Leveraging Tumor-Associated Macrophages for AntiCancer Immunotherapy

Using Injectable Biomaterials
By
Evan ByceGlass

Dissertation
Submitted to the Faculty of the
Graduate School of Vanderbilt University
in partial fulfilment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
in
Biomedical Engineering
January3l, 202

Nashville, Tennessee

Approved:

Todd D. Giorgio, PhDChair
BarbaraFingleton, PhD
Young J. Kim, MD, PhD

Marjan Rafat, PhD
John T. Wilson, PhD

Fiona E. Yull, D.Phil.



Copyright © 2021 Evan Bryce Glass
All Rights Reserved



This work is dedicated to the friends and family who reygported me on this journey.



ACKNOWLEDGMENTS

The process of earning a PhD is never an individual effort, it takes an entire team to
accomplishFirst and foremost, | would like todahk my primary advisor and mentor, Dr. Todd
Giorgio, for all hisguidanceover the past 5+ yeardis support of my work has driven e
push through every Thedelemrtless positiyity and enérgy that heebrofightc e d .
to every meeting inBred me and kept me from falling into the bottomless pit of despair often
associated with PhDs. Thank you for always motivating me to keep ledrmaingld also like to
thank Dr. Fiona Yull for her constant support and positivitthe face of many faed
nanoparticles experimerdasd Dr. Young Kim for his guidance as we developed a bnaad
project from the groundp. | would also like to thank the other members of my committee, Dr.
John Wilson, Dr. Barbara Fingleton, and Dr. Marjan Rafat for theimnerendations and
support as | continued to develop these projéctsn my labmates, | would like to thank
Sydney Henriques for her assistance witkivo studies and former lab members Dr. Shirin
Masjedi and Dr. Stephanie Dudzinski who both played pivates in early biological
experiments with the nanoparticle studieslso want to recognize current members Dr.
Charleson Bell, Marsalas Whitaker, Fan Xue, and Sevrina Tekle as well as former members Dr.
Andrew Cook and Mary Dockerywould especialjl like to recognize the contributions of
former lab members Dr. Christopher Haycook and Abigail Manning. Chris started at the same
time as me 5.5 years ago and we shared the trials of writing our first (and second and third) grant
applications together,mai gat i ng graduate cl| assandfinallear ni ng
defending our PhDs in the midstaf pande mi c. I t6s been an honor
this struggle together. | also want to recognize all the work Abby contributed as an

undergraduate researcher. Joining our lab as a sophomore, she had no prior lab experience but



spent 2.5 yeangatiently learning from and helping me as we started a lmandproject

together. The cryogel project never would have progrisss far without her helg=rom the

lab of Dr. Craig Duvall, | would like to thank former member Dr. Meredith Jackson foerll
training early on, | learned so much about all the polymer chemistry from her. | would also like
to recognize Isom Kelly, Dr. Bryan Dollinger, Dr. Sean BedingfiBld,Mukesh Gupta, Dr.

Fang Yu,Shrusti Patel, and Carli DeJulius whose friendshipcamdaraderie have made

working in a shared lab space a great experidraiso want to recognize current and former
members from the lab of Dr. Fiona Yull: Alyssa Hoover, Whitney Harris, Dominique Parker, and
Dr. Andrew Wilson for their assistance and agvi-rom my cohort, | would especially like to
recognize Ethan Joll who was the first friend | made when starting graduate school as we sat
together on the first day of TA orientation. We struggled through one of the hardest classes
together and althoughev di dnét see much of each other wher
remained a steadfast friend and suppo/ed finally, from my firstyear TA office, | want to
acknowledge the group of friends that have been there for me the whole time: John Mendoza,
Sigi Schlunk, Kuniko Hunter, Dr. Chris Haycook, and Dr. Katie Ozgun. From sharing office
space our first year to many board game nights (bepieiison and virtual), this group helped me

keep my sanity.

Most importantly, | want to thank all of my suppeng from outside of the lab. First, |
want to thank my parents, Dana GHattie and Rick Glass, for their constant love and support
as | oscillated between stubbornly overworking myself and threatening to drop out. They both
always knew whattosaytdlt my spirits and remind me that
for me, and they were of course right. | would also like to thank my stepdad, Brad Mattie, and

my stepmomMona Glasswho alsosupported me and provided positive words whenever |



neededthem. especially want to thank my brother, C
not often that siblings move farther away from each other physically only to become closer
friends, but thatdés what happenedadwatiohtb us. Ov
visiting him in Alaska and then movingcressount ry in 3 days, wedve ha
will be cherished memories forever. | also want to thank my oldest friend Greg Pawel who has
supported me from afar as he also navigates the patRih® and has helped relieve stress with

many nights of gamind.thank all of my extended family for their support, but most importantly

| thank my grandparents Ken and Flo Franz. Flo (Grams) was always my biggest cheerleader

through everything | did, @hshe taught me the value of relentless positivity through everything.

|l miss you all the time Grams, and | know you
finish this journey. And finally, last but absolutely not least, | want to recognize amklrtha
incrediblepartner, the other half of the dynamic ddennady Bullock. Kennady and | met

through the trials of grad school and have gone through incredibly difficult times together, from

|l ab changes to navigating alrvwaay ss chhaod | e a cnh ao tphae
Her constant support has provided me with so much motivation to keep goitig, ¢ a n 6 t

i magine the | ast f e beeryngyaartserinvdrirhelthmough sohmeichand¥ o u 6 v
candét wait to seeemhanedselnextt iatr udve Tmetevan

grad school, thank you as well for making this a truly unforgettable experience.

Vi



TABLE OF CONTENTS

Page
[ =3 1 AN I [ PO ili
ACKNOWLEDGMENTS . ..ottt en e s ennnnnes \Y
LIST OF TABLES.. ...t IX
LIST OF FIGURES...... .ottt ieeeeeer et e e e e e e e e e emnseeeeeeaeeeeeeaaaaaaaeaessmmmnaaaaaeeaaeens X
l. F gL goTo 18 ox1 o] o FAA PSP PP PP PPP R TPPPPPPPR 1
1.1Prevalence of Breast and Ovarian CancCer..............oovvveviimeereeeeeeeeeeeeeeenenennnns 1.
1.2 LowRespons&atesn Current Immunotherapies........ccccceeveeeeieeccceeicccieeennn. 2
1.3The Role of TumoAssociated Macrophagesd Potential for Novel
IMMUNONEIAPIES.......cciieieeeeee e et e e e e e e e e e aan 3
1.4 Techniques for Repolarizing TAMs to a finlammatory Phenotype............. 5
1.5Injectable Biomaterials for Localized Drug Delivery...........cccceeeeiiiiieccinnnnnns 7
1.6 Polymeric Nanoparticles for Tailored Targeting............ccccuvvvvviieeeniininnnnnnne. 9
1.7 Macroporous Cryogels as Localized Repolarization Depots...................... 11
SPECITIC AIMIS ...ttt e e 13
Il. Optimizing Mannose fACI iNakoparti€les foij Targeted
SIRNA Delivery to Human and Murine Macrophages.............oooeveiieeeneeeenene 16
pZ Y o111 - T PP 17
P28 | 11 0T ¥ Tox 1 o o U 17
2.3 Materials and FEhOAS..........cccuviiiiiiiiiiieeee e 20
2.4ReSUltSANd DISCUSSION.......cccviieiiiiiiiiiiiimmme e e e et e eeeee e e e e es 27
2.5CONCIUSIOM. .....coiiiieieeee et r ettt e e e e e e e e seeseeeeees 42
2.6 Supplemental Materials & Methods.............cccccoiiimniicciiiiieeee e A4
2.7Supplemental FIQUIES...........cooiiiiiiiiieeee e 47
Il Stimulating TAM-Mediated AntiTumor Immunity with Mannos®ecorated

Nanoparticles in Ovarian CanCEN.........cuuuueieiiiiiiiice e 57
LG T I A o 1= 1 = Vo A PR 58
G2 == Tod (o | (o 10| o FR PP PPPPPURR 59
3.3 Materials anNMIEtNOAS. .......oee et 63
BB R ESUIS. ..ot 73
R J BT E=Y o U F=1=] (0] T 85

Vil

n



BB CONCIUSIOIB. ....utviiiiiiiiieiie ettt mmne e b e ae e e nnee 93
3.7 Supplemtal FIQUIES........uuiiiiiiiiieeie e 95

V. Injectable Alginate Cryogels as Localized Repolarization Depots for Fumor

Associated MaCrOPNAJES.......uuuuiiieei e rree e e e e e e e eeeeeaeeees 112
A L ADSIIACT ... e e e ————— 113
ViR 11 {0 Yo 11 [« (o] o U TPTRRRR 113
4. 3RESUITSANT DISCUSSION .. e e eee e e e e aenas 118
A CONCIUSIONS. ..o e ettt e e aaemeeaes 135
4.5 Materials and MeEthOAS ... .. ov e e, 136
4.6 Supplemental FIQUIES...........uuuriieiii i e e e e e e e emnnnsn e e e e e e eaeaes 146
V. Summary, Impacts, and OUHIOQK..............ooviiiiiiiiieer e 158
5.1 Chapter Summaries and IMpPacCt...........ccoovvviiiiiieenre e 158
LS o] (0] o 11 o 13 PSSO 164
5.3 Future Work and Potential ApplicatiQnS...........ccooevviiiiiiccceeieeee 171
DA CONCIUSIOD. ....eeee e e e 174
5.5 RESEAIrCh CONIDULIONS. . .. i e 175
R T EI N CES. .. e e e e e e et e e e e e e 177

viii



LIST OF TABLES

Tables
Table 2.51 RIPCRPIMEN SEQUENCES .....cciiieeieeeeeeeeeieeiimmme e e e e e e e e e e eeeneeennees 51

Table 2.S2 Characterization of Polyplex Diameter, Homogeneity, and Surface Charge.52
Table 3.S1 Oligonucleotide sequences used for MNNP loading..........cccooovvveeeeiinninnnnnn. a5

Table 3.S2 gRIPCR Primer SEQUENCES ........ccvveeeieeiiiitiimmmeeeeeeeeeeeeeennnnnn s smeessssnnnnnnns 106



LIST OF FIGURES

Figures Page
1.1 Macrophage phenotype SPECIIUML........coiii it 3.
1.2 PEGDB SITUCIUIE......cciiiiiiiiiiii it iress e reee s e e e e e aaaees 9
2.1 FTIR characterization of mannose CONJUQALION...........uurrrrieiiieaeritiiiieee e e ee e e e e e e e e 29
2.2 Polyplex diameter and zeta potential...............uuueiiiieeeiiiiiiiiiiiiieeeee e 33
2.3 Macrophage viability with polyplexes and copper.salt..............coovvveeeeeiiiieiieiiiiiin, 34
2.4 Polyplex uptakenihuman and murine macrophages...............eeeevveiieeeiiviiiieeeiiieieeeeeenn 39

2.5 Change in BMDM RNA expr ess.i.o.n..af.t.ed0

2.6 BMDM repolarization evaluated by changes in protein levels...............ccccoeeee 41
31NFa B act i v a ttieatad palanzedNNGBINIDMS ............oovvvviiiiiieesieecrvvinnnn L4
3.2 MnNP biodistribution ifD8 tumor MOdel...............uuviiiiiiiiiiceiiie e 76
3.3 Endpoint analysis of ID8 tumors treated with therapeutic MNNPS.................ovvieeee... 78
3.4 Biodistribution of biweekly MNNP treatment in TBR5 madel............cccooovvveeeeennn, 80
3.5 Endpoint analysis of biweekly MNNP treatment in TBR5 model................oovvieeee. 82
3.6 Increased therapeubenefit in extended MnNP treatment model..............cccovviiieeee. 84
4.1 Maintenance of gel structure after INJECLION.............ccovviiiiiccciiie e 118
4.2 Measuring hydrated Cryogel POTrOSILY..........uuuuruiiiiiiiiieeriiiiiiiieieeee e 120

treat



4.3 Release kinetics of loaded DIOMOIECUIES. ..o 122

4.4 Fluorescent imaging of ILduced chemoattraction.............cccccooeviiiieccieiieee, 124
4.5 Evalation of BMDM repolarization after treatment with ILC Gels................ccevveeeen. 126
4.6 Repolarizing TAMs with loaded CryogelS.........ccooooeiiiiiiiiieeeie e 128
4.7 Stimulating inflammation in primary tumor explants..............cccccviimmmrneneeie 130

4.8 ILC Gel treatment significantly suppresses tumor progression and alters immuoositiom

Xi



Chapter 1
Introduction
1.1 Prevalence of Breast and Ovarian Cancer

Breast cancer is the most diagnosed type of candbe United States and just last year
became the most diagnosed type of cancer worldwide, passing lung ‘cafieerstandard
treatment of surgery combined with chemotherapy or radiation has proven effective in removing
primary tumors but is often associated with local or distant recurrences. W ioheetiadi
mortality rate of breast cancer is low compared to athecer type$90% 5year survival rate)
development ofmetastases drops the survival rate to 29%l@ral recurrence increases the
mortality rate 2to 3-fold.?3 Additionally, these numbers are worsened when considering triple
negative breastancer (TNBC), which has a higher incidence of relapse and Higath.
comparisonalthoughovarian cancer is not as commonly diagnosed, it does represent one of the
lowest survival ratem cancer patientwith only 49.1% of patients surviving 5 years after
diagnosis’ This low survival rate is gdominantly due to the late stage at which ovarian cancer
is diagnosed. For epithelial ovarian cancer (EOC), which accounts for 90% of all ovarian cancer
cases, 60% of diagnoses are made at Stage Il or IV, which reflects the aggressive nature of this
disease? Similar to breast cancer, the primary standard of care remains surgery followed by
platinum or taxanebased chemotherapies. This treatment is effective in over 70% of patients,
but only half of these patients still exhibit ndatectable levels of canceells 5 months after
treatment, and imany ofthose patients a small number of chemotheragistant cells can
remain dormant for months before proliferating exponentfdlly.address the challenges
associated with development of metastases anespog#y recurrence, antumor

immunotherapies provide a hopeful avenue forward.
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1.2Low ResponseRatesin Current Immunotherapies

Immunotherapies for cancer treatmenidseen tremendous progress over the last
decade, culminating in the first FB#pproved immunotherapy faiNBC.” The rise of
i mmunot herapies, which | everage thw@wmmggati ent s
responses, provides new therapeutic approaches to treating primary tumors and metastatic lesions
simultaneously while also preventing recurrence. By training the imsystem to recognize
the cancer cells as diseased cells, the development of a systemic immune response along with
immunological memory can address these two overarching challenges associated with most
cancer typeslThe two most common immunotherapies cultyeim development, immune
checkpoint blockades (ICBs) and chimeric antigen receptor (CAR) T cells, both primarily target
the tumorinfiltrating lymphocyte(TIL) populations and areecoming increasingly common
therapiedor treating cancef.!° However,a large fraction of patients remain unresgive to
these treatmentgspecially in the context of solid tumats3 In particular, TNBC patients
treated with ICB monotherapies of pembrolizumab (B1) or atezolizumalkanti-PD-L1)
only had overall response rates (ORRS) of 23% and 10%, respeéfigatyilarly, clinical trials
examining the treatment of EOC patients with nivolumab or pembrolizumab resulted in ORRs of
15% and 8%, respectivety One of the primary challenges with effectively treating solid tumors
is overcoming the immunosuppressive tumor microenvironment (TMEhitimders T cell
infiltration.'®1By priming the TME for a pranflammatory, anttumor immune resptse, more
effective immunotherapies can be developed and even used in combination with curreot ICBs
raise the efficacy of these treatmenite explore this paradigm, the next wave of

immunotherapies should target the most abundant immune cetishtumors: macrophag¥&s.
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1.3The Role of Tumor-Associated Macrophagesnd Potential for Novel Immunotherapies

While adaptive immune cell populations in tumors, such as TILs, carsiganficantly
from patient to patieninnate immune cells, and particularly turamsociated macrophages
(TAMs), are far more prevalent in most types of cancer, including breast and dvafian.
Macrophagesn generalexist on a spectrum of phenotypes and exhibit a range of funclioes.
t wo extremes of this spectrum araetivaetipren r ef er
i nfl ammatory phenotype -aativated imvuh@regulating phehpgy al t er
(Figure 1.1).22 TAMs comprise both phenotypes tare primarilyM2-like.?* These TAMsare
immunosuppressive and function to promote tumor progression while suppressingnanti
immune responsesligh levels of TAMs lead to worggrognosis and reduced survival in
patients??2526Additionally, TAMs establish the immunosuppressive TME that prevents other
therapies, like ICBs, from being effecti¥e?® The prominence of TAMandtheir role in
promotingtumor progression and severityakes thena key target for the development of novel

immunotherapies.

Alternative Classical
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l !
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Function: -
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Promote angiogenesis Suppress tumor growth
Induce Th1 response

Figure 1.1: Diagram depicting spectrum of macrophage phenotypes with the two extremes (M1 and M2) sh
Figure adapted from ref. 23.



Early TAM-based therapies focused on preventing macrophage recruitment to the
tumor.2%3° Additionally, sveral groups have examined the effectatdfiting tumowesident
macrophage® alleviate their immunogypressive function” 2 While both of these treatments
led to reduction in tumor growth and, in the case of ablating TAMs, suppressed metastasis, a
more robust tr@tment technique involves repolarizing the TAMs towards the M1 phenotype to
induce an artiumor immune responsAbrogating TAMs functions to halt tumor progression,
but also removes a potential key contributor to developing immunological memory totpreven
recurrenceln this way, the macrophages can be leveraged to assist in ttiemaotiimmune
response as well as produce immunological memory. Macrophages are one of the drivers of
immune memory development due to their function as anpigesenting cés (APCs)>* Along
with dendritic cells, macrophages can endocytose foreign or diseased cells, process them to
antigens, and then presehbseantigens to T cells to produce an adaptive immune response.
Furthermore, recent work has also demonstrated the ability of macesptwaigduce innate
immune memory, a function previously thought to be exclusive to the adaptive immune
system®>36 By reprogramming TAMSs to take part in the atutinor immune response, more
robust, longterm therapiesnaybe developed.

Along with the benefits of developinmmmunologicalmemory, M1 macrophages directly
induce antitumor effectsAlthough previous researdtientifiedlarge TAM populations alseing
detrimental to patient outcomes, recent work has demonstrated that the ratio of-hk&/M2
TAMs is an improved prognosticator of both tumor severity and potential for immunotherapy
responsivenes¥.In fact, evaluation of the M1/MEke populations of TAMs in both breast and
ovarian cancer revealed that patients with high M1/M2 ratios had more favorable tumor immune

microenvironments and extended survit?a¥ Increasing the Mdike TAM population also



increassthe prevalence of inflammatory cues in the TME, which can subsequently induce
tumormediated killing of cancer cells algnvith recruiting CD8+ T cells into the tumor.
Increased inflammation in the TME has been shtwimea crucial factor for improving the
therapeutic efficacy of anBD-L1 therapies, indicating that priming the TME by repolarizing
TAMs also has the poteatifor use in combination therapies with I¢BTherefore, there is
substantial potential for immunotherapies thageaand repolarize Mitke TAMs towards the
M1 phenotype in the treatment of both breast and ovarian cancer.
1.4Techniques for Repolarizing TAMs to a Prelnflammatory Phenotype

The unique trait of phenotypic plasticity displayed by macrophages is attributed to the
various internal signaling pathways that change depending on whieigraling molecules
(i.e. cytokines) are presefito effectively alter TAM function, therapiesi be developed to
target these pathways in multiple wag@se of the primarynechanismslriving macrophage
phenotype is the nuclear factoappaB (NFe B) p aGahoniealNFo Hs activated by
inflammatory cytokines or pattern recognition receptors (9RIRd stimulates M1
polarization*! The activation of canonical N& Bs key to pushing macrophages towards an
inflammatory phenotype capable of producing inflammatory cytokines and driving a Thl
responsé? To activate this pathway, twgenerakechniquesan be considere#tnocking down
the inhibitors of the pathway or delivering the signals which activate the pathway.

