface receptoitke adhesiomrmoleculesjntegrins,
growth factors andeceptorgyrosine kinaset coordinateand influencehe behavior o€ancer
cell proliferation motility, invasion and metastasitThe TME will be discussed in more detail
in the following section.

2.5.1 Cancer Stroma

Besides the cancer cellaegt TMEmay containmmunecells blood cells, endothelial cells, fat
cells, and stromaells. The stromaonnective tissueomprisecancerassociatedibroblasts
(CAFs), mesenchymal stromal cells, osteoblastt®ndrocytes, antthe ECM thatsupport
tumorigenesis, cancer progression, metastasis, and therapy resisttdde stromal cells
provide nutrients for tumor growthgipocytes secretgrowth factors and cytokingthat
influence thammune cellphenotypes to bpro-tumorigernc (EMT, angiogenesis, and
treatmentresistance)®>® The ECM compromised of basement memigaandnterstitium
provides structure and cellular signalsgpportthrough organized interactions of fibrous
molecules, proteoglycans, glycoproteins, glycosaminoglycans likedlilgen, elastin,
fibronectin, or laminir?®% The attachment ofpithelial celkto the basement membraaleo

involves integrin binding®

Thetumorstromacan bea significantfactor inresistanceéo conventional chemotherapeutarsd
canoftenbeneglectedvhendeveloping argeted treatments agaif$iBC.1%° The CAFs
produce large amounts of growth factaszymescytokines, and chemokinasthe TME®!
For example, th@broblast enzyme cytochrome P450 (CYP) fanmigreass the degradtion
and metabolism of chemottapeutis and inducesidverse reactions and treatment faildfésn
addition,increasedumor stromalfibrosis produce rigid fibrotic and dense ECMnterstitial

pressuréuild-up, and enzymatic drug degradatiimiting drug access to cancer céeft§ 1%In
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addition, theumorangiogenic factor lpteletderived growth factor (PDGRecreted by
fibroblasts allowsfor theintravasation otancercellsinto the circulatory system artldeir
survival ata high-pressureshear stres¥* Therefore, thdibrotic stromal tumor tissueanplay a

crucial role in chemoresistant®&106

Also, along with the cancer cell$hfoblastsmaintain theprodudion of a large amount of HA,
synthestedat the plasma membrane by thi& synthases (HASIB) anddegra@d by six
hyaluronidase&’’ Hyaluronic aci is found in several orgard tissugsandhigh HA amounts
have beembserved in multiple solid malignancidts presence caalsocontribute to high
interstitial pressure and stromal resistaf®° The buildup ofcollagen and HAn the TME
preventdrugsfrom reachig cancer cell$® Hyaluronic acidcanbind to multiple cell surface
receptorsincludingthecluster of differentiation 44QD 44), RHAMM, lymphatic vessel
endothelial HA receptet (LYVE-1), andhyaluronan receptor for endocytosis (HARE)

The following section will discuss HAndits receptors in more detail

2.5.2 The Role of HA in the Tumor Stroma

Hyaluronic acidFig. 6)is asignificantcomponent ofhe ECM andis usuallyfound extensively
in the followingsoft tissus (eyevitreous>synovial fluid>skin>brain>liver}° Hyaluronic acid
is anphiphilicandcomposedft wo s u g abrliskedDIGY 41)c ur o ni eb-lirkedd
N-acetytD-Glucosamingand itis synthesized ithe inner space of the plasma membrafie
After synthess, HA is releasedn the ECM with molecular weights raing from 5,000 to
20,000,000 Din the various tissuées!
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Figure6. The chemical structure of hyaluronic acid.

TheHA filaments form porous dynamic networttgat play a significantrole in water
homeostasi$'? Hyaluronic acidas a material is very dynamit canbe compressed and-re
swelledafter mechanical stressapplied and dissipatatle tointrinsic swelling pressurand
electrostatic repulsioat the abundantarboxyl groups within its structuté&® It is well
documentedhat HA can have amhibitory or stimulatory effect on cellular proliferation
depending on its sizg@olymerlength)and concentration within tissuéhe high molecular
weight (HMW)HA-rich tumorshave been shown to recruit stromal cells to enhance

tumorigenicity and impesitumor drug accumulatioi?

The mgration oftumor cells on HArich matriceds mediated byheHA cell surface receptors
CD 44 and RHAMM!#In addition, gon hydration, HA in tumor tissues sweltseatinga
dynamic tumor celinovement nichéhat may shield tumor cells from immune surveillance and
chemotherapeutic drug&''® Hyaluronic acidcanbind with RHAMM on the surface of human
endothelial cells and trigger the MAP kinase pathWéjn tissue remodeling and wound
healing,hyaluronidases and free radicaifragment HMWHA into LMW-HA to increase
inflammation, immune cell recruitment, and epilitecell migration througtihe HA receptors of

CD 44,RHAMM and vll-like receptors (TLR) 2 and4%'2 Thereforejnterfering withtumor
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stromalHA anddisrupting its downstream signalingpuld significartly improvecancer

treatmenin solid tumors

2.5.2.1 Cluster of Differentiation 44 (CD44)

The CD44is amulti-structural and mukfunctional transmembrane glycoprot¢8y kDa)

widely distributedn lymphohematopoieticells, most epithelial and mesenchymal cefid

plays a role irextracellular adhesion and signal transductf6iThe relationship betweedD 44
and HAis essential, foseveraphysidogical andpathologicareasonsdue toits high binding
affinity with HA and CD44 andits involvementin the immune system, blood and tissue
regeneration andancer and metastasf$'?’ The CD 44receptoris also responsible for clearing

HA within thetissueECM, andfailure of HA clearanceanleadto ECM disorganizatiort?®

TheCD 44 is encoded bynegenefor all the domainshatundergo differential Nand G
glycosylation to generate all the CD 44 isoforms (20 varying in size from 85 to 233%R4)
The amineterminal domain of CB3I4 contains the hyalurondmnding motifsmade ofcysteine
residueghatform disuffide bonds required for hyaluronan binding and endocytosis by the
associatetipid rafts.*?4 *1The CD 44 cytoplasmicdomairs can modulate thimteractons of
plasma membran@ft proteinsand actirfilamentsof Ezrin-Radixin-Moesin (ERM)*32 The
ERM activation initiateshe activation of downstreampathways of éMet, andproto-oncogene
tyrosineprotein kinas€Src) throughRasMAPK and PI3KAKT . 123 Therefore CD 44 canact
as a liganebinding receptor oco-receptorfor growth factorsignalingmodification ofthe
tumor cell cytoskeletal architectut& 3> The CD44 and HA interactionsavebeenshownto
activateimmune cellsnfluenced by gtokineslike TNF-U , -1 lipopolysaccharides (LPS)r
IFN-2.134 136137 The interactions o€ED 44-HA arealsonecessary fowound healingand injury
responseThe CD 44 receptoris alsoidentified as anarker for cancer stem cells (CSCs)
Specifically,cells with CD 44" andCD 24' expressionaremore aggressivESCs inthe prostate
andTNBC tumorst3#14° The repopulation capability of CDHED24 cells has been
demonstrated in a tumor xemaf study whereinjection of as few as 100 CSCs with the CD
44|CD 24 phenotypded to successful prostaiemordevelopment in £CID nousemodel*
while millions of regularcancer cells mudie injectedn a mouse hodbr successfulumor
formation Moreover, it has been observed that @Dinteracts with CXCL1-ZZXCR4 to
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increase endbtlial cell motility and angiogenesiwhich wasamplified bythe treatment with
HMW-HA.114’ 142143

The CD 44 receptoris a promising targeting receptor for drug deliveapnd numeroupreclinical
in vivo studieshavereportedts rolein enhancedirug delivery and antitumor negsnses #4147
However,whenCD 44 s investigated as a targetr therapeutigurposestheclinical trial data
havefallen short of expectatior4® Bivatuzumabmertansine, an antibody against @Bbthat is
linked to antitubulin (mertansing wastestedn a phase one clinical trial that showsgnificant
skin toxicity, including a case of lethal epidermal necroly/§isNonetheless, CD 44
overexpressiomemairs a vital factoin cancer drug resistangerogressiorand metastasis.
Therefore, new approaches stitinsiderCD 44 interactionsvhen designing newherapeutics
diagnosics, or drug deliveryvehiclest®®1*2In recentstudies theanti-CD 44 antibodylabelled
89Zirconium(RG735 has beernvestigated iraphase | dose escalation studydentify tumor
metastases from normal tissdein anothemulti-center Phase /1l Clinical Triag¢himeric
antigen receptor (CAR)-tell therapycellswereengineered to specificaltarget and

accumulate irCD 44 variant 6overexpressing tumer(NCT04427449.154

In addition,increased CD 44 expressipromotes a DNA damageepairresponsandplays a
significantrole in resistance to chemotherapeatients>>°¢ Computational analysisas
revealedanassociatiorbetween the components of the MRN comgmnssting of (meiotic
recombination 11 (Mrell),AD50, and Nijmegen Breakage Syndrome 1 (NB&S1) CSC
markersncludingsonic Hedgehog (SHH)yeurogenic locus notch homolog protein 1 (Notch 1)
andCD 44to contribute to CSC survival and proliferatibti'®® Otherresearch groups haagso
shownthatthe MRN complex is associated with increased expressitire gfroteoncogene €

MY C transcription factoand EMTinductionthrough theupregulatiorof CD 44159162

Figure7 presents a summary scheme of major tumor pathways affected by the accumulation of
HMW HA in the TME mediated by CD 44 and RHAMM.
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Figure7. High molecular veight HA activatePI3K/AKT for proliferation, invasion and survival

andincreases chemoresistance by drug efflux putdpsbinding to cell surface Ci24 and

RHAMM triggers a variety of signaling events, including complex formation betweef#dCD

and cereceptors such asMet, EGFR, and TG®

receptors, and

activati

effectors such as Akt, PI3K, Protein phbatase 2 (PPZjor negative regulation (redlines))
ERK1/2, and Ras/Raf/Rac. These signaling events culminate in the expression of a variety of

inflammatory cytokines and activation of a feedback loop continuing cell surface expression of

CD 44/RHAMM. By inducing these signaling events and downstream effectorisCBA4

signaling drives proliferation, invasion, cytoskeletal rearrangement, and angiogleaesngto

normal cell functions such as fibroblast migration, wound healing, and immune cell funatio

to tumor growth and progressidReproduced with permission from the publistér
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2.5.2.2 Receptor for HA-mediated Motility (RHAMM)

TheRHAMM (receptor for HAmediated motility) is a glycophosphatidylinositol (GPI)
anchoredroteinreceptorthat lacksa transmembrane domaBasedon the physidogical or
pathologicakcondition, the protein can s®luble,nuclear,cytoplasmicor located o thecell
surfacedue to alternativesoformsplicing (40-50 kDa, 7072kDa, 95kDaj%* Metastasis
formationdepends on canceell motility acquisitioninvolving growth factors, cytokines,
stroma factors adhesiormoleculesand ECM remodeling'® 122123 Receptor for HAmediated
motility mediates motilityn the Raspathwaymediatedransformatiortransiently produced
during wound repair, but its hyperexpression is associated with tumor development, progression,
and metastasi€® ®*When HA becomes enriched in the EGMstrongly celocalizes with
RHAMM onthemicrotubular networkandmitotic spindle structuret® promote cell
separatiort?® 1%Theincrease in cell digionin response to HAnediats RHAMM localization
shift from the cytoplasn to the nucleus toconnectwith microtubulenucleationfactor(TPX2)

andAurora kinase A (AURKA)regulators of activation of spindtelated kinasesf’'68

Even though RHAMM is less studied in terms of cancer metastasisCcbofd andRHAMM
can promote focal adhes®hy controlling focal adhesion kinase (FAK) phosphorylagaided
bytheU4 b1 and UBFRHAMMcandogm acomgexdirectly with ERK1/2to fect
tubulin scaffolding cytoskeleton polymerizatigmitotic spindlesand chromosomal
alignment'®’ Therefore RHAMM and ERK1/2closelyregulate cell motilityand it has been
reported thahoninvasiveness obreast tumorsan becorrelated with less RHAMMexpression
andtransient ERK1/2 activatiotf®

In addition,CD 44 and RHAMMfacilitate angiogenesithroughthe cell cycle and motility
protein kinases that activaséphaadducin(tubulin recruitment)cyclinrdependent kinase 1
(Cdk1), GSK3 and ERK/2.1"%Intracellular RHAMMis also associatewith BRCA1to regulae
mitosisand mitotic spindle integrityBreast cancepatients witithe BRCA1 mutatiorhave
shownaninduced RHAMMand AURKA upregulatiorcorrelatedwith metastasis and poor

prognosis-’°
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2.5.2.3 Lymphatic vascular endothelial hyaluronan receptor (LYVE-1)

Thelymphatic vascular endothelial hyaluronaeeptorLYVE-1) is anintegralHA membrane
receptort’* LYVE-1, expressed on lymphaténdothelial cellsis suggested to mediate HA

inducedlymphangiogenesiandregulat leukocyte trafficking!’* This trafficking isdirected by
multiple factos such aiterstitiallymph flow?*’2

chemokinesincluding CXCL12 and CX3CL&nd theireceptors CXCR4 and CX3CR1*17

, Chemotaxishaptotaxis andresponse to

2.5.2.4 Hyaluronic Acid Receptor for Endocytosis (HARE)

The HAREreceptoy also known aStabilin-2, is described aa clearance/scavenger receptor
extensively expressed in the sinusoidal endothelial cells of the liver, Igog#s and spleedt
Besideghe role ofHARE in monitoling HA degradation and homeostgstanediates
endocytosis of hepariagetylatedlow density lipoproteinandgrowth differentiatio factor 15
(a member ofhetransforming growth facteb  f g).HfiCellgwith HARE expression have
higher HA phosphorylation of ERK1/2®

2.5.3 Integrins

Integrins are transmembraheterodimeric proteineceptors that facilitate cedell and ECM
adhesiorthatconnecs themto the cellular cytoskeletointegrins als@ctivate many

intracdlular signaling pathwaythatplay key roles in immune responses, leukocyte traffic,
hemostasis, and canqaogressiort’ Integrinligandsinclude fibronectin, vitronectin, collagen
and laminilt’”’l nt egrins are obligate het ehatwamemer s
toget her fr oeni @htghbardeamassemblenigto 24 different heterodintéfs
The subunis containanextracellular dorain, asingle transmembrane region, and a cytoplasmic
region TheU-domains carry divalent cation binding siteish calcium or magnesium iorisr
binding toacidic amino acidigands suclasthe RGD peptidesequencé’®EachUa n dsubhnits
integrin comlination hasits own ligand binding specificity and signaling propertté¥The
structure of integrins with its subdomaliextracellular, transmembrane, and extracellidan

divalentcationsbinding sitegyellow colored)are shown irFigure 8.
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Figure8. The subunit structure of an integrin eslirface matrix receptofhe greerportion of
the schemés the alpha subunitvhile the bluepartis the beta subunit. The yellow do&present
thedivalent cations (Such &8g?* or C&*ions). The grey area isitracellular,andtheyellow
area is extracellulaReproduced with permission from the publishér

Initially, integrins have no enzymatic or kinase activities,thtaugh conformational

rearrangemerdfter binding taheirligand, phosphorylation of FAK signaling pathways are

initiated 18%184 Integrins can also assistaativatingother cell receptors like growthdtr

receptors (GFRs)ndthe MAPK/ERK1/2and PI3K/Akt pathwag*®®’For exampl e, t he
integrin can complex with the insulin receptor, PDGF, and VEGF to aid in numerous cellular
processe$ Mo st integrins have fAond and fAoffodo state
domairs, and once activated, the extracellular domains are extended and straightened to expose

the RGDbinding site'®®In cancer, integrins can facilitatiee malignancyof cells through ECM

dissociation and adhesion and aid in tumor growth and mitgstagressiort®
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The Uvb3, Uvb5, U5 bibtegrind Bafiedeen shdwn fio aid iatardor Uv b 6
progressionn various cancer type8t®* Theyareinvolved inmost of the metastasis
development stagesicludinglocal migration of cancer celd theirintravasation intahe
vasculature, survival of CTCandtheir extravasation into the secondary site and colonization
distal organgor new tumor formatiof® Specifically, theb Jubunitis uniquelyassociated with
angiogenesis anuetastasi®® Mediated byfibroblast growth facte (FGF2), TNFU, a-nd | L
8, theU v BnBgrincan be ovexxpresedon endothelial vasculature ¢elndBC cellsbut not
onmany othenormal tissues® Moreover,h e  (hasth&n shown to lalize with MMP-2 on
blood vessels to aicbllagen degradation and EQfmodeling to facilitate cell migratiofd®%7
TheoverexpressdU v b 3 i imUreasy cancer arostate carcinoma has bemrrelated

with lymph node anthone metastasi€ andis stronglyassociated with chemotherapy
resistancé®®*?’Th e Uv b 3 alsaotemxpressad iniglieblastoma to promote invasiveness

and chemoresistané® 202

26 ThBNMMamadgResponse

The cell genome isonstantlyin a dynamic state of DNA damage and repaeanotoxic insuls
caused bymrdogenous or exogenoD®NA damagng sources lik@xidative stressonizing
radiation or chemical agentan besensed and detectéat cell repair?°>2%41f the DNA damage
is lethal as in theformation ofunrepairedNA doublestrand brea&(DSB), the cellcan
procee to programmed cell deatfP?°® The DNA damage and repairachiney is comprisel of
damagesensorssignaltransducers, and effectd?¥ Several mheritedmutations inDNA repair
genes thatmake DNA repair less efficientbhave been identifieth increaseaherisk of cancer
development® TheinheritedBRCAL or BRCA2 genesarewidely knownto significantly
increaseherisk to the carrieof breast and ovarian cancé€?2°° The BRCA 1 and BRCA2
expressegroteinsarelinked with several DNA repaisystemsincludingnon-homobgousend
joining (NHEJ) andHR.2%®2% Humans born wit hereditary DNA repair abnormalities (such as
Li-Fraumeni syndrome) have an increased chance of developing.€&TdeDNA damage
response mutatiorcanvary by cancer typgbut ~30% of invasive breagarcinomas have

mutations ilHR genes.
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Theefficacy ofchemotherapy and radiatiamdrivenby overwhelmingthe cancercell to repair

ther damagd DNA, resulting in cell deatht® Several inhibitors that block specific DNA

damage responses or repair proteins have teségoas sensitizing agents in combination with
DNA-damaging agentsr as single agents against cancers with defadNA repair?!! One of
themost prominent exampses thelethaleffect of PARPi on BRCAY2-defectivetumors, which

takes advantage of the defectstis DNA repair proces® induce "synthetic lethality** For
exampleplaparibhas been approved foeatingovarianand breastancer with a BRCA

mutation®!! However the synthetic lethality treatment techniga®nehas been called into
guestionbecaus®f accumulating evidence of acquired resistance, which is obtained via rewiring
theDNA damage response pathwagsch aghereversal of previously sypessed abnormalities

or via theupregulation of drug efflux pumps?