Inflammation is a controlled response primarily driyrthe innate immune systesnd
is the body6s fightingimfactions Hbveeteg this respdnse must be tightly
controlled tdimit chronic inflammation, which overrides the homeostatic conditions of healthy
tissue and can cause letegm danage and even development of other dise&Sdsiny

biological safeguards are in place to prevent chronic inflammation and restore homeostasis, and



for macrophages in particular, the inflammatory response is sgkdlve to production of
inhibitors to inflammatory signaling pathways that are produced in response to inflammatory
cues. The NF Bpathway hagive inhibitorsthat comprise thés Bamily with | & Bding the
major regulator of canonical N& B"*4Previous workby the Yull and Giorgio labs
demonstrated that knockdownlofs EB:Xpressiomesults inactivaion of canonical NFe Band

M1 polarizatior*® To directly target and knockdowna Bridduction RNA interference (RNAI)
was implemented.

RNAI is a widely studied techniqubat isuseful for preventing mRNA translation into
proteins as reviewed by Sen and Bl#iSpecifically,small interfering RNAs (siRNASs) are ideal
for RNAI therapies due to their short length {28 base pairs) as well as their ability to be
tailored for specific MRNAequence$’ The primary drawbackwith siRNA-based therapies
include thelimited ability of small oligonucleotides to cross cell membranésthe cytoplasm
where they are functionahd their rapid clearance from circulation when freely administé€red.
Furthermore, because widespread inflammatam ¢oncern ithe canonical NFe Bs
systemically activated, there is a clear need for targeted detifery RNA agai nst | aBU
specifically to TAMs.For these reasons, a carrier designed to load and deliver siRNA to the
cytoplasm ofTAMs is crucial.

Alternative to knocking down inhibitors of N& BM1 polarization camlsobe induced
via direct stimulation with inflammatory cytokindaflammatory cytokinessuch as interferons
(IFNs) and tumor necrosis factors (TNAsjomote M1 polarization and lead to more
inflammation?® However systemic administration of free cytokines can caus¢anffet
inflammation and widespread toxicitySimilar to siRNA delivery, treatment with inflammatory

cues relies on development of a delivery modality to localize treatment to trexldesation.



1.5Injectable Biomaterials for Localized Drug Delivery

To achieve localized macrophage activation preventwidespread inflammation,
targetedocalizedtherapeutics are needdatug delivery is an important area of research in the
field of biomedical engineering, with applications in treating a variety of diseases including
cancer?, heart diseasg autoimmune diseasgsand othersTo induce a specific therapeutic
effect, the delivery vehicle can be as important as the therapeutic laget context of cancer
therapy polymeric nanoparticles (NPs) provide a highly tailorable sysisirhave been
reviewedextensively for their ability to target and treat a variety of caréé&rd he versatility of
polymericNPsallows forthedesignofi s mar t 6 mat eri al s tagswealasduce s
decoraibn to create a targeted delivery systérarthermore, polymeric nanocarriers can be
derived from natural polymers such as chitosan, gelatin, alginate, or aloumin to allow for lower
immunogenicity?® %8 Conversely, synthetic polymeric NPs allow for higher degrees of
modification.For example, the copolymer poly(lactio-glycolic acid) (PLGA) is a well
studied, FDAapproved polymer that can be tailored for different rates of biodegradation (as
determined by the ratio of lactic acid to glycolic acid) as well as decorated with targeting
moieties by including different aetive groups on the end of the PLGA chain such as azides,
maleimides, or sulfhydryl® Similarly, poly(ethylene glydd (PEG) is another commonly used
polymer for nanocarrier delivery due to its ability to incraasavo circulation time, reduce
immunogenicity, and prevent protein adsorpfidft The primary benefits of using a nacale
system, especially in regards to macrophage delivery, is that spherical NPs with a diameter in the
range of 106150 nm have beeshown to promote clathAmediated endocytosis in macrophages
andaresmall enough to take advantage of exiting the bloodstream due to peakly

assembled tumarasculature associated with tum&#$> However, further functionality in the



polymer design is needed since endocytosis tlipitsads to degradation of the particles when
the late endosome binds with a lysosome to form an endolys&8&mehermore, siRNA
functions in the cytoplasso designing a polymer that can induce endosomal escape is crucial.

For our applications, we have developed a unique polymer specifically designed with the
application of siRNAloading and endosomal escapenind. The Giorgio and Duvall labs have
extensively studied diblock copolymer system specifically designed to load small
oligonucleotides and deliver them to the cytoplasm of EeffsFurthermore, prior resech in
the Giorgio lab has demonstrated the ability to label a triblock copolymer with a small molecule
targeting moiety to target macropha§®&The combination of these systems has the potential
for robust targeted siRNA delivery to TAMSs.

In contrast tananocarrier delivery systems, hydrogels are also a popular pehased
delivery system used in many applicatiomsllow for more localized, sustained releafe
bioactive cargoHydrogels consist of crosslinked polymers that form a hydrophilic scadfuéd
to absordargevolumes of watef! Hydrogelscan also be&esignedor different applications,
including creating cationic vs anionic gétstailor sustained release of cargo and create
temperatureor pH-responsive material$.Recently, injectable hydrogels have gained traction to
translate drugoaded scaffoldto internal treatments as opposedrteir previous use iaurface
level, woundhealing applicationsnlparticular, mjectable hydrogels to treat cancevélbecome
popular with scaffoldbeingloaded with immune checkpoint blockades to sustainRIDtL
releasé, proton scavengers to modulate acidity in the TiEeoantigens to stimulate an
adaptive immune resporiSeamong others reviewed by Leach, ef®&or macrophagspecific
immune modulation, wilentified a macroporoys i t algingté avyogel first developed by

the Mooney lab at Harvard which could be modified for our applicafiofi3.he tough,



injectablecryogels allow for localized delivery of the dri@pded scaffold which can have
several benefits over the systemic administration of nanolesttic
1.6 Polymeric Nanopatrticles for Tailored Targeting

To deliver siRNA therapies to Mikke TAMs, this work has continued the development
of prior polymeric NP systems to optimize both the reactive chemistry and the siRNA delivery to
TAMSs. This polymer system comprises a poly(ethylene glycol) (PEG) ca@matha diblock
copolymer core, whicprovides dual functionality to encapsulate siRNA amduce endosomal
escape. The diblock core consists of equal numbers of repeating units of dimethylaminoethyl
methacrylate (DMAEMA) and butyl methacrylate (BMA) to form RPBGDMAEMA -co-BMA)
(PEGDB) Figure 1.2. The tertiary amine present on the DMAEMb¢k becomes protonated
at low pH, forming a net positive charge that electrostatically interacts with the anionic
phosphate groups on the oligonucleotide backbone. Once restored to physiologic pH (~7.4), the
hydrophobic BMA group drives micellar assembityyming a hanoscale polymeric complex
(polyplex) with siRNA encapsulated in the core. Dipgimizedmolecular weight and balance of
the number of repeating units for each monomer has been previepstyed®’ 68

PEGDB

Figure 1.2: Schematic diagram of PEGDB polyr
consisting o6 kDa PEG chain with diblock
copolymer core consisting of ~75 repeating unit
each of DMAEMA and BMA.

AN
N (DMAEMA-co-BMA) g

The second function of this NP system is the endosomal escape. Once endocytosed, the

low pH induced by the endosomepmtonates the amines on the DMAEMA block, causing the



micelle to break apart. The hydrophobic BMA then inserts into and disrupts thsoemal
membrane, subsequently releasing the siRNA cargo into the cytoplasm where it can bind the
target mMRNA. The endosomal escape mechanism of the PEGDB polymer has been previously
characterized® The final component of the polymeric NP system is corona decoration for
macrophage targeting. Macrophage delivery, specificalliM2TAMSs, can beachieved by
targeting the CD206 macrophage mannose receptor, which is upregulated on M2 macrophages
and inmunosuppressive TAMS.Our lab has previously shown the ability to target unpolarized
macrophagem vitro using a mannosedecorated triblock copolymer, demonstrating the
feasibility of this approach®’° However, the mannose decoration has not yet been translated to
the diblock copolymer system, which simplifies the reaction conditions for fabrication and is
more reproducilyl synthesizedhan the triblock.

Mannose functionalization was achieved tia coppeicatalyzed, azidalkyne
cycloaddition (CUAAC) ol ri crigaction. CUAAC chemistry is a highly efficient reaction that
occurs in simple reaction conditions (room temperature in W&t#This reaction is achieved
by using an azidéabelled PEGDB (AzPEGDB) in conjunction with an alkyeactionalized
mannose (Mralkyne)to form mannos€®EGDB (MnPEGDB)BY using the efficient CUAAC
reaction to functionalize AzPEGDB, this system allows &myetranslatability for future
applications. To target siRNA delivery to other cell types, the only change needed is to alter the
small molecule functionalized with alkynesbeféck i c k 06 conj ugati on

While the mannosylatedP (MNNP) systenms designed tdunctionfollowing
intravenousI{) administration our specific applications involved treating ovarian tumors via
intraperitoneal (IP) injections. By treating MnNPs via IP injections, the nanoparticles are

localizednearthe tumor andn theascites flud, limiting the potential fooff-target delivery
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conseqguences that are common following IV administration of similar materials. Ascites is the
fluid build-up in the peritoneal cavity associated with ovarian cancer development. Furthermore,
IV delivery isoften associated with increased dosing to achieve a therapeutic dose at the target
site as well as susceptibility to rapid clearance through the spleen, liver, and Ricfigys

localized IP injection of MNNPs increases our therapeutic dosing and provides the highest
probability for delivering siRNA payloads to TAMs and immunosuppressive macrophages in the
ascites.

1.7 Macroporous Cryogels as Localized Repolariz#gon Depots

While NPsallow for systemiadelivery to treatliseasesalternative biomaterial
approaches can be used for dilectlizedtreatment. Hydrogels can be designed to withstand
shear stresses and thus be injected through syringes.ddedenty crosslinkedat below
freezing conditions in a process called cryog
characteristics of hydrogels with an added benefit of developing macrgporeswith
diameters> 7 5 ) duerno ice crystal formation during the gelation procéle alginate
cryogels developed by the Mooney lab have the added benefit of undergoing secondary ionic
crosslinking after the initial <c¢cryogelati on,
withstanding injection through a syringéThis combination creates a scaffold which can be

directly injected to the desired site for treatment of disease.

Alginate is a naturallpccurringpolysaccharide and is nammunogenic, biocompatible,
and biodegradabf.Furthermore, algiate can be modified to adjust properties such as stiffness,
swelling, degradation rate, cell adhesion, and release of biomol&t#iesr our applications,
sodium alginate can be methacrylated which allows for subsequent covalent crosslinking at

20°Ctoform stablegel€To form Atougho gels, the unreact e
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ionically crosslinking by adding divalent cations, in this cas&,@afurther crosslink the gelS.

The hybrid combination of covalent and ionic crosslinking in hydrogels increases elasticity and
stretchability due to the ndergoigshearistoessésthe bonds
ionic crosslinks can then reformamthe stress is removed, while the covalent bonds, which

cannot reform after breaking, remain intéfcthis interactionc e at es t he fAtougho
can be directly injected through a syringe for localized delivery. Here, we examine using this

system for localized TAM repolarization via peritumoral injection in mammary tumors.

Another benefit of the cryogel system is the simple loatieghanisnio deliver
therapies. Biomolecules, especially cytokines and chemokines, can be loaded into the scaffold by
mixing with the precursor alginate solution before the cryogelation’ $t&m particular,
inflammatory cytokines, which can be toxic when delivered systemically, can be loaded into the
cryogel and delivered directly site of diseaseNhen celoaded with macrophaggpecific
chemokines, this systenata as a local depot for attracting and repolarizing TAMs. The
macroporous structure created by the cryogelation process allows TAMs to infiltrate into the gel
and the biodegradability allows for the macrophages to disperse after exposure to the
inflammatay cues. To treat breast cancer, we chose the inflammatory cytokines interferon
gamma (IFNo ) and 12 @iLe2) hnd coknbined them with the chemokin€ @notif
ligand 2 (CCL2) which specifically attracts macrophatjékhis cryogel loaded with IFf , - | L
12, and CCL2 (termed ILC) was compared with an empty gel (EG) treatment to evaluate effects
on macrophage polarizatiam vitro as well as artiumor effects when injected into mice with

polyoma (PyMT) mammary tumors.
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Specific Aims

The concept of developing cancer immunotherapies using TAMs is not novel in itself, but
most TAM-based therapies have focused on preventing macrophage recruitment to the tumor or
ablating the TAMpopulation in the TME! 33 Other therapies have been developed more
recently, and are summarized in a review by Duan andiTibese therapies predominantly
comprise ablation of TAMs, inhibiting recruitment, or preventing tupromoting functions
such as blocking angiogenesis and immunosuppre€sitmyever a more promising and robust
response is hypothesized if the TAMs are repolarized and leveraged as part oftilna@mnti
immune respores While some groups have shown positive therapeutic outcomes by repolarizing
TAMs for antitumor effects, there have been drawbacks with the current meifwedsecent
examples involvethe use ofipid nanoparticle$LNPs)to deliver sSiRNA to TAMs in a
xenografthumantumor in mousenodel and polymeric nanoparticles loaded with mRNA
encoding Interferon Regulatory Factor 5 (IRFd&)ovarian cancetreatment in anouse
model®?8 Shobaki, et aldemonstrated tumor regressimtiowing siRNA delivery to
knockdown signal transducer and activator of transcription 3 (STAT3) and hypoxia inducible
factor Ldpha(HIF1 U) , but t he | V i n jtagettaccamulatibnendthet o si gn
livers and spleerf§.Zhang, et. al., attempted to limit the-tdirget delivery by delivering via
intraperitoneal (IP) injection to treat ovarian cancer, but there was still significaht IRF
activation in the spleerfé.Convesely, a recent study by Chen, et al. demonstrated tumor
regression after posiperative treatment with a sprayable gel loaded with@D#7 antibodies
to activate Milike macrophage¥. This technique, however, required surgical removal of the
tumor toallow direct sprayof the gel into the tumor resection sife address #conceris

associatd with offtarget delivery of nanoparticles and the invasiveness of current hydrogel
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based therapiesve developedwo separate biomaterials systems to use in the treatment of
ovarian cancer (nanoparticles) and breast cancer (cryogdls) can be locafl injected These
systems informed the overall goals for this dissertation, which are 1) to optimize the reactive
chemistry to label diblock copolymer nanoparticles with mannose for targeted macrophage
delivery of sSiRNA, 2) to evaluate the abilitysgRNAloaded MnNPs to alter immune cell
composition in tumors and subsequently reduce tumor progression, and 3) to develop an
injectable cryogel system to locally repolarize TAMs and induce aftiantr immune

response. | thereforeompleted three indepdant aims to achieve these goals.

Specific Aim 1: Optimize mannose decoration on polymeric nanopatrticles to reduce

toxicity and promote macrophagespecific delivery of siRNA payloads.

The experiments performed in this aim will test the hypothesiseétating the copper
catalyst concentration for CUAAC chemistry can reduce the cell togaitsed by residual
copperwhile still efficiently labelling the nanoparticles with mannose to achieve macrophage
specific sSiRNA deliverylo test this hypothesiswiill fabricate MNPEGDB polymers using a
range of copper catalyst concentrations and evaluate mannose conjugation efficiency, residual
copper content, and coppi@duced cytotoxicity. Once | idenyitthe optimal range of copper
catalyst concentrationswiill evaluate macrophage targeting using immortalized human
macrophages and primary murine bone mardenved macrophages (BMDMs). Finallywilll
usethe optimized MNPEGDB formulation to delivers BU s i R-NofarizedoBMDMs and

assess repolarization to Bt phenotype.

Specific Aim 2: Translatel o BMANP delivery to in vivo models of ovarian cancer to

evaluate changes in immune cell composition and tumor development.
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The experiment conducted in this aim will test the hypothesisrthahosylatedNPs can
provide targeted delivery to TAMs in the ascites and solid tumor atdiéfivery ol o BiIRNA
to the TAMs will drive an inflammatory M1 response to suppress tumor developmésgt this
hypothesis, we will develop two separate models of ovarian cancer to evaluate a 3 coRsecutive
day treatment in latstage disease (ID&lls in C57BI/6 mice) and a2week biweekly
treatment in a more aggressive tumor model (TBR5 cells in FVB nhicedllaboration with the
Yull and Rathmell labs, we will evaluate biodistribution of the MniiPdifferent organs and
different cell typesvithin those organs. Furthermore, we will examine the toxicity potentially
associated with repeated dose treatments of MNNPs. Finally, we will demonstrate the effects of
| @ BVIdNP treatment on suppressing tumor development and altering the immune cell

populations to promote an afttimor immune response.

SpecificAim 3: Develop a macroporous, injectable cryogel system capable of locally

repolarizing TAMs and driving an anti-tumor immune response.

Experiments in this aim will test the hypothesis tbagh cryogels loaded with
inflammatory cytokines and a macropheagpeecific chemokine will repolarize TAMSs in the tumor
microenvironment and drive an attitimor responselo evaluate this hypothesiswlll fabricate
the macroporous cryogels and characterize the mechanical and structural properties to
demonstrate the desired macroporosity and toughness needed for local injection in tumors. | will
evaluate the ability of the loaded gels to drive an M1rom@tage phenotype in severabitro
models that recapitulate the TME. Finally, in collaboration with the Kim lab, we will examine
the efficacy of direct peritumoral injection of ILC gels in primary mammary tumors (PyMT cells

in FVB mice) to promote an flammatory immune response and reduce tumor severity.
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2.1 Abstract

A Smar t 0 ;respbnsiad, anghaddosomolypiolymeric nanoparticles have
demonstratedreatpotential for localized drug delivery, especially for siRN&livery to the
cytoplasm of cells. However, targeted delivera specific cell phenotype requires an additional
level offunctionality. Coppec at al yzed azi dienf(GuAACYyineehigidyy cl oadd
selective bioconjugation reaction tlzan be performed in conjunction with other polymerization
techniques without adversely affecting reaction kineticsthHmre exists some concern for
residual copper causiraytotoxicity. Toalleviate these concerns, we evaluatedjugation
efficiency, residual copper content, and e@bility in relation to copper catalyst concentration.
Ourresults demonstrated an optimal range for minimizing cytotoxicity while maintaining high
levels ofconjugation efficiency, anthese conditions produced polymers with increased
targeting to M2polarized macrophages, as well as successful deliveheadpeutic SiIRNA that

reprogrammed the macrophages to a proinflammatory phenotype.
2.2 Introduction

The development of bioorthogonal chemistry has allowed for transformative progress in
using polymer c¢hemClsitakydo icnh dmivsitnrgy seynsctoenmpsa s sfie S
these reactions and can be performed in aqueous conditioirsthedoresence of oxygéhThe
discovery of coppecatalyzed azidalkyne cycloaddition (CUAAC) in the early 2000s
popularized the field since the addition of copper(l) salt significantly increased the reaction rate
of 1,3-dipolarcycloaddition between azides and alkyfe¥Further development of a Cu(ll)

Apcatal ysto with a reducing agaeasetofsovesch as so
composed of water and an alcohehich is necessary foeagents not soluble in water

alone®?3The nonharsh reaction conditions of CUAAC allow for dir@civivo
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functiondization®®*4%, and the high selectivity allows ftteu s e of fcl i ck o ¢ he mi
conjunction with other polymerization techniq¥ésiowever, one primary concern with this

reaction is the potential for coppassociated toxicity thaanresult from residual copper
catalyst®® 19 Although coppeff r ee ficl i ck 0 r emanbtedazidalkynes uch as s
cycloaddition (SPAAC), are available, the requiredagctynes are difficult/expensive to

synthesize, bulky and hydrophobic, and fail to produce regiospecificity associated with

CUuAAC 191103 Therefore, it is crucial to establish a method that ensures biological compatibility

of CUAAC reaction products.

CuAAC is a powerful tool for functionalizing polymeric nanoparticles (PNPs) with a
targeting moiety bgonjugating each reagent with an azide or alkyne. Additionally, reverse
additionfragmentationchatt r ansf er ( RAFT) polymeri zation <ca
chemistry to develop complex, fAsmarto PNPs th
temperature® 104110 hH_responsive polymers can be useéhttuce endosomal escape and
thus preserve the functionality of small interfering RNA (siRNA) for RNA interference (RNAI)
therapies. These siRNéondensing polymeric complexes (polyplexes) can then be decorated
with small molecules using CUAAC. Our previowork has shown moderate success using a
decorated triblock polym&®® b ut here we describe fclickod conj
copolymer. The triblock copolymer containe@-propylacrylic acidPAA) block, but this
reagent complicated the overall synthesis procedure, making the polymer less reproducible. For
this reason, we developed a diblock copolymer, excluding PAA, which was simpler to fabricate,

easier to reproduce, and maintained overall functionality.