2.6.1 The DNA Damage Repair Pathways

Cancer cells must acquire survival genes to proliferatdbbecome malignanwhile evading
growth arrest and apoptotic signd3Cancer development and therapeutic efficacy are
influenced by germline or somatic mutationgtie DNA damage response gerfé$The DNA
repair pathwayare cruciain preventingprecancerousells from undergoing malignant
transformatior?* For exampleif repair is impossible, the DNA damage response systems
initiate cellcycle arrest and seek to BPDNA lesions or promote cell death/seneseght?'®
TheDSBresponse kinasgtaxiatelangiectasianutated ATM) loss of functiorresults in
increased tumor growth and invasiveness due to loss of DNA damage respoesiate cell
senescenctiroughthe ghosphorylation otheckpoint kinase 2Chk2), a cell cycle checkpoint
regulator and tumor suppressieading to cell cycle arre$t® DNA-damaging agentsaninduce
various types of DNA damagmcluding modification oDNA bases, intraand interstrand

crosslinks, DNA protein croslinks, singlestrandbreaks §SB), and DSB*’

DNA-damagecaninducecheckpointghatfacilitate celtcycle controland DNA repairduring
replication and mitosisThe PI3K-related protein kinases ATM and ATRtaxia telangiectasia
and Rad3elated play asignificantrole indetectingDNA damagecausingcell-cyclearrestand
carrying out DNArepair The MRN complexalsosenses and binds to DSB sitesecruit ATM
kinase ThroughATM autophosphorylatigrdownstream proteingreactivaed, like P53, and
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cyclin-dependent kinase inhibigto promde G1 arresto slow down theS phasef DNA
synthesisandpreventthe entry of cells into mitosid'®??° Ataxiatelangiectasianutated is
mainly activated by DNADSB, It initiates the HR pathway through BRCA2 andRAD51
activation fordamageepair ad cell cycle arrest in the S pha&é|f the DNA replication fork
collapss, the ATR kinase is activated and recruited to the sites of DNA daatagg with
checkpoint kinase {CHK1) andnuclear kinas¢Wee)) to regulatethe cell cycle angpathways
needed to repathedelayedreplicationforks and restart DNA synthes#€ If replication forks
fail to stabilize repeatedly, it leadsdancer cell deathy genomic catastropheumulative bss

of genetic information due to high mutation rates

The major repair pathwaymddamage response mechanisarns as followsbase excision
repair (BER) nucleotide excision repair (NER), DNA mismatch repair (MMR), BRINHEJ.

2.6.2 Single-Strand Breaks (SSB)

Bulky DNA lesions such as pyrimidine dimers caused by UV irradiation are processed by the
NER pathway, which requires the excision repair comsaplementing protein 1 (ERCC%)
TheNER pathwayremoves the damaged nucleotide and replaces it with an undamaged on
complementary to thatresent in the intact DNA stra@ The DNA base mismatches arising as
a result of replication errors can be repaired byDN& mismatch repair pathway* Single
strandbreaksarelargelyrepaired usinghe BER proteins, which include PARP1,
XRCCI(scaffolding protein)glycosylaseapurinic/apyrimidinic endonuclease (APEfgplacs
damagedase from oxidation,deaminationand alkylatio), ligases and polymerase€® BER
protects against cancer, aging, aedirodegeneratio® Upon SSB identification, ATRind
PARPare recruitedPARP add#\DP-riboseunits to itselfto create plymer chains to attract

other proteins to the damaged g#&Then a glycosylase enzyme recognizes the damaged base
for removal®?® Theglycosylaseseversiamaged baseandforms an apurinic or apyrimidinic site
(AP) for the AP endonucleasds snip the damaged DNA backboh@ter, DNA polymerase
eliminates the damaged area and syn#essinew strandrom a complementary template

strand andDNA ligase is then used to clos@ he gap®®

Overexpressiownf the APElenzymeprotects against radiation and chemotherapedtosages
and provides a feadibtarget moiety in multiple cancer typ@sreduce treatment resistarfée
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Defects in the MMR pathway cause Lynch syndrome or autosomal dominant hereditary
nonpolyposis colorectal cancer (HNPC@pdincreasstherisk of colorectal, stomach, ovarian,
and endometrial cancdevelopment?’ In addition, abnormalities in the MMR pathwegn
result incellularresistance to the chemotherapeagentcisplatin, butcells may benore
susceptible to other cretisking agents?® Mutations ofNBS1 or truncations cause Nijmegen
breakage syndromeghich prevens the detection oDSB causng infertility, radiation sensitivity,
and lymphoma$®® Mre11 is aother component of the MRN complsusceptible to point
mutations;Mrel1lis beingincorporatedn genetic teshg panels for breast cances it is closely

associated witthefunction ofBRCA proteins’*°

2.6.3 Double-strand Breaks (DSB)

Unrepared DSB can result in cell deatiheNHEJandHR are mainly responsible for DSB
repair?*: DSB canalsobe producedhysiologicallyduring meiosis anthe V(D)J recombination
processequired for lymphocytexpansiort*> The DNA DSB may be caused by collapsed
replication forks, ionizing radiation, reactive oxygen spe@3S) alkylating chemicals, and
chemotherapeutics? The MRN proteincomplexwill recognize theDNA DSB gap and recruit
ATM to phosphorylate CHK2 and H2AMr cell-cycle checkpoint and recruitment of DNA
repair focj respectively?3! Ataxiatelangiectasiautated proteinvill split from its inactive

dimer form and autphosphorylate to interact with several substrates, including p53, NBS1,
BRCAL, and CHKZ Ataxiatelangiectasianutatedwill alsophosphorylate S136n the G
terminus of histone H2AX, which acts as a primary indicator of DNA DBS damage and recruiter
of downstream DNA repair proteif® Following phosphorylation, the BRQAC-terminus
(BRCT) will attach to H2AXand NBS1 of the MRNomplex to recruit p53, which may cause

cell arrest or apoptosfs3

2.6.3.1 Non-Homologous End Joining (NHEJ)

TheNHEJ isafaster,imprecise errorprone repair technigqubat mediats broken DNAend
joining in whichnucleotides are lostue to the absence ah intactsister chromatids a
template?3! This nucleotide deletion may result in a loss of genetic information and increased
genomic instabilityand rearrangemenit the damge site Ku70 and Ku80 proteins form a

heterodimer that detects and binds to the free DNA ands=cruitthe catalytic DNAPK
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kinase(DNA-dependent protein kinas®r ligasemediated rejoining of the broken DNA
ends?*

Mutations in theKu70 and Ku80 are associated with breastlung cancef*>2%¢ Single
nucleotide polymorpisms(SNPs) inthe NHE] ligase are related to elevated glioma A8Kn
addition,DNA-PK inhibitors are being developadainst multiplecances. For example,
Nedisertih also known aM3814, is aselective inhibitor of DNAPK thatis examinedalong
with radiation therapyn multiple solid tumors (NCT02516813§ The compoundavadomide
(CC-122)is apotential antineoplastiand immui@ modulator with activity against DNA&K that
is being testeth phase Iclinical trials in multiple myeloma, advanced solid tumors, and non
Hodgkins lymphoma (NCT01421524ndin phase Zlinical trialsfor glioblastoma
(NCT02977780%>°

2.6.3.2 Homologous Recombination (HR)

In contrasto the NHEJHR enables errdiree repaiusing ahomologoussister chromatid
segmento replace and code for the nucleotides lost in gap rdpdimgthelate S, G2, and M
phases of the cetlycle?*® Mrel1 activity promotes DSB end resecttorcreate singkstranded
DNA for HR repair®*® ThenBRCA1/2 colocalizes with RAD51 at the damage sitBRCA2 has
a DNA-binding domain that can bind both singliganded DNA (ssDNA) and doubkdtranded
DNA (dsDNA) and regulate RD51 filament formatiorf*° PhosphorylatedRCA1 interacts
with RAD51 to allow the resected end of the damaged strand to invadéstee chromatid

homologoudgemplatefor base complementatigf

Components of the HR pathway are often dysregulated in ceeligrenabling them to retain a
greater degree of genomic instabiffy Germline mutations in the BRCAA genes are most
often connected with the developmentfreditary Breast and Ovarian Can(ieBOC).24!
These mutationsilso raise the risk of prostate, pancreatic, melanoma, and gastrointestinal
malignancie€*! Germline truncations, alternative splicing, and deletion mutatiotieRartner
and Localizer of BRCAZPALB2) have recentlfpeen shown tancrease the lifetime risk of

breast cancer in premenopausal worifén
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2.6.4 Chemotherapeutic Agents for Targeting DNA Repair

Mutated BRCA breast cancers are often kggéde, invasive ductal carcinonfd$Thesetumors
oftenhave a greater prelgnce of p53 mutationgnd amabsence oPTEN expressiofa
negative regulator of PI3Kvith higherc-myc and EGFRverexpressiorf*® TheseDNA DSB
repairdeficient tumorslepend or8SBrepairproteinslike PARP1 to repair their damaged
DNA .24 Cells with BRCA1/2 mutatiorare sensitive t® ARPinhibition eitherdueto catalytic
inhibition or PARP trapping at sites of DNA damaiféThe capacity to trathe PARRA DNA
complexesrariesamong PARP inhibitorsrapping PARP on DNA may be more effective in
inducing cancecell death than enzymatic inhibition alof{é Talazoparilds reportecto bea
potent PARP inhibitor (halfnaximal inhibitory concentration, 4 n\Mith a PARPtrapping
potential~100 times greater than other PARP inhibitcusrentlyunder investigatioA*®

The modes of action ¢fARPialso include reducing the replication fdtkaction andenhancing
DNA DSB formation. In additin, PARH cancompete for binding in the NAD®inding pocket
of PARP enzymet trap PARP oto the DNAandresult in DSB formatiorior thereplication
fork to collaps, leading to cell death. The overall PARPI strigegre based on the synthetic
lethality effect wherehe simultaneous alteration of prote(FARP1 and BRCAlgauses
synergisticcell death, while alteration of either protein alone doesTiw mechanism of

synthetic lethality of PARPi in BRCA mutant tumors is showFigure 9. Numerous infbitors

are being developed and investigated against the DNA damage repair response proteins. They

have gained increased attention as a therapy for solid tumors, including breast cancer, as a

monotherapy or in combination with chemotherapy, immunotheeaq/or inhibitors of the

signal transduction pathway¥.
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Figure9. PARP inhibitors synthetic lethality mechanisms. PARP inhibition kills BRIeAcient
cells by compromising the DNA single stramctaks repair (BER), resulting in replication stress
and genomic instability, and cell death. PARP1 is involved in repair of SSBs, whigmntiagy
presence of a PARP inhibitgrersist and collapse a replication fork intiethal DSB. Since

BRCA defectve cancer cells lack DSB repair proteins, the resulting DSBs would be selectively

toxic to the cancer cells. Created wBloRender.com

2.6.4.1 DNA damage repair blocking agents
2.6.4.2 Platinumi BTP-114

BTP-114 (PlacorTherapeutics) is a newisplatin compounénd a naleimide moietyprodrug
that binds tdwuman serum albumito enhancds blood circulatiorandhalf-life. Patient
recruitment has concluded for a phdsdinical trial of the new platinum agent BTPL4 (Placon
Therapeutics) for patients with solidmorsthat are positive foBRCA mutation,otherDNA
repair mutatios, or faulty HRD test (ClinicalTrials.gov identifier: NCT0295006%)
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2.6.4.3 Sapacitabine

Sapacitabinés anorphan drugrom the European Medicines Agenayd theU.S. FDA for
treatingacute myeloid leukemia and myelodysplastic syndrdaapacitabindéas been shown to
promoteDNA SSBfollowing incorporation into DNAresulting in a buildup dDSB, and is
currently being tested in conjunction with Olaparib in individuals with metastatic breast cancer
positive forBRCA mutation (NCT03641755}°

2.6.4.4 Olaparib

Olaparibis the first PARP inhibitoapprovedoy the FDAIn 2018 for treaing patients with
metastatic HER:hegative, BRCAl/Znutant breast cancer whavepreviously received
chemotherapy®®2°! In this study by Robson et apatientswho had received prior anthracycline
ard taxane were prescribed olaparib 300kgdwice daily or one of thenicrotubule inhibitor or
stabilizerchemotherapiegeribulin or vinorelbine) Thereportedolaparibarm hada superior
response rate, progressifyee survival, and toxicity profilevith progressioffree survival PF
of 7 months compared to 4n2onthsin the othetreatment arms of the tridh 2019, olaparib
was alsapprovedas amaintenance treatmeftr metastatic pancreatic adenocarcinoma with
mutatedBRCA1/22°? However, @idence from preclinical studies indieathat PI3KAKT -
MTOR pathwayactivationmay result in PARP inhibitor resistancEhereforea Phase | clinical
trial will investigate olaparib with the PI3K inhibitors buparlisib and alpefiiRadiation is
alsobeing investigated with Olaparib for locally advanced breastecgiNMCT035982573* The

chemical structure of olaparib is showHigure10.
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Figure10. The chemical structure of olaparib.

2.6.4.5 Veliparib

Veliparib (ABT-888) is a strong, orally bioavailable PARP inhibitor. Preclinical results
indicated that veliparib amplifies the effects of DMAmaging drugand isbeing investigated
mostly in combination with chemotherapy or targeted therapies imge i@ solid tumors (such
asstudiesNCT02032277, NCT0215298andNCT02163694F>° The most prevalent adverse

effects include nausea, tiredness, and ypapenia®®®

2.6.5 Resistance to PARP Inhibitors

PARPiarebeing investigateds chemo potentiators or radiosensitizergvercome treatment
resistance in patient§he PARP inhibitors frequently elicitrainitial responséo treatmentThe
therapeutic advantagesulting fromPARPI in metastatic BRCAnutantBC is a median
progressioffree survivalof 2i 3 months longer than conventional chenepaipy?>°
Combination therapy using PARPI, and other genotoxic medicines may paaidd®nal
potential advantage$he cyclin-dependent kinase (G0 inhibitors impede DNA repair and
alter checkpoint signaling in neuroendocrine prostate cancer (NEHGIBC patientderived
xenografts>® The conbination of PARPI with specific medicines, such as angiogenic

antagonistshas led tdhe recent FDA approval dfie olaparib/bevacizumab combination
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therapy as a firdine maintenance treatment foigh-grade serous ovarian carcinopetients
which maydrive more research into alternatisieig combinationgo improvethe treatment

outcome opatients*>®

The possiblé?ARPiresistance mechanisrasoinclude theupregulation of drug efflux pumps
restoringHR by secondary mutations in the BRCA ggmadelevatedevels of RAD51%°7

Combining PARPI withdifferentcompounds that inhibHR is a method for overcoming PARPI
resistance ansensitizingHR-competentumorsto PARPI.The selection of a partner drug must

be driven by understanding the molecular processes that promote carcinogenesis and therapeutic
responselnhibitorsof ATM, c-met, and PI3K are now being studied in conjunction with PARPI

as novel medicinesitgetingDNA damage repair pathways2%° In addition, Weel andyclin-
dependent kinasedre key cell cycle regulatar€ombiningcell-cycle inhibitors with drugs that

inhibit DNA repairor cell cyclesmayalso result in synthetiethality and synergistic cell

death?*’

27 Tumdmmunosuppression

Generally breast cancer is not considengununogenic ands referred to as a cold tumor
unlikely to trigger arobustimmune responsé® The TME and itsstromasupportthe escape of
cancer cellsrom immune surveillancedowever, ecentreports haveshown a correlation
betweenncreasedumor-infiltrating lymphocytesand improved diseadeee survival rates in
TNBC.2%2 Tumor cells CAFs myeloid-derived suppressor cells (MDSCs), turassocited
macrophages (TAMsgandregulatory T cells (Tregsklease significant quantities of growth
factors, cytokines, and chemokinegludinglIL -6, forkhead box O3 (FOXO3jransforming
gr owt h f a c prestaglabdirgndoeFokide synthaseaso known asyclooxygenase
2 (COX-2), VEGF, serurrderived factor 1 (SDR), CXCL1/2, and IE1 fihatconsiderably
contribute to an overall immunosuppressive TREDngoing clinical studieattempt tcevaluate
the tumor stromal activity and responsiveness before and during anticancer treatment
(NCT031654877%* Defining the phenotype of immune cells invading tumors is an expanding
field of study which caild provide significanpredictiveand prognostic valuas decidingthe

course of treatmerfor the patiers.
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The immunosuppresa factoranediatetherapeutic resistandsy inhibiting thecritical cellular
antitumoreffector CD8& T cellsthatdetect and directly kill tumor cellgVith acknowledgment
of theobstacles of classifying each single immune cell type as-apemtitumor, in general
the nfiltration of tumors byCD8+ cytotoxic T cellsCD4+ Th1l T cellspaturalkiller (NK) cells,
and typd macrophage@1) indicatesafavorabk prognosis imanycancer£>2%6 |n contrast,
the presence aFAMs, MDSC, and Tegcells, as well as their associated cytoki(ies6, I1L-10,
IL-23, and TGF), is linked with a worse progng&§8

28 Hyal ur onimmuuamMod ul at i on

Thepresence oHMW HA in tumorsdisplays ani-inflammatoryand immunosuppressive
propertieswhereas low molecular HA can induce inflammation, such as activation of murine
alveolar macrophages or maturation of dendritic ¢BIt3s).2% 269270 Besides thectivation of
macrophages and dendritic cell8/W HA canstimulatethe expression of proinflammatory

T NF U1 bandIL-1?"*andbind to TLR4 for innate immunityactivation?’2 Moreover,HA is
implicatedin DCs monocyte andmacrophage traffickingndactivationin the ymphatics and
solid tumortissuesAccording to De la Motte et al., the HA chains form massive ditde
structures to provide a surface for leukoattachmentor immune responseodultion?’3In
addition, the number dFAMs is correlated with HA accumulation in tumoesid TAMs
preferentially infiltrate tumorghat are rich irHA to aid intumor vascularization and growtH
Interestingly, the upregulation of HAS2 in CSCs is critical for the interaction between TAMs and
CSCsto enhane CSCs selreneval andmetastasizing variants capable of invasaodgrowth

in the bone environmeAf®

29 Tumoemf i | t rpahtoicnygt eLsy m

Primedby DCs, NK, and CD4+ T cell]sheantigenspecificCD8+ T cellexpansions crucialin
the antitumoradaptivemmune responsé’® Activated CD8+ T lymphocytes interacby their
clonally uniqueT cell receptor (TCR)with themajor histocompatibility complex (MHC)
/antigen expressed on tumor céfi$Then,the calciumdependent release of lytic granules
perforinandgranzymedliffuse through the meméne poresf cancer cellfor serine protease
triggered caspasgs) activationleading toapoptosiof thetarget cellln addition,CD8+ T cells
alsosecretecytokines, such as TNB  a n b, thatfamdassociated with boostirthe antitumor
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immunity effect?’® Moreoveg CD8 T lymphocytegan bephysicallyexcluded frombeingclose
to cancer cellslue to dense fibroustructuresn thesolid tumors*’® The inability of CD8 T
lymphocytes to penetrate tumor cellssimportantcause of immunotherapy resistance in
carcer. In the tumor stroma, macrophages facilitate the entrapment of lymphocytes by
establishing londasting contacts with CD8 T celf§’ Therefore, educing macrophage
mediated T cell exclusioimatcanenhance tumor monitoring by CD8 T cells and improves

tumor sasitivity to therapy*’’

210l mmunodeiDeat h (1 CD)

Some DNAdamaging chemotherapies hasgnificant immunemodulatory effectshat
encourage neantigen formation and acaionto elicit anenhancedmmunological response.
Immunogenic cell death (ICD) istgpe of cancer cell death triggered by certain
chemotherapeutic drugsich as doxorubicjrphotodynamic therapy, and radiotherapy. ICD
comprises the release of damagpsociated molecular patterns (DAMPSs) from dying tumor cells
thatactivatetumorspecificimmuneresponses anehhancehe efficacy of anticancer drugé®

TheDAMPs include the cell surface exposure of calreticulin (CRXiracellular redase of
adenosine triphosphate (ATPRyoduction othigh-mobility group boxl (HMGB1), type | IFNs

and members of the 1L cytokine family>”° The release®AMPs promotethe recognition of
tumorantigensoy dendritic cells (DCsjor theiractivaton and maturation and enhanceells
infiltration into thetumorst ur ni ng | mmun o s up pnto@rsnsinerespondive ol d 0 t |
Ahot 0 . Dyngeamcer cellsreated withdoxorubicin would expascalreticulin on the

plasma membrane, and release ATP asdieyl he ATP motivates purinergic receptors to
attract macrophages and DCs into the tumorr&ite@nother important type of DAMPS is the
chromatin binding protein HMGB1 which is a late cell apoptosis signal released from dead
tumor cells into the extracellular space. HMGB1 actis®€s by binding to tollike receptor 4
(TLR4) and induce cancer specific T cell responses to reverse the tumor immunosuppressive
microenvironment. To summarizealreticulin, ATP, and HMGB1 bind to CD91, P2RX7, and
TLRA4, respectivelyfacilitating the recruitment of DCs into ¢éhtumor stroma (stimulated by

ATP), the engulfment of tumor antigens by DCs (stimulated by CRT), and optimal antigen

presentation to T cells (stimulated by HMGBi9Altogether, these processesult in a potent
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IFN-2-mediated immune response involving cytotoxic T cells to eradicate chemotherapy
resistant tumor cellll this is critical totherealization ofeffective chemammunotherapy
especially indrug-resistant cancer celfé®27° Doxorubicinis known to produc®AMPs.
However its efficacy is hindered by theducednormalbone marrow suppressidimatdamages

the immuneaespons®f the hos£®!