The improved diblock copolymer comprises a poly(ethylene glycol) (PEG) corona and a

diblock core consistingfaimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate
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(BMA).67:5883The polymer, termed PEGDB, can be fabricated with an azide group on the
Aoutero end of the PEG chain, wlkyneh all ows fo
functionalized targeting moiety. Here, we chose mannose to deliver RNAI therapies to M2

polarized macrophages, which overexpress the CD206 mannose receptor. Macrophages are the
desired target since they are the most prevalent immune cell typ@yntamaors, and elevated

levels of tumorassociated macrophages (TAMSs) correlate with poor prognosis and reduced
survival1921111112Recent studies have shown the therapeutic potential for targeting and
Areprogrammi ngo TAMs to function as M1 inflam
SiRNA against a Bad inhibitor of theclassical Nuclear Factdéappa B (NFoB)

pathway*>113116 By conjugatig a mannosalkyne onto our azid®EGDB polymer

(MnPEGDB) via CuAAC, we develop a system capable of delivering therapeutic siRNA to the
desired macrophage phenotype, while retaining the ability to induce endosomal escape.

However, the residual copper in 8AC reaction products and targeting efficacy of MNPEGDB

has not been quantitatively characterized, creating uncertainties in the potential for toxicity or

off-target effects of this polymer formulation.

When initially developing the diblock copolymer, wbserved an unexpected toxicity in
the MNPEGDB group compared to a PEGDB control polyf8applementalFigure 2.S1). The
presence of copper ions in the synthesis procedure of MNPEGDB led us to examine residual
copper content poseaction. To this end, wevaluated conjugation efficiency and residual
copper content using a range of copper catalyst concentrations. We also evaluated toxicity and
uptake in several cell types. Once we determined the optimal reaction conditions, we used that
polymer to delivesiRNA to polarized macrophages to quantify changes in gene and protein

expression related to macrophage phenotype.
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2.3 Materials and Methods
2.3.1 Materials

All materials were purchased from SigiA&drich unless otherwise noted. Inhibitors
were removed fnm dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate
(BMA) using an activated basic aluminum oxide coluif#¥ All DNA oligonucleotides were
purchased from Integrated DNA Technologies (Coralville, 88DNA was designed to be
lengthmatched to thé h e r a p e siRNA and furscBhbhlized with a cyanite(Cy5)
fluorophore on the 5 B&RMNAwasfdesigreebaseddn previouss e st

studies done in our Id5.
2.3.2Polymer Synthesis

Mannosealkyne was fabricated as previously descrit¥edl diblock copolymers were
fabricated using4yanoe4-(ethylsulfanylthiocarbonytsulfanylpentanoic acid (ECT) as a chain
transfer agent (CTA) conjugated to either aztdeG (AzPEG) or PEG. ECT was synthesized as
previously describet:"1'8The AzPEG and PEG mace@TAs were then RAFT polymerized
with DMAEMA and BMA at a 50:50 molar ratio as previously descritéd5°AzPEGDB was
then conjugated with manneaékyne via CUAAC chemistry to produce MnPEGD®I
polymers were characterized usittynuclear magnetic resonan¢el{NMR) spectroscopy
(Bruker, 400 MHz), Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27), and a
Copper Assay Kit (Sigmaldrich). All NMR spectra are shown fBupplemental Figures2.S2-

4. Details forthe polymer synthesiappeaiin SupplementalMaterials & Methods.

2.3.3 Polyplex Formation
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All polymeric complexes (polyplexes) were formed as previously desciiiéée3
Initially, polymers were complexed with Cy&belled dsDNA, scrambled siRNA, bra B U
siRNA for 30 minutes in a 10 mM citrate buffer (pH=4). The solution was restored to pH=7.4 by
adding a 10 mM phosphate buffer (pH=8) at 5x volume of the pH 4 solution. Polypx N
ratio was determined by mole ratio of protonated amines in DMAEMA polymer (ass90Pb6
protonation at physiological pH) to the number of phosphates on dsDNA/sIRRAI
polyplex treatments were performed at a dose of 50 nM dsDNA/siRNA wifh ND:1. Particle
size and zeta potential were characterized using a MeRegasizer located in the Vanderbilt

Institute of Nanoscale Science and Engineering (VINSE) core facility.
2.3.4 Cell Culture

ThP-1: Immortalized human macrophage cells (ThiRvere chosen to evaluate toxicity
in a human equivalent to inform potentialutg translatability of our polymer system. FhP
human monocytes were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(Thermo Fisher Scientific; 1187®0) supplemented with 10% fetal bovine serum (FBS), 25mM
HEPES, 1% penicillin streptomyti(P/S), 1% Minimum Essential Medium (MEM) vitamins,
and 4 -mercaptbethbnol at 37°C in a 5% £@imidified atmosphere. To differentiate
monocytes into mature macrophages, -Ihéells were plated in the aforementioned media
supplemented with 0.1% (W phorbol 12myristate 13acetate (PMA) (Thermo Fisher
Scientific) and incubated for 4 days to allow for differentiation into mature macrophéges.
These cells werprimarily chosen as a human line to use for viability studies, but the expression
of a mannose receptor also allows us to examine targeted ptiedls were plated in 96vell
platesat1x1oc el | s/ wel |l in 100 €L media. Polypl ex

4.
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L929: L929 murine fibroblasts were used to produce supplemental media for culturing
bone marrowderived macrophages (BMDMsken from mice. L929 cells were cultured in
Dul beccods Modified Eaglebs Medi u-0isCMPMEM) ( Co
supplemented with 10% FBS, 1%dlutamine, and 1% P/S. L929 cells were grown to
confluency in F175 flasks and 55 mL fresh mediasnadded. On day 7, the media was
collected, labeled L929 Week 1 media, and storedGC. A fresh 55 mL media was added,
cultured for an additional 7 days, collected, and labeled L929 Week 2 media before being stored

at-20°C.

BMDM: All animal work was pproved by the Vanderbilt University Institutional
Animal Care and Use Committee. Healthy female FVB mice were sacrifice8 aieéks of age
and the femurs and tibias were extracted. The bone marrow was flushed out with DMEM using a
5 mL syringe and coltged in DMEM (Corning; 18918 CV). The cell suspension was
centrifuged (Thermo Scientific, Sorvall ST 8 Centrifuge) at 1000xg for 5 minutes. Media was
aspirated before resuspending the cell pellet in 2 mL ACK (Ammonium, Chloride, Potassium)
Lysing BufferK AD Medi cal, Col umbia, MD) and incubati
blood cells. The lysis solution was diluted in 20 mL DMEM and again centrifuged at 1000xg for
5 minutes. The media was aspirated and the resulting BMDMs were resuspended in 10 mL
BMDM media: DMEM (15018 CV) with 10% FBS, 1% P/S, 1%-g¢lutamine, and 14% 1:1
(v/iv) L929 week 1 and week 2 media. The cells were counted by mixing 10 pL cell suspension
with 10 pL Trypan Blue Stain (Thermo Fisher Scientific) and pipetting 10 uL of theiregul
mixture into a cell counter slide (BRRad) and running on an automated cell counter-f&ad,
TC20™). BMDMs were seeded in 2®ell plates at 1x10cells/well in 1 mL media or in 9@vell

platesat1x10c e |l | s/ we | | i n 100 ¢ L polaigatioa, BMOMswarenduce M
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incubated with M1 or M2-inducing cytokines$?? Briefly, all cells were plated on day 0. On day

2, cells were washed with sterile phosphate buffered saline (PBS) and then cultured with fresh
media. On day 4, fresh media was added to MO and M1 BsIi@MIe M2 macrophages were
treated with media supplemented with 0.01 pg/midland 0.02 pg/mL IE13. On day 7, MO

and M2 macrophages were not changed while M1 BMDMs received media supplemented with
O1pug/mLIFNO and 0.1 ng/ mL L RrBated fOrrthe dpargprice, cel | s

experiment.

EQ771 Murine breast cancer cells were used as a comparison to the BMDMs described
previously. EO771 cells were cultured in RPMI 1640 (Thermo Fisher Scientific; 4098)5

supplemented with 10% FBS, 1% P/S, and 25 HBPES.

MDA-MB-231 Human breast cancer cells were uasd comparisono human ThPL

macrophages. MDMB-231 cells were cultured in DMEM (Thermo Fisher Scientific; 12960

044) supplemented with 10% FBS, 1%glutamine, and 1% P/S.

MCF10a Human epitheliatells were used as a healthy tissue control for all treatments.
MCF10a cells were cultured in Bronchial Epithelial Cell Growth Medium (BEBM)

supplemented with a BEBM Bulletkit (Lonza, Morristown, NJ).

2.3.5 Flow Cytometry

BMDMs were polarized, washed with 0.5 mL PBS, and then incubated with 0.5 ml
0.25% TrypsiREDTA (Thermo Fisher Scientific) for 5 minutes. 1 mL of media was added to

each well and cells were repeatedly aspirated with a disposable pipette to dislodgertinéme fr

surface and collected in 15 mL conical tubes. Tubes were centrifuged at 1500 rpm for 5 minutes

and the supernatant was aspirated. The cell pellet was resuspended in 2 mL of fresh BMDM
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media and the cells were counted as previously described. @edishven placed in a 96ell

round bottom weight flask at 1x46ells/well in300 pL/well. The plate was spun down at 1500
rpm for 5 minutes and inverted and lightly tapped to remove supernatant without losing cell
pellets. An Fc block consisting of 1 plcBlock (Biolegend, San Diego, CA) and 50 pL of flow
cytometry (FACS) staining buffer (PBS with 2% FBS) was added to each well. Plates were
stored at 4C for 10 minutes. A macrophage panel of antibodies consisting of the following was
added: CD11b (1:400H4/80 (1:200), CD86 (1:200), and CD206 (1:200) (Invitrogen, Carlsbad,
CA). Each antibody was added in 50 pL of FACs buffer so the total volume when calculating the
concentrations was in 100 uL per sample. Plates were storé@d at the dark to allow for

staining. Plates were spun down at 1500 rpm for 5 minutes and inverted and tapped to remove
supernatant. Each well was resuspended in 200 pL FACS buffer and analyzed by flow

cytometry.
2.3.6 Viability Assays

Polyplex Toxicity Each cell type was cultured 96-well plates for viability assays.

BMDMs and ThP1s were plated at 1x10ells/well while all other cells were plated at 25,000
cells/well. BMDMs and ThHs followed the plating protocols listed above. The other cell types
were plated, incubated oveght to allow cells to adhere, and treated with polyplexes. All cells
were treated with 50 nM of Cy8sDNA loaded into the various polymer formulations. The cells
were incubated for 24 hours before conducting a CelFGief Luminescence Assay (Promega,
Madison, WI). All luminescent results were normalized to the average of the control well

luminescence.
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Copper Salt ToxicityAll cell types were plated as performed to assess polyplex toxicity.

CuChk was dissolved at 1 mg/ml in 10% (v/v) 2pfoof ethanol and media (specific for cell
type). This solution was then diluted to a range 616000 pg/dL and 100 pL was added to
each well. All cells were incubated for 24 hours before running the CellitérLuminescence

Assay.
2.3.7 Polyplex Uptake

Cells were plated in 9&ell plates and treated with 50 nM of CGYSDNA-loaded
polyplexes. The cells were incubated with the polyplexes for 2 hours and then washed 3x with
100 €L PBS. A f i nBSwaswaddédwamé¢he ftubresdelcd intenkity was
measured (Tecan Infinite M1000 Pro). All fluorescence results were normalized to the
fluorescence of the PEGDB control polyplexes to determine marassseiated uptake. To
examine CD20&pecific uptake of nmranosylated polyplexes, we also performed a receptor
blocking experiment where polyplexes were added to media containing 100 mg/mL molecular
grade Dmannose, as done previousiyThe free mannose binds CD206 and prevents receptor
mediated uptake of fluorescent polyplexes. To evaluate decrease in uptake, the optimized copper
catdyst concentration (0.26.75 mM) groups were averaged together since they demonstrated

similar azide reduction.
2.3.8 Quantitative Reverse Transcriptase Polymerase Chain Reacti®tC{RT

BMDMs were plated in 1-2vell plates as described previously. Afpedarization to M1
and M2, the MnPEGDB fabricated with 0.75 mM copper catalyst was used to form polyplexes
with either scrambled siRNA dr o BiENA. BMDMs were treated for 24 hours befon&@NA

was isolated from the cultured cells using RNeasy Mini kia¢g@n, Valencia, CA). Residual
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DNA was removed using RNasgee DNase set (Qiagen). cDNA synthesis was performed using
SuperScript IV reverse transcriptakit (Invitrogen. The RFPCR reaction was performed using

a SYBR Green PCR super mix (BRad and CKX Real time PCR instrument and software

(Bio-Rad). Normalized levels ohRNA expressionwr e cal cul ated wusing the
GAPDH as an internal contrdtach mRNA was normalized to an untreated control group of the
corresponding polarization (M1 W2). All primer sequences used are summarized in the

Supplemental Table2.S1
2.3.9 Luciferasé\ssays

Luciferase activity was measured in immortalized bone madenwved macrophages
derived from transgenic mice which carry an-dllBdependent GFP/luciferase reporter
(BMDM-NGL) on the FVB strain background. BMDMGL cells were polarized towards M2
by IL-4 reatment for 24 hours, followed by a furti2khourtreatment with PBS (control), IFN
o> and LPS (M1 polarized control), or mannosyl
si RNA etargeting SERNA. Cells were harvested in reporter lysis buffédaminescence
measured by the Promega Luciferase Assay system (Cat#4030) using a GloMax Luminometer
(Promega, Madison, WI). Results were expressed as relative light units (RLU) normalized for

protein content, as measured by the Bradford assayR&i C&# 5000002).
2.3.10 Western Blotting

BMDM-NGL cells were polarized towards M2 by-# treatment for 24 hours, followed
by a further24-hourtreatment with PBS (control), Ild and LPS (M1 pol ari zed
mannosylated polyplexes loaded with eithersa mb | e d s itdRgetihg sSiRNA. Whok U

cell protein isolation, western blotting, and signal detection were performed as described (PMID:
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26215403). Primary antibodies used were mouse monoclondlanB8 U ( Ce | | Signal ir
Technology; Cat# 4814; 1:10@lution), rabbit polyclonal artarginasel (Gene Tex; Cat#
GTX109242; 1:200 dilution) and mouse monoclonal-ardctin (Sigma Chemical Co., Cat#

A5441 1:10000 dilution) as loading control.
2.3.11 Statistical Analysis

All data presented as mean = staddarror of the mean (SEM) except ffCR which is
shown as mean = upper/lower limit. For all FTIR, copper assay, and PoR/plex toxicity
studies,aonrevay ANOVA wi t HocTestkvasysedto goropare all groups to all
other groups. For coppsalt viability assays, atwway ANOVA wi t h-hobtestinet t 0 s
was used to compare all concentrations to the control within each cell type. For the BMDM
polyplex toxicity studies and all polyplex uptake studies, awmady A NOVA with Tukey
hoc est was used to compare all groups to all other groups. For&l@R r esul t s, @Ct
were compared usingacAeN OV A wi t h ThackestylLacderapecassay and western
bl otting signal detect i otest. westalh statisachly zed usi ng

significance, we used the following: *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
2.4Results and Discussion

In this study, we directly examined the effects of altering the copper catalyst
concentration for CUAAC reactions on both conjugratfficiency and residual copper content.
Although CuUAAC chemistry has been used previously to functionalize/decorate materials used in
living systemg’, our polymers, functionalized using a 1 mM copper catalyst concentration,
exhibited evident toxicityn contact with immortalized human macrophadaspplemental

Figure 2.S1); this toxicity was not observed in similar mannésectionalized polymer
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formulations used previously by our I1&F° Additionally, we have previously used undecorated
PEGDB polymers to deliver siRNA wilimited toxic effects observed bot vitro andin

V|V067 83, 123

so we hypothesized the resulting toxicity to stem from residual copper in this

iteration of our polymer system. To our knowledge, no studies have been performed that directly
guantify and compare CuUAAC conjugation efficiency and residual copper content as a function
of copper catalyst concentration. Moreover, the targeting specifick2tpolarized

macrophages for the resulting polyplexes has not been described in relation to mannose
decoration and residual copper. Here, we show that an optimal range for copper catalyst

concentration can be achieved that improves M2 macroggsEfictargeting while also

reducing coppeassociated toxicity.
2.4.1 Synthesis andharacterization oMannoseFunctionalizediblock Copolymers

The reaction scheme for functionalizing azRlEGDB (AzPEGDB) with mannose
alkyne is shown irscheme2.1. To quantify conjugation of mannose onto the AGEIB
polymersat each catalyst concentratjdfourier transform infrared (FTIR) spectroscopy was
usedto examine the change in height of the azide peak at 2180Byrcomparing peak height
in the MNPEGDB polymers to that of the precursor AZPEGDB, we atgohtonjugation
efficiency as a function of copper catalyst concentrattoguie 2.1A). The lowest copper

catalyst concentration (0.1 mM) resulted in an azide peak height which was not different than the

. Cu?* 2
Mannose-Alkyne Cu2 Cu
DMAEMA-co-BMA = u DMAEMA-co-BMA
(N ) HO 0,0_=# Cu2t (N ) Cu2+
Azide-PEG N \ PEG N
h S HO OH OH Mannose o JS-L
N3~/‘fo’\+0 \ ‘S)LS’\ — OH )—/ \/\}O,\'I’ S$7USTS

o 0 =0 [CuSO4] v 0 =0

o O 4 Cu? Cu2+ 0

U Cu2* 2 Cu2*
2 HOY I “OH
N— OH N—
7

Scheme2.1: Copper catalyst concentration controls the level of residual copper in the final polymer, even a
optimal copper ion chelation with a Chelex resin.
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height of theunreacted AzPEGDB. All oth@opper catalyst concentrations (0.25 mM and

above) resulted in a significantly decreased peak height at 21§Gaggesting conversion of

the azide to a 1,2;8iazole bond Eigure 2.1B).1?*#125The average reduction in azide peak for

the higher catalyst concentrations (excluding OM)was 64%, which is in the range of normal
conjugation efficiency values for #dAclicko rea
steric hindrancé?®?’Thi s signi ficant decrease in peak he

conjugation of mannose onto the polymers when using a catalyst cotioartfd®.25 mM and
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Figure 2.1: Characterizatiomf CUAAC reaction productgA) FTIR spectra of polymers, including detailed viev
azide peaksR) Quantified height of the azide peaks confirms the CUAAC reaction depends on copper cata
concentration.€) Residual copper contentpmmalized to amount of polymer, reveals that altering the copper
catalyst concentration does affect the amount of copper ions associated with the final polymer.
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above. There was no significant improvement for conjugation efficiency when using catalyst
concentrations above 0.25 mM, which is a ffald reduction relative to commonly reported

CuAAC catalyst concentration for polymer conjugatidr

After fabrication of the MNnPEGDB and removal of residual copper using a Chelex resin
following previously published methdds?8 the polymers were dissolved in ethanol and
molecular grade water. Residual copper was measured using a colorimetric assay that detects
Cl'ions, and the assay results (copgacopperons i n
per mg of polymer. Residual copper in the final polymer product was significantly reduced for
all catalyst concentrations below 1 mMdure 2.1C). Residual copper concentration for the
lowest tested catalyst concentration (0.1 mM) was notfgigntly different from the PEGDB
control polymer, which was not exposed to the CUAAC reaction conditions. Residual copper in
the polymers produced using the three middle catalyst concentrations (0.25, 0.5, and 0.75 mM)

were not significantly differentém each other.