211Tumars socMatedphages ( TAMs)

Tumorassociatednacrophagénfiltration in mdignancies, particularlyn breast cancer, is
associated with a worse prognosisTAMSs play a crucial function in theimor progressioand
all of themetastaticascade steps mentioneatlier?®? Macrophages arise from blood
monocytesn bone marrow (monocytderivedor tissueresident macrophage3)he TAMs
secrete tumederived stimuli such as afitiflammatory cytokines It4, IL-10, TGFb,
glucocorticoid€®? are identified by the following markers: decoy1R Il receptor, arginasg,
macrophage scavenger receptor | (CD204) and mannose receptor (EBa0&ydition,in vivo
andin vitro studieshaveshown that the presence of CD1abhdF4/80 TAMsaresignificantly
assoated with poor TNBC prognosis’®* In contrast, thelassically activated macrophages are
pro-inflammatoryas hey can present tumor antigens tgder adaptive ell immunityfor
anti-tumor activity These macrophages are identified by the following rece@iods,

inducible NO synthase (NOS), CD86, CD80, thellkeceptor, primary major histocompatibility
complex class Il (MHC II), and TLR 22

Multiple macrophagdargetedherapiesare undergoingreclinical anctlinical testing.For
example, mhibiting the colonystimulating factorl receptor (CSF1R) signaling pathway is one
stratey used to deplete TAMs; while other strategies attempagoogram th& AMs towardthe

classically activatephenotype®®

2120t hlemmunkras ®Madi ci nes

The chimeric antigen receptor T cell (CARcell) therapiesnaysuccessfully tredtematologic
cancers antlaveshown promise in treating solitimors?®® Nevertheless, current obstacles in
CAR-T cell treatment includthe induction otumor resistancdue toantigen escapémited

aacess tesolid tumorsdue tophysicalTME barriers the immunosuppression of the TME due to
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increasedAMSs, Tregs, and MDSCsindseveresystemic cytokine releasessociated toxicity®®

In addition to the molecular obstacles, GARells areexceedinglyfiexpensiv®é t o pr oduc e
requiing acomplexfimanufacturing proceésandcomplexautagrafting, which restricts their

usein cancer patient®® Figure 11 provides a summary of the challerfgesd byCAR T-cell

immunotherapy for solid tumors treatment.

Other immune drugombinationstrategiesncludecombining PARPI with immuno#rapies like
ant-CTLAA4 (cytotoxic T-lymphocyteassociated protein, 4n immune checkpoint regulaf@nd
anti-PD1/PDL-1 andarenow undergoing clinical testiri§’ In addition, here is evidence that
BRCA deficiencygenerate STING (Stimulator of Interferon Genedependat innate immune
response, which may also affect the @mtnhor impact of PARPi/immunotherapy medication

combinationg®®

Challenges for CAR T-cell Immunotherapy in Solid Tumors

o Tumor heterogeneity & antigen escape 0 CAR T-cell trafficking and infiltration
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Figurell Challenges of CART cell immunotherapy in solid tumd@se to tumor

heterogeneity, there could bgartial or complete loss of target antigen expresdibe.ability
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of CAR-T cells to traffic to and infiltrate solid tumocan be limited byhysical tumor barriers
(the tumor stromavhich limit the penetration and mobility of CAR cells and byan
immunosuppressive tumor microenvironmernven by myeloid-derived suppssor cells
(MDSCs), tumorassociated macrophages (TAMs), and regulatory T cells (T@gsgted with

BioRender.com.

213Nanomedi cine and Barriers to

Despite advanean cancer treatmenT ME barriers,drugresistage, and toxicitycanstill result

in unsatisfactory therapeutic outcont&SNanomedicine can yield innovative cantargeted
therapies witrenhancd drugcirculation hi#-life, controlled release dbadeddrugs, enhanced
therapeutic efficacy, anaiinimizedadverse toxicity°>2%> Nanoparticlesre versatile and can be
designed to bstimuli-responsiveo specificproperties, such as pgceptorstemperatureand
enzymesfor drug delivey applicationgo improwe tumortargeting anciccumulatiorand

facilitatetumordrugdiffusion.

Conventionathemdherapiedhavelimitationsinvolving rapiddrugdegradatiorandelimination,
poor bioavailability off-targettoxicity, and drug resistancBanoparticlefNP)-encapsulated
drugscan havemproved physicochemical properties ligelubility, stability, and
biodistribution as well asmprovedtumoraccumulatiorandpenetratiorcompared to fredrugs.
In addition,the controlled release of drugmcapsulated in NR&nreducenormal tissue toxicity
c omp a rfeeed rtusgldtions®®

Despite the reduction iassociated detrimental side effeegproval of nanomedicines BIOX
and paclitaxel stilprovidedonly limited andmarginal benefits over traditional formulatioti$
295 Even with the extended hdifles of nanomedicines, biological hurdles still restrict their
bioavailability.2°® For example, the opsonization and sequestration by the mononuclear
phagocyte syste (MPS), random organ accumulation, endosomal and lysosomal enzymatic
drug degradation, and drug efflux pumps are common obstacles facing nanom@tfiéies
Otherbarriers toNPs that reduce drug tumor accumulatiae &ighintra-tumoralpressure
resulting from the irregulaandaberrantvasculature, the aggressive nature of cellular growth
producing fibrotic tumors with a denser ECM anacerbated stroniay theimpaired
lymphatics®%®
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2.13.1 Active versus Passive Targeting in Drug Delivery

Cancer nanomediciris beingdevelopedn clinics totreat numerous diseases, includgudid
tumors?®® Tumor tissues often lack proper lymphatic drainage, resulting in lerefyansport
dynamics, particularly for macromolecular therapeuticpassive targeting, the therapeutic
agents exploit the leaky vasculature endothelium of solid tumors through passive diffusion to
selectivelyaccumulate in the tumor sitiie tothe emanced permeability and retentidéRR) of
theimpaired tumor vasculatuf€® The inefficient lymphatic drainage the solid tumoalso
prolongsthe retention of NP in tumorBacromolecules such as bradykinin, nitric oxide,
prostaglandins, and VEGF are reported to aid in the extravasation of NP in sardissues by
enhancing th&PR effecf’! The EPR efécthelps toexplain the tendency for molecules of
specific sizes to accumulate much more in tumor sites than in normal*tié$he fundamental
reason for this behavior is thitie vasculature of thiemor expands rapig, stimulatedoy VEGF
and other growth factorsesulting in defects ishape and structucé the bloodvessels formed
which are poorly aligned witlaberranendothelial cell@ndextensive fenestrations that lagk
smooth muscle layemdhavea largerlumen3°3 The physicochemical propest of NP such as
size, shape, surface charge, and polydispeesigyknown tasubstantially impadhe EPR
effect300 304305 However, emerging research icaltes that relying on the EPR effect alone is
limited and insufficient for effective cancer cell targetfitFor examplethe heterogeneous
TME of solid tumorscontainsCAFs and TAMsthat contribute to tumor progression through
increased ECM density and high interstitial fluid pressure that IN#tspenetréion, tumor cell

drug exposure and therapeutic efficatiy304 397

In contrast, active targeting by functionalizing NP surfaces with ligead$eused to improve

the specificity of drug delivery to cancer cells in the complex FREigands and their receptor
interactions can facilitate NP diffusion into tumors through endocytosis to release their cargos in
a more directed manner for a better therapeuticomeand reduce off-target toxicities®?

Common ligands such astdoodies (e.g., trastuzumab), small peptides (e.g., RGD), nucleic

acids €.g.,aptamers), or other small molecules (e.g., vitamins, carbohydrates, and folicaacid)
beutilized to target different cell surface receptors such as integrins, HER2, EGisRettria,

LDLR, and prostatespecific membrane antigen (PSM&§31°In addition to targeting cancer

cells directly, targeting netumor stromal cells in the TME may provide therapeutic beswxie
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to theiressentiatoles in promoting cancer progressidhDue to the heterogeneity of the TME,
combination theraps that simultaneously target multiple ligands or intracellular mechawisms
cancer and stromaklls canovercomedrug resistance and improve therapewtitcome3'*313,

For examplefunctionalized NPshattarget cancer and stromal cells at the sameiticiade

e.g., cancer cells and CA¥$ 34 cancer cells and tumdnfiltrating dendritic cells (TIDCS),
cancer cells and tumor vasculafiffecancer cells and TAMY31° and cancer cells and T

Ce”S311' 316

2.13.2 Commonly Targeted Nanoparticles

Receptommediated drug delivery can enhance efficacy and tumor drug uptake while decreasing
off-target toxicitiesOverexpressed receptorsdancercellscan provide a treatmewtindow for
rational tailoredtreatment development specific to the dysregulptgtiways using tumer

targeted drug delivery vehicles aliighndsthathold the potentialto be translated intthe clinic.

Lipid nanoparticles such agpbsomes, micelles, lig naneemulsions, and solid lipid

nanoparticles (SLNanself-assembleue to the presence bydrophobic fatty acid tails and
hydrophilic, electrostatic head groupsey arebiocompatible and biodegradalié>2° Inorganic
nanoparticlegan includegold nanoparticles (AuNP#)atare useful in photothermal therapy

and imagingout can bdimited by ROS, apoptosis, necrosis, and mitochondrial toescit:322

Iron oxide nanopatrticles (IONPg)ere developeth the late 1980s as contrast agents for MRI

323 Sjlicon oxide nanoparticles (SONPisave good biocompatibility, low cost, and

manufacturing controllability, in addition to being generally recognized as safe by the FDA,
thereby improving their translation in the cliff¢32° Poly-lactic-co-glycolic (PLGA), alginate,
chitosan, oHA are commonlysed in oganicsystem&®. Physicalfactorssuch as ermeability

(or swelling)and release of nanoparticle cargo at different pH or temperatures can be considered
when designing a nanoparticle syst&tSome of the common targeted nanoparticles systems
and their respective receptors investigated preclinically are summarizatilan2, along with

examples of loaded chemotherapies and cancer type.
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Table2. A summary of commotumortargetedeceptors on specific types of cancer cells that

can be exploited usingjfferent types ohanoparticlegarrying specific drugs.

Targeted receptor Cancer Nanoparticle Drug
Transferrin to transferrin ~ Breast& Micelles & liposome Doxorubicin&
receptors Glioma paclitaxef?®33°
Folic acidto folate Lung & LiposomesMicelle, Doxorubicin
receptors Cervical & organic polymers mfethotr.exate&
cisplatin33%+334
Glioma, Doxorubicin mitomycin
RGD peptidetoU v b 3 Breast, Micelles,sllicas, & (MMC), paclitaxel
integrin melanoma&  direct conjugation & camptothecir?®” 33°
endothelial 340
Poly(Lacticco-
Glycolic Aci
Antibody toprostate iPLGA) ? Fluorophore, docetaxel,
. . Prostate o & short hairpin RNA**
specific membrane antige poly(amidoamine) e
polymer, & PAMAM
dendrimers
Trastuzumatho human . : Docetaxel
. Gelatinconjugatel .
epidermal growth factor Breast directly maytansinoid&
receptor 2 (HER2) rapamycimp44345
Tamoxifenor estradiolto Breast Gold, & carbon Tamoxifen, doxorubicin,
estrogen receptors nanotube & paclitaxel346347
Ant b9d|es taC-X-C Breast& . . Doxorubicin&
chemokine receptor type e Liposomes, chitosan docetaxef4e350
(CXCR4)
Hyaluronic acido the Prostate Micelle, organic Doxorubicin,paclitaxel|
cluster of differentiation lymphoma& ’ & cyclophosphamidé®*
44 CD 44) Breast PO, G 352
Cetgxmabor antibodies Pancreati& . Gemcitabine&
to epidermal growth facto Liposomes -
Lung doxorubicin
receptor EGH
Elastinlike polypeptide
ELP)-activator protein 1 Colon, . -
(,(AP-l))-to theinte?leukin4 glioma, lung Liposomes PO

receptor(ll-4)
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2.13.3 mRNA Nanoparticles Therapeutics

The potential of anomedicingo resolve unmet medical challengéss been demonstrated
widely by the recent development GDVID-19 vaccines™® Lipid nanoparticles protethe
MRNA fromdegradation andtabilize theransporéd mRNA to thecorred location in vivo.
Lipids contain positively charged grougmatcan selfassemble witlthe negatively charged
mRNA to formthe NPs*° The success of Moderna and BioNTech/Pfizer CO¥fvaccines
hasencouragedheuse of MRNA technologyas aplatformfor treatingmorecomplexdisease
like cancer® However, compared to vaccine sensitization therdqg@solid tumorusually
requiresmuchmore proteirto beexpressed overraore extendetime, suggestingreaterand
more frequentlosing,andraising the risk ofoxicity. Belowin Table 3 are some of tmeRNA-

encapsulatetipid-based\Psunderinvestigation inclinical trials for solid tumor$>®

Table3. Selected mMRNA nanoparticles therapeutics in developmesblidrtumors spiked by

the COVF19 vaccine. Reproduced with permission fritva publishe?®.

Encoded _
Company _ Delivery method
protein(s)
. Intratumoral TNBC,
MRNA-2752 Moderna 0X40 llls?gg’ =23, Melanoma, andNon- Phase |
HodgkinsLymphomg
SAR441000 Sanofi, IL-1 2, I F-NI
(BNT131) BioNTech CSF. IL-15 IntratumoralMelanoma  Phase |
LNP IV (Metastatic
. CLDN18.2-positive
BNT141 BioNTech Clauglln18.2 Gastric, Pancreatic, Phase
antibody . . I/l
Ovarian andBiliary Tract
Tumor9
LNP IV (solid tumors that
BNT151 BioNTech  Modified ILp  o'c Metastatic unresectab  Phase
with no available standarc  I/ll
therapy
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LNP IV (solid tumors that
BNT152 + ) are metastatianresectable
BNT153 SIENIEE IS lSs with no available standarc FIESE |

therapy)

2.13.4 Integrin-targeted Therapy

Theinterest indevelopng integrin inhibitorsis primarily attributed tathe increased

understandingf the role ofintegrins in tumobiology and metastasisrogressiorandthe

elucidation ofRGD astheminimum peptide sequencequired for integrin binding?%363

Various molecules, such as monoclonal antibodiegaptide inhibitors, are designed for
preferenti al binding to Uvb3 intedumorn through
proliferation and vasculatufermation The affinity of conventional linear RGD peptides is°89

12nM and 440 65nMt o Uwb 3vdrb , r>ETheohanical strectune of the linear

RGD peptide is showing ifrigure12. The fanking groupg or steric conformatios of RGD-

peptide can affect its ligand binding affinity and selectivi#§Cyclized RGD peptidesave

improvel binding propertie®verlinear peptidesis thdatterpeptides may bemoreprone to
degradationThecyclizedpeptides areigid and thertore aremore stable, specifiand

selective®®* Cyclization of RGD peptideresulted in thelevelopment of theyclic peptide

c(RGDfK) developed by Kessler and-amrkers??24 However, many other groupsve

attempted o i mprove the integrin Uvb3 binditag af fi

improveintegrin inhibition anccellular uptake®+36°
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Figurel2 The chemical structure of th@siclinear tripeptide RGIxs the minimum amino acid
sequence required for integrin bindihgnear RGD peptides have lower binding affinity, rapid
degradation by proteases, and lack of specificity for integrin bindirepnparison to cyclized

RGD peptides that are more rigid with increas

The peptide mimeti€ilengitidewas developed to targéte U v fadU v5hintegrinswith an
affinity of 0.6° 0.6nM and8.4° 2.1 nMfor orthaopic glioblastomgdGBM) treatmenf®6367
The chemical structure of the cyclic Cilengitide is showRigure13.However, as a
monotherapyCilengitidedid notdemonstrate improvement over conventional
chemoradiotherapy or @monotherapyn clinical trials*®¢3%¢ Nonethelessintegrinstargeted

RGD peptidesemainanimportanttool in cancer teatmeng®®
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cilengitide

Figurel3. The chemical structure of the cyclic peptide R@a3ed Cilengitideleveloped to be

more selective than the linear peptide with a stronger affinity to integrins

2.13.5 RGD-nanoparticles

The use oRGDs can enhance drug delivery eitia direct conjugation to drugs or via

modifying the surface ohanoparticlesoadedwith drugs®¢®37° Thus, h addition to theassive

targeting of tumors via thEPR effectnanocarrierengrafted with RGDpeptides allow for

activeintegrintargeting®®® Different RGDbased peptides directly linked to chemotherapeutics
like DOX and paclitaxel have demonstrated enhanced tumor uptake and efficacy precfifically

Moreover RGD-nanoparticledoadedwith chemotherapeutics camotectdrugs from

metabolism and reduce dtirget toxicities via receptenediated endocytosté! Preclinical

studies have shown that R&iased peptide nanoparticles improve the effectssof loaded

drugsover free drugs’>Wu and ceworkers pioneerethe mlymeii lipid hybrid NPsfor co-

loading of hydrophobic and hydrophilic anticancer druabwingloadingsynergistic drug

combinations to overcome cellular mechanismsholtidrug resistance. The PLINPsallow the

loadingof multiple drugswith different properties at specific synergigttios in the same

particlesystem. For example, Wu and-workers synthesized multiple PLN systems loaded with

51



synergistic combinations, includirtpcosahexaenorrcid (DHA)+ mitomycin C (MMC) DOX
+ MMC, andDHA + MMC. In addition,cRGDfK functionalizedsolid lipid nanoparticlesvere
synthesized by the Wu lab atebtedby themin a mouséreast cancer modeh which thedrug
uptake was evaluated usiaglorsal skirfold window chamber tumanodeland wholebody
imaging It revealedhat most particles were found around the tumor vasculaturengréased
hepatic uptaké®® 37375 The higher hepatic uptake may have been dircteased recognition
by the MPSof the RGD peptide nanoparticles compared to thetaayetedparticles®+37¢
Nonetheless, in a later study, alsothig group, optimimg the RGD density on nanoparticle
surfaces was critical tavoid increased hepatic uptakeldanmor accumulatia?®® 3’7In 2017,
Zhanget al. designed DOX-MMC-PLN systentonjugated with RGIIMyrj59-cRGDfK) to
treatTNBC lung metastasisThe NPssuccessfully targeted tiheng metastaseandtumor
vasculatureandshoweda significantdecreasé lung metastases with-&7%Ilonger median

survivalin a breast cancer experimental metastasis niétel

Nonetheless,anventional RGD peptidexftenaccumulate around tumor blood vessels and do
not diffuse throughout the tissue effectivéfy A more advancetumorhoming peptide, iRGD
(CRGDK/RGPD/EC)was identified througkhe screening of bacteriophage (phage) display
libraries has beershown tobind to tumor vessels amaenetrataleepeiinto the extravascular
tumortissue comparetb conventional RGD peptid€$® The binding affinity of iRGD peptide to
pur i fiandlUvWbsal 38.6 nM and 61 + 13.3 nMespectivelyThe chemical structure of
the iIRGD peptide is shown Figure 14.
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Figurel4. The chemical structure of the cyclic IRGD peptigedin this thesisThe peptide is

conjugate onto the nanoparticle surface factive tumor targeting.

TheiRGD peptidewasregardedas a novel tumepenetrating peptidas it differs from
conventional RGD peptideghich only target tumor bloodessels anthus fail todeliver drugs
deeperinto the tumorgissuesOn the other handhe iIRGD peptidevorksby connectinghe
sequence of thRGD peptidewith anadjacennheuropilinl receptorgNRP-1) that facilitate the
deep penetration transcytosiso tumor tissuesThe iIRGDinternalizationand tumor tissue
homing andpenetraibn occur through a sequence of eveimghefirst step, theRGD-peptide
binds to the endothelial cell expressthngU v i n #5%dnghesecosd step, a protease cleaves
the IRGDpeptde toexposea cryptic C-end Rule (CendRotif thatinterack with adjacent
neuropilinl receptos and therebyacilitatestumor vascular permeabilityy endocytosisThe
proteolytically processed CRGDK fragméosesmost of itsresidualaffinity to theintegrins
receptor anécquiresa newaffinity for adjacenneuropilinl receptors that mediate the cargo

transcytosis®® The mechanism of the iRGD uptake is elucidateBigure 15

The TNBC brain metastasisignificantlyreducegatient surviva{median survival ~1 year)
Many available gstemic chemotherapeusicannotcrossthe bloodbrain barrier (BBB), making

it difficult to treat brain metastasis of TNBE€® 3""Therefore Wu and ceworkers utilized a
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multitargetedpboly(methacrylic acid)polysorbate 8@raftedstarch(terpolymej polymer lipid
nanoparticles (TPLNghat isaniRGD-conjugaté (iIRGD TPLN)system tadeliverDOX and

MMC by first penetrating the BBBY theterpolymerand then actively targeting the TNBC cells
and TAMsin brain metastasdsy the iRGDpeptide ThePS 80 and iRG2nhancedBBB
penetration vidow-density lipoproteirand integrin transcytosi$he developetRGDi DOXi
MMC TPLN showed higher effacyin reducingmetastatic tumor burden and TANnNd
prolonged the survival rate of mibearingexperimentabrthotopicTNBC brain meastasis
tumorscompared to those of nontargeted TPLNs and free DOX/M#E’’

Below is thenewgeneratiorof IRGD (CRGDK/RGPD/ECH}tructure thatfollow the multistep
tumortargeting mechanismandfacilitates NPs transcytosis witeeper penetration into the

tumor parenchyma compared to conventional RGD peptides.

Tumor homing and tissue penetration mechanism of iRGD

Tl CRGDK/R

.,ﬂ (CendR)
@ \co”
X %
e C.a

R e
D-k/R™ o
&Q o
av B3/B5 Neuropilin-1

Tissue and cell
penetration

.

Tumor blood vessel endothelial cells -0
and tumor cells

&

Figurel5. Multistep Binding and Penetration Mechanism of iRGDstthe RGD part of the
peptide binds t o thhvabedverexprassedion butor celistamimr i n s

vasculature endothelial cellSecond, proteaseteave the peptides to expose the activated
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CendR motif at the @erminus In the final stepthe CRGDK binds tahe adjacenNRP-1

receptor to penetrate deep into the tumith the load Reproduced with permission frotf?
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3 Abstract

Triple negative breast cancer (TNBC) has a poor prognosis due to its aggresseehigtur
incidence of distant metastasis, and lack of targets for effective therapy. Therefore, a novel
multifunctional biopolymeisanticancer drug combination nanomedicine is designed for the
prevention of spontaneous metastasis while treating primary TRBghmeric hyaluronic acid
(oHA) and doxorubicin (DOX) at a synergistic ratio against TNBC cells ateaxted in a
polymerlipid hybrid nanoparticle (PLN) which is then functionalized with an internalizing
cyclic peptide iRGD (IRGEDOX-oHA-PLN). iIRGD corugation enhances cellular uptake and
cytotoxicity in vitro andnanoparticle (NP) accumulation in humBNBC tumors that
overexpress integrins. Néelivered oHA inhibits cell migration and invasionvitro via the
intracellular release of oHA that intetaavith thereceptor for hyaluronan mediated motility
(RHAMM) and downregulates the phospéxtracellular signdkegulated kinase {ERK)

signaling pathway. Intravenously injected IREX-oHA-PLN significantly inhibits the

growth of primary TNBQumors in a mouse model and prevents spontaneous metastasis to the
lungs and lymph nodes, superior to free solutions of DOX, oHA or both and NP formulations
loaded with DOX or oHA. These results suggest that iRBIX-oHA-PLN could be a

promising bioactivgpolymerdrug combination nanomedicine for the treatment of TNBC and

prevention of its spontaneous metastasis.
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31 I ntroducti on

Triple-negativebreast cancer (TNBC) is a highly aggressive subtype accounting for about 15
20% of human breast cancé?8Compared to other subtypes of breast cancer, patients with
TNBC are more likely to develop distal metastases, a major cause oftfé&tmwing to the

lack of expression of estrogen receptor, progesterone receptor, and human epidermal growth
factor receptor 2 (HER2), endocrine and 4tR2 therapies are not effective against TNBC.

382 Current systemic treatment for TNBC is thus limited to conventional anthracyakaae

based chemotherap$f. Despite initial response to chemotherapy, early relapse and metastases to
distant organs occur leading to poor prognosis for TNBC pafighi®herefore, novel therapies

that exploit multiple targets of TNBC are needed to treat primary tuntoca@mtrol the

metastatic spread.

It has been reported that overexpression of cluster of differentiation 4440@ceptors and
receptors for hyaluronan mediated motility (RHAMM) is correlated with increased metastasis in
patients with aggressive cancetgh as TNBCG8¥388Both CD44 and RHAMM regulate cell
adhesion, migration, invasion and proliferation during cancer progression and metastasis by
interacting with native hyaluronic acid (HA), making them attractive targets for drug déeftfery.
383, 389391 | particular, HA has been studied extensively for targetingd@Pn cancer cells or
cancer stem cells through surface modifigatid nanoparticles or conjugation with driig$3°®
However, the potential of HA, as an anticancer agent, rather than a targeting moiety, has yet to
be investigated.

It is known that biological function of HA is highly dependent on its molecular weight (RA%).

397 The native form of HA, usually with a MW of over 1,000 kDa, contributes to tumor growth
and metastasi§®3%’ In contrast, oligomeric HA (oHA) (MW< ~10 kDa) was reparrte reduce
adhesion, migration and proliferation of cancer cells likely by its antagonistic effect on HA
receptorg? #7401 Conceivably, the use of oHA to disrupt the interaction of native HA with CD
44 and RHAMM could potentially prevent/reduce metastases of TNBC. MameadA was

shown to sensitize cancer cells to chemotherapeutic drugs including doxorubicin (DOX),
indicating its potential for systemic combination ther&By°® Thus, we postulate that-co
encapsulation of oHA with DOX in a nanoparticle (NP) formulation may generate a synergistic
effect against TNBC and its distal metastasis by inhibiting multiple pathwayatadtby native

HA-CD 44/RHAMM interactions, as well as by enhancing DOX uptake and lysosomal escape
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(Figure B). In addition to functioning as a@eceptor of CD44 binding with extracellular HA
and CD44 to promote cell locomotion and motility, RHAMNMBa activates intracellular
MARK/ERK pathway for microtubule organization and mitotic spindle assembly complex. The
intracellular delivery of oHA via the NPs could block the interaction of RHAMM with phospho
extracellular signategulated kinase ({gERK), thus reducing cell proliferation (Figuré)1
5,
W\ . ¢ U0 e

Anionic polymer : oHA SeIPassemby

n'

Q Q Surfactant A/
) Q Drug-polymer :::)%D'PEG'W"‘ Zx
Cationic drug : DOX | :
L ceIpieE or Lipid-PEG "~/ i

Q PIPPPTRR

d%@@@w O D OOEES
Secrgiﬁ%‘ L2 éﬁ
LS e

Inhibition

Figurel6 Schematic diagram of the synthesis of IRGDX-oHA-PLN via selfassembly, and

the proposed mechanism of iRGBDX-oHA-PLN for TNBC treatment and metastasis
prevention.

Although HA conjugation on nanoparticles has been shown to improve drug targetingdd CD
overexpressing cancer cetfé3% it lacks functionality to facilitate tumor vessel penetration, a
preceding step before reaching the cancer cells. In contrast, RGD pmptjdgated nanoparticles

have exfbited capability of increasing tumor uptake and cancer cell binding by targeting integrin
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avb3/b5 receptors that are highly expressed on tumor neovasculature and TNBE [l

408 In previous work, we engineered cyclic RGD (cRGRrorated nanoparticles containing
synergistic drugs and demonstrated superior efficacy against lung metastases of TNBC4h mice.
Recently, we conjugated a nine amino acid internalizing cyclic peptide (seqC&EBRGPDC
IRGD) to the NPs and found significant enhancement of tumor vasculatug&giem, tumor
targeting, and NP efficacy against TNBC brain metastd$es.

Taking advantage of this active targeting strat€gin this work we designeiR GD-

functionalized polymer lipid hybrid nanoparticlesloaded with DOX and oHA (IRGIDOX-
oHA-PLN) at a synergistic ratio identified by the median effect analysis. This nanopatrticle
system is expected to target multiple signal pathways of HA and integrin receptors thereby
enhancing drug delivery and therape@tfficacy against TNBC

The effect of the IRGEDOX-0HA-PLN on simultaneous treatment of primary breast tumor and
prevention of spontaneous metastasis was evaluated in a murine spontaneous metastasis model of
TNBC that mimics the clinical disea&¥.Primary tumor growth and metastases to the lungs and
lymph nodes were significantly reduced by iR®X-oHA-PLN. The inhibiton of metastases

was attributable to the ammigration/invasion effect of the Né&elivered oHA that not only
interacted with extracellular CB4 but also with intracellular RHAMM, thus downregulating the
p-ERK signaling pathway. The growth of primary seamors was also significantly inhibited
through the synergistic cytotoxicity of the MAcapsulated DOX and oHA combination

delivered to the tumor that enhanced apoptosis of cancer cells.

3.2 Mat er i aMed haorddb

3.2.1 Materials

Polyoxyethylene (1003tearat€Myrj59), Polyoxyethylene (40) stearatelyrj52), N-(3-
dimethylaminopropybN éethylcarbodiimide hydrochloride (EDQY-hydroxysuccinimide

(NHS) and all other chemicals unless otherwise mentioned were purchased fromARigota
Canada (OakvilleQN, Canada). oHA was purchased from Bloomage Biochem Co., Ltd.
(Shandong, China). Arp-ERK, anttERK and antib-actin antibody were purchased from Santa
Cruz Biotechnology (Mississauga, ON, Canada). Cyclic peptide IRGIR[BORGPDC)] was
purchased fronhifeTein (Somerset, NJ, USAR-Luciferin was purchased from Cayman
Chemicals (Ann Arbor, MI, USA). DOX HCI was purchased from MedChemExpress

(Monmouth Junction, NJ, USA). The MDWB-231-luc-D3H2LN cell line was purchased from
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Caliper Life Sciences (Hopkion, MA, USA). MDA-MB-231-luc-D3H2LN cell line was
confirmed to be pathogen free by the supplier using IMPACT Profile | (PCR). The cancer cells
were passaged for <6 months following recovery from frozen stock
3.2.2 Preparation and Characterization of Nanopatrticles
The molecular weight of oHA polymer was determined by GPC, which was performed in 0.1
mol-L"! NaNOs; aqueous solution at 35 °C with an elution rate of 0.8 mL hain a system
equipped with a Waters 1515 isocratic HPLC pump, a Waters 2414 refractive index detector,
UltrahydrogeE 250 column (7.8 x 300 mm) (Milford, MA, USA). The molecular weights were
determined relative tdextranstandards (SigmaAldrich, Oakville ON, Canada).
DOX and oHA celoaded polymer lipid nanopatrticles (D@GXHA-PLN) were prepared using a
onepot selfassembly method®” 41%Briefly, in a 15 mL conical tube a mixture of ethyl
arachidate (25 mgpolyoxyethylene (40) stearate (2 mg), and polyoxyethylenes (100) stearate (1
mg) were melted using a water bath at 60°C. Thén0 €L of oHA (stock: 100
of DOX (stock: 10 mg/ mi6g (PF 68)ristbck5100 mg/mL),cafi P11 ur on
dissolved in distilled deionized (DDI) water, were added to the tube and stirred with a magnetic
stirrer bar for 20 min at 60°T’he suspension was emulsified at 60 °C at 100% peak power for 5
min using a Hielscher UP 100H probe ultrasonicator (Ringwood, 84) Uollowed by quick
transfer of the emulsion into 2.1 mL of saline or 5% dextrose being stirred on ice to produce the
DOX-0oHA-PLN. To synthesize iRGIgonjugated DOXoHA-PLN (iIRGD-DOX-0HA-PLN),
Myrj59-iRGD synthesized and characterized as previouslyritbesc*°**® was used instead of
unconjugated Myrj59 followed by the same NP preparation pro€esesTEM image®f the
nanoparticles were acquired usimdflitachi H7000 electron microscofiditachi Canada, Ltd.,
Mississauga, Ontario, Canadd)accelerating voltage of 100 kWhe amount of RGD peptide
on the PLN was quantified with 9,4dhenanthrenequinone atite CBQCA fluorescence
guantification kit adoged from literature and the optimum % RGD concentration relative to total
PEG chains on the nanoparticle surface was determined as shown in our previously published
studies®*® 41T synthesize nanoparticles with@HA (i.e., DOXPLN and iRGBDOX-PLN),
hydrolyzed polymers of epoxidized soybean oil (HPESO) was used instebiddbr loading
DOX. HPESOwas synthesized by using an established method described in detail elséwhere.
Nanoparticles without DOX, oHA or both (oHRLN, iRGD-oHA-PLN, SLN or iRGDSLN)
were prepared by the same method without the addition of DOX solution or oHA soBdlmh.
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Lipid NanoparticlegSLN) is the term used to describe nanoparticles synthesthenwioHA,or

DOX andcontainwater to compensate for the missing drugs volume

Particle size and zeta potential were measured with a Malvern Zetasizer Nano ZS

(Worcestershire, UK). ThBOX and oHA celoaded NPsuspensions were centrifuged at 8,000 g

for 15 min through a 0.1 um filter unit (Millipore, Etobicoke, ON, Canada) to remove the

particle encapsulated drugs. The free DOX and oHA concentration in the filtrate was assayed
spectrophotometricallfMolecular Devices, San Jose, CA, US#id by GPC, reggtively, to

calculate the drug loading content (% wt encapsulated drug/wt NPs) and encapsulation efficiency
(% wt encapsulated drug/wt total drug). The release profiles of DOX and oHA fromiRGD
DOX-0HA-PLN in phosphatduffered saline (PBS) solutions (pH7.4, 6.8, or 5.0) was

determined by a dialysis method using a dialysis membrane (Spectrum Laboratories, Inc. Rancho
Dominguez, CA, USA) with a 12 kDa molecular weight-otft(MWCO). Phosphate buffer was

used for pH 7.4 and 6.8, and phosphate and cligfer were used for pH 5.0. IRGDOX-

oHA-PLN and free DOX/oHA solutions contained DOX and oHA at a mass ratio of 1:4.

An in vitro binding assay was performed to evaluate the binding of H&lugated
nanoparticles to Uvb3 df%et a pswellhighdbmding mieratitero u s | y
plate (Greiner, Monr oe, NEBumdB8A) nwvagrématled 3w
protein (R&D systems, Minneapolis, MN, USA) in Supplemented Tris Buffer (STB, 20 mM

Trisi HCI (pH 7.4) with 150 mM NaCl, 1 mM Mngl2 mM CaC4, and 1 mM MgQJ) or

proteinfree Tris buffer overnight at 4 °C. The wells werelfiertblocked with bovine serum

albumin for 3 h at 37 °C followed by washing. bowipyrromethene (Bodipy) 493/5d8aded
OHA-PLN and iRGDoHA-PL N was i ncubated in wells with or
receptor protein for 1 h at 37 °C, followed by #hrgashes with STB. The fluorescence intensity

of Bodipy 493/50doaded nanoparticles was assayed spectrophotometiataicitation and

emission wavelength @93 and 530 nm

3.2.3 Cell Culture

Human MDAMB 231-luc-D3H2LN cells were grown in cell culture flkes (Corning, Corning,

New York, USA) in growth medium made fromalptro di f i ed mi ni mal- essent

MEM) (Gibco-Life Technologies, Burlington, ON, Canada) supplemented with 10 % fetal
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bovine serum (FBS) (Invitrogen Inc. Burlington, ON, Canada) aC3in a humidified incubator
with 5% CQ atmosphere.

3.2.4 In Vitro Viability

Assay and SynergMDA-MB-231-luc-D3H2LN cells were plated at a density of 10,000 cells
per well in 100 pL of growth medium in 98ell plates (R&D systems, Minneapolis, MN, USA)
ovemight for 18 h. To determine the optimal oHA:DOX ratio, cells are then treated with DOX
and oHA at the following oHA:DOX mass ratios: 0:1, 1:1, 2:1, 4:1, 6:1, 8:1 and 10:1 at fixed
[DOX] of 0.1 eg/mL for 24 h. Cell viability at the end of 24 h was measimeMTT assay. To

each well, 100 pL of 1.8 10°m MTT in UMEM was added followed by 4 h of incubation at

37 AC. Then, 50 ¢ L(DMSO)whs adoed thgath wellarid néubaked fdre
20 min at 37 °C. The concentration of formazan was analyzed with SpectraMax M2 microplate
reader (San Jose, CA, USA) at 540 nm.

After the ratio of oHA:DOX to be used was determined, the MTT assay wasousea wate the
synergism of DOX and oHA and cytotoxicity of iIREDOX-oHA-PLN. The mass ratio of DOX

to oHA in any formulation that contains the combination was fixed at 1: 4 for all in vitro and in
vivo evaluations. MDAMB 231-luc-D3H2LN cells were seedett a density of 10,000 cells per
well in 96-well plates for 18 h. The cells were treated for 1 h with free solution or nanoparticle
formulation of DOX, oHA or DOX/oHA combination with a range of [DOX] of 0:8Qug/mL

or [oHA] of 0.04200ug/mL. After beirg washed three times witPBS the cells were incubated

in growth medium for a further 24 Gell viability was measured using MTT assay as described
above. Median effect analysis was conducted as previously described to generate the median
effect plot andcombination index (Cl) based on the cytotoxicity of DOX and oHA alone or in
combinatior?*® 4*4values of Cl <1, =1, and >1 indicate synergism, additive effect, and
antagonism, respectively.