Other groups have previously reported the use of copper ligands as an alternative
technique for employing CUAAC reactions to minimize the amount of residual copper.
However, this method is primarily employed fo
systems, such as directly functadizing cell membranes, since postction treatment is not
feasible. For our applications, we can treat the resulting polymers with a chelating reagent that
functions similar to the ligands by binding and removing excess copper ions. To minimize
complexty of polymer fabrication, we chose to use a copper salt catalyst that could be removed
posttreatment. This technique revealed that copper catalyst concentrations of 0.25, 0.5, and 0.75

mM supported robust #dAcl i cko aaducgduegidudl copper and r
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concentrations, suggesting that these were the optimal candidates for synthesis of MNPEGDB

intended for future use in living systems.
2.4.2 Formation of Mannosylated Polyplexes

To assess the toxicity and delivery of the mannosylated carriers, we complexed the
polymers with oligonucleotides to form polyplex&kheme2.2). The MNPEGDB polymers, as
well as a normannosylated PEGDB control polymer, were dissolved in a pH 4 buffer to
protonate the amine groups dretDMAEMA monomers. Then, either Gybnctionalized
dsDNA (Cy5dsDNA) or siRNA was added to the polymer solution and allowed to complex for
30 minutes. The solution was restoreghysiological pH by adding 5x volume of a pH 8
buffer. Polyplex diameter {average) and surface charge were examined to ensure all polymer
formulations were similar. The average diameter aggsoximatelyl50 nm with ndifferences
among polymer groups$igure 2.2A-B). The polymer synthesis conditions were selected to
produce nielle diameters of approximately 150 nm for eventual efficiency in tumor
accumulation after intravenous injectionvivo.®4°>131The polydispersity index for each
polymer was less than 0.SpplementalTable 2.S2), which is below the generally accepted
value for drug delivery applicatiortd? Zeta potentials for all polymers were not statistically

different (p>0.05) and were near neutral, which is appropriate for intravascular administration

%22,
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Scheme2.2: MNPEGDBIs complexed with small oligonucleotides (dsDNA or siRNA) for 30 minutes in a pH
buffer. The protonated amine group on the DMAEMA electrostatically interacts with the negative phosphat
oligonucleotide, spont&ously forming a stable micelle with mannose presented on the corona of the polypl
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(Figure 2.2C-D).**3 Overall, the size and surface chargerahteristics of the polyplexes were

appropriate for delivery to the tumor microenvironment after intravascular injection.
2.4.3In Vitro Polyplex Toxicity Examination

The toxicity associated with residual copper in polyplexes was examimegltiple cell
types. All cells were treated with a polyplex concentration corresponding to a 50 nM dose of
SiRNA, as done previousRp:%"%°Cells were incubated with polyplexes for 24 hours before
evaluating viability with a luminescent ATifeporting assay. ThER immortalized human
macrophages demonstrated a sigaiit decrease in viability when treated with polymers
prepared with 0.1 mM or 1 mM copper catalyst compared to untreated coRigoisz(2.3A).

The polymer fabricated with 1 mM catalyst had the highest amount of residual ceigoee (
2.1C), which is pesumed to lead to the observed toxicity. Notably, the 0.1 mM catalyst group,
which had the least amount of residual copper, also produced significant toxicity. The FTIR
results Figure 2.1B), however, suggest that this polymer had the largest residual ez,
indicating the least amount of mannose conjugation and, presumably, the largest number of
residual azides on the polymer. Azides are also known to be cytotoxic and we interpret the
toxicity of the 0.1 mM polymer to be due to unreacted azides ohzREGDB** This

interesting observation of azide toxicity has been neglected in previous considerations of
cytotoxicity from CuAAC reaction products, which have focused exclusively on the role of
residual copper. Clearly, the optimal copper catalyst concentra@obaknce between excess
residual copper and relatively few unreacted azides and low residual copper but a greater
concentration of remaining cytotoxic azides. Therefore, the optimal catalyst concentration range

to limit cell toxicity in human macrophagés our polyplexes is between 0.25 and 0.75 mM,

which corroborates the results of dAclickod con
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To explore the impact of polyplexes on the viability of primary macrophages with
varying levés of CD206 expression, bone marroerived macrophages (BMDMs) were
cultured with cytokines to polarize them to either an M1 (C2P6r M2 (CD206ign)
phenotype. Interferocn (-b FNand | i popolysaccharide (LPS)
toward M1 ad interleukin (IL-) 4 and 1L-13 were used to induce M2 polarizatiGAAn
additional group of unpolarized BMDMs (MO) were cultured in media with no cytokine
treatment. BMDM skewing was characterized via flow cytometry by examining the expression

of CD11b and F4/80 (gered macrophage markers), CD86 (M1 marker), and CD206 (M2
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Figure 2.2: Polyplexes were suspended in DI water arav&rage diameteA( distribution andB) averages were
measured with dynamic light scattering. Additionally, surface ch&ydigtribution andD) averages were
measured by zeta potential measurement.
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marker) SupplementalFigure 2.S5). Following cytokine treatment, we observed significantly
higher levels of CD86 expression in M1 macrophages compared to both MO and M2 phenotypes.
M2-polarized BMDMs had significantly higher expression of CD206 compared to both M1 and
MO, and the M1 macrophages had a decreased level, though not statistically different, compared
to unpolarized BMDMs. These results are consistent with the establishment of adeD206
population of M1s and a CD2@g» population of M2s. All three groups BMDMs were treated

with polyplexes as performed with THPcells. Unpolarized (M0) and CD2¢ (M2) BMDMs
demonstrated no significant changes in viability with all treatments remaining above 90% viable
compared to an untreated contreigure 2.3). Interestingly, viability of CD206y M1

macrophages, but not MO or M2 macrophages, was significautyced following exposure to
polyplexes prepared with 0.265mM copper catalyst concentratidfiqure 2.38). This broad

ranging effect suggests a mechanism independent of the residual copper ctedsially

activated macrophagéstially respond tanfection by producing inflammatory cytokines,
chemokines, and reactive oxygen species (ROS) but resolution of the inflammatory reaction has
been reported to involuaitochondrialdependeninacrophageell death:3>3Therefore, we

hypothesize that the loss of viability observed in thepdlarized macrophages is induced by
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Figure 2.3: Macrophage viability assessed with polyplex treatment afdit@atment. A) Viability of ThP-1
human macrophagesgas significantly decreased when treated with polyplexes fabricated with 0.1 and 1 mM
catalyst. B) MO and M2 BMDM s displayed no toxicity in any treatment groups, but all M1 BMDMs had slight
toxicity. (C) All macrophages displayed a trend of desieg viability as concentration of copper salt treatment
increased.
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their additional activation in response to particle endocytosis. The lack of toxicity in M2
macrophages is encouraging for our applications. It is also important to note that although the
same coppeassociated toxicity found in TRPmacrophages was not observed in BMDMs,

there is still concern for the toxic effects of copper in human macrophagpotential future
applications. Additionally, we show that the polymer alone (PEGDB control) does not induce a
significant change in macrophage viability. This diblock copolymer has been previously shown

to be nortoxic to cells and we confirm thosesults her&8.83.123

All viability studies were repeated in human and murine TNBC cell lines and-a non
tumorigenic human mammary epithelialldele. MDA-MB-231 cells were chosen since they
are wellestablishednodels withwell-characterizeghropertiesand display a basdike triple-
negative phenotyp€’ E0771 cells were chosen as the murine equivalent since they are also
basallike triple-negative breast cancer cells, but are less aggressivéhih ofterused 4T1
model and therefore a tber model for our applicatiori$® MCF10a cells provide a nen
tumorigenic, mammary epithelial control, but a murine analog could not be identified among
many commercial sources, so only human mammary cells naweled in this studylreatment
with polyplexes for 24 hours generated minimal toxicity in both TNBC cell lines. NUBA231
cells treated with the 0.25, 0.5, and 0.75 mM copper catalyzed polymers maintained viability of
over90% butwere still statisticdy decreased compared to the untreated corugbglemental
Figure 2.S6A). The EQ771 cells exhibited a significant decrease in viability in all polyplex
treatments, but none of the treated groups were different from eachSuppigmentalFigure
2.56B). Similarly, the MCF10a human mammary epithelial cells had baseline toxicity from the
polyplex treatments compared to the untreated cor8rgdglementalFigure 2.56C).

Interestingly, when compared to the PEGDB control polymer, MCF10a cdyi$rad
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significantly decreased viability when treated with polymers made with 0.1 and 1 mM copper
catalyst. These results are consistent with the ThBman macrophages as these groups are
presumed to have the highest number of azides (0.1 mM) and tiig$iesial copper content (1

mM). In both E0O771 and MCF10a cells, there does appear to be a slight decrease in viability in
all polymer groups, indicating a potential cytotoxic effect from just the polymer system. The lack
of toxicity in macrophages is emaraging for our applications, but we will take the-twafifget

toxicity into consideration as we continue forward with our experiments. Overall, the range of
0.25 mM to 0.75 mM copper catalyst appears optimal for fabricating polyplexes that have

minimal taxicity to both macrophages and mammary cells.
2.4.4 Effects of Copper Salt on Cell Viability

To assess the contributions of copper(ll) alone to cell viability, each cell type was treated
with a range of known Cugtoncentrations. In general, copper i®Wm to be toxic to cells, but
only above a threshold concentrati8A3°This study allowed us to chatarize the lower limits
of copper cytotoxicity and inform the selection of CUAAC reaction conditions to enable use of
the ficlicko reactions for biological applicat
primary BMDMs, we observed a trend of deasing viability as Cii concentration increased,
but there was no significant change in viability up to 0.009 mg/mL, and only thé& Tals had
a significant decrease in viability at 0.01 mg/niigure 2.3C). These findings are important for
our applications since the highest amount of residual copper associated with the 1 mM
MnPEGDB was approximately siold lower at 0.0015 mg/mL, as determined with the copper
assay. Although these results indicate our £GAproducts are well below the cutoff for copper
induced cytotoxicity, our polymer system in particular appears to cause cell death at an elevated

level when the residual copper concentration is above 0.0006 m@hisL.relationship between
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residual coppecontent and cell viability demonstrates that functionalization via CUAAC can

produce biocompatible biomaterials by altering the amount of copper catalyst used

Copper salt toxicity was also examined in TNBC and epithelial cell lines. IMBA231
human TNBC cells and MCF10a human epithelial cells showed no significant change in viability
at any C@" concentration, although both did exhibit a trend in decreasing viability with
increasing copper concentration. EO771 murine TNBC cells produced a trendeafsitegr
viability, though not statistically significant until the maximum ddSegplementalFigure
2.56D). Notably, the human cell lines (MDMB-231 and MCF10a) were not as susceptible to
copperassociated toxicity at 0.1 mg/ndompared to all other exanad cells. This result
indicates that the concern for copjaasociated toxicity in the human breast TME is minimal,
providing support for the use of CUAAC in potential human therapeutics. Based on these results,
the residual Cti alone is not a predictoff eytotoxicity. Rather, the context of polymer, cargo,

cell type, and the interaction with residual copper and azide control overall cytotoxicity.
2.4.5 Targeting Efficacy of Mannog$ainctionalized Micelles

To evaluate the ability of mannose conjugatioimcrease uptake in CD2@ cells,
polyplexes were fabricated with CYisDNA and treated with cells at an optimized timepoint of
two hours. Cellassociated fluorescence intensity was measured as an index of polyplex uptake
and results were normalized to the PEGDB control polyméetoonstrate mannospecific
uptake of the decorated polyplexes. In ThRuman macrophages, the MNPEGDB produced
with 0.75 mM copper catalyst significantly increased upt&fkeiencycompared to all other
polymer groupsKigure 2.4A). The polymers cataied with 0.25 and 0.5 mM copper show
slight, but nomsignificant, increases in uptake. Unchanged uptake in the 0.1 and 1 mM groups is

presumed to be due to increased toxicity associated with those polymers. Our measure of
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cytotoxicity was an ATP reporteand since endocytosis is an At@Bpendent process, early
disruption in ATP production may significantly suppress subsequent endocytosis of polyplexes.
Polarized BMDMs were then used to examine the effects of CD206 expression on polyplex
uptake. There wasorsignificant difference in uptake regardless of mannose decoration for MO
or M1 BMDMs. In the M2polarized macrophages, however, the polymer produced with 0.75
mM copper catalyst led to significantly increased uptake compared to the 0.1 and 1 mM groups,
but not the 0.25 and 0.5 mM catalyst groupg)(re 2.4B). These results are consistent with our
observations in human macrophadeig(re 2.4A) as well as the FTIR mannose conjugation
results Figure 2.1B), which indicated that CUAAC efficiency was not ngad when increasing
beyond a 0.25 mM copper catalyst concentration. Even more importantly, the 0.75 mM group
was the only micelle treatment that produced significantly increased uptake in #ig206
macrophages compared to both MO and CL2P®M1 macrophges. To verify uptake was due

to CD206specific uptake, we repeated uptake experiment irpblarized BMDMs using the
optimized polymer groups (0.2875 mM) and cdreated with free mannose sugar to block the
CD206 receptor. By averaging across the tlopgenized groups, we determined mannosylated
polyplex binding was decreased &lynost 60% $upplementalFigure 2.S7). These results

indicate that polyplex uptake is CD2dépendent. Based on these results from bothan and
murine macrophages, using a pepcatalyst concentration of 0.75 mM for the CUAAC led to
significantly increased macrophage uptake and was shown to increase uptake ingeD206

macrophages.

Whenexamining uptake in mammary epithelial cells, both human cells (IMiB#\ -MB -
231 and MCF10a) revealed no preferential uptake among the polymer gsoyppdefmental

Figure 2.58). The E0771 murine TNBC cells demonstrated a significant increase in uptake for
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the 0.75 mM group comparead the 1 mM group, but this change was statistically different
compared to all other polymer groups. Overall, our results indicate an optimal concentration of
0.75 mM copper catalyst for minimizing coppeduced toxicity as well as promoting mannose

associated targeting to CD2@8&pressing macrophages.
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Figure 2.4: Polyplex uptake evaluated in human and murine macrophage$shP-1 human macrophages
displayed preferential uptaké polyplexes formed with the 0.75 mM copper catalyB}.q.75 mM catalyzed
polymer targeted CD2@G, BMDMs over CD206w as well as unpolarized macrophages (#p<0.05), indicating
mannose specificity. The 0.75 mM group also outperformed the PEGDB control, 0.1 mM, and 1 mM group
M2-polarized BMDMs (**p<0.01).

2.4.6 Evaluation of siRNAnduced Macrophage Repolarization

We used the optimal MNPEGDB polymer prepared with 0.75 mM copper catalyst
concentration to treat MJand M2polarized BMDMs with either scrambled @ B §IRNA. We
treated the macrophages witREiA-loaded polyplexes for 24 hours before collecting the cells
and isolating RNAs for use in RFCR. To examine a shift in phenotype, we examined mRNA
expression of 6 genes: three M1 genes (CD86,-UNF i NOS), one M2 gene
general macrophagmarker (F4/80§>14%14!The final MRNA we evaluated was B,Which we
used to assess the ability of our siRNA sequence to knockdown the target gene. Relative gene

expression was normalized to an untreated control group of the corresponding polarization.
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Treatment withd B §IRNA resulted in a significant increase in CD86 and TNF
compared to untreated control and scrambiBtNA treatments in both M1 and M2 BMDMs,
and we observed a significant increase in INOS expression, but only in tpeldized
macrophagesHjgure 2.5A-C). Furthermore, CD206 significantly decreased dfieB §IRNA
treatment compared to thiatreated control in both phenotypes, but, interestingly, there was no
significant change in CD206 expression between the scrambled siRNA control andBtté |
siRNA in M2 BMDMs. Most importantly, treatment with the therapeutic siRNA significantly

decreasetb B &kpression in both phenotypes, which is necessary for activating the classical
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Figure 25: RT-PCRwasusedbt exami ne rel ative mMRNA expression

SiRNA. Expression was normalized to an untreated control group of the corresponding polarization (M1 vs
assess a change in macrophplgenotype, we examined expression of the followiAg:¢D86, a surface marker

for inflammatory immune cellsB) TNF-U ,

ainflgmmatory cytokine, ) iNOS, an IFNo induced isoform of

nitric oxide synthase[)) CD206, the macrophage mannose recepteraxpressed on M2 macrophagés, Ie B,
an inhibitor of the classical NBB pathway, andK) F4/80, a general macrophage marker.
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pathway of NFeB (Figure 2.9D-E). Taken together, these results indicate that not only is the

lo B §IRNA pushing M2 macrophages toward an M1 phenotype, but the treatnesmat

significantly impact overall M1 macrophage gene expression. Finally, the expression of F4/80,

which is known to be associated with macrophage actiVati&fi increases in M2 BMDMs

treated with B §IRNA (Figure 2.5F). This result indicates that notlgrare the alternatively

activated macrophages being skewed towards an M1 phenotype, they are also in a more activated

state. The delivery obl B §IRNA with our optimized polyplex system successfully skews M2
macrophages back to a classical phenotype;iwisinecessary for eventual application in

inducing an inflammatory macrophage response in tumors.

To confirm macrophage repolarization after deliverysoB §IRNA, we also evaluated
protein expression. BMDMs expressing an-dB-dependent green fluorescent protein
(GFP)/luciferase reporter (BMDMIGL) were polarized to an M2 phenotype and then treated
with either PBS (negative control), M1 cytokines (Hldnd LPSpositive control),
mannosylated polyplexes loaded with scrambledoB KIRNA. After 24 hours of treatment, the

cells were harvested in a reporter lysis buffer which allowed direct quantification of
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luminescence. Thes| B §IRNA demonstrated elevated NB activity as indicated by an

increase in luminescence. This activation was on the level of M1 polarization, which provides
evidence for successful phenotype repolarizatiogufe 2.6A). In addition, the same treatments
were repeated and the cells weremied for western blot to directly examine protein

expression levels. By delivering the B §IRNA in our optimized MNPEGDB polymer, we
demonstrate a significant knockdown & B firotein expression as well as a significant decrease
in arginasel (Arg-1) expression, which is a protein overexpressed in M2 macrophiaigesg
2.6B-C). In conjunction with the results of RACR, these results indicate that our polyplex
system loaded withel B §IRNA is able to repolarize macrophages from an M2 towards an M1

phenotype.
2.5 Conclusions

We have optimized the reaction conditions for functionalizing polymeric micelles with a
targeting moiety using CUAAC. By altering the concentration of copper catalyst, we
demonstrated an optimal range for efficient conjugation while minimizing residya¢icapd
azide content. Our results indicated that cytotoxicity is a balance between @xtessrsus
residual azides. Our observation of azide toxicity due to incomplete CUAAC reaction is an
underappreciated and avoidable potential cause of cell iljlaseover we showed that copper
associated toxicity can be eliminated from our polymer system, and that residual copper alone is
not the main predictor of cytotoxicity. The toxicity observed in our polymer system appears to be
synergistically associated thiresidual copper and the material system as a whole, both of which
may exhibit exacerbated toxicity due to the intracellular delivery of the polyplexes. To our
knowledge, this is the first study to examine cytotoxic effects of copper salt alone cotopared

copper ions associated with our polyplex system. These results indicate that concerns for
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negative biological impacts of CUAAC reaction products can be mitigated by altering the
reaction conditions. Overall, we show that CUAAC should not be discoufagedvivo
applicationsput we recognize that some optimization of copper catalyst concentration and

confirmation of low toxicity for each formulation/system may be necessary.

Mannosylated micelles prepared from our simplified polymer system enal#asedr
delivery to human macrophages as well as ChgQ@imary murine macrophages, which is an
improvement over the previous PEGDB polymer that can deliver siRNA but does not confer
cell-specific delivery. This optimized polymer system also successfallyered therapeutic
si RNA and induced a shift in gene expression
M2 phenotype towards an inflammatory M1 phenotype. We confirmed this repolarization by
demonstrating a shift in mMRNA expression for sevetdBIM2 markers as well as increased
activation of NFaB protein, indicative of classical macrophage activation. This improved
polyplex formulation will be used in future studies to repolarize TAMs toudtures with tumor

cells to quantify the cancddll ing properties of the macrophages.
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2.6 Supplemental Materials & Methods
2.6.1 Mannos&lkyne Synthesis

Briefly, D-mannose (Mn, 2g) was dissolved in dimethyl sulfoxide (DMSQO) (20 mL, 10%
w/v) in a 25 mL round bottom flask with a stir bar. The flask sgsed with a rubber top, placed
on a stir plate, and purged with nitrogery (i§)) for 30 minutes while stirring. While purging,
triethylamine (TEA, 1.082 mL) was added to activate the sugar into a nucleophile before propargyl
bromide (0.547 mL) was adde8oth TEA and propargyl bromide were added using a needle and
syringe to prevent oxygen from leaking into the reaction vessel. The final molar ratio of
mannose:TEA:propargyl bromide was 60:72:67 moles. After removing the nitrogen purge, the
solution was bated to 40°C in an oil bath and stirred for 24 hours. The final solution was added
to equal volume diethyl ether for extraction of excess reagents. The leftover ether was disposed
and the resulting DMSO solution was collected. This extraction was rdfeatéhe final DMSO
was mixed with equal volume nucledsee water (Thermo Fisher Scientific, Waltham, MA) and
extracted into equal volume dichloromethane to remove other byproducts as well as DMSO. Once
again, this extraction was performed 5x. The fmahnosealkyne solution in nucleadeee water
was collected, frozen a80°C, and lyophilized. Synthesis of mannadieyne has been previously
characterized and we confirm successful alkyne functionalization wHNNIR (Supplemental
Figure 2.52.%° Although the reaction scheme depicts alkyne conjugation to a particular flydrox
group, this reaction is not specific for only that hydroxyl. Nesmdom conjugation among
hydroxyls is not anticipated to affect binding to CD206 since this receptor primarily binds

mannosdike structures on bacterial cell waffs'*4

2.6.2 Fabrication of Macr€TA for RAFT
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All  polymers were fabricated using -cyano4-(ethylsulfanylthiocarbony)
sulfanylpentanoic acid (ECT) as a chain transfer agent (CTA). ECT was synthegired@ssly
described’*8A 5 kDa hydroxyl PEG azide (500 mg, AzPEG, Polysciences, Inc., Warrington,
PA) was reacted with ECT to form a ma€adA suitable for RAFT polymerization. AzZPEG was
dissolved in dichloromethane (DCM) (5 mL) and mixed witighethylaminopyridine (DMAP)

(30.2 mg, molar ratio 2.5:1 DMAP:AzPEG). Separately, ECT (130 mg) was dissolved in DCM (5

mL) at a 5:1 molar excess thz PEG (accounting for total vol.
dicyclohexylcarbodiimide (DCC, 102 mg) was added to the ECT solution at a 5:1 molar excess to

the AzPEG. The ECT/DCC solution was added to a 25 mL round bottom flask withadldbn

purge and stirgtfor 5 minutes to allow the DCC to activate the carboxylic acid group of the ECT.

The AzPEG/DMAP solution was then added and the total solution (10 mL, 5% w/v AzPEG) was
covered with aluminum foil and stirred for 48 hours at room temperature. Afternggattte

solution was purified by dialyzing against methanol for 24 hours followed by dialyzing against
deionized (DI) water for 24 hours using a 3.5 KB&CO membrané&’# The final solution was

frozen at80°C and lyophilized. Conjugation BICT to the AzPEG was confirmed with IMVIR

as previously describe®gpplemental Figure 2.SR8’
2.6.3 RAFT Polymerization of Diblock Copolymers

The AzPEG and PEG mac@rlAs were then RAFT polymerized with DMAEMA and
BMA at a 50:50 molar ratio as previously descrited:*® The macreCTA (150 mg) was
di ssolved in dioxane (8. 39 -ambbis(2niethypropohiwilg) wi t h
(AIBN) as the initiator (0.47 mg, 10:1 CTA:initiator molar ratio). Based on previous experience
with the diblock copolymer, overall bestformance was generally obtained from a polymer with

approximately 1240 monomer8’ Previous syntheses with similar systems produced a
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conversion rate of 665% so we designed the reaction at a degree of polymerizati 240.
DMAEMA (576 L) and BMA (543 pL) were added at 50:50 mol% and the entire solution was
placed in a 50 mL round bottom flask and sealed with a rubber stopper. The solution was purged
with N2 for 30 minutes and then placed in an oil bath at 70°C for 24 hours. After completion of
the reaction, the AzZPEG(DMAEMA&o0-BMA) (AzPEGDB) and PEGDB solutions were dialyzed

for 24 hours in methanol and 24 hours in DI water using a 3.5MI¥&O membrane. The
solutions were then frozen and lyophilized for ldegn storage. Fabrication of the PIEHET
macreCTA and subsequent RAFT polymerization of PEGDB has been previously well

characterized? 6883123145
26.4AkyneAzi de AClIicko Functionalization

AzPEGDB (250 mg) was dissolved in 10% (v/v) 2800f ethanol and 90% nuclealsee
water (25 mL total, 10 mg/mL) in a 100 mL round bottom flask. Then, maraikgee (5.93 mg,
1:3 azide:alkyne molar ratio) and sodium ascorbate (24.8 mg, 5 mM) were adtled¢action
vessel. The copper catalyst (copper sulfate (G)S@@s added at concentrations of 0.1, 0.25, 0.5,
0.75,0r 1 mM (0.62 mg, 1.56 mg, 3.12 mg, 4.68 mg, 6.24 mg, respectively) to examine conjugation
efficiency at different catalyst concentais. The reaction vessel was sealed with a rubber stopper
and placed on a stir plate for 48 hours at room temperatureteRasion, a Chelex resin (1.25 g,
5 g/100 mL, BieRad, Hercules, CA) was added and stirred for 2 hours to remove residdial Cu
ions.The solution was filtered through a 0.45 ¢n
against DI water for 24 hours using a 3.5 K&/ CO membrane. The purified solution was frozen

at-80°C and lyophilized.
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2.7 Supplemental Figures

Figure 2.S1: Polyplex Toxicity in ThR1 Human Macrophages
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Supplemental Figure2.S1: Viability studies with ThPL human macrophages treated with PEGDE
MnPEGDB (prepared with 1 mM copper catalyst) revealed a significant toxic effect in the Mnf
group, whichwe hypothesized to be caused by residual copper from CuAAC.
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Figure 2.S2: MannoseAlkyne Fabrication
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Supplemental Figure 2.52: *H-NMR of mannose functionalization with propargyl bromidefdom
mannosealkyne, performed in . Successful conjugation is confirmed by the appearance of the
p e a k 04st Integratbn of peaks reveals a 1:1 conjugation efficiency. These results match prev
from our lab. Note that alkyne conjugat to mannoseés not expectedto be specific for a particul
hydroxyl group.



Figure 2.S3: AzidePEGDB Fabrication
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Figure 2.S3: AzidePEGDB Fabrication (Continued)
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Supplemental Figure2.S3:*H-NMR of each reaction step in CDCI3. Azi®EGhydroxyl is reacte
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integrals. Overall spectra of AZPEGECT and AzPEGDB match previoaplyrted data using
similar polymer system.
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Figure 2.54:

MnPEGDB Polymers Fabricated with Various Copper Catalyst Concentrations
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Supplemental Figure2.S4: 'H-NMR of MNnPEGDB polymers in CDCI3. Apectra matched betwe
groups, indicating no changes in overall polymer structure despite changing the copper
concentration in the CuAAC reaction. Note that mannose is not detectable with NMR since tl
(shown in Figure S2) overlap with tREG peak, which has 113 repeating units per polymer compi
one for mannose.

Table 2.51: RTFPCR Primer Sequences

Gene | Forward sequence Reverse sequence

name

CD86 TCTCCACGGAAACAGCATCT CTTACGGAAGCACCCATGAT
TNF-U | CCCTCACACTCAGATCATCTTCT | GCTACGACGTGGGCTACAG

INOS TTCACCCAGTTGTGCATCGACCTA| TCCATGGTCACCTCCAACACAAGA
CD206 | GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

| @ BU| GAGCTCCGAGACTTTCGAGG AGACACGTGTGGCCATTGTA
F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
GAPDH | CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
Actin-b | TATAAAACCCGGCGGCGCA TCATCCATGGCGAACTGGTG
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Table 2.S2: Characterization of Polyplex Diameter, Homogeneity, and Surface Charge

Polymer Avg Diameter (d.nm) | PDI Avg Zeta Potential (mV)
PEGDB 140 £16 0.287 -0.142 £ 0.471
0.1 mM MnPEGDB | 146 + 18 0.273 -0.111 = 0.347
0.25 mM MnPEGDB | 148 + 17 0.254 -0.332 + 0.398
0.5 MM MnPEGDB | 145+ 12 0.259 -0.286 = 0.438
0.75 mM MnPEGDB | 151 + 16 0.262 0.249 + 0.054
1 mM MnPEGDB 151+ 14 0.300 -0.417 x0.430
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Figure 2.S5: Flow Cytometry Gating Strategy and Polarized Macrophage Characterization
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Supplementd Figure 2.S5: (A) Gating of overall cell population in flow cytometry based on -$iglet
scatter intensity vs forwasight scatter intensity.K) Gating of macrophages determined by a do
positive population expressirgd/80 and CD11b.GQ,D) Histogram plots depicting expressions of
(CD86) and M2 (CD206) markers on the different macrophage phenot#)eSD86 was significant
increased in the Mpolarized macrophages compared to both MO and RJZ2D206 was significatly
overexpressed in M2 BMDMs.
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Figure 2.S6: Polyplex and Copper Toxicity in Human andViurine TNBC Cells and Human
Mammary Epithelial Cells
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Supplementd Figure 2.56: (A) MDA-MB-231 human TNBC cells significantly decreased in viabili
the 0.250.75 mM-prepared MNnPEGDB polyplexes compared to untreated control, but still had v
greater than 90%B) EO771 murindNBC cells had significantly less viability in all treatments comg
to untreated control, but none of the MNPEGDB groups were isignify different from the PEGDB cont
polymer. C) MCF10a human epithelial cells treated with 0.1 and 1 mM MnPEGDB were significan
viable than the PEGDB control polymer, but the 80286 mM groups were not significantly differerD)
All three cell types exhibited a trend of decreasing viability with increasing copper salt concentra
only the E0771 murine TNBC cells had a significant change in viability at the highest concentratic

54



Figure 2.57: CD206Specific Uptake of Polyplexes Confirmed via Céncubation with Free
Mannose
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Supplementd Figure 2.S7: M2-polarized BMDMs were treated with either manndseorate
nanoparticles (NP) or NPs plus free mannose (NP+Mn). Fluorescence intensity revealed that a
the optimal polymer formulations resulted in decreased uptake after adding free man2ps&n(averag
of the three optimal groupsdmbined, n=6) revealed a significant decrease in uptake with abol
decrease due to mannose blocking the CD206 receptor.
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Figure 2.S8: Polyplex Uptake in TNBC Cells and Mammary Epitlelial Cells
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Supplementd Figure 2.58: (A) MDA-MB-231 cells had no significant changes in uptake regardl
mannosylation or copper content, indicatirugspecific uptake of particlesB] EOQ771 cells only exhibite
a significant change inptake between the 0.75 and 1 mM groups, but no other groups were differe
each other.@¢) MCF10a cells also displayed nspecific uptake, with no polymer groups differing fi
each other.
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3.1 Abstract

Background: Current cancer immunotherapies have maelmendous impactsut generally

lack high response rates, especially in ovarian cancer. New therapies are needed to provide
increasedenefits Oneunderstudied approach is to tartet large population of

immunosuppressive tumaissociated macrophages (TAMs). Using inducible transgeick,

we recently reported that upregulating nuclear fakteppaB (NFe B) si gnal ing i n T/
promotes the M1, anrtumor phenotype and limits ovarian cancer progression. We also

developed a mannoskecorated polymeric nanoparticle system (MnNPs) to mefedly

deliver siRNA payloads to M2, pitmmor macrophages vitro. In this study, weesteda

translational strategy to repolarize ovarian TAMs via MnNPs loaded with siRNAitey e

inhibitorof NFe B al pha (1 aBU) using emouse models of o

Methods: We evaluated treatment with MnNPs loaded with BiENA (I & BVdNPs) or

scrambled siRNA in syngeneic ovarian cancer models. ID8 tumors in C57BI/6 mice were used to
evaluate consecutiveay treatment of latstage disease while TBR5 tumordHvB mice were

used to evaluate repetitive treatments in a fadgeeloping disease model. MNnNPs were

evaluated for biodistribution and therapeutic efficacy in both models.

Results: Stimulation of NFa Bactivity and repolarization to an M1 phenotype hdaB-MnNP
treatment was confirmed using cultured luciferesggorter macrophages. Delivery of MNNPs
with fluorescent payloads (Cy@nNPs) to macrophages in the solid tumors and ascites was
confirmed in both tumor models. A three consecutiag treatment of @ BVIdNPs in the D8
model validated a shift towards M1 macrophage polarizationvo. A clear therapeutic effect
was observed with biweekly treatments ov& ®eeks in the TBR5 model where significantly

reduced tumor burden was accompanied by changesnune cell composition, indicative of
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reduced immunosuppressive tumor microenvironment. No evidence of toxicity associated with

MnNP treatment was observed in either model.

Conclusions:In mouse models of ovarian cancer, MNnNPs were preferentiallgiatsd with
macrophages in ascites fluid and solid tumors. Evidence of macrophage repolarization, increased
inflammatory cues, and reduced tumor burdeh @ BVIdNP-treated mice indicate beneficial
outcomes in models of established disease. We have pdcewatdence of a targeted, TAM

directed approach to increase aotnor immunity in ovarian cancer with strong translational

potential for future clinical studies.
3.2Background

The use of ancer immunotherapies, including immune checkpoint blockades (I8Bs),
rapidly expandings a result ogarly successes in clinical trialultiple clinical trials have
resulted in FDAapproved treatments for a variety of cancers, including meldf®thanon
small cell lung cancéf®, urothelial cancéf** renal cell carcinowd®?, colorectal cancét?, and
triple-negative breast cancer (TNB€) among others reviewed héféWhile ICBs represent
an importanfadvancemenn cancer therap disappointinglylow overall response rates (ORRS)
are commonly observeth particular, clinical trials involving the treatment of epithelial ovarian
cancer resulted in ORRs of 15%da8% for monotherapies of nivolumab and pembrolizumab,
respectively:> 157 Epithelial ovarian cancer (EO®) estimated to be the fifth leading cause of
cancerrelated deaths in females in the U.S. enith desperate need of improved therapiés.

The relatively late presentation of dase in most patients contributes to overall survival of 40%
at diagnosig® The primary standard of care (surgéusllowed by platinumand taxandased
chemotherapy) imitially effective in over 70% of patients, but only half of these patients exhibit

nondetectable levels of cancer cells 5 months after treathi®&ren in those patients, small
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numbers of chemothapy-resistant cells can remain dormant in the peritoneal cavity for several
months before growing exponentiaflyfowever, as with many other types of cancer, ovarian

cancer is a prime candidate for macrophsgecific immunotherapy.

Tumorassociated macphages (TAMs) are the most abundant immune cell in most
types of cancer, including epithelial ovarian cartlét®®TAMs are prevalent in both the &bl
tumor as well as the ascites fluid associated with ovarian cancer progression. Ascites
development is correlated with severity of ovarian cancer (present in ovérihef patients)
and is linked to poor disease prognosis as well as developmemrobarsistanc&®! 163 TAMs
in both the tumor and ascites promote an immuna@®&gsive tumor microenvironment (TME),
hinder the efficacy of ICB, and drive tumor progression and meta$taigSeveral techniques
to alter the TME, including TAM ablation or limiting TAM recruitment, have been attempted
with moderate success&s:However, gotentiallymore robust method leverages macrophage
plasticity. This phenomenon provides the opportunity to tavigelike immunosuppressive
TAMs and Ar ep o InMtlikepoinflammatong, antitirhoo phenotype.
Repolarizing TAMs fo cancer immunotherapy is a rapidly growing field of study with

encouraging early result§®?

Our lab has previouslgentified the nuclearfacts B pat h-aeBy @B Fa t ar get
repolarizing macrophagé®thin vitro andin vivosince this pathway drives macrophage
phenotype®1%'This work provides evidence that modulating macrophage phenotype in mouse
cancer models induces beneficial thenatic outcomes. Using transgenic mice, we have recently
demonstrated M1 macrophage repolarization, increased cytotoxic T cell responses, and reduced

tumor burden in syngeneic mouse models of ovarian cafiCEne goal of the present study is to
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evaluate a new translational approach involving a targeted nanopbhessdd delivery of an

siRNA cargo to specifically stimulate N# Bactivity in ovarian TAMSs.

Our group has extensive experience designing nanoparticle formulations for delivering
SiRNA to cellsin vivo.**8318ye have previouslyseda small interfering RNA (siRNA)
sequence specific for the inhibitorof FB al pha (1 aBU). Because | aBL
canonicalNFe B pat hway, oconfirmedt dhvaitouwde |l worek i ng si RNA

increase activity of the canonigadthway and induce M1 polarizatih:®®

Although siRNAbasedherapies are promising, delivery platforms are crucial to their
success because oligonucleotides are unable to cross cell membranes and are rapidly cleared
from circulation when administered unformulated macromolecuf€sTargeted formulations
can enhance delivery of functional siRNA to the appropriate cells while simultaneously
minimizing activity in nortarget cells and tissué®:1’°By combining an siRNA againsts B U
with a targeted delivery system, we aim to increase the specificity of M1 activation to the tumor
microenvironment and limit offarget effects elsewheréhe phenotypic diversity of
macrophages, often characterizedtuy differing expression levels of various surface receptors,
allows for targeting via the CD206 macrophage mannose receptor, which is overexpressed on
M2-polarized macrophages and TAMS$ The overexpressn of CD206 on immunosuppressive
TAMs allows for targeting with mannoskecorated delivery systerfi&321%6Specifically,
polymers @signed to form nanoscale micelles containing siRNA and decorated with mannose
enable the targeted delivery of RNA interference (RNAI) therapies that modulates macrophage
phenotype® These micelles are spherical with diameters of 150 nm to promote clathrin
mediated endocytosis into the targeted macrophagesh\wbs been extensively

documented?®31720Qur group has previoustfemonstrated MnNP targeting to macrophages
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using a mannosylated triblock copolyni&f®This system has since been improved via the
development of a diblock copolymer that is more reproducible and simpler to fabfithee.
mannosealecorated diblock copolymer was shown to successfully targgidié2izedbone

marrowderived macrophages (BMDMSs) and repolarize them to an M1 phen§fype.

Mannosylated nanoparticle (MNNP) delivery systems can be especially beneficial in the
context of ovarian cancer. EOCs with high levels of immunosuppressive TAMs, in both the solid
tumor and ascites, result in poor prognosis for patiesiile cases with elevated Miblarized
macrophages are correlated with increased overall survival and progtessisorvivaf® 1’3
Furthermore, intraperitoneal (IP) injection of nanopatrticles allows for localized delivery with
limited risk for offtarget accumulation or rapid clearance that is often associated with
intravascular (IV) deliver{ The potential for targeted repolarization of TAMs in EOC led to
the hypothesis that | P injecti-MmNPwillloddilyNPs | oa
target and reprogram macrophages to inducetamtdr immunity in mouse models of ovarian

cancer.