3.2.5 In Vitro Cellular Uptake

oHA was covalently conjugated to Cyanine5 (Cy5) amine (Lumiprobe, Hunt Valley, MD, USA)
via NHS/EDC coupling to track the uptake of oHA. To evaluate the cellular uptake of DOX and
oHA, cells were seeded at a density of 300,000 cells per well in 2 mL of growth medium in 6
well plates (Sarstedt, Saint Léonard, QC, Canada) and incubated for $&h8urC, 5% CQ.
Following the addition of saline, free DOX + oHA, D@XA-PLN or iRGDDOX-oHA-PLN

at [DOX] of 3.3 ug mL? for 1 h, the medium was removed and the cells were trypsinized, fixed
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with 1% paraformaldehyde and washed three times with PBScells were then analyzed
using a BD FACSCanto pow cytecm@8nmforDOBADdaEBi oS C i
aex = 633 nm for CyE&conjugated oHA (oHACyY5). Data were gated and analyzed using FlowJo
(FlowJo LLC, Ashland, OR, USA).

The uptake of DOX athoHA was also examined MDA -MB-231-luc-D3H2LN cells using

confocal microscopyCells were seeded at densities of 300,000 cells in 3 mL of growth media on
35 mm glasottom culture dish (MatTek Corporation, Ashland, OR, U&#Ad incubated for

18 h at 37C, 5% CG. Cells were then treated wittee DOX + oHA, DOXoHA-PLN or
iIRGD-DOX-0HA-PLN for 1 h, followed by medium removal and fixation by 1%
paraformaldehyde. Hoescht 33342 was added for nuclei staining 10 min prior to medium
removal. The cells werexied with 4% paraformaldehyde and washed three times with PBS and
imaged abexcitation0f 405 nm (blue, Hoescl¥3342), 488 nm (green, DOX) and 638 nm (red,
Cy5-0HA) using Leica TCS SP8 confocal microscope (Concord, ON, Canada).

3.2.6 In Vitro Anti-metastasis Assays

The wound healing, transwell migration and invasion assays were used to evalitabeanti
metastasigffect of NPs irMIDA-MB-231-luc-D3H2LN cells. For wound healing ass®DA -
MB-231-luc-D3H2LN cells were cultured for 24 h in 24ell high MW HA (MW = ~1,000 kDa,
Bloomage Biochem, Shandong, Chistaated plates at 2 x 16ells per well at 37C, 5% CQ.

Once confluent, the cell monolayers were scratched by 100 uL pipette tip and rinsed twice with
PBS. Cells were then treated for 24 h with fresh growth medium containing saline, SLN, iRGD
SLN, free oHA, oHAPLN or iRGD-oHA-PLN at 10pug mL?! of oHA After andher two rinses

with PBS, the images of the scratched areas were captured using an AMG EVOS FL
fluorescence microscope (Thermo Fisher Scientific, Inc., Waltham, MA, USA). For transwell
migration or invasion assay, cells were plated in 25 ml tissue cildsks (Sarstedt, Saint

Léonard, QC, Canada) overnight at°87 5% CQ. Cells were then treated with saline, SLN,
iIRGD-SLN, free oHA, oHAPLN, iRGD-oHA-PLN at [oHA] of 10ug mL*for 24 h before
trypsinization and transference to the top chamber of éims\rell apparatus (Corning, Inc.,
Corning, NY, USA) in FBSree growth medium. The bottom chamber was filled with growth
medium containing 10% FBS. For transwell invasion assay, the inserts were coated with
Matrigel® Matrix (Corning, Inc., Corning, NY, USpbefore cell transfer. The cells were then

allowed to migrate or invade to the bottom side of the insert for 24 h. The cells on the upper
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surface of insert were removed with cotton swabs before the cells on the bottom side were
stained by 0.1% crystal Vit in 70% ethanol solution. Images of the bottom of the insert were
captured using EVOS XL Core imaging system (Thermo Fisher Scientific, Inc., Waltham, MA,
USA).

3.2.7 Subcellular Fate of HA In Vitro

To investigate the secretion of oHA after internalizatibNBs in MDA-MB-231-luc-D3H2LN

cells, cells plated in T25 tissue culture flasks (Sarstedt, Saint Léonard, QC, Canada) were first
incubated with Cy83abeled iRGBoHA-PLN for 0.5 h at 37 °C in growth medium, 5% §.0
followed by media removal. Cells were theashed with warm growth media twice, and

cultured in growth media. Ofeundr ed €L of medium is sampl ed &
media replenishment and assapgdSpectraMax M2 microplate reader (San Jose, CA, U&A)
the fluorescence signal of seted oHACY5 ataex = 640 nm an@dem =670 nm. Relative
fluorescence of samples at each time point is calculated based on thedotge compared to

the fluorescence of samples at 0 h.

To examine the intracellular fate of oHA following its delivery to MIMB-231-luc-D3H2LN

cells by iRGDoHA-PLN, oHA-Cy5 was also examined using Leica TCS SP8 confocal
microscope. Cells were plated at densities of 200,000 cells in a 35 mnabgtass culture dish
and incubated for 18 h in 3 mL of growth medium at 37 °C, 5% C@lls were then treated

with iRGD-oHA-PLN for 0.5 h, followed by medium removal. Prior to confocal imaging at
predetermined time points (0 h, 4h and 24 h), Hoechst 33342 (Thermo Fisher Scientific,
Waltham, MA, USA) and LysoTrackér Red DND99 (Thermo Fisher Scientific, Waltham,

MA, USA) were added for nuclei staining and lysosome staining, respectively, for 10 min,
followed by cell washing twice with pr@armed PBS and cell fixation in 4% paraformaldehyde.
To investigate the relationship of intracellular oHA and RHAMM, MIB-231-luc-D3H2LN

cells were exposed to iRGGHA-PLN for 1 h. Cells were fixed by 4¢araformaldehyde and
stained with human arRRHAMM antibody (SantaCruz, Dallas, TX, USA) and Hoechst 33342
18 h after the treatment. Cells were imaged with bright field, 405 nm (bleehkin33342), 488
nm (green, FITC labeled RHAMM) and 655 nm (red, eBy5) using Leica TCS SP8 laser

scanning confocal microscope.
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3.2.8 Western Blotting of p-ERK

MDA -MB-231-luc-D3H2LN cells were cultured in tissue culture flasks until they reached ~80%
confluency. Cells were then treated with saline, iIRGDN, free oHA, oHAPLN, iRGD-oHA-
PLN at [ oHA{foreth pritr@o egalgation bf-ERK levels via western blot. The

cell extracts were obtained by radioimmunoprecipitation assay (RIPA) buffer (Thermo
Scientific, Waltham, MA, USA) supplemented with protease and phosphatase inhibitors
(Thermo Scientific, Waltham, MA, USA). The extracted protein amounts were determined by
Piercé&e BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA), and protemas
were heated at ~95 °C for ~5 min before separation by electrophoresis in gradient
polyacrylamide gels (Bi&Rad, Hercules, CA, USA) and transferred to polyvinylidene difluoride
(PVDF) membranes (Bi®ad, Hercules, CA, USA). Following 1 h blocking, PFilhembranes
were incubated with primary afttERK1/2, aniERK1/2 or antib-actin antibody (Santa Cruz
Biotechnology, Mississauga, ON, Canada) at 4 °C overnight. The membranes were then
incubated with secondary antibodies for 1 h before reaction witmbhbased enhanced
chemiluminescence horseradish peroxidase substrate (Thermo Scientific, Waltham, MA, USA).
The images were captured by ChemiBoMP Imaging System (Bi®Rad, Hercules, CA, USA),
and analyzed by Image Lab Software {ad, Hercules, CA, US). The band intensities ofp
ERK wer e n o-acimdnd thegidR Ki-aaftin band intensity ratio from the treated
groups was compared to the saltreated group.

3.2.9 PAI-1 ELISA

MDA-MB-231-luc-D3H2LN cells at density of 300,000 cells per well wersgd in 6well

plates overnight before their media were replaced with new growth media. Cells were then
treated with saline, iRGISLN, free oHA, oHAPLN, iRGD-oHA-PLN at [oHA] of 10ug mL*?

for 12 h. The cell culture media were collected and secreted RAE| was measured using
human PAI1 ELISA kit (Abcam, Toronto, ON, Canada).

3.2.10 Animal Models

All animal handling and procedures were conducted under an approved protocol from the
Animal Care Committee at the Ontario Cancer Institute (Toronto, ON, Canagpyntaneous
metastasis murine model of triple negative breast cancer was established by orthotopically
implanting bioluminescent luciferase expressing MBIB-231-D3H2LN human breast cancer

(1fc el | s s u sMER)muthe dghtiinguinBl mammary fagg of 57 weeks old female
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NRG mice (Ontario Cancer Institute, Toronto, ON, Canada). Metastases to distal sites, such as
lungs and axillary lymph nodes was monitored by lucitérguced bioluminescence imaging

(15 mg/ kg [l uci f er i inectio2 XD @nin prior,to innagirigy uaing @& Xandgenn e a |
IVIS spectrum imager (Caliper Life Sciences, Hopkinton, MA, USA).

3.2.11 In Vivo Biodistribution Study

oHA was covalently conjugated to a néfrared dye Cy7 (Lumiprobe, Hunt Valley, MD, USA)

via EDC/NHS couphg. The Cy#labeled NPs were prepared in the same procedure as described
for the NPs without any fluorescent label except that the oHA was replaced Bgl@jed oHA
(oHA-Cy7). The biodistribution was examined by in vivo whole body and ex vivo organ

b u escence imaging after intravenous injection of gD@f stock CyZlabeled DOXoHA-

PLN or iRGD-DOX-0HA-PLN in the NRG mouse model of MDWB-231-D3H2LN orthotopic
breast tumor. The whole body in vivo biodistribution of the NPs was recorded at various time
points up to 72 h with excitation and emission wavelengths of 745 nm and 820 nm, respectively,
using the Xenogen IVIS spectrum equipment. The liver, spleen, kidmegt,and lungs were
excised and immediately imaged with the imager at 24 h. The fluosagensity emitted was
guantified with Living Image software over the region of interest (ROI). The fluorescence
signals of Cy7conjugated NPs from major organs were quantified and presented-abdoige

from their respective background signal.

3.2.12 Evaluation of In Vivo Therapeutic Efficacy on Primary Breast
Tumor Inhibition and Spontaneous Metastasis Prevention

When breast tumor reached ~20 #rah~3 weeks after tumor inoculation, the breast tamor

bearing mice were treatéy intravenous injectionf the following preparations: 1) saline, 2)

free oHA (40 mg k@), 3) free DOX (10 mg k¢), 4) free DOX + oHA (10 mg kK§DOX + 40

mg kg oHA), 5)iRGD-0HA-PLN (40 mg kg"), 6) iRGD-DOX-PLN (10 mg kgt DOX dose),

7) iIRGD-DOX-0HA-PLN (10 mg kg DOX+ 40 mg kgt oHA), where the mass iatof DOX to

oHA in combination formulations was maintained at 1:4. Fourteen days later, the mice received
an identicasecond treatment (recorded as Week 3). The dosing regimen is used as previously
described? Breast tumor size was monitored weekly using a caliper. The tumor size =*(width
length)/2.The spontaneous metastado the lungs and lymph nodes were monitored weekly by
detecting the tumor bioluminescence using a Xenogen imager. At week 4, distal metastases were

examined by resecting major organs for bioluminescence imaging. Fresh lung weight was
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measured to compatikee metastases burden, and immediately fixed in 10% buffered formalin.

The lungs were coronally sectioned and stained méthatoxylin and eosi(H&E) (CFIBCR
Histology/Microscope Core Unit, Toronto, ON, Canada). The dark purple metastatic nodules in
theH&E-st ai ned |l ungs were quantified by a fAmetas
ratio of metastasis area to total lung area. The areas were analyzed using HikaGe

analysis software (PerkinElmer, Waltham, MA, USA) for staining quantification

3.2.13 Immunohistochemical Staining of Biomarkers in Breast Tumor and
Organ Toxicity in vivo

Saline, free DOX (10 mg kgDOX dose), free DOX + oHA (10 mg KgDOX dose), iRGD
DOX-PLN (10 mg kgt DOX dose) or iRGEDOX-0HA-PLN (10 mg kgt DOX dose) was
injectedvia tail vein of the breast tumdaearing mice three weeks after tumor inoculation.
Breast tumors were resected 24 h after treatmeninamdnohistochemicallgtained for the
apoptosis markers activatedspase and TUNEL The positively stained cgtlercentage was
guantified using Image N@tional Institutes of Health, Washington, DC, USA)

The breast tumebearing mice were intravenously injected with saline, free oHA (40 my kg
free DOX (10 mg kg DOX dose), free DOX + oHA (10 mg KgDOX do=), iRGD-oHA-PLN
(40 mg kg'), iRGD-DOX-PLN (10 mg kgt DOX dose) or iRGEDOX-0HA-PLN (10 mg kg
DOX dose). Organs including breast tumor, liver, lung, kidney and heart were resected 5 days
after treatment and fixed in 10% buffered formalin. Breast tumvers sectioned and stained
with human antMMP9 antibody (Abcam, Toronto, ON, Canada) and humanrRhitil
antibody (Abcam, Toronto, ON, Canada). Fixed liver, lung, kidney and heart were then
examined for toxicity following H&E staining (CFIBCR HistolodWicroscope Core Unit,
Toronto, ON, Canada).
3.2.14 Statistical Analysis
All quantitative data are presented as mean + standard deviation (SD). Stutgshts bnevay
anal ysis of wvariance ( AMN&@¥Wst)wasiutdized todeterchineby Tuke
statistical significance between two or more groups, respectively. All statistical tests were done

in IBM SPSS Software (Chicago, IL, USA). P values < 0.05 were considered significant.
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33 Results and Discussion

3.3.1 Synthesis and Characterization of Nanopatrticles

The number average MW (M\Vof oHA was determined to be 6,879 g rhualith aweight
averageMW (MWy)/MW,, = 1.48 by gel permeation chromatography (GPC) (Figued. To
determine the synergistic ratio of oHA and DOX needed for nanoparticle formulation, various
mass ratios of oHA/DOX (Q0) were evaluated for their cytotoxicity against human M2B.-
231-luc-D3H2LN TNBC cells at a fixed DOX concentration of ud mL* using 3(4,5
dimethylthiazoi2-yl)-2,5-diphenyltetrazolium bromid@VTT) assay. Higher cytotoxicity of the
combination was achieved at mass ratios of oHA/DOX from 4 to 10 compared to the ratios
below this range (p < 0.05, Figut@b). An oHA/DOX mass rab of 4:1 was chosen for the
IRGD-DOX-0HA-PLN formulation since the improvement of cytotoxicity was not significant
when higher ratios of oHA were used. The oHA alone has a very mild toxicity even at higher
concentrations of 4a8)dHoweder, @h@rOoHA ig domdined(wih DX r e
at different ratios, doxorubicin starts to show enhanced toxicity against the TNBC cancer cells.
IRGD peptide was conjugated to Myrj59 (Polyoxyethylene (100) stearate) as previously
described?’ and the conjugation was confirmed by proton nuclear magnetic resofidnce (
NMR) (Figure S1). Tie average particle size measured by the dynamic light scattering method
(Figurel7c) was consigint with transmission electron micrographs (TEM) images (Figtog
portraying a wekldefined sphericahanostructureSignificantly higher fluorescence intensity was
observed in iIRGEDHA-PLN-treated) © 3 i ndoategl wellsncompared to oHRLN, both

loaded with Bodipy (Figur&7e), indicating a preserved high affinity of iIRGDWob 3 i nt egr i n
receptor after conjugation with the NH$e size, polydispersity index (PDI), zgtatential and

drug loading of the various PLN formulations are summarizedgar€L7f. A high loading
efficiency of ~97% and ~80%nd loading content of ~4.7% and ~16% was achieved for DOX
and oHA, respectivelyThe colloidal stability ofRGD-oHA-PLN andiRGD-DOX-oHA-PLN

was determined and no significanitanges in particle size meta potential were observeder

48 hours in 50% fetal bovine serum (FBRSP n t a iminimal gssedtial medium (MEM)

medium a7 °C, or for 7 days in 5% dextrose at 4 °C (Figure 82th DOX and oHA exhibit
pH-dependent release with faster release at lower pH (Figigle When the pH of the buffer
decreased, the degree of ionization of oHA also decreased, leading to reduced complexation of

DOX and oHA, and thus faster release othbatugs (Figurd.7g).
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Figurel7. a) GPC trace of oHA depicting its MW. b) Cytotoxicity to MEMB-231-luc-

D3H2LN TNBC cells of free DOX and/or HA at various mass ratios at a fixed DOX

concentration of 0.1 pg mll. The cytotoxicy was assessed by an MTT cell viability assay after

24 h drug exposure. c) Particle size distribution (intensity %) of NPs by dynamic light scattering.

d) TEM images of NPs. Scale bars = 200 nm. e) In vitro binding of Bddited NPs on
immobilizedrecmbi nant human Uvb3 integrin receptors
intensity. f) Summary table of NP properties. g) Release profiles of DOX and oHA fromiRGD
DOX-oHA-PLN in PBS (pH = 5.0, 6.8 or 7.4hd free DOXor free oHAIn PBS (pH = 7.4)

determired by dialysis at 37 °C from 0 to 96 h. All data are presented as the mean + SD, n = 3.

*p < 0.05.

3.3.2 In Vitro Cytotoxicity and Synergism

The synergism of DOX and oHA in free solution and nanoparticle formulation at a mass ratio of
1:4 was examined in MDMB-231-luc-D3H2LN cells by MTT assay (FiguiEsa, b). Free

oHA itself only showed slight cytotoxicity against the cancer cells at thestigbHA] of 200

£g mLtwhile the half maximal inhibitory concentration (IC50) of free DOX and DOX/oHA
combinations was 4.8y mL! and 2.1eg mL?, respectively. Nanoparticle formulation of oHA
alone exhibited modest cytotoxicity at high concentratiand, DOXPLN and DOXoHA-PLN
exhibited higher cytotoxicity against MDRB-231-luc-D3H2LN cells with an IC50 of 1.8g
mL?tand 0.74g mL?, respectively. Through median effect analyéist‘the @mbination

indices were below 0.5 (Figufie3a,b, right panels), indicating strong synergism between DOX
and oHA in both free solution and nanoparticle formulations at a mass ratio of 1:4. The
synergism observed between DOX and oHA is consistent with #reabensitization effect of

oHA reported by other grouf3$24%*and may be due to the inhibitory effect of oHA on &D

and RHAMM.Where CD44 and RHAMM are implicated in regulating networks of the
oncogenic pathways of (Phosphoinositidkitsase) PI3K and (exdcellular signategulated

kinases) ERK1/2. These pathways regulate cancer cells survival, motility, and DNA damage and
repair. Furthermore, the HED 44 induces the expression of various drug transporters such as
breast cancer resistance protein (BCRR) Rglycoprotein (Pgp) via PI3K/Akt pathway, and

therefore regulating chemoresistariée3%®4° In addition, conjugation of the iRGD peptide to
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the nanopatrticles significantly enhanced the cytotoxicity of B¥bM\-PLN with a lower IC50
value of 0.41eg mL* (Figure18c). The IC50s of DOXcontaining formulations are summarized

and compared in Figurksd.
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Figurel8. a) and b) Doseesponse curve, Median effect plot and Combination index (CI)

analysis of the interaction of DOX and oHA in MEMB-231-luc-D3H2LN TNBC cells. Cells

were allowed to grow for 24 h after 1 h treatment exposure of a) free solutions or b) nanopatrticle
formulations of DOX and oHA, alone and in combination at fixed DOX/oHA mass ratio = 1:4

and [DOX] 0.015 0 ¢ @. c)Maseresponse curve and d) IC50 of different formulations of

DOX or DOX/oHA combination. Concentration oraxes refers to DOX concentration. All data

are presented as mean * SD, n =8<0.05.
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3.3.3 IRGD-Conjugation for Cellular Uptake of Nanoparticles In Vitro

To better understand the differences in IC50s between formulations, levels of DOX and oHA in
the cells treated with different formulations for 1 h at 37°C were examined by measuring
fluorescence intensity of thelts by flow cytometry with proper population gating (Figure S3).
In line with the trend of cytotoxicity presented in FigaBe, higher uptake of oHA and DOX

was observed by flow cytometric analysis (Figlh®a,b) and by confocal microscopic
examination [figure19c) in the order: IRGEDOX-0oHA-PLN > DOX-oHA-PLN > free oHA +
DOX. Flow cytometric analysis showed that the cellular uptake of DOX and oHA in the-iRGD
DOX-oHA-PLN group is respectively 1-#ld and 1.5fold compared to DO>HA-PLN group,

and 2.8fold and 3.fold compared to free oHA + DOX group. The microscopic images of
DOX-0oHA-PLN and iRGBDOX-0oHA-PLN containing cells revealed both cytoplasmic and
nuclear distribution of DOX, suggesting the partial release of DOX from nanopatrticles
internalized m the cellular cytoplasm into the nuclei.