This study followsup on our previous work hytilizing the optimized MnNPs to deliver
| 8BU si RNA to TAMs in mouse models of ovarian
used to eval uatMnNRsbreTAMsE The D& osariam fumdrssoB AJB5B
background enabled examination of treating-&iteje disease while the TBR5 ovarian tumors
on an FVB background allowed for evaluation of eatlyge treatment in an aggressive disease
model. MNNP biodistribution was evaluated to confirm limitedtaffet delivery in both
models. Tumob ear i ng mi ce wer e -toadeddMnNPd, scrambledad SIRNABU s i F
loaded MNNPs, or PBS to evaluate changes in tumor burden in terms of tumor weight and ascites

accumulation. The safety profile of two treatmermgimens was also evaluateddisaracterize
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anytoxicitiescaused by MnNRdministration Immune cell composition, macrophage
phenotypes, and cytokine signaling were evaluated to investigate the mechanisms leading to
differential outcomes and, ultimately,demonstrate the effects of TAM repolarization on tumor

suppression.
3.3 Materials and Methods
3.3.1Materials

All materials were purchased from SigiAldrich unless otherwise notellonomethyl
ether hydroquinonmhibitors were removed from dimethylaminoethyl methacrylate
(DMAEMA) and butyl methacrylate (BMA) using an activated basic aluminum oxide column.
All DNA and RNA oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA). Forin vivobiodistribution studies, double stranded DNA (dsDNA) designed to
belengttmat ched t o t herapeutic | aBUSEKYSRNA and
fluorophore was used. | aBU si RNA sequence
SiRNA sequencewasandomi zed from the |1 aBU sequence
Alignment Search Tool (BLAST, NCBI) to ensure no-tffget effects with our sequere®®

Oligonucleotide sequences are listeGupplemental Table3.S1.
3.3.2Polymer Synthesis

The mannosgoly(ethylengglycol)-(DMAEMA -co-BMA) (MNnPEGDB) polymer was
fabricated as previously describ®d®/°1%®Nucleophilic substitution of propargyl bromide with
D-mannose to form manncsékyne was performed and characterized previottélyhe core of
themicellecomprises a diblock copolymer fabricated usingydnc4-

(ethylsulfanylthiocarbonytsulfanylpentanoic acid (ECT) as a chain transfer agent (CTA)
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conjucated to an azid&nctionalized PEG (APEG). The AZPEGECT was then RAFT

pol ymerized to DMAEMA and BMA as previously d
capable of encapsulating anionic siRNA and inducing endosomal escape uporf tStékehe
AzPEGDB was then reacted with Mikyne (1:3 azide:alkyne molar ratio) via coppatalyzed
azidealkyne cycloaddition (CUAAC) using a previously optimized copper catalyst concentration
of 0.75 mM with 5 mM of sodium ascorbaf8.Chemical structures artti-NMR for all reaction
steps are shown fBupplemental Figures3.S1-4, and mannose conjugation was verified with
Fourier transform infrared (FTIR) spectroscopy as previously desdi$hgiblemental Figure
3.55.1%¢ All chemical structures were made using ChemDraw (PerkinEIfG&HR spectroscopy
was performed at théanderbilt Institute of Nanoscale Science and Engineering (VINS&)all
H-NMR experiments were performed at the Vanderbilt Small Molecule NMR Facility on a 400

MHz spectrometer (Bruker).
3.3.3Nanoparticle Preparation

Nanoscale plymericcomplexes were fabricated as previously describ&t®To form
mannaylatednanoparticlegMnNPs) with oligonucleotides, MNPEGDB was dissolved in 90%
(v/v) 10 mM citrate buffer (pH=4) with 20proof ethanol (EtOH). MNnNPs were complexed with
either Cysd s DNA, | a B crambled SIRNA foo30 minutes to form micellegdoe
adding 5x volume 10 mM phosphate buffer (pH=8) for a final solution pH of 7.4midedle
N*/P ratio, determined by mole ratio of protordtamines on the DMAEMA polymer to the
number of phosphates on the oligonucleotides, was chosen as 10:1rbasedaus
studies” 1% Nanoparticlesize and z& potential were evaluated using a Malvern Zetasizer
locatedat VINSE, and the results are shownSnpplemental Figure3.S6. All in vitro

treatments were conducted with a final concentration of 50 nM oligonucleotides andiadl
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treatments were performed using a dose of 1 mg/kg (1 mg of oligonucleotide/kg of mouse
weight). Forin vivo NP preparation, the pH=7.4 solution was dilutedterite phosphate

buffered saline (PBS) without magnesium and calcium and centrifuged in 5000 MWCO
Amicon® Ultra15 Centrifugal Filters (Millipore Sigma; UFC905024)2800xg for 30 minutes.
The concentrateNPswere diluted in PB%-/-) and centrifuged agabefore adding PBS to get

to the appropriate volume for axig/kg concentration. The final preparation was filtered through

a 0.45 um syringe filter before being used for intraperitoneal injection.
3.3.4Cell Culture and Tumor Induction

Unless otherwise ot ed, all <cell s were cultured in D
(DMEM, low glucose, pyruvate, Gibco; 11885084) supplemented with 10% fetal bovine serum
(FBS certified, Gibco; 16000044nd 1% penicillin/streptomycin (P/S) at 37°C in a 5%CO
humidified atmospherdD8 ovarian tumor cellandTBR5 genetically modified ovarian tumor
cells were used as previously describ&d’” ID8 cells were from Dr. Sandra Orsufigand
TBR5 cells were from Dr. Balkwift’”® All animal work was reviewed and approved by the
Vanderbilt University Institutional Animal Casnd Use Committee (IACUC). The ID8 cells
were usedn syngeneic C57BI/6 backgroumdice while TBR5 cells were useith syngeneic
FVB backgroundnice For tumor induction, cells were resuspended in sterile PBS at a
concentration of 5x10cells/200 pL. A stdle 3 mL LuerLok™ syringe with an 18G needle was
used to inject of 5x1cellstumor cellsin 200 uL PBSintraperitoneally (IP) into each mougé.
endpoint, all mice were euthanized via carbon dioxide inhalation with secondary cervical

dislocation as approved by IACUC protocols.

Primarybone marrowderived macrophages (BMDMs) were isolated from healthy

femalewild-type FVB mice and immortalized NGBMDMs werepreviouslyderived from NF
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aB green f | uor elittrmse (NGbyeportereransger(ic@ic®on an FVB

backgrounc89 182
3.3.5Culturing and Treating Bone Marrelderived Macrophages

ImmortalizedNGL-BMDMs were used fromrbzen stocks foin vitro experimentg82
NGL-BMDMs were plated in Gvell plates at 1x10cells/well in 2 mL of DMEM
(Thermd-isher; 11995073) supplemented with 10% FBS and 1% P/S. The macrophages were
polarized to M1 with 10 ng/mL eachof IFN and LPS for 24 hours and
IL-4 for 48 hours. Mzbolarized NGLBMDMs were treated with S&vin NP s oMnNPsa B U
for 24 hours before collecting cells for luminescent measurements. Samples were prepared for
luminescenereadings using a Luciferase Assay System (Promega; E4030) following the

manufacturerds i nstructions.
3.3.6In VivoBiodistribution Studies in Ovarian mor-Bearing Mice

For the preliminary 24our delivery study, 6 female C57BI/6 mice were injected IP with
5x1 ID8 ovarian tumor cells in 200 uL PBS. Tumors developed for 8 weeks before treatment.
Control mice were injected with 200 uL PBS and treatmenemeceived 200 uL PBS
containing MnNPs loaded with CydsDNA at the previously listed dosage. After 24 hours, the
mice were sacrificed and the ascites, tumors, and spleens were collected. The ascites was
centrifuged at 1500 rpm for 5 minutes, supernataliécted, and red blood cells (RBCs) lysed
with 5 mL Geyz lysing buffer (4.15 g NI, 0.5 g KHCQ in 500 mL MilliQ water) for 5
minutes at 37°CThis step was repeated as needed until a clear pellet was obldieeésulting
cells were resuspended in PBS with 1% BSA and-émagen in liquid nitrogen for RNA

isolation or protein analysis. The solid tumors were collected into 3 mL DMEMIMI3-CV)
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containing 10% FBS and 1% P/S for one hour on ice. The tissue was cut into small pieces and
resuspended in 3 mL DMEM with 200 pL Collagenase A (Roche; 10103578001), 300 uL
hyaluronidase (Sigma; H4272), 500 uL DNase | (Sigma; D5025), and 30 pL ampindBeric
(ThermoFisher; 15290026) and placed at 37°C for 2 hours with frequent vortexing. The solution
was filtered through a 70 pum strainer to form a single cell suspension used for flow cytometry.
Tumors were then treated with the same RBC lysis buffereaaditites. Similarly, spleens were
collected in DMEM (10% FBS, 1% P/S) for one hour on ice, chopped into small pieces, and
immediately filtered through a 70 um strainer twice. The final single cell suspension was treated

with RBC lysis buffer before flowralysis.

The longterm biodistribution study was performed in the TBR5 ovarian tumor model. 10
female FVB mice received IP injections of 5RT®BRS5 cells in 200 uL PBS (day 0). Tumors
developed for 7 days before starting treatment on day 7. Mice edttedved IP injections of 100
puL PBS or 100 puL CyaMnNPs. Treatments were performed on days 7, 10, 14, and 17 before
takedown on day 18. Single cell suspensions were made from tumors, ascites, and spleen as

previously described and used for flow cytometnglgsis.
3.3.7Flow Cytometry ofin Vivo Biodistribution

Single cell suspensions were obtained from the tumors, ascites fluid, and spleens of either
ID8 or TBR5 tumotbearing mice. For ID8 2hour biodistribution, the cells were resuspended in
flow buffer (PBS with 2 mM EDTA and 0.5% (v/v) BSA) at 1»1€ells/50 pL buffer. The
following antrmouse antibodies were used: CD45@¥ (eBioscience; 2845182), F4/80 PE
(eBioscience; 1:2801-82), and Gil1 Alexa Fluor 700 (eBioscience; H®31-82). After staining

for 30 minutes, the cells were rinsed in PBS and resuspended in flow buffer before running flow
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analysis at the Vanderbilt Flow Cytometry Shared Resource. All flow analysis was performed

using FlowJo v10.7.1. Flow gating strategy is show8upplementalFigure 3.S7.

For the TBR5 biodistribution study, flow cytometry was performed as previously
described?®3 The cells were incubated in an Fc block (BD Biosciences; 553142) for 10 minutes
at RT, stained for surface markers for 15 minutes at RT, washed with a FACS buffer containing
PBS with 2% (v/v) FBS, and resuspended in the FACS buffer for flow analysiMoteayi
MACSQuant Analyzer 10 or 16. The eBioscielt&oxp3/transcription factor staining buffer
kit (Fisher Scientific; 06652300) was used for intracellular staining. After surface staining, the
cells were fixed and permeabilized for 20 minutes atl#&fore staining for intracellular markers
for 30 minutes at 4°C. To quantify cell viability, a Ghost Dye Red 780 viability matk&dqO,

Cell Signaling Technology; 18452S) was used. The followingrantise antibodies were used:
CD45 BV510 (:1600,BioLegend; 103138), CD3 FITA:200,BioLegend; 100204), CD4
PerCRCy5.5 (1.600,BioLegend; 100540)CD8a PE (1:800, eBioscience;-0081-82),B220
€450 (:400,ThermoFisher; 4845282), NKp46 PECy7 (1:200,BioLegend; 137618), CD11c
PE (1:1000,BioLegend; 17308), CD11b e4501(1600,ThermoFisher; 4811282), F4/80 PE
Cy7 (1:800,BioLegend; 123114), Ly6C FITC(4000,BioLegend; 128006), and Ly6G PerCP
Cy5.5 (1:800,BioLegend 127616). Flow cytometry data were analyzed with FlowJo v10.7.1.
Representative gai strategies of ascites, tumors, and spleens are sh@&upplemental

Figures 3.58-10.
3.3.8In Vivo Tumor Studies

Treatment of the ID8 ovarian tumor model was formulated as-stage disease
treatment. Similar to uptake studies, 5%IM8 ovarian tumor cells in 200 uL PBS were IP

injected into 15 female C57BI/6 mice (day 0) and allowed to develop tumors for 7.weeks
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Starting on day 49, mice received IP injections of 100 uyL PBSM3tiNP s , -MmNPd far B U

3 consecutive days. MNnNPs were given at a dose of 1 mg/kg. The mice were euthanized one day
after the final treatment. Blood samples were collected for livenftgp aminotransferase,

AST, and alanine aminotransferase, ALT) and kidney (blood urea nitrogen, BUN) enzyme
measurements and the ascites volume was measured and collected. Normal ranges for serum
AST, ALT, and BUN levels were referenced from the Vandethiversity Translational

Pathology Shared ResourtBSR) Tumors and spleens were tHearvestedThe ascitefluid

was collectedgentrifuged and the supernatastoredfor protein serum concentration analysis as
described above. The remaining ascitel$ pellet was further processed with RBC lysis as
described above until the cell pellet was clear. The cell pellet was froz&0r@tfor RNA

isolation. Tumors were weighed, cut in half, and one half was snap frozen in liquid nitrogen for
RNA isolation The other tumor half and the entire spleens were fixed in 10% formalin-ft2 48
hours for histology before being switched to 70% EtOH. Processing, embedding and sectioning,
and hematoxylin and eosin (H&E) staining of tumor tissue, as well as bloodstheamalyses,

were performed by the Vanderbilt University Medical Center (VUMC) Translational Pathology
Shared Resource (TPSR) core. H&fined tissues were imaged using the EVOS XL Core

microscope (ThermoFisher) on 4x and 10x brightfield magnification.

The faster developing TBR5 model was used to model a more aggressistagely
treatment strategy. 5x10BR5 ovarian tumor cells in 200 uL PBS were IP injected into 15
female FVB mice (day 0) and allowed to develop tumors for 7 days. A biweekiméaetaivas
adopted to combat the aggressive growth. Mice received IP injections of 100 pL PBS, Scr
Mn NPs , -bMmNPdos &l 7, 10, 14, 17, and 21 and the mice were sacrificed on day 22.

For the extended study, additional MNNP treatments were administeicad/s 24 and 28 before
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euthanizing mice on day 29. Similar to the ID8 model, blood samples and ascites were collected
immediately after takedown before surgically removing the spleens and tumors. The ascites was
centrifuged and supernatant collectede Tiimors were weighed and then split into two samples:

one for fixation and one for snap freezing for RNA isolation. Spleens were fixed as previously
described. The same analyses performed on the ID8 ovarian tumors were repeated here. For flow
cytometry aalysis,CD3 APC(1:200,BioLegend; 100236andCD8a AF488 1:1600,

BioLegend; 100723)ere used in place of CD3 FITC and CD8a PE used for biodistribution. The
rest of the panel was the same with the addition of the followingramise antibodie<D206

APC (1:500,BioLegend; 141708), FOXP3 PE:{25,ThermoFisher; 1:577382), and°PD-1 PE

(1:100, BioLegend; 135206Flow gating strategyas repeated as previously showa

visualize tumor cells populations, cells were gated on forward scatter (FSC) ssatige

(SSC), single cells (FS@rea vs FS@eight), live/dead, and CD45The CD45 cells were

vi suali zed again as FSC vs SShygh@8CGhicellsewerec| ear
present only in cells from the solid tumors and ascites, buhaapleen. Representative tumor

cells gating is shown iSupplemental Figure3.S11.
3.3.9Immunofluorescent Staining for Confocal Imaging of Tumor Sections

The protocol of immunofluorescent staining and analysis has been previously
described®’ To evaluate CD8 T cell infiltration, the primary antibody rat-amtiuse CD8
(Novus Biologicals; BP#9045SS, 1:100) was used with a secondary goatarigG Alexa
Fluor 488 (Abcam; ab150157). Preusly sectioned tumor samples were deparaffinized in
Xylenes 2x for 10 minutes each. The samples were then rehydrated in 100% EtOH 2x for 2
minutes each, and then once each in 90%, 80%, and 70% EtOH (v/v in DI water) for 2 minutes.

The slides were thenanbated on a shaker in 0.1% Sudan Black Dye solution (diluted in 70%
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EtOH) for 20 minutes before one morer2nute wash in 50% EtOH. The sections were then
permeabilized in 1X Tribuffered saline (TBS) with 0.1% Tween 20 (TBST) for 20 minutes,
rinsed in BS for 5 minutes, and finally rinsed briefly with M#) DI water. Antigen retrieval

was performed by placing slides in a rice cooker with a 10mM sodium citrate solution (pH=6.0)
with 0.1% Tween 20 and heated for2® minutes before cooling at RT for BOnutes. The

slides were then washed 3x with TBS for 5 minutes each. Slides were treated with a blocking
buffer comprised o## mL 0.5% TBST, 0.04 g bovine serum albumin, and 250 pL goat serum
(Abcam;ab748) for one hour in a humidified chamber at RT. The blocking buffer was aspirated
and 100 pL of primary antibody was added and incubated at 4°C overnight. The primary
antibody was aspirated and each slide washed 3x for 10 minutes each in TBST and then rinsed a
final time with TBS for 5 minutes while shaking. The TBS was aspirated and 100 pL of
secondary antibody was diluted in blocking buffer (1:1000) and incubated at RT in the dark for 2
hours. The slides were washed 3x for 10 minutes each in TBST followeedibgle Sminute

wash in TBS on a shaker. DAPI (0.1 w/mL) was added to each slide and incubated at RT for 5
minutes to stain cell nuclei. The slides were washed 2x for 3 minutes each in TBS and then 20
uL ProLond™ Gold Antifade Mountant (ThermoFisher; #830) was added to preserve

fluorescent signal. Slides were stored at 4°C until imaging was performed via fluorescent
microscopy (Nikon C1si + confocal microscope system on Nikon Eclip6& Tiverted

microscope base, Plan APO VC 20x objective, 405/48&rdic mirror). Images were analyzed

using Fiji in Image38*

3.3.10RNA Extraction for Quantitative Reverse Transcription Polymerase Chain Reaction

(QRT-PCR)
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Forin vitro BMDM experiments, RNA was isolated using the RNeasy Mini Kit (Qiagen;
74106) and residual DNA was removed using the RNfase DNase set (Qiager9256).
cDNA was synthesized with SuperScript IV reverse transcriptase kit (Invitrogen; 18090050).
Quantitative reverse transcription polymerase chain reaction-R{ER) was performed using
SsoAdvanced Universal SYBR Green Supermix {Bad; 1725270) oa CFX96 reatime PCR
instrument and software (Biead) through the VUMC Molecular Cell Biology Resource

(MCBR) core.

Forin vivo experiments, RNA was extracted from both the ascites cells and tumor cells
using TRIzoI™ (Invitrogen; 15596026) and a Direodl RNA Miniprep kit (Zymo Research;
R2050). Snap frozen tumor samples were ground into small pieces with a mortar and pestle
before suspending in 300 uL TRIzol solution. The ascites pellet was resuspended in 300 pL
TRIzol solution. Both solutions were used with the Diaat RNA Miniprep kit following the
manufacturerods instructions. Final RNA concen
spectrophotometer (Biotek). cDNA fabrication and gRTR were performed as deibed
above. All primer sequences are lis,edupplemental Table3.S2. For all experiments, target
genes were normalized to a housekeeping g2BIorGAPDH) t o obt ain the o

gRT-PCR data is shown as relative expression using #&Zhethal.
3.3.11Western Blot

Protein isolated from ascites cells in the TBR5 experimental model was used for western
bl ot anal ysi s WhbéleprotiB isolator, pesters Isldttingn and signal detection
wereperformed as previously describ®dPrimary antibodesusedwererabbit polyclonaknt-

|l @BU (1:100 dil ut i on 924 Edudl loaBinggvaseconfirmegl usih@ c hno |l o
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mouse monoclonal antiistone H3 (1:1000 dilution, Cell Signaling Technolo$2693 as a

loading controlUncropped blots are shown Supplemental Figure 3.512.
3.3.12Statistical Analysis

All statistical analyses were performed using aorey ANOVA with Tukey?os
comparison test in the case of two or more groups, amaoy ANOVA with Tukeyos
comparison test in the caseta or more groups in two or more sets,oratwai | ed -st uden
test in the case of only two groups, all with

GraphPad Prism v8.4.3. All figures were made using Adobe Photoshop 2020 v21.2.2.
3.4Resuls
3.4.1Quantifying ChangesinNB B Act i v at-Treated ManropNagas P

Knockdown ofl & BytargetedsiRNA results h activation of the canonical N& B
pathway known to promote inflammation through the M1 polarization of macropfegas.
assess activation of canonical{8/ 8 f ol | owi ng t r e a loadedinto MaNP$ h | & B (
immortalized BMDMs derivedfromNB B gr een f | uor elxite@mse(NGpr ot ei n
reporter transgenic mice (FVB background) were culttté®The NGL-BMDMs express a
GFPRluciferase fusion proteininresponseNNl6-e B acti vati on all owing for
method to quantify M1 polarization. BMDMs were polarized to an M2 phenotype via
interleukin4 (IL-4) stimulation for 24 or 48 hours before treating with MnNPs for 24 hours.
Control groups of Mipolarized omunpolarized (M0) BMDMs were also included. M1
polarization was induced via treatment with interfepon (-b F Nand | i popol ysacch
for 24 hours. Forthe 48 hoesrt i mul at ed M2 -BmPB veatment styraficantly B U

increased luminescence coaned to both the PBS control and the-BierNP treatment,
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indicating activation of canonical N& BFigure 3.1). M2 macrophages treated with MNnNPs

|l oaded with | aBUaBitRNAI evceli sy ag ewi Wl ent t o M1
PBS as estimated lyminescence intensity, indicating a robust shift in macrophage phenotype

i nduc e d-MbN\P trdatenént) Interestingly, for the 24 hatimulated M2 BMDMs, both

ScrMn NP a n-MnNP &datbients increased luminescence, indicating potential activation of
canonicalNFe B due to t he mannosThérewaenod signiicantchanges t her
in luminescent intensity for S&MNNP treatments between-2dnd 48hour IL-4 stimulation,

while thel @ BVIdNP treatment significantly increased luminescent sitgrior the longer

stimulated M2 macrophages.
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Figure 3.1: NF-a BActivation in MnNP -Treated Polarized NGL-BMDMs. BMDMs isolated from NGL
reporter mice were polarizedto M1 (IEN+ L P S) o4, 24248 Holird) or left unpolarized (M0) and
examined for luminescent readout. The-pi@arized BMDMs were also treated with MnNPs for 24 hours
before measuring luminescendor the 24 hoypolarized M2 BMDMs, the Seiandl & BVIINP treatments
both increased NB Bactivation, but this effect was more pronounced in thé@& IL-4-treated BMDMs,
especially with thé & BVIANP (n=3, *p<0.05 **p<0.001 ##p<0.001).
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3.4.2Biodistribution Analysis of MNNPs in a Latetage ID8 Ovarian Tumor Model

Biodistribution studiesvere conducted to evaluatevivodelivery of MNNPs taspecific
cell populations. Female C57BI/6 mice received intraperitoneal (IP) injections df ID&0
ovarian tumor cells and were monitored for tumor development for 8 weeks. The ID8 model is
slow-deeloping (>7 weeks) and is often used for studyings$tage ovarian cancéf®186.187
These mice received a single IP injection of MNNPs loaded withl&hded doubletranded
DNA (Cy5-MnNPs) 8 weeks after tumor induction. The asditgd, tumors, and spleens were
collected from the mice 24 hours after MNNP administration and prociesdémv cytometry.
Cy5 fluorescence was used to estimate MnNP biodistribution. The general cell population was
gated on forwargcatter (FSC) vs. siggcatter (SSC). Immune cells were gated on CD45
followed by F4/80 vs. GL to visualize immune cell suiseThe MnNPs were located almost
exclusively in the tumor and ascites with 15.4% of cells in the tumor and 59.7% of cells in the
ascites gating positive for Cy5 compared to <1% of cells in the splegnusd 3.2A).
Additional gating on the general machage population (CD45+/F4/80+) revealed that 75.7% of
TAMs and 61.3% of the macrophages in the ascites were associated withnGyZs,
consistent with the anticipated delivery of cargo to these cell types in the peritoneal cavity
(Figure 3.2B). Gr-1 gatingdemonstrated the same trends in both mature macrophage
(F4/80+/Gr1-) and myeloid cell (F4/80Gr-1+) populations, with high percent uptake in the
tumor and ascites and negligible delivery to the splEgufe 3.2C,D). These results suggest
that even aingle IP injection of MNNPs examined after 24 hours is able to deliver the payload to

high percentages of macrophages in the tumors and ascites.
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Figure 3.2: MnNP Biodistribution in ID8 Tumor Model. C57BI/6 mice bearing ID8 ovarian tumors were
treated IP with CyBVMnNPs. After 24 hours, the ascites, tumors, and spleens were collected for flow cy!
analysis. A) The general cell population gated on FSC vs. SSC revealed a high percentage of Mifg\R+
the ascites and almost 20% of cells in the tumor, but negligible delivery to any cells in the §)I&ating

on CD45+/F4/80+ macrophages revealed that about 60% of macrophages in the ascites and ~75% of
were MnNP+. Additional gating forQ) Gr-1- mature macrophages arid)(Gr-1+ myeloid cells also reveale

high percentages of MNNP uptake in the ascites and tumor (n=3, *p<0.05 **p<0.001).
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3.4.3Endpoint MNNP Treatment of Latgtage Disease Reveals Encouraging Effects

To evaluate the antumor efficacy of MNNP treatments in ladéage disease, ID8
ovarian tumor cells were injected into the peritoneal cavity of female C57BI/6 mice and allowed
to progress for 7 weeks. Once these mice approached humane endpoint, NitiNéhtiewere
administered by IP injection daily for 3 consecutive days. The treatment groups included a PBS
control or MNNPs containing the Scr siRNA (3%¢n NPs) or t he {MaNPE). si RNA
Mice were euthanized 24 hours after the final injectligyre 3.3A). This model was chosen
because ID8 ovarian tumors are known to produce high ascites volumes, which comprise large
populations of immunosuppressive macrophages, and reflect a significant subpopulation of
human ovarian cancet§.In this way, the ID8 model coulcetused to evaluate the effects of
MnNP-mediated siRNA delivery to immunosuppressive macrophage populations in hopes of
seeing changes in the immune cells. Additionallysca@secutive day treatment at endpoint was
used to evaluate toxicity of multiay MNP injections. Importantly, limited toxicity was
observed in mice treated with MNnNPs with serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and blood urea nitrogen (BUN) all falling within normal ranges
(indicated as horizdal dotted lineg despi te slight el evMnNP on i n
treatment Figure 3.3B-D). While the 3day MnNP treatment did not result in toxicity, there was
also no significant change in tumor burden as evaluated by ascites volume and tighbatwve
endpoint Figure 3.3E,F). The trend of decreasing ascites volume fromb4mL in the
control to 2.81.1mL i n tMnKP tleanBett provided encouragement that beneficial
changes were occurring, but this effect was minimal due to thetkgetreatment of advanced
disease. However, hematoxylin and eosin (H&E) staining of tumor sections revealed visible

differences in the treatment groups, most noticeably areas of decreased epithelial cellularity that
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could result from an increase in cell degupplemental Figure3.S13). For cells collected

from the ascites, there was a significant increase in RNA expression of the M1 m&keotid

chemokine ligand 3 (CCL3) and a trend of increased tumor necrosisthctgr TUNF e x pr es si o
i n t h-EMnNP weBtident compared to contrBigure 3.3G,H). Finally, there was a

significant decrease in immunosuppressive interle@kii.-6) expression in both MnNP

treatmentsKigure 3.31). Expression of an additional M1 markeftXGC motif ligand 9

(CXCL9), a chenokine responsible for attracting CD8 T cells, trended upward in the ascites,

while CCL3and TNFU expression in cells from solid tum

significantly Supplemental Figure3.S14).
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Figure 3.3: Endpoint Analysis of ID8 Tumors Treated with Therapeutic MNNPs. (A) Treatment schematic fol
development of ID8 ovarian tumor model and&8/ MnNP treatmenBerum levels ofB) AST, (C) ALT, and D)
BUN were evaluated at endpoint. AS-MnNPhreatmant, Butidve r
within normal ranges while BUN levels were unchanged (n=5, *p<0.05). Chand@sdndites volume andtj
tumor weight at takedown (n=10, color indicates experimental groupiRbig).isolated from the ascites cells
revealed increases in the inflammatory cytokir@sCCL3 and(H) TNF-U(PBS control n=5, SekMnNP n=3,

| @ BVIdNP n=4, *p<0.05).1() Cells in theascites also significantly decreased in expression-6fih.both MNnNP
treatments (PBS control ahde BVIANP n=4, SciMnNP n=5, *p<0.05).
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3.4.4Biweekly Treatment of Ovarian Tumors ReveslacrophageSpecific Delivery in Ascites

and Solid Tumors

To evaluate t he eNMIMNEeatsmentooha moee aggitessiveitumer | o B U
model, the TBR5 ovarian model in FVB mice was adopted. Biodistribution was assessed to
confirm preferentiain vivo delivery of MNNPs tanacrophage populations in the ascites and
solid tumor. The TBR5 model exhibits rapid disease progression (over the course of 28 days) and
provides a platform to characterize the impact of a feasible treatment schedule in an &gressiv
model. Due to rapid progression, a biweekly (twice per week) treatment regimen for 2 weeks
(total of 4 treatments) was used. GVBINPs were delivered via IP injection to evaluate
biodistribution. One day after the final treatment, the ascites, solidsyaad spleens were
collected and processed for flow cytometry analysis. Initial gating on the immune cell population
(CD45) revealed that 89% of CD45+ immune cells in the ascitesdaih ®f CD45+ immune
cells in the solid tumor were positive for CG¥nNPs compared th1.4% and2.6% uptake in the
norrimmune cell (CD45 populations of the ascites and tumors, respectivegjute 3.4A).

Additionally, there was negligible uptakel1%)in any cells in the spleen, supporting our
hypothesis that IP deliveryan abrogate the othrget delivery normally associated with 1V

treatment.

Additional gating on specific immune cell populations was performed to examine
macrophage targeting. Lymphocyte gating included CD45+/CD3+/CD4+ and
CD45+/CD3+/CD8a+ markers for Cladhd CD8 T cells, respectively. B cells were gated
CD45+/CD3/B220+ and natural killer (NK) cells were gated CD45+/@DN&p46+. Myeloid
populations were gated CD45+/CD11c+/CD4fdy dendritic cells (DCs) and CD45+/CDZX1c

/CD11b+ for macrophages (F4/80hijdamonocytes (F4/80l0). Macrophages and monocytes
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were further gated Ly6C+/Ly6Go remove neutrophils and eosinophfi§When examining
delivery to the macrophage (CD11b+/F4/80hi), monocyte (CD11b+/F4/80lo), and other immune
cell (CD11b/F4/80) populations in the different organs, the @y&NPs were almost
exclusively localized to the macrophages and monocytes in thesaand tumors with
negligible uptake in the spleeRigure 3.4B). In tumors, MnNP delivery was significantly
greater in macrophages compared to all other immune cell populdignse(3.4C).
Additionally, 857% of macrophages and.8% of monocytes in #hascites were CyBINnNP+,
which was significantly elevated compared to all other immune cell atipas Figure 3.4D).
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Figure 34: Biodistribution of Biweekly MnNP Treatment in TBR5 Model. MnNP biodistribution in the TBR!
ovarian tumor model was examined via flow cytometA). Cy5-MnNPs demonstrated significant increase in
uptake in CD45+ immune cells in both the ascites and solid tumor compared to thepopdiations (n=5,
##p<0.001). MiNPs were also associated with over 89% of CD45+ cells in the ascites and 30% of CD45+
the solid tumor (**p<0.001).K) Direct comparison of the different organs for macrophages, monocytes, an
immune cells revealed targeted delivery tottiraors and ascites with minimal efirget delivery to the spleens
(n=5, **p<0.001). Macrophages displayed significantly elevated %MnNP+ levels compared to most other
cells in the C) tumor, D) ascites, andH) spleen. The %MnNP+ macrophage pogalatvas significantly highel
than all other immune cell subtypes in the tumor, and higher than all other subtypes except monocytes in
ascites and spleen (n=5, *p<0.05, **p<0.001).
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Finally, only 39% of macrophages in the spleen exhibited uptake ofMyNPs, demonstrating
limited off-target delivery Figure 3.4E). These results demonstrate the intended targeting to
TAMs as well as macrophages in the ascites with minimabodfet delivery to other immune
cells or organs. Additionally, the biweekly treatment adopted for the aggressive tumor model

exhibited greateMnNP uptake than observed in the previously useeskaige ID8 model.

3.45De | i v er JMnNNPS to TAMB Rievents Ascites Accumulation and Alters Immune

Cell Phenotype

The TBR5 ovarian tumor model wdMmMNPused to e
treatment on an aggressive ovarian tumor model. After tumor cell injection on day 0, MNNPs
were injected on days 7, 10, 14, 17, and 21 before mice were humanely sacrificed on day 22
(Figure 3.5A). Serum was collected and evaluated for AST, ALT, and BUN levgiseagusly
described and, similar to the ID8 model, there was no detectable toxicity as a result of MNNP
treatment [Figure 3.5B-D). In contrast to the ID8 model, MNNP treatment in the TBR5 model
significantly decreases ascites accumulation and slightiedses tumor burdeRigure
3.5E,F). Additionally, the weight gain associated with ascites fluid buildup in the PBS control

group was abrogated in the Mnhifeated miceQupplemental Figure3.S15).

Similar to the ID8 model, there were clear indicatiohsh@nges in tumor tissue as
evaluated by H&E staining of tumor sections. The PBS control tumor appeared to only contain
healthy cells while the SevinNP treatment revealed some indications of depleted tumor cell
populations based on observations in desgdaellularity Supplemental Figure3.S16).
Meanwhi | eMnNP treatmdntappared to result in immune cell infiltration as
evidenced by the increase in darker stained areas in the tumor seStippke(nental Figure

3.516). In both the ascitesandimor cel |l s, there was a trend of
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in mice tr eMnNRsdutihis thangd wasBnot significe®tplemental Figure

3S17) . Worthy of note was the observation of a
PBS ontrol and the SeMn NP t r eat ment i n the ascMiNPs, whic
treat ment. However, there was a clear decreas
the ascites, indicati naqvivo(Figue3i5@n.alDbetlyi veefr yt hoef

MnNPs also significantly increased expression of CXCL9 (M1 marker) and decreased Arginase

1 expression (M2 marker), while both MnNP treatments significantly decreasedXpression
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Figure 3.5: Endpoint Analysis of Biweekly MNNP Treatment in TBR5 Model.(A) Treatment schematic for
development of TBR5 ovarian tumor model and biweekly MNNP treatment. Serum was collected at endpo
evaluate circulating levels oBf AST, (C) ALT, and ©) BUN (n=5). Changes irH) ascites volume andF) tumor
weight at endpoint (n=15, *p<0.05)G] Western blot analysis of cells in the ascites revealed changes iB U
protein levels (cropped image of western bands). RNA was collected from ascites cells and examined for €
of (H) CXCL9, () IL-6, and (J) Arginasé (PBS Control n=4, Seandl a BVIdNP n=3, *p<0.05, **p<0.001).
RNA collected from tumor cells was examined for expressiokdTNF-Uand () Arginasel (n=5, *p<0.05,
**n<0.001).
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(Figure 3.5H-J). Importantly, MNnNP treatment in TBR5 mice also significantly increased

expression of the inflammatory cytokine TNF i n t he tumor, indicating
microenvironmentKigure 3.5K). Finally, there was a 5:@ld decrease in Arginask

expr essi oanNPtreatrert compaidito contrBigure 3.5L). Immunofluorescent

(IF) staining of tumor sections for CD8 T cells was used to visualize T cell infiltration into

treated tumors, which suggested an increase in CD8 T cells in tumeratt e d -MiNP& | 2 B U

(Supplemental Figure3.S18).

3.4.6E x t e n d evihNPI TeeBtrdent Alters Immune Cell Populations and Provides Robust

Anti-Tumor Immune Response

An extended MnNP treatment in the TBR5 model was used to further evaluate treatment
effeds on tumor progression and immune cell composition. TBR5 cells were injected IP and
treatments started on day 7 and administered twice per week for 7 total treaEigames (
3.6A). The extended treatment significantly reduced both ascites volume actomaial final
tumor weight in both MnNP treatments, witslightly more pronounced effect in thes B U
MnNP treatmentKigure 3.6B,C). The weight gain associated with ascites development was
again abrogated similar to the previous stusiypplemental Figue 3.S19). Flow cytometry
analysis was conducted to evaluate changes in immune cell populations after treatment. The
percent of tumor cells (gated CBDASSChi) in the asciteand tumomwas significantly decreased
i n t h-EnNP weBtident compared to tRBScontrol Figure 3.6D,E). Similar toprevious
results, the SeMnNP treatment led to a nesignificant decrease in the percent of tumor cells
compared to the control, indicating a slight therapeutic effect of the MnNPs themselves.
Furthermore, the immune cells in the tumor and ascites Wereddue to MnNP treatments.

The percentofM2 i ke TAMs (F4/80int/ CD206+) -MnEAB si gni f
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treatment in both the tumor and ascitespared to both the PBS control and-BicrNP
treatmen{Figure 3.6F). The ScrMnNP treatment sigficantly decreased the percent of NMige
TAMs compared to the control, but not to the level a§ BIdNPs.Similarly, the ratio of
M2/M1-like TAMs was significantly decreased in both MNnNP treatments, with the effect being
mor e pr onoun-eNPtrdatmentFlyee 316@)BAdditional analyses revealed that

| @ BVdNP treatment significantly increased the percent of classicalikdlmonocytes

(F4/80int/Ly6C+/Ly6G) in the ascites and significanilycreasedhe percent oNK cells (CD3
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Figure 3.6: Increased Therapeutic Benefit in Extended MNnNP Treatment Model(A) Treatment schematic fol
extended MnNP treatment in the TBR5 tumor model. Chang&) iasgites volume andC tumor weight at
endpoint(n=4, *p<0.05, **p<0.001)Flow cytometry gating on CD45SChi cells revealed significant changes
the percenttumor cells in theD) ascites an@E) tumors. Cells gated on F4/80int/CD206+ revealed significant
decreases irH) the percent of M2ike TAMs and G) the ratio of M2 (CD206+):M1 (CD20BTAMs. The cells
also revealed significant increasesltt) ¢lasscal monocytes (F4/80int/Ly6C+/Ly64in the ascites and)(NK

cells (CD3/B220-/NKp46+) in the tumor (n=4, *p<0.05, **p<0.001).
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/B220-/NKp46+) in the tumor Figure 3.6H,1). Quantification of all immune cell populations

also revealed trends of increasing CD8 T cells and dendritic cells while the percent of CD4 T
cells was decrease8\fpplemental Figure3.S20). Taken together these results demonstrate the
robustantitt u mor e f f -BMENP sreatmént dusst@allering the tumor immune

microenvironment.
3.5Discussion

Repolarizing TAMs for cancer immunotherapy is a rapidly growing field of study with
encouraging early result6320ur group has previously identified RNA interference (RNAI) as
an ideal candidate for altering TAM phenotyp&Ve have also demonstrated the @nthor
effects of repolarizing TAMs by activating canonical-BBspecificallyin macrophage¥’ One
of the primary challenges associated witdmnslating this stcessful approach to intact living
systems is the need for strongly preferential delivery of the siRNA payload to TPAM&. Our
group has made tremendous progress in developing a polymeric nanoparticle system capable of
targeting M2like TAMs while sinplifying and optimizing the fabrication proce$g2:16°
Additionally, our combined expertise studying ovarian tumors along with the potential
benefits of relatively localized delivery via IP injections led to our decision to evaluate MNNP
treatment in models of ovarian cané€rAdditionally, Zhang, et. al., recently demonstrated
ovarian tumor regression following IP adminadion of a different polymeric nanoparticle
system loaded with mRNA encoding interferon regulatory factor 5-8RB TAMs. However,
this delivery system produced significant-tdfget IRF5 activation in the spleens, causing M1
macrophage activation taide the TME? In this study, we demonstratiee advantagesf
treating ovarian tumebearing mice witlsiRNA-loadedMnNPs to evaluate vivotargeting to

TAMs, changes in immune cell composition, and subsequent effects on tumor progression.
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The initialinvitrost udy was designed to evaluate the
the canonicalN/®@ B p at h wpolarized BMDWB. We had previsly shown the
knockdown of | aBU RNA expression and-protein
MnNPs®*Thi s study demonstrated that the knockdov
with increased canonical N&B acti vati on as evaluated by | umi
also the first to reveal the potentiat the mannosylated carrier to stimulate-prilammatory
effects in macrophages even wiihNPanareaseder t si R
luminescent readout to the level of the M1 control BMDMs, theNBadKP also had an
intermediate effectinineasingNFe B acti vation. This result is ¢
inert particles decorated with mannose modulating macrophage phenotype and promoting
inflammation with modest antumor effect$218Jaynes, et al., have recently shown that even
specific binding to the CD206 mannose receptor alters the receptor conformation and leads to
subsequent changes in macrophage phenétypais phenomenon can provide extra benefit for
our purposes as we consistently observed a synergistic effectofthe MMNo aded wi t h | @

siRNA producing a robust repolarization of macrophages to-anflaanmatory phenotype.