3.3.4 Vitro Anti-Migration/Invasion Effect of iIRGD-oHA-PLN

To investigate the antnigration effect of oHAloaded NPs, an in vitro scratch assay was used
to examine the migration of MDMB-231-luc-D3H2LN cells treatedvith various NPs or free
drugs for up to 24 h. The strongest inhibition of cancer cell migration was observed in IRGD
oHA-PLN treated groups, while oHRLN, and free oHA all showed moderate effects (P < 0.05)
(Figure20a,b). IRGDoHA-PLN treatment resulteid ~33% and ~42% reduction in the

recovered area at 8 h and 24 h, respectively, compared to 8 GIDThe effects of saline, solid
lipid NPs (SLN) and iRGESLN were minimal. The antnigration effect of oHA is likely due to

its antagonistic action on RHAM and CD44, both of which play essential roles in cell
motility,*** and are overexpressedMDA -MB-231-luc-D3H2LN cells**° The antimigration

effect wadurther confirmed using transwell assays. Both transwell migration and invasion
assays confirmed the inhibitory effect of oHA containing formulations on in vitro migration and
invasion ability of MDAMB-231-luc-D3H2LN cells with the effects ranked as: iRGBIA-

PLN > oHA-PLN > free oHA (Figur&0c,d, p <0.05). iRGEoHA-PLN reduced the migration

and invasion ability of cancer cells by ~93% and ~97% respectively, compared teSR&GD

The difference in the anthetastasis effect of the formulations might hlglaited to the degree

of cellular uptake of oHA in MDAVIB-231-luc-D3H2LN cells as shown in Figude.
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Figurel9. Cellular uptake of DOX and oHA in MDMB-231-luc-D3H2LN cells. Cells were

treated with saline, free oHA/DOX, DOSHA-PLN or iRGD DOX-oHA-PLN for 1 h, and
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analyzed for the fluorescence of a) olA5 and b) DOX simultaneously by flow cytometry.
Relative man fluorescence intensity was calculated compared to control group. Data are
presented as mean = SD, n=B.<°0.05. c) Confocal microscopic examination of the
intracellular uptake of 0 HLy 5 and DOX. Scale bars = 20 &m.

same a in panels a and b.

3.3.5 Subcellular Fate of oHA In Vitro

The extracellular release of oHA after internalization of IRGHA-PLN in MDA -MB-231-luc-
D3H2LN cells was evaluated by measuring the fluorescent-Gy&\released in the growth
medium. Significantly higher fluorescence of otA5 was detected in the medium over a

period of 48 h (Figure S4a), indicating the oHA was released haxkhe medium gradually

from the cells following endocytosis iR GD-oHA-PLN.

To investigate the intracellular distribution of the oHA labeled by GABA-MB-231-luc-

D3H2LN cells were imaged at 0, 4 and 24 h after exposuRG®-oHA-PLN for 0.5 h. As

shown in Figure S4b, after 0.5 h incubation with iIR@BA-PLN, oHA is largely cdocalized

within acidic compartments, such as endosomes and lysosomes, yielding a yellow overlap in the
merged images. This suggests most iIRGIDA-PLN are internalized byIDA-MB-231-luc-

D3H2LN cells through endocytosis to endosomes and lysosaxh@d. h compared to 4 h and 0

h, higher fluorescent intensity oHA-Cy5was observed in the cytosol and outsidaadlic
compartmentsindicating the release of oHA from the lysosonm$A-Cy5 was also observed

on cell cytoplasmic membranes, which is likely due to the secreted oHA binding to surface CD
44 receptors.

To investigate the intracellular distribution of oHA relative to RHAMM, RHAMMMDA -
MB-231-luc-D3H2LN cells was stainedith human antRHAMM antibody. Partial co

localization of oHA and RHAMM was observed (Figure S4c), suggesting the binding of
intracellularly released oHA to RHAMM could affect its downstreammpeiastases signaling

pathways®*
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Figure20. iIRGD-oHA-PLN inhibits migration and invasion of MDMB-231-luc-D3H2LN
TNBC cells. a) MDAMB-231-luc-D3H2LN in vitro monolayers were scratefounded with
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100 €L micropipette tip, and -SUNeoBARLM orwi t h s al
iIRGD-oHA-PLN. The migration of cells was imaged at 0, 8 and 24 h after treatmentbS8cale

1 mm. b) Quantification of the recovered area of the gap for each treatment group in panel a.
Representative images of the transwell c) migration and d) invasion assay eMB281-luc-

D3H2LN and their quantification. Data are presented as med@n # S 3. *p < 0.05.

3.3.6 iIRGD-0HA-PLN Inhibits p-ERK and Plasminogen Activator Inhibitor
(PAI-1) Activity

To evaluate the effect of IRGBHA-PLN on the activity of fERK, a downstream signaling
kinase of RHAMM,MDA -MB-231-luc-D3H2LN cells were treated with saline, free oHA,
iIRGD-SLN, oHA-PLN, or iRGDoHA-PLN for 4 h, and analyzed forpRK1/ 2, ERK and
actinusing Western blot analysis. THRGD-oHA-PLN treatment resulted in a significant
reduction inp-ERK1/2but not total ERK1/2 expression compared to saline, free oHA, iRGD
SLN, or nontargeted oHAPLN (Figure21a). Furthermore, the level of a metastasisnaiker
PAI-1 was also significantly decreased with the treatment of iIREBR-PLN (Figure21b).

Lesser reductions in PAl levels were seen for free oHA and offAN. The downregulation of
thep-ERK and PAI1l is consistent with enhanced delivery of oHA bBIRoOHA-PLN, which
acted as an antagonist for its receptors,4@xnd RHAMM, and the subsequent downregulation
of their downstream signaling pathwaysERK is the major signaling protein kinase of

RHAMM and the RHAMM/CDA44 receptor complex, regulating leelotility, invasion and
metastasi$?! PAI-1 was reported as a signaling protein further down in the cascaedeRIK p
pathway regulated by RHAMM, which plays an important role in breast cancer migration,
invasion and metastas®® 418417 Therefore, the antinetastasis effect of iIRGDHA-PLN in

vitro, as shown in Figur20, might be attributed to thdownregulation of fFERK and PAi{l

activity.
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Figure21l. Downregulation of fERK and PAI1 activity in in MDA-MB-231-luc-D3H2LN

cells. a) Cells were treated with saline, free oHA, iRGIIN, oHA-PLN, and iRGBoHA-PLN
at[oHA]of1 0 ¢ gformhin vitro, and analyzed forBRK 1/ 2, ER#tinugngand b
Western blot. The fraction change in normalized band density was calculated by normalizing the
band densityofff RK t o t h e b-actingdand cempsring tiye band deypratios to

saline treatment. b) Secreted PRAlevels in culture media detected by ELISA assay after cells

were treated for 12 h. Data are presented as mean = SD, p=<8.05.

3.3.7 iIRGD Conjugation Increases Nanoparticle Accumulation in Human
Breast Tumors In Vivo

The biodistribution and tumor accumulation of iR X-oHA-PLN were further investigated
in a murine orthotopic breast cancer model using the human TNBC cell line NB231-luc-
D3H2LN. Breast tumebearing mice were intravenously injected vatheasinfrared dye Cy7
labeled NPs with or without iIRGD conjugation. Whole body biodistribution of NPs was
monitored for up to 72 h postjection using a Xenogen imager (Figure S&jonger

fluorescence signals of CYNPs were observed in the breashor region in vivo and ex vivo
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breast tumors from mice treated with iREEDX-oHA-PLN compared to DOXHA-PLN

(Figure Sbha,b). Based on fluorescence intensity from ex vivo organ imaging at 24 R, iRGD
conjugation enhanced accumulation of dg@eled NPs tohte breast tumor by ~2.4 fold (Figure
S5b). The high fluorescence signal in the kidneys might be ascribed to the renal clearance of
released CyTabeled oHA polymer chains (Figure S5b). The in vivo and ex vivo data showing
improved tumor accumulation of iIRIEDOX-0HA-PLN suggest the critical role of iIRGD
targeting to thé&J ® 3 i ndverexpressng TNBC breast tuntéf.*'®Becausef the

advantage of iRGEonjugated PLN formulation over ndargeted PLN, as demonstrated in the
in vitro cytotoxicity, cellular uptake and metastasis assays, and in vivo biodistribution study,
only the IRGDconjugated NPs were evaluated in the followtimgrapeutic efficacy evaluation

in vivo.

3.3.8 iIRGD-DOX-0HA-PLN Induce Apoptosis and Inhibit Growth in TNBC
Breast Tumor

To evaluate whether the IRGIDOX-oHA-PLN can enhance cancer cell apoptosis (an early
indicator of therapeutic drug efficacy), TNBC breashtus were taken from tumdaearing

NRG mice 24 h following intravenous injection of saline, free DOX, free DOX + oHA, iRGD
DOX-PLN or iRGDDOX-oHA-PLN. Using immunohistochemistry, tumors were stained for
both activated caspa8eand terminal deoxynucleotititransferase deoxyuridine triphosphate
nick end labeling (TUNEL) (Figurg2a). Consistent with the in vitro cytotoxicity data (Figure
18c), IRGD-DOX-0HA-PLN induced cancer cell apoptosis in a significantly higher percentage
of cells (~46% for caspas®kand ~50% for TUNEL) compared to other formulations in breast
tumor tissue based on the staining of activated caspasd TUNEL detection in TNBC tumors
(Figure22a,b). Significantly higher levels of apoptosis were observé@@D-DOX-PLN-

treated tumorsampared to free DOX + oHAreated tumordikely due to the tumor
accumulation of IRGEconjugated NPs as shown in Figure S5.

To determine the in vivo therapeutic potential of iIRGDX-oHA-PLN, its efficacy was
compared to the free oHA, free DOX, free DOXHA, IRGD-oHA-PLN andiRGD-DOX-PLN
based on a twmtravenous dose regimen (Fig@2c). The treatments did not induce noticeable
body weight change in mice except for free DOX which resulted in modest weight-b3%(5
compared to saline) (Figug2d). Treatment of IRGEDOX-0HA-PLN significantly inhibited
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the growth oMDA-MB-231-luc-D3H2LN TNBC breast tumor compared to the other BOX
containing formulations iIRGIDOX-PLN, free DOXbHA or free DOX (p < 0.05, Figur22e).
Formulations containing oHA alone (free oHA aR&D-oHA-PLN) did not show significant

inhibition on tumor growth, which isomsistent with the in vitro cytotoxicity result.
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Figure22. Induction of apoptosis and growth inhibition in human MBU8-231-luc-D3H2LN
TNBC orthotopic tumors. a) Representative images of the immunohistochemical staining of

apoptosis marker: activated Caspdsand TUNEL in the breast tumors treated with salires f
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DOX, free DOX + oHA, IRGBDOX-PLN and iRGBDOX-0HA-PLN at [DOX] of 10 mg kel

for 24 h; And b) their gquantitative presentat
SD, n = 3. * p <0.05. c) Schedule of treatment and weekly tumor measuremetastasis

imaging for tumotbearing mice intravenously injected with saline (n = 7), free oHA (n = 4), free

DOX (n = 8), free DOX + oHA (n = 8), iRGDHA-PLN (n = 4), iRGDDOX-PLN (n = 9),
IRGD-DOX-0HA-PLN (n = 9). All treatments with DOX/oHA combinatiare in a fixed

DOX:0HA mass ratio of 1:4. DOX dose is 10 mgkagnd oHA dose is 40 mg K d) Changes

in relative body weight of mice in various treatment groups. €) Average tumor volumes vs time.

Data are presented as mean = SD. * p <0.05 for thertuohomes at week 4.

3.3.9 IRGD-DOX-0HA-PLN Prevent Spontaneous Metastases

To examine the therapeutic potentiaiRGD-DOX-0HA-PLN for spontaneous metastases
preventionpioluminescence images of the upper body (including the lung and lymph node
regions) were obtained weekly for five weeks, andbitbkiminescence images of the major

organs ex vivo were captured at week 4 (Fidi8®) in the same set of experiments and afgm

used forthe evaluation of primary tumor efficacy as outlined in Fidiite Based on the in vivo
bioluminescence images, metastases started to develop at week 1 following treatment in saline
and free oHA groups, and they appeared later in other grébpsncidence of metastases was
confirmed by the appearance of tumor bioluminescence in lymph nodes and lungs ex vivo at
week 4 (Figur@3b). No visible bioluminescence signal and thus metastasis in the upper body
was observed in most of tiiRGD-DOX-0HA-PLN treated mice for five weeks (Figu2&a, b),
suggesting a strong astietastases effect of the treatment. As an indication of lung metastases
burden, the lungs were weighed at week four of treatment. Lung weight was loviR&SDin
DOX-0HA-PLN treatmengroup(p <0.05) (Figur€3c), consistent with the bioluminescence
images. Furthermore, the metastatic tumor nodules were examinedhiayoxylin and eosin

(H&E) staining of the lungs at week 4, in which the fewest dark purple metastases nodules were
obseved in theRGD-DOX-oHA-PLN treatment group (Figu2sd). Further quantification of

the metastases by lung metastases area index also demonstrated the lowest lung metastases
burden iNnRGD-DOX-0HA-PLN (p < 0.05) (Figur@3e). The iRGDoHA-PLN also showed

therapeutic effect on metastases prevention based on the bioluminescence images and resulted in
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modest yet significantly lower metastatic burden as indicated by lung weight and lung metastases
area index compared to saline (p < 0.05) (FiddBaee), suggsting that delivery of oHA alone to

the primary breast tumor may reduce the metastatic spread and progression. The reduction in
metastases by oHAontaining NPs may be attributable to the-amtyration and antinvasion

effect of NRdelivered oHA as weklhs their inhibitory role on signaling cascade involviag p

ERK and PAIl as shown in Figur20 and Figure2l, respectivelyThe iRGDDOX-PLN could

reduce but not completely inhibit the systemic metastaseswgetio 4 following treatment

(Figure23a, b).This is likely becausdRGD-DOX-PLN were able to significantly reduce the
primary tumor, which is the source of metasta
metastasize (Figur23d). Meanwhile, oHA ad DOX, combination in the iIRGIDOX-oHA-

PLN successfully prevented systemic metastases up to Week 4, and this promising effect is
attributed to both higher efficacy against primary breast tumor via the synergistic effect of the
combination and the anthetstasis effect of Nfdelivered oHA.

To investigate the effect ?iRGD-DOX-oHA-PLN on two biomarkers that are implicated in
cancer metastasis and regulated by RHAMBRXK signaling cascad@!i.e. matrix
metalloproteinas® (MMP-9) and PA{1, they were immunohistochemically stained for in breast
tumors that were removed from mice 5 days after treatment with various formulations (n = 3).
The expression of MMB is highest in thédreast tumorgéated withsalineandthe lowest in
IRGD-DOX-0HA-PLN-treated tumors (Figur23f), suggesting the reduced spread of metastases
by iIRGD-DOX-0HA-PLN may also be attributed to the reduced activity of M8J®hich has
been implicated in cancer invasion and astise$'**?! The decreased MMP expression may
be ascribed to the inhibition HAMM/p-ERK signaling ad CD 44 by NRdelivered oHA3%":
422DOX was also reported to reduce the expression of MNIPcancef?3 The level of PAI1
in breast tumors was reduced by free oHA il®@D-oHA-PLN, but was increased by treant
containing DOX such as free DOX and iREEDX-PLN (Figure23f). The reduction of PAL
expression by oHAontaining treatment is consistent with the in vitro enzjimesd immune
sorbent assay (ELISA) result shown in FigRib, indicating theeduction in metastatic
potential as demonstrated in the in vivo efficacy study. However, in addition to the role-bf PAI
in metastases, PAll is an important mediator of cell senescence and is induced upon DNA
damage due to factors including exposurettemotherapeutic drugé*?® Therefore, its level is

increased upon D®exposure. Nevertheless, the expression level of Pislstill reduced by
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iIRGD-DOX-0HA-PLN compared to iRGHDOX-PLN or free DOX (Figur3f), which may be

indicative of reduced metastatic potential.
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Figure23. Metastasis prevention in a spontaneous metastasis model of humaiVBE23 1-

luc-D3H2LN TNBC tumor in NRG mice following the treatment schedule in Figure 7c. a)
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Representative in vivo bioluminescence images of lungs/lymph node metastases progression

over 4weeks; And ex vivo bioluminescence images of major organs at week 4. b) Incidence of
distal metastasis to lymph node and lung at week 4 based apgbarance of tumor

bioluminescence in lymph nodes and lungs ex vtyAverage weight of excised lungs week

4. d) Representative histological images of H&E stained lungs at week 4. The dark purple

regions represent metastatic nodules. e) Quantification of metastases by lung metastasis area
index based on the images of the H&E stained lungs. f) Repregemtaages of the
immunohistochemical staining of proetastases markers: MMPand PAY1 in breast tumor

sections (sampled 5 days after treatment). Scale bar = 50 um. Data are represented as mean + SD.

* p<0.05

3.3.10 iIRGD-DOX-oHA-PLN Exhibit No Histological Change to Major
Organs

Cardiotoxicity is a wetknown limitation to the therapeutic application of DOX clinic&f§To
examine the toxicity of the NP formulations, heart, liver, kidneys and lungs were collected from
breast tumobearing NRG mice for histopathological examination 5 days after a single
intravenous dose of free oHA, free DOX, free DOXHA, IRGD-oHA-PLN, iRGD-DOX-PLN

and IRGDDOX-oHA-PLN. H&E stained sections showed no noticeable histological
abnormalities in any of the major organs from mice that are treated with formulations containing
oHA, DOX or both compared to saline (Figure SB)e change in body weight was monitored
until week 4 in the breast tumbearing NRG mice (Figur22d). All of the mice treated with

free DOX solutions exhibited mild weight loss from the initial weight at a dose of 10 mg/kg that
is reported to be toleraté NRG mice, and consistent with literattfe?8. TheiRGD-DOX-
oHA-PLN did not show any general toxicity, while the free DOX showed a minor toxicity with

slight weight decrease in the NRG mice.

34 Concl usi on
A novel iRGDconjugated, DOX and oHA elmaded polymer lipid nanoparticle (IRGDOX-
oHA-PLN) was devisetb simultaneously prevent spontaneous metastases while treating the
solid primary tumor of TNBC. The tumor integtiargeted calelivery of oHA along with DOX
was designed to reduce the metastatic potential of the aggressive TNBC cells while enhancing
thetherapeutic efficacy of DOX. IRGIDOX-oHA-PLN enhanced apoptosis and demonstrated
strong growth inhibition in human MDMB-231-luc-D3H2LN TNBC tumors in vivo via the
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synergistic cytotoxic action of the -@mcapsulated DOX and oHA and enhanced cellulakept

as demonstrated vitro. While inhibiting primary tumor growth, iRGIDOX-oHA-PLN

reduced the spontaneous metastatic spread to lymph nodes and lungs. The multifaceted effects of
IRGD-DOX-0HA-PLN can be ascribed to the antigration/invasion effect ahe NRdelivered

oHA and its inhibitory effect on the metastasis signaling pathways and biomarkers stich as p

ERK, MMP9 and PAIl. These results suggest that iIRGDX-oHA-PLN is a promising

multifunctional biopolymeisanticancer drug combination nanomedidimecontrolling

metastatic spread while treating primary TNBC tumors.

Supporting Information

The Supporting Information is available from the Wiley Online Library or from the author.

35 Acknowl edgement s

T.Z., C.F. and I.Acontributed equally to thiwork. This work was supported in part by

Canadian Breast Cancer Foundatdntario Region and the Canadian Institutes of Health
Research (CIHR). The authors also thank the National Science and Engineering Research
Council (NSERC) of Canada for the Equiprh@rants to X.Y. Wu; Ontario Graduate

Scholarship (OGS), University of Toronto open scholarship, and top up scholarship from the
Graduate Department of Pharmaceutical Sciences to T. Zhang and H. Lip; NSERC CGM to T.
Zhang; the Chinese Scholarship Counailthe Joint Student scholarship to C. Ring

Abdulaziz City for Science and Technology (KACST) for the scholarship to I. Alradwan; and
technical contribution in the breast tumor sample processing and immunohistochemistry staining
from Dr. Andrew J. EligThe Campbell Family Institute for Breast Cancer Research, Ontario
Cancer Institute, University Health Network).

Conflict of Interest

The authors declare no conpict of interest.

87



Chapter 4 Nanoparticle drug combination inhibits DNA
damage repair and PD-L1 expression in BRCA-mutant and
non-mutant triple negative breast cancer

Short title:
Nanoparticle Drug Combination for Breast Cancer Therapy

Authors: Ibrahim Alradwal®, Pei Zht, Tian Zhang, HoYin Lip®, Abdulmottaleb Zetriri
Chunsheng He Jeffery Hendersdn Andrew M. Rauth Xiao Yu Wut*

Affiliations:

IAdvanced Pharmaceutics and Drug Delivery Laboratory, Leslie Dan Faculty of Pharmacy,
University of Toronto; 144 College Street, Toronto, Ontario, Canada, M5S 3M2.

E-mail: sxy.wu@utoronto.ca
ORCID: Xiao Yu Wu (0006000253338115)

2Departments of Medical Biophysics and Radiation Oncology, University of Toronto; 610
University Ave, Toronto, Ontario, Canada M5G 2M9.

3Life Sciences and Environment Research Institute, King Abdulaziz City fancgcaand
Technology (KACST); Riyadh 11461, Saudi Arabia.

To be submitted to Science Advances

88



4 Abstract

Chemotherapynduced DNA damage repair machinery and immunosuppression largely
contribute to the relapse and metastasis of tripigative breast caac(TNBC). Despite the
availability ofpoly (adenosine diphosphat#ose polymeraseRARP) inhibitors (e.g., olaparib)
for BRCA-mutated TNBC, drug resistance and program digéimd 1 (PDBL1) expression
cause treatment failure. Herepuglymerlipid naroparticlesconjugated with integritargeting
IRGD-peptide and cdoaded with asynergisticdrug combination of doxorubicirdOX) and
oligomer hyaluronic acid (0HAJRGD-DOX-oHA-PLNs)were designed to tackle the
mechanisms of DNA repair and immunosuppiassTheiRGD-DOX-oHA-PLNsefficiently
inhibited theHA receptorof motility and thepermeabilityglycoprotein(P-gp); and reduced
downstream singteand doublestrand DNAbreak repair proteins. Unlike olaparib, which
induced PBL1 expressionRGD-DOX-oHA-PLNsreduced PEL1 expression. Treatment with
iIRGD-DOX-0HA-PLNssignificantly inhibited primary tumor growtsnd lung and liver
metastases compared to olapanibath BRCA-mutaedandwild-type orthotopic breast cancer

models
Teaser

The tumor DNArepair and immunescape must be stoppedcombat the chemotherapy failure

for metastatic TNBC treatment
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41 Il ntroducti on

Triple-negative breast cancer (TNBRgsthe worst prognosisoepared to other breast cancer
subtypesiue to itshighly aggressivaature andack of expressiorof estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HBRENg
hormonaland targeted breast cancer therapies ineffettARespite the higlearly responseate
to systematichemotherapylike the anthracyclindoxorubicin (DOX) relapse and metastases
reducethe 5yearoverall survivalrate of TNBC patients to 10.8.8% The TNBC common
metastaticsites arghe lung (~40% of patients), brain (~30%), liver (~20%), and bone
(~10%)*3¥432 The development of DOX encapsulated formulatitvasprovideda superior
alternativeto free drug administration in reducing cardiotoxi¢ityHowever, the clinical use of
DOXal one i n br e a dacedvadtlamuttiglermeghantsmseminug resisiarssesuch
as the expression of efflux pumps, upregulation of DNA repair, and induction of multifactorial

immunosuppressive processes, leadingeatment failuré >#3 6

Recently, the United States FoodnhnbdiPPORPRUg @&t mi
enzgyMRARPar) t he t r e atbhme axdn coef(B Rn@AR)amsutt aatt ied
TNBE3FnhibitofBARPI PA®RPe useful in cancers wi
as BRCAl/ 2duwmattac ctomad ANA osvismhglaed break (SSB)
subsequenof fooxmati amd -$et and DN&AL{BeowdDEB)

resi staAmR®@é t eni ocomet sstatic breast cancer with
t he homol ogous DE&EBobDbNApPp@met pavimary( HR) BRCAL1l/ 2 reve
RAD51 recombinas$‘dhevabtaypmfePdhRiPerp reportedly i
t heex pr eosfsitohne 1 mmuRBL Jwihe clhizme nt mmunosuppressi v
mi ¢ r o e n v(i T MEfRmesphoinositide-kinase( P1 3 K) hakmiéBeeaoar s

i nvesitngat edfiocralt htariorail asthii lsiiggtnysHHR iDzNeAd amageng t o
agents, and-iodmbat PABPBtance

High mol ecrudtaiyadvehl g HiAd sa eindt hpen e dhargf TMEI t i pl e
cantcegpes, i ncH¥latnigAdaiB € er a dite wilduilsftfeerr eonft i at i ¢
(CD (4s4t)em cednd nraeckeeprt)or s for hyalurtmwmnan medi a

activatethe PI3K andextracellular signategulated kinas(ERK) pathwag,f aci | i t at i ng
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chemoresi st antle '#%IdcEontrast ta sativa HApve molecular weight
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reported to decrease PI3K activity antibit breast cancer resistance prosiBCRP)and R

gp.128: 404,450, 45863 Tregtments witloHA candisrupt theinteraction ofCD 44 with native HAto
potentiallyattenuate oncogenic and preetastatic pathwaysuch ashe mitogenactivated

protein kinas&ZRK (MAPK/ERK) pathway andhe PI3K pathway? ° @ # %%.86.4p¥& w
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ERK1/ 2 si@amal iwih@gn c o ndisplayeshmtitumor aind annétastasis

effectsin TNBC.#"3In this work, we aim tdnvestigate thenechanistic and synergistfect of
IRGD-functionalized DOX andoHA-coloaded plymerlipid nanoparticles (iIRGEDOX-oHA-

PLNSs) onl) thenative HA receptor RHAMM2) theDNA damage and repair response, 3)
immunosuppressioof the TMEand4) thetumor growth andung metastasidevelopmenin

BRCA wild and mutanTNBC mouse models in comparison wilaparily an inhibitor of PARP

enzymes used for TNBC treatment
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met astatinc hbbDbNBCBRCA1-tmytearttumond wil d
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Figure24 depictsA) the metastatic pathway of cancer cells traveling from the primary tumor site
to the lungsB) the synthesis giolymerlipid nanoparticle systemRGD-DOX-oHA-PLN, C)

the mechanisms contribog to chemotherapy failure and metastasis,@nihe synergistic

inhibition of HA receptors and downstream pathways and cytotoxicity of DOX by {RGR-
oHA-PLN. Targeting by iRGD moiety enhances endocytosis, and oHA delivery inhibits
RHAMM and relevant DM repair proteins. Note: PARPEnsesnd elongates to call other

repair mediators to the damaged siteDA SSBrepair*’* TheRAD50 acs as a sensor that

forms a complex to activate repair kinases andayalle checkpoint contrgiroteins after being
recruited taheb r o k e n #12AX.&>dn the PNADSB repair HR pathway, BRCA1 and

RAD51 catalyzethe sister chromatid strand invasion to maintain the integrity of strand base

pairs*’®
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Figure24. Scheme of the combinational therapy mechanism. (A) lllustration of the metastatic
pathway cancer cells takes to travel from the mammary géatiee lung. (B) Setassembly of

IRGD-DOX-0HA-PLN by microemulsion technology. (C) A diagram of the molecular tumor
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microenvironment forces that contribute to tumor metastasis. (D) The synergistic dual functions

of IRGD-DOX-0HA-PLN to inhibit RHAMM, PI3K/AKT and MAPK/ERK pathways and

impair the DNA repair of BRCA1, RAD50, and RAD51 (HR for DNA DSB repair) and PARP1

(SSB repair) proteins, and expression ofIPD Cytotoxicity of DOX is enhanced through

increased DNA doublstrand breaks indicated by HZAhis ne f ami |y member X (

42 Materi als and met hods

4.2.1 Materials

All chemicals, unless otherwise mentioned, were purchased from 3ilgineh Canada

(Oakville, ON, Canada). The oHA was purchased from Bloomage Biochem Co., Ltd. (Shandong,
China). Cyclic peptide iRGD [c(CRGDRGPDC)] was purchased from LifeTein (Sometket, N
USA). DOX HCI and Olaparib were purchased from MedChemExpress (Monmouth Junction,
NJ, USA). The MDAMB-231-luc-D3H2LN cell line was purchased from Caliper Life Sciences
(Hopkinton, MA, USA). MDAMB-436 and MCF10A were purchased fr@adarlane

(Burlington, ON, Canada). The suppliers confirmed that all cell lines were patHoeeiby

using plymerasechainreaction(PCR) techniques. The aoly(ADP-ribose) ant-rPAR)

(79109S) antibody anahtrRHAMM antibody (se5152223 werepurchased fron$anta CruZ
Toronto, ON, Canadg)and the following antibodies a#fitactin @b8226, anttH2AX

(ab26350, anttPARP1 6b32138, antrRAD51 (ab133534, anttRAD50 (ab89), antPD-L1
(ab20592}, anttBRCAL1 (@b16780 were purchased from Abcam (Mississauga, ON, Canada).

4.2.2 Preparation and characterization of nanopatrticles

DOX and oHA celoaded polymer lipid nanoparticles (D@GHA-PLN) were prepared using a
selfassembly methotf”: 41%Briefly, to an aqueous solution of 25 mg of ethyl arachidate, 2 mg

of Myrj52 (PEG40SA), and 1 mg Myrj59 (PEG100SA), preheated to 60°C, oHA (100 pL, 100
mg mL?Y), DOX (250 pL, 10 mg mt}), and Pluronic® F68 (PF 68), (50 uL, 100 mg mf) in

distilled deionzed (DDI) water were added and stirred for 20 min. The suspension was
emulsified at 60 °C at 100% peak power for 5 min using a Hielscher UP 100H probe
ultrasonicator (Ringwood, NJ, USA), followed by a quick emulsion transfer into 2.1 mL of saline
being sirred on ice to generate DOGXHA-PLN. To synthesize iRGBonjugated DOXoHA-

PLN (IRGD-DOX-0oHA-PLN), Myrj59-iRGD synthesized and characterized as previously
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describe¢f® 4% was used instead of unconjugated Myrj59 followed by the same NP preparation
process. Nanoparticles without DOX, oHA or both (6RRN, iRGD-oHA-PLN, SLN or iRGD

SLN) were prepared by the samethwel without the addition of DOX solution or oHA solution.

The size and zeta potential of the particles were determined using a Malvern Zetasizer Nano ZS
(Worcestershire, UK)-luorescent iRGEbHA-PLN and oHAPLN were synthesized using

cyanin 5 (Cy5) linkd to oHA to enable fluorescent detection of iIRBIPs boun-d t o Uv b3
integrin coated on wells of a 96ell plate.

4.2.3 Maintenance of cell culture

Human MDAMB 231-luc-D3H2LN cells were grown in cell culture flasks (Corning, Corning,
New York, U.S.A)inagrowtme di um ma-thedfi f oemd Umi ni mal- essent |
MEM) (Gibco-Life Technologies, Burlington, ON, Canada) supplemented with fetal bovine
serum (FBS) at a concentration of 10% (Invitrogen.Inc. Burlington, ON, Canaglaf&in a
humidified incubatowith an air5% CQ environment. MDAMB-436 were grown in a medium
made from Dulbeccos Modified Eagles Medium DMEGIX3150 supplemented with sodium
pyruvate with 10 % FBS at 37 °C in a humidified incubator with 5% @&®osphereMCF10A
cells(ATCC).were cultured at 37 °C, undg¥o carbon dioxide (CO2usingMammary

Epithelial Cell Growth Medium BulletKitTMLonza kit: MEGM, CCG315Q Mississauga
Canada)equired forthe growth of Mammary Epithelial Cell§he medium was added with
Cholera toxin at 400 ng mft concentration obtained from Caym@mn Arbor, Ml, USA) h-
EGFb ( human epi de rrecanbinagntrhomaimsialin, hyarodortisone, BPE
(bovine pituitary extract), ansl % heat inactivated horse serum was obtained from Gibco.

4.2.4 Animal models

The procedures for tumor inoculation, animal treatment, and sacrifice were conducted under the
ethical and legal requirements of the Ontario Animals for Research Act and the Federal Canadian
Council on Animal Care guidelines that are approved bythieersity Health Network (UHN)

Animal Care Committee (Animal Use Protocol 4333.10), UHN, Toronto, ON, CaAada.
spontaneous metastasis murine model of tmglgative breast cancer was established by
orthotopically implanting bioluminescent luciferasgressing MDAMB-231-D3H2LN human

breast cancerells (1(° cells suspended B0 ul of UMEM) at the right inguinal mammary fat

pad of 57 weeks old female NRG migairchasedrom UHNs Animal Resource Centre (ARC)
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(NOD.CgRagltmiMom IlI2rgtm1Wijl/SzJ Stock  007799)Ontario Cancer Institute, Toronto,
ON, Canada)For theMDA-MB-436 orthotopianodel, cells were inoculated aiconcentration
of 3.5x10° in 30 pl of DMEM using the same strain of NRG mice.

4.2.5 In vitro viability and synergy studies

Cultured MDAMB-4 36 cell s were plated at a density of
DMEM growth medium in 9éwvell plates (R&D systems, Minneapolis, MN, USA) overnight for
18 h. To determine the optimal oHA:DOX ratio, cells were then treated with DOXHEHA at

t he foll owing oHA: DOX mass ratios: 1: 1, 2: 1,
mL for 24 h. Cell viability was determined using a SpectraMax M2 microplate reader with the
3-(4,5-dimethylthiazoi2-yl)-2,5-diphenyltetrazolium broide (MTT) assay.(San Jose, CA,

USA) at 540 nmMTT assay was also used to evaluate the synergism of DOX and oHA and the
cytotoxicity of IRGD-DOX-0oHA-PLN. The mass ratio of DOX to oHA in any formulation
containing the combination was then fixed at 1: 4iforitro andin vivo evaluation. MDAMB
231-luc-D3H2LN or MDA -MB-436 cells were plated at a density of 10,000 cells per well in 200
el of gr owt 4wellpates overnighi. The &IB were then treated for 24 h with the
free solution or nanoparticfermulation of DOX, oHA, or DOX/oHA combinations with a

range of [DOX] of 0.0350 ugmL* or [oHA] of 0.04200 pgmL™. After being washed three

times with phosphatbuffered saline (PBS), the cells were incubated in a growth medium with
the MTT solutionfor 4 hours and viability was determined using a SpectraMax M2 microplate
readerThe median effect analysis was performed to generate the median effect plot and
combination index (CI) based on the cytotoxicity curves of DOX and oHA alone or in
combination free or encapsulated as previously descrited* 4*The Cl values ofless tharl,

equal to 1, and greater than 1 indicate synergism, additive effect, and antagonistic impact,
respectivelyln addition, cells were seeded in tweffidyir well plates and treated with free DOX,
IRGD-DOX-PLN, and iRGBDOX-0oHA-PLN at low DOX concentrations of 0.@hd0.1 g

mL-! over 72 hours and stained with crystal violet. The viability of MCF10A cells was assessed
after being treated with oHRLN, DOX-PLN, DOX-0HA-PLN, and iIRGDDOX-oHA-PLN
evaluated by MTTThe nonlinear regression of "Desesponse curvesinhibition” with the

equation of "[Inhibitor] vs. response” was used as a model to fit the viability datapmPad

andcalculate the IC50 values.
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4.2.6 Drug cellular uptake studies and drug resistance protein

To establish cellular drug uptake profiles, cells were plated onteelilates at densities of
approximately 10,000 cells/well at 37°C. When cells reached 80% confluency, free DOX/0HA,
DOX-0HA-PLN or iRGD-DOX-0oHA PLN suspensions were added to each well to evaluate
cellular drug accumulation. All treatments were fixed to 15 mgB®X concentration. At
predetermined time intervals (@® h), the supernatant was removed, and cells were washed with
ice-cold phosphatéuffered saline (PBS; pH 7.6) and lysed with PBS containing 0.5 % Tri#on X
100. DOX concentrations in the cell lysates were transferred to a 96viddighlate to be

measured with SpectraMax Gemini XS microplate fluorometer (MolecwdaicBs, Sunnyvale,

CA) at an excitatiorfex) wavelength of 480 nm and an emiss{em)wavelength of 590 nm. A
standard curve with known concentrations of DOX was used to evaluate its presence in the cell
lysate. Cellular DOX uptake is expressed as a cdratgonin micromoles per milligram of

protein for each cell line. Protein concentrations of the cell lysates were determined by the
bicinchoninic acid assay (BCA) colorimetric assay (Thermo Scientific, Waltham, MA, USA),
and bovine serum albumin from thsesay kit was used for the protein standard curve
determinationin vitro DOX uptakewas also evaluatedr different DOX formulations itMDA -
MB-231-luc-D3H2LN and MDA-MB-436 cellswith confocalfluorescence lasenicroscopy for
internalized free drugs dmanoparticles in one hour of treatmafiercells were plated onto

confocal dislkesat densities of approximateR00,000cellsper dish

To evaluate thedgp drug efflux expression with Western hItDA-MB-231-luc-D3H2LN

were cultured in flasks untieaching ~80% confluency. Cells were treated with saline, free
DOX, iRGD-DOX-PLN, and iRGBDOX-0HA-P L N ( [ D O X ImL%for24 hs Pratem
expression of Bp was evaluated by western blot. RelativgpRexpression level was quantified

by Image Labsoftar e and n eactmexpréesgiomd t o b

To evaluate thedgp drug efflux expression wittonfocalfluorescence lasenicroscopy, MDA -
MB-231-luc-D3H2LN cells were seeded in confocal dishes at 2.5%>célls per well overnight
for attachment. Cells were treated with saline, free DOX, iRREDX-PLN, and iRGBDOX-
OHA-PL N ( [ DOXmL%for® h. &ells veere then fixed with 4% paraformaldehyde,
permeated with 0.1% Triton X, and stained with Hoechs#33#fore being observeding a

confocal microscope.
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4.2.7 Western blotting for measuring DNA damage and repair biomarkers

The MDA-MB-231-luc-D3H2LN or MDA-MB-436 cells were cultured in tissue culture flask

until they reached ~80% confluency. After cells wieeated in different treatment groups for 4 h
or 24 h, cell extracts were obtained usiadioimmunoprecipitation assay (RIPA) lysis buffer
supplemented with protease and phosphatase inhibitors (Thermo Scientific, Waltham, MA,
USA). The extracted proteamounts were determined by the Pi&rcB.C.A. Protein Assay Kit
(Thermo Scientifi§, and protein samples were heated at ~95 °C for ~5 min before being
separated by electrophoresis in gradient polyacrylamide g&8%4 and transferred to
polyvinylidene diluoride (PVDF) membranes (BiBad, Hercules, CA, USA). Following 1 h
blocking with 5% bovine serum albumin (BSA), the PVDF membranes were incubated with the
primary antibody of interest or affitactin antibody (Abcam, Mississauga, ON, Canada) at 4 °C
overnight. Following washing, the membranes were incubated for 1 hour with secondary
antibodies before reacting with a lumidzdsed enhanced chemiluminescence horseradish
peroxidase substrate. The images were captured by ChefiBBtimaging System and

analyed by Image Lab Software (BRad, Hercules, CA, USA). The band intensities of the
protein bands of i nt acirebandintersityaepnesentechaslairadoe d t o
from the treated groups, and compared to sdfigeted groups.

4.2.8 IRGD-DOX-0HA PLN versus Olaparib in vitro

The MDA-MB-231-luc-D3H2LN or MDA-MB-436¢cellsweret r eat ed wi t h saline,
Olaparib, FreddOX or iRGD-DOX-0HA-PLN (2 mg/Lof DOX) and stained with arfPAR1

antibody to measurthe PARP-1 enzymatic activity. Western blstudies usingiDA-MB-231-

luc-D3H2LN, or MDA-MB-436 cells treated wittl apar i b (10 -DOM-bHA) , or i R
PLN (2 mg/L of DOX were incubatefbr 24 h andhenstained with antPD-L1 antibody and

anti-beta actin antibodyin another experiment, RDL staining was evaluated usiagconfocal

laser microscopwith the same treatment grougsa | i n e, 10 a2MiglLof@RGBpari b,
DOX-oHA PLN for 24 h and stained with arRD-L1.

4.2.9 Immunohistochemical staining of primary tumors
Treatment starte@ weeks aftecancer cellnoculation after tumorseached size 0200 mn.
The breast tumebearing mice were i.v. injected in the tail vein with the following treatments:

saline, free DOX (10 mg k@l DOX dose), free DOX + oHA (g kg1 DOX dose), iRGP
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DOX-PLN (10 mg kgl DOX dose) or iRGEDOX-0HA-PLN (10 mg kgl DOX dose). The

primary breast tumors were resected 24 h after treatment and fixed with 10% buffered formalin.
Breast tumors were sectioned and stained with humaiiR&&AMM, anti-RAD51, antiBRCA1
orantto H2 AX anti bodies. The tissue sectioning

Histology/Microscope Core Unit, Toronto, ON, Canada.

4.2.10 In Vivo efficacy and lung metastasis studies

When breast tumors reached ~200 a3 weeks after tumor cell injection, the breast tumor
bearing mice were treated by intravenous injection of the following preparations: 1) saline, 2)
two doses of IRGEDOX-oHA-PLN (10 mg kgl of DOX) one dose on day 0 and one dose on

day 14 over 28 days\8eeks after tumor inoculation, or 3) Olaparib (50 melLké i.p.

injections/week (Monday to Friday) for four weeladotal of 20 injections) The breast tumor

size was monitored weekly using calipers, and the following equationor size =

(width®xlength)/2 was used to evaluate tumor volume. The spontaneous metastases to the lungs
and lymph nodes were monitored weekly by detecting the tumor bioluminescence using a

Xenogen imagefCaliper Life Sciences, Hopkinton, MA, USAD minutes after Buciferin i.p.

injections (15mg/kg). At week 4, distal metastases were examined by resecting major organs for

bioluminescence imaging. Fresh lung weight was measured to compare the metastases burden
and lungs immediately fixed in 10% buffered formalin. The lungs werenally sectioned and
stained with hematoxylin and eosin (H&BEhe Campbell Family Institute for Breast Cancer
Research, Ontario Cancer Institute, University Health Netwdtg dark purple metastatic

nodules in the H&EStained lungs were quantifiegb a fimet astasi s area |
ratio of metastasis area to total lung area. The areas were analyzed using HikGe

analysis software (PerkinElmer, Waltham, MA, USA) for staining quantification.

4.2.11 Statistical analysis

All quantitative datare presented as mean * standard deviation (SD). Studest®ot onevay
analysis of variance (ANOVA) followed by Tukeys posthoc test was utilized to determine
statistical significance between two or more groups, respectively. All statistical tesdonere

in Software (Chicago, IL, USA). P values < 0.05 were considered significant.
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43 Resul t s

4.3.1 Nanoparticles synthesis and characterization
Thedifferentnanoparticlesveresynthesizedby the ultrasonication of microemulsion ituRnic
F-68 (PF68), anortionic surfactantas shown irig. 24B. The NPs wereneasured by dynamic
light scatteringechnology ana uniform size distribution at ~120B0 nm for both iIRGEpHA-
PLN and iRGDBDOX-oHA-PLN was revealedFig. S1A). The iRGDfunctionalized
nanoparticle were examined for their ability to bind to integrin receptors using @itro

binding assayA substantidly higherCy5 fluorescence was observed in wells treated with IRGD
NPs than those without the iRGi2ptide Fig. S1B). A fixed drugmass ratio ol/4 (DOX/oHA
in ug mLY) was choserwhich providedhe greatest drug combinatiogtotoxicity against
MDA-MB-436 TNBC cellcompared to differerdrugmass ratios of DOX/oHAHg. S1C).

The size, polydispersity index (PDI), apetapotential of the various PLN formulations

prepared and evaluated throughous thiorkare summarized iRig. S1D.

4.3.2 Synergistic oHA and DOX NPs efficacy and selectivity for TNBC

The sensitization of DOX by oHA was investigatedViBA-MB-231-luc-D3H2LN and BRCA
mutated MDAMB-436 cells by assessing cell viability after treatment with ¢éMA, DOX-
PLN, or DOX0HA-PLN. The doseesponse curves showed a lower fmaéximal inhibitory
concentration (IC50) value for DOXHA-PLN compared to free DOX in bothlcknes,
corresponding to approximately ~-idd efficacy enhancement of encapsulated DGHA
(Fig. 25 andFig. S2). The median effect plot and combination index (Cl) analysis were
calculated based on the deesponse curves of the tested formulationdiadicated a strong
synergism betweethe DOX and oHA combination that is further enhanced when the
combination is encapsulated in nanoparticles, with a CI belfmwftactionsof cellsaffectedin
the0.1i 0.9range fotMDA-MB-231-luc-D3H2LN and MDA-MB-436 cells Fig. 25A and B
bottom panels, anlig. S2 for free drugs)In addition, the crystal violet staining of cells shealv
a prominent growth inhibition in botdDA -MB-231-luc-D3H2LN and MDA-MB-436 cells
after 48 h treatment wittiRGD-DOX-oHA-PLN compared to free DOX and iRGDOX-PLN
(Fig. 3).
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Thedoseresponse curves 8MDA-MB-231-luc-D3H2LN and MDA-MB-436 treated with
olaparib for 24 hours highlightithe sensitivity of MDAMB-436 (BRCA mutant) te@laparibin
contrast to the BRA wild MDA -MB-231-luc-D3H2LN cells as shown in Fig.5Z. Olaparib
wasinvestigated further and compared to our developed #HRGIX-oHA-PLN in regulating
DNA damage repair and the immunosuppressive_R[Protein in BRCA1 wild and mutant
TNBC.

The MCF10A human mammary epithelial cell line@nmonlyusedas ann vitro model for
studyingnon-canceroudreast cell function and transformatitf’ All treatments containing
DOX had narrow comparable IC50 values with a slight increase in toxicity by the-IRGD
oHA-PLN, as shown by the dosesponse curve$ig.25D) andall IC50 valuesaresummarized
in Fig. 25E and table S1. The IRGDOX-0oHA-PLN IC50result shows that the ndamorigenic
MCF10A cells havan~ 4 fold higher IC50 than thdDA-MB-231-luc-D3H2LN and MDA-
MB-436 TNBC cell lines, which indicates the selectivity of iRGDX-oHA-PLN towards
TNBC cells lines [Fig. 25E). This selectivity mighté due to the poor expressiontoh
receptosandUv b 3 i inthe lGFLOAE*"°to be targeted by tHRGD-DOX-0HA-PLNSs.
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Figure25. The synergistic combination of DOX and oHA enhances cytotoxicity compared to
olaparib against BRCAvild type MDA -MB-231-luc-D3H2LN and BRCAmutated MDAMB -

436 cell lines. The dosesponse curve of cells viability (IC50 values shown by dotted lines) of
MDA-MB-231-luc-D3H2LN (A) and MDA-MB-436 (B) treated with oHA?LN, DOX-PLN, or
DOX-oHA-PLN (at a DOX/oHA mass ratio of4) for 24 hours (top plots). The middle plots are
the median effect plots (Log[fakfa)]), and the bottom plots are combination index (CI)
analyses. (C) Dosesponse curves MDA-MB-231-luc-D3H2LN and MDA-MB-436 cell

lines treated with olaparib for 24 (D) Doseresponse curve of the nomalignant breast
epithelial MCF10A cells treated with oHRLN, DOX-PLN, DOX-oHA-PLN, and iRGDBDOX-
oHA-PLN (at DOX:0HA ratio of 1:4) for 24. (E) Fold change comparisons of IC50 values of
MCF10A, MDA-MB-231-luc-D3H2LN and MDA-MB-436 after nanoparticles treatment. Data

are presented as mean + SD (n= 3). *p < 0.05. error bars standard error of the mean
101



4.3.3 The iRGD-functionalized PLN increase DOX intracellular uptake

Confocal laser scanning microsco@LSM) was used to detect the fluorescence signal of DOX
and oHACY5 after onenour incubation with free DOXHA, DOX-oHA-PLN and iRGDBDOX-
OHA-PLN in MDA-MB-231-luc-D3H2LN cells (fig. S4A) and MDAMVIB-436cells Fig. S3B).

The IRGDDOX-0HA-PLN treated cellshowed increased uptake of DOX and cBg5

compared to other treatments. The intense nuclear staining of DOX suggests that DOX was
successfully released from the NP in the cytoplasm. Spectrofluorometric analysis of cellular
uptake of different DOX formulans indicated the highest accumulation of DOX in cells treated
with iIRGD-DOX-0HA-PLN, followed by DOXoHA-PLN and then free DOXHA treated cells
(Fig. S4). Meanwhile, thexpression of the-Bp was significantly reduced iMDA-MB-231-
luc-D3H2LN cells treated for 24 h withRGD-DOX-0HA-PLNs compared to iRGIDOX-PLN

and free DOXFig. S4E) Similarly, the expression of RHAMM was significantly reduced

MDA -MB-231-luc-D3H2LN cellstreated withRGD-oHA-PLN compared to otherHA
formulations Fig. S5)

4.3.4 The iIRGD-DOX-0HA-PLN induces DNA damage and inhibits DNA
repair in vitro

For both cell lines, the formulations-tmaded with DOX and oHA and free DGQOHA

significantly reduced PARP1 expression compared to free DOX étagpe26A and B). The

order ofPARP1 downregulation was iRGDOX-0HA-PLN > DOX-0oHA-PLN > DOX-0HA >

DOX. The pattern of RAD50 and RAD51 downregulation followed the same trend as PARP1.
Correspondingly, formulatonsdooaded wi th DOX and oHA increas:i
comparedtofreedrg f or mul ati ons. The or detDO¥déHAOD H2 AX u
PLN > DOX-0HA-PLN > DOX-0HA > DOX (Fig. 26).
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Figure26. The effect of free or encapsulated drug combinations on DNA repair and damage
biomarker expression in vito . Expr essi onl RAD51ard RADSO iMPAA R P
MB-231-luc-D3H2LN cells (A) and MDAMB-436 cells (B) after a 4 h treatment with different
formulations (saline, iRGHPLN, FreeoHA, oHA-PLN, iRGD-oHA-PLN, FreeDOX, DOX-
oHA-PLN, and iRGBDOX-0oHA-PLN). The right panels represent the quantification of all the

bands i ntensiti-actinband. Dataareipresemted asanedn ik 8D ffom different
blots (n= 3). *p < 0.05.
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4.3.5 IRGD-DOX-0HA-PLN reduced DNA repair without increasing PD-L1
expression

Thef oci of RADS51 a-NMA-233-ItczdlXweie misudMizd using CLSM after
treatment with different formulations containing only oHA, or DOX, or a combination of both.
The oHA formulations demonstrated a reduction in the RAD51 foci, with an apptekrga

fold decrease in the percent area of stained foci in the {BG®PLN treatment group
compared to the saline grougid. 27A). Free DOX treatment, however, induced RAD51
expression, and there was-#o% decrease of protein expression by the iRGOX-oHA-PLN
treatment group comparé¢alfree DOX. Abouttwo foldof 0 H 2 Aedhancemertty iRGD-
DOX-oHA-PLN wasobservecdcompared to free DOMdicating a significanincreagd DNA
damagdFig. 27A). In differentWestern blot experiments, the two cell liné$viDA-MB-231-
luc-D3H2LN and MDA-MB-436 were treated with saline, olaparib, free DOX, and iRDX-
OoHA-PLN and stained for the same proteinedii2 AX, RADS51 and RADS50,
was a reduction in PARP1 expression in these blots by olaparib and IRIXEPoHA-PLN.
However, only the IRGEDOX-oHA-PLN reduced the RAD50 and RAD51 expresdigrover

50 % compared to olaparib and free DOX, as shown in2#.and C.Unlike the free DOX,
olaparib and iRGEDOX-0oHA PLN reduced thenzymatigoarylation activity olPARP1 as

shown by the faint parylatiechains(PAR) bands of th&Vestern blots in both cell linekig.

S6A and B).

Moreover, TNBC tumors are known to expr&$3L1; and PARP1 inhibitors such as olaparib
have been shown to increase-BDexpression, contributing to the anticancer
immunosuppressive TM#°Hence, the effect of iIRGIDOX-0HA-PLN on PDBL1 protein
expression was investigated in comgan to olaparib. Cells were treated either with the PLNs
or olaparib, and CLSM and immunoblotting were applied to determinklP&pression. The
confocal images of cell surface R expression results were consistent with the immunoblot
data as olapdritreatment induced RD1 expression as expected. In contrast, theLRD
expression was consideralgducel in the IRGDDOX-oHA-PLN treated TNBC cells,
evidenced by the red contrast of 2D staining in the CLSM images and the faint western blots
bandg(Fig. 27D and E).
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Figure27. IRGD-DOX-0HA-PLNs reduce DNA repair without inducing R expression. (A)
CLSM images of the nucleus BIDA-MB-231-luc-D3H2LN cells stained for RAD51 (green),
H2AX (red) and nucl eudvDA-NMB-28&I)ic-DaAHRINcetie r ge d | ma

treated with (sane, iRGD-PLN, F.oHA, oHAPLN, iRGD-oHA-PLN, F.DOX, F.DOXoHA,
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DOX-0HA-PLN, and iRGBDOX-0HA-PLN) for 4 h. Quantification of relative foci stains are

calcul ated based on area ratios of O9H2AX or R
The erro bars represent the mean of positive areas quantified with ImageJ). (B and C) Western
blotofo H2 AX, RADS5O0, RAD51 a MDA-MBARHUC-DIHZLNCedlss si on i |
and MDA-MB-436 cells treated for 4 h and their quantification. *p < 0.05. Data are pedssEn

mean x SD from different blots (n= 3). (D and E) CLSM images and Western blotlof PD

expression itMDA-MB-231-luc-D3H2LN and MDA-MB-436 cells treated for 24 h. (n = 3) *p

< 0.05. Cells were treated WwWOKbHALENs(2mgL! ol apa
of DOX). All quantification of ba-actinbandst ensi t i

and then normalized against their respective sdtesed groups.

4.3.6 IRGD-DOX-0HA-PLN prevents DNA repair and induces DNA damage

in vivo
Orthotopc humanMDA-MB-231-luc-D3H2LN and MDA-MB-436 breast cancer models were
used to investigate RHAMM mediated DNA damageivo in primary tumordarvested 24 h
posttreatment As examined by immunohistochemical (IHC), RHAMM expression was
significantly decreased in both breast tumor modeM DA -MB-231-luc-D3H2LN and MDA-
MB-436 in the following order: iRGIDOX-0HA-PLN (13.6 + 2.6%, and 6.8 + 2.4%) <
DOX+0HA (28.48 + 4.8%, anii3.2 + 4.78) < iIRGEDOX-PLN (65.0 + 3.56%, and 39.5 +
5.9%) < DOX (68.9 + 3.8%, and 50.2 + 2.1%) < saline treatments (80.7 + 3.25%, and 64.8 +
4.1%) €ig. 28). TheRHAMM reducedold change by iIRGEDOX-oHA-PLN vs. IRGDDOX-
PLN corresponds to ~4.8 and 9%n theMDA-MB-231-luc-D3H2LN and MDA-MB-436
models. The IHC confirmed thWestern blot results of RAD51 expression reducitotie
MDA -MB-231-luc-D3H2LN 1 and MDAMB-436 modeldy the IRGDDOX-0HA-PLN (4.3 +
2.7%,and6.4 = 3.8) that is induced by DOX4.8 + 3.6%, and 38.1 + 2.4) cesponding to
~10.4 and ~6.2 fold reductidfig. 26 and27) . Expression of 2-B@XAX incr
oHA-PLN from ~10% positive cells in the DOX groups to 48.99%IDA-MB-231-luc-
D3H2LN and 37.8 % in MDAMB-436 cancer dks. The expression of BRCAL in both tumor
models waslao assessed with IHC stainirigterestingly, the results revealed a substantial
reduction of BRCA1 expression only in animals treated with formulations containing oHA in the
MDA -MB-231-luc-D3H2LN tumor model at ~20% in DOX+0oHA and ~7% in the iIRGIDX-
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OoHA-PLN compared to ~40% in saline, DOX, and iRGDX-PLN groups Fig. 28A). BRCA1l
expression was not changed in the MD¥8-436 BRCAL mutant tumor model as these cancer

cells lack its expressioriQy. 28B).

7
N

=

Figure28. In vivotargeted delivery of synergistic DOX and oHA combination prevents DNA
repair and induces DNA damage in the hulkHDA -MB-231-luc-D3H2LN and MDA-MB-436
orthotopic breast cancer models. (A and B Top panels) Representative images of the IHC
staining of RHAMM\RAD51, BRCA 1, MRARMB-231-lugtR3NMAN and

MDA -MB-436 breast cancer model tumor sections, by the treatment with saline, free DOX,
IRGD-DOX-PLNSs, free DOX + oHA, or IRGEDOX-0HA-PLNSs. All treatments are formulated
at a DOX concentration of 10grkg?. Scale bar is 50 um. (A and B Bottom panels)
Quantification of the entire tissue sections stained with the antibodies as specified in the top

panels. The data are presented as mean + SD *p < 0.05.
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