After establishing NF® B a c t im witra, the MniNPs were used to treat two separate
models of ovarian cancer. These models were chosen to evaluate two forms of treatment: late
stage treatment of advanced disease (ID8) and-statje, repetitive treatment of an aggressive
disease model (TBR5).oTexamine biodistribution in the lagtage model, the mice developed
tumors until close to humane endpoint (based on swelling due to ascites baildupgra
single MNnNP dos&as administereéd4 hours before collection. These results revealed that even
24 hours after a single treatment, MnNPs preferably associated with macrophages in the ascites

and tumor with no targeting to the spleen. This experiment confirmed our hypothesis that an IP
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injection for treating ovarian tumors could nullify the conceften associated with 1V injection

of nanoparticles-urthermore, the addition of the mannose moiety on the NPs prevented-any off
target delivery to the spleen observed by other groups usingewamated NP systerfi$By

injecting directly into the peritoneal cavity, the MnNPs were immediately exposed to the desired
cell population in the target organ where they deliver a payload with improved specificity
mediated via active endocytosige to mannose conjugatio@ne of the major drawbacks with

IV delivery of nanopatrticles is the reliance on the enhanced permeability and retention (EPR)
effect. While the EPR effect has been a cornerstone of developing nanomaterials therapies to
target slid tumors, recent evidence shows the many challenges still hinder tumor tatgetfig.
Furthermore, to ensure a therapeutic dose actually reaches the tumor, higher concentrations of
nanoparticles are needed for IV delivery compared to IP, which is already localized to the tumor
site. These biodistribution results validate our strategy fgetaeng TAMs in ovarian tumors via

IP injections and they demonstrate the reducedtaffiet delivery due to mannose conjugation

which promotes active macrophage uptake in the ascites and tumor

To evaluate therapeutic efficacy of MNNP treatment in ID8dxs, we administered
treatments on three consecutive days. One of the primary concerns witidaguittatments
was the toxicity potentially associated with nanoparticle injection. However, all treatments
resulted in serum measurements within normaleangdicating the safety of consecutive day
treatments. This result is important as this regimen could be necessary for treattagate
disease with a minimal timeframe available for treatment. These results from treating-the late
stage model with tharp e u t -MnNRs sv@dlencouraging because, although tumor burden
was not significantly affected because of the-ttge treatment, the trend of decreased ascites

volume provides positive signs of a therapeutic effect. The potential for reducing ascites
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accumulation after only 3 days of treatment at late stages of disease progression is promising for
the future of TAMtargeted immunotherapies, especially as a potential treatment for overcoming
chemoresistance. Ascites development is commonly associdkedvarian cancer (present in

over onethird of patients), is linked to worse disease prognosis, and contributes to the
development of chemoresistance due to the large population of immunosuppressif&€lls.

These early indications reveal treatment with MnNPs can alter the tumor microenvironment in
ways that may provide syrgy with other approved therapies to produce more pronounced anti
tumor effects. Also, although tumor weight did not change, positivdumbrr effects were

observed in H&E staining of the solid tumor indicating the MnNPs could reach the tumor and

cause sme histological changes, even following only 3 days of treatment.

Furthermore, positive effects were seen in the changes of RNA expression in ascites
cells, such as the significant increase in M1 marker CCL3 and the significant decrea6e in IL
The decease in IL6 expression is important since this cytokine is released by
immunosuppressive TAMs and has a direct stimulatory effect on ovarian tumdPtefts.
Additionally, the obser ved-MnNRtreansesteomparedtb s BU e
control indicates the effect of the negative feedbacko p o f | o B8 Congistemtdithct i o n .
our other findings, the SAMnNP treatment leading to an increased M1 response would
subsequently cause an increase in | aBU produc
activated. The decrease +4MnNA aaBnUdMeNRgRoUps si on be
reveals the potential mechanism leading to a synergistic repolarization of TAMs. While both
treatments potentially cause MIn duc ed i nf | a4wmniNPtréamant prevemts thd o B U
feedback | oop of pr odnogealowigg fonamoee robustBridcropiragem o ¢ ¢

repolarizationThere were also trends of increasing CCL3 and-TINFe x pr essi on i n t h
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cells, indicating a slight prmmflammatory effect in the solid tumors. These results suggest that

t h e -MrNBslare alténg the TME in the ascites, but at this timepoint in response to a short

term treatment, the solid tumor is not significantly altered. These results align with our
observations of asci t eMnNRtedtnnen but bethe tuma waigh g af t
Overall, tr e-BriNPsprovideswiertefiis inlthe Bodtext of latege disease but

will likely need to be used in combination with other therapies or started earlier in the disease
development to produce robust attmor effects. These enaaging results in a latstage

model indicate a potential future avenue for evaluating the synergistic effects of combining

| @ BVIdNPs with chemotherapeutics to overcome the chemoresistance often associated with
late-stage ovarian tumors. Combination thmes will be necessary for lagtage tumor treatment

since single therapies are unable to fully overcome the immunosuppressive TME.

The encouraging resultsinladet age tr eat ment provided 1 nsicg
MnNPs have on immune cells in the EMA second model using TBR5 ovarian tumors was
adopted to examine eaffage treatments in an aggressive model. To combat the more
aggressive tumor model, a biweekly treatment regimen was implemented. This treatment was
also possible since the mice weid close to humane endpoint at the start of the treatment.
Biodistribution was again examined in the biweekly model with a comprehensive immune cell
panel to determine the efficiency of specific targeting to macrophages. These results
demonstrated the gerential delivery of MNnNPs to the targeted cell populations (macrophages
and monocytes) that express the CD206 mannose receptor. Significant MnNP delivery to the
TAM populations (89% in the ascites a#@in the tumors) is essential for altering
macrophge phenotype to overcome the immunosuppressive TME. Furthermore, the low uptake

in CD45 cells, which includes tumor cells, is important for preventingarfet delivery of
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| @BU si RNA and therefoaB unwaeklks hbseféaasi mac,
was also minimal uptake in all other immune cells in the ascites and tumors, and less than 5% of
any immune cell population in the spleen gated positive for MNNP delivery. These results
indicate that the IP delivery is effectively localizing theNP delivery to the peritoneal cavity

and increasing to the biweekly treatment does not increase the amount of nanoparticle dosage
that escapes the peritoneuimportantly, these results show improvements over previous studies
using a similar NP system Ided with mRNA that did not include a targeting moiety, which
resulted in significant offarget delivery to the spleens even after IP injectféii® achieve a
macrophagelependent anrtumor immune resp@e, it is important to repolarize a large enough
population of the TAMs so that the M1 macrophages can overcome the immunosuppressive
TME and increase inflammation and immune activatitiile also limiting potential systemic

toxicity due to offtarget deNery.

The ther apeutMnNP vwas pregatent in thé TBRSndel. Importantly,
increasing to a biweekly MNNP treatment did not increase toxicity based on AST, ALT, and
BUN levels in the serum. These treatments also significantly decreased \aslcites,
indicating an effect of the mannosylated carriers themselves, similar to the results seen in
canonicalNFe B activation. The beneficial effect of
suppression and polarizing macrophages toward thékdphenotpe has been previously
reported and is therefore not surprising in this corfe®€In fact, the potential combination of
mannosyl ated carriers with | aBU -tsmofeffed. Theoul d ¢
tumor weights were not significantly altered in any of the tneat groups, likely due to low
overall tumor burden as seen by the small tumor weights, but there was a clear trend in

decreasing t umaunNPrireasment. H&E staihiry oflthe Birdor sections
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revealed changes in tumor tissue histology anddirisig for CD8 T cells revealed a clear
increase in T celMnNRtredtmehttThisrésiltescrudialto the futire bfe B U
developing macrophageased immunotherapies as it supports the hypothesis that activating
inflammatory macrophageaan  al so fApri meodo solid tumrbases t o be
immunotherapies. This result is also supported by the significant increase in RNA expression of
CXCL9 in the ascites, which is a chemokine produced by M1 macrophages to attract T cells and
induce a Th1l respons¥.The evidence of increased T cell infiltration supports the potential

future combination of MNnNP treatment with immune checkpoint blockades which necessitate T
cellinfiltration for functionality. Increased tumanfiltrating T cells and significant reduction in
ascites vol ume -BIsN® teatmentsapgortihe futlre dirext®nis of utilizing

MnNPs for tumor treatments in combination therapies.

Westernblo anal ysi s of cells i nMihkKRs asedtesdrlea
protein levels, contributing to changes in immune cell composition. This change was also
evidenced by the significant decreases w6 land Arginasel which confirm a shift awaydm
pro-tumor immune phenotypes. More importantly, there was a significant increase i TNF
expression in the solid tumor. The biweekly treatment enabled MnNPs to successfully deliver to
the TAMs in the solid tumor and alter immune cell phenotype. Thd iredecreasing tumor
weight, though not signi f i-MeNPUeliverdte TMdMe, st r at ed
altering their phenotype, and inducing changes in other immune cells in the TME. The
advantages of IP delivery of MNNPs to treat ovarian tum@rsapported by the delivery studies
and the therapeutic studies, both of which reveal nanoparticle penetration into the solid tumor as

well as changes in immune cell phenotype in the tumor.
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The addition of the extended treatment model was used to fafjave original TBR5
experiment t o f-MnaNP therapeuti eficacy. fibe shbrem@reatment revealed
positive signs of antiumor immunity, so the logical followp was to extend treatment by one
week (two extra doses). These results immedialealed the significant therapeutic benefits
of MnNP delivery with the ascites volume and tumor weight being significantly reduced in the
treatments. Similar to the previous cohorts, we once again saw therapeutic effects of the
mannosylated ar r i er al one with a moMn&P.purtteermore, this e d
study examined in detail the immune cell populations comprising the ascites and tumor and
revealed several significant findings. The significant shift in TAMs from an M2 to M1
phenotypenvivoi ndi c at e s -MnXPs tecapithlae tHe sefulis séewitro and can
produce the inflammatory microenvironment observed through PCR results in the previous
studies. This effect was seen in both the ascites and the tumors wdirtclvaglates the
biweekly IP injection as a therapeutically effective treatment strakegthermore, these results
confirm the effects of SaMnNPs in shift TAMs away from an M2 phenotype, and the
synergistic effect of loading with @ BiENA is evidened by the significant decrease in the
percent of CD206+ TAMSs in thie @ BVINP treatment compared to the $&nNP treatment.

Also, in line with the previous observations of increased CD8 T cell infiltradiaalysis of CD8

T cell populations revealed amekof increased infiltration ih @ BAINP treated miceFurther
increases in inflammatory monocyte and NK cell populations confirm the ability of macrophage
repolarization to recruit and effect other immune cell populations to lead twanar immune

reponses.

ef f

Overall, these studies i ndnNPdreaamerdint her apeu

ovarian tumors. While the latgage treatment of ID8 tumors did not significantly alter tumor
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progression, there were signs of changes in the immune cell compasitia trend in

decreasing ascites accumulation, indicating some positive responses. Future studies in this model
may examine increasing the MNNP dosage or combining MnNP treatment with currently
approved chemotherapies. Many patients develop chemonesistalatestage EOC and this
phenomenon is often exacerbated by the buildup of adtit8By i mp| e meMnNP ng | a B
treatment initially to reduce ascites accumulation, we cowdhéne the potential effects of

MnNPs to restore chemotherapy responsiveness wstage ovarian tumors. Similarly, the

positive therapeutic effects seen in the eatge treatment of the aggressive TBR5 model, in

terms of tumor progression and immuwsd composition, provide context for future directions in
combining MnNP treatments with T ceélirgeted immunotherapies. Many of the current T- cell

based therapies are not as effective in treating solid tumors due to low T cell infiltration and high
levds of immunosuppressive cytokines. Targeting TAMs to producénfieanmatory

cytokines, suchasIFN  an dU,T NcFan p r o méatombleamicroenuirorumane while

also producing T cekpecific chemokines, such as CXCL9, to recruit T cells to thertuihe

logical next step in this research will be to examine combination treatments with ICBs, such as
anti-PD-1s, to potentially produce a more robust immune response and develop immunological
memory to preverdubsequentecurrence. The results of tlgidy demonstrated positive

therapeutic results but have also informed our future directions for developing therapies to treat

ovarian cancer in patients.
3.6 Conclusions

This work demonstrates the efficacy of MNNPs in inducing FAldiated anttumor immunity
in mouse models of ovarian c-BMOMsactivatdde!l i very o

canonicalNFe B, i ndicating repolarization of¢tlket he mac
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phenotype. Biodistribution studies in two different tumor models revealéer@néal MNNP
association with TAM and myeloid cell populations only in the ascites and solid tumors with
minimal off-target delivery to other immune cells and negligible uptake in any cells in the
spleens. These results supported the use of IP injettigmevide localized delivery to the

TME. The delivery of MNnNPs to macrophages in the ascites led to a slight decrease in ascites
buildup in the latestage model, but a substantial decrease in the aggressive TBR5 model. The
positive effect of mannosylatedrriers on preventing ascites development in the aggressive
TBR5 model i ndicates a potential for synergis
late-stage treatment of ID8 tumors did not significantly alter tumor progression, there were
noticealte differences in RNA expression of various Mihd M2associated markers, indicating
beneficial immunostimulatory changes in the TME after MnNP treatment. In the more
aggressive TB R-MNRtateéntledtorslght deer@sks in tumor welmiit,

also was associated with larger numbers of infiltrating CD8 T cells. The increase in tumor
associated T cells is highly encouraging for future studies involving combination treatments with
immune checkpoint blockades which rely on the presence ofsTieg¢he tumors for anttancer
toxicity. Additionally, we demonstrated that an extended treatment of MNNPs in the TBR5
model significantly suppressed ascites accumulation and tumor development while also altering
the immune cell composition in the TMEhdse results further support the hypothesis that
activating macrophages can transform the TME into argl@mmatory niche which will

support ICB therapies. Importantly, this study shines a light on the potential for IP administered
therapies that can ilnlence tumors in the peritoneal cavity through modulation of cells in the

ascites. Overall, this work highlights the use of MnNPs in IP treatment of ovarian cancer and
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provides a pathway forward for enhancing the current treatment paradigm in patierts with

highly deadly disease.

3.7 Supplemental Figures

SupplementalTable 3.S1: Oligonucleotide sequences used for MNNP loading.

Oligonucleotide |[Sense San3and Anti senseApA3Sit)rand

Cy5 dsDNA dGdTdC dAdGdA dAdAdT [Cy5]-dGJAdT dGdAdC dCdAdG
dAdGdA dAdAdC dTdGdG dTdTdT dCdTdA dTdTdT dCdTdG
dTdCdA dTdC dAdC

Scr siRNA rArUrC rUrArG rGrCrC rArCrU rUrGrG rUrArU rArGrC rGrGrC
rGrCrU rArUrA rCrCrA rCrUrA rGrArU
rArGrU

| aBU s i HrGrUrA rGrCrA rGrurC rurCrU rGrCrG rUrCrA rArGrA rCrUrG
rurUrG rArCrG rCrArG rCrUrA rCdAdC
rAdTdT

Key: d = DNA base, r = RNA base
All oligonucleotides were purchased from Integrated DNA Technologies
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Supplemental Figure3.S7: Gating strategy for

flow cytometry of ID8 ovarian tumor model wit
single 24hr MnNP delivery. This panel include
CD45 for immune cells, F4/80 for macrophage
and Gr1 for distinguishing mature macrophagt
(Gr-1-) vs myeloid cells (G +). Gating is shan
for tumors, ascites, and spleens.
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SupplementalTable 3.52: qRT-PCR primer sequences.s BIlL}6, CXCL9, CD206, B2M, and
GAPDH were purchased from IDT. Arginaseand TNFUwere purchased from Sigma.

Target Gene

Forward Sequenceg 38 0 )

Reverse Sequencé 38 0 )

IL -6 GATCCGGTGATAGTTCCTCTTCA TCCAGAGTCAGCGCCTCATA
CD206 CAAGGAAGGTTGGCATTTGT CCTTTCAGTCCTTTGCAAGC

| aBU GAGCTCCGAGACTTTCGAGG AGACACGTGTGGCCATTGTA
Arginase-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
CXCL9 GTGGTGAAATGGAAAGATCAGGGC | AAGAGAGAAATGGGTTCCCTGGAG
TNF-U CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

CCL3 TGCCCTTGCTGTTCTTCTCT GATGAATTGGCGTGGAATCT

B2M CTGCTACGTAACACAGTTCCACCC | CATGATGCTTGATCACATGTCTCG
GAPDH CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA

Supplemental Figure3.S12: Uncropped images
of western blot. The loading control was run ot
the same blot as experimental antibody so the
was cut into three pieces to allow for probing v
different antibodies. Shown are (A) the loading

area
kDa).
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Supplemental Figure3.S13; Solid tumordrom the ID8 modelvere sectioned, stained with H&E, anc
imaged at 4X. The PBS contrahd SctMnNP tissue appeared to be all healthy tumor celtsle
decreases in epithelial cellulariyase v i d e nt -MmNP treatenetpes8bly indicating a decree
in tumor cells
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Supplemental Figure3.SL4: RNA isolated from ascites and tumor cells was used forBRR analysis

(A) CXCL9, a chemokine released by M1 macrophages that attracts Th1l cells, expression in the ascites
increased in the @ BVIINP treatment. RNA from the tumor revealed slight increaseB)ifl{F-Uand

(C) CCL3 expression, both inflammatarytokines.
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Supplemental Figure3.SL5: Change in overall mouse weight over t
course of tumor development and NIa treatmenof TBR5-bearing
mice. SCeMnNP  a n d-MrINB Sddificantly reduced weight gain
associated with ascites development compared to PBS control (n=
*p<0.05).
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Supplemental Figure3.SL6: Solid tumordrom the TBR5 modelvere sectioned, stained with H&E, a
imaged at 4X. The PBS contridsue appeared to be all healdpithelialcells,while loss of epithelial
cellularity wasevident in theSckMnNP treatment Thel o BVIdNP treatment appeared to show sign:
immune cell infiltration (yellow circles).
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Supplemental Figure3.SL7: RNA isolated from the ascites and tumor cells was used for gl
PCR analysisto evaluatgex pr e s s i 6 o RbpfessiorsirBrdased in the ascites sample
treated with SeMnNP, but this increase was offset ieth a BdNP treatment. No significan
changes were observed in the tumors, although there was a trend of ded¢remd@ngpression i
thel o BVIINP treatment.
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400+ p=0.206
2 300 A Supplemental Figure3.S18: TBR5 tumors were sectioned and
g stained for cell nuclei (DAPblue) and CD8 (Alexa Fluor 488
- 2004 N green). Representative images revealed limited CD8 T cell
& " T presence in the control tumors, but both MnNP treatments inc
9 T CD8 T cell infiltration. Quantificatiomf CD8+ T cells revealed
F* 100 4 trend in increasing T cell infiltration in tHe 8 BVIdNP treatment
" A compared to the PBS control and -8MmNP treatment.
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Supplemental Figure3.S19: Mouse weights over the course of the extended biwee
treatment in the TBR5 model revealed a steady increase in the PBS control mice
attributed to ascites accumulation which was not observed in the two treatments.
results match with the MnNP treagmts preventing ascites accumulation observed \
measuring ascites volume at endpoint.
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Supplemental Figure3.220: Quantification of immune cell composition in the ascites and tumors ¢
TBR5 mice in the extended MnNP treatment revealed positive therapeutic trends in several subs
trends included an increase in NK cells, CD8+ T cells, dendritic cells, andddbphages

(F4/80int/CD206) as well as a decrease in CD4+ T cells and M2 macrophages (F4/80int/CD206+
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Chapter 4

Injectable Alginate Cryogels as Localized Repolarization Depots for TumeAssociated

Macrophages

Adapted from

il nj eAldginatdbdryegels as Localized Repolarization Depots for TuAssociated

Macrophages 0

In preparation for publication

by

Evan B. Glass, Sohini Roy, Abigail E. Manning, Benjamin C. Hacker, Sydney R. Henrigques,
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4.1 Abstract

Current cancer immunotherapies have progressed in many clinical trials, but remain
minimally effective in treating solid tumors. Targeting turassociated macrophages (TAMS)
provides an opportunity for creating eopnflammatory tumor microenvironment capable of
producing anttumor effects. Inflammatory cytokines are able to repolarize macrophages but can
lead to widespread toxicity if delivered systemically and quickly dissipate when delivered
locally. To this ed, we have developed an injectable, macroporous cryogel capable of loading
biomolecules and being locally delivered to the tumor site. This cryogel can be loaded with
macrophagepecific chemokines to attract TAMs andloaded with inflammatory cytokinde
create a localized inflammatory microenvironment. We evaluate the mechanical characteristics
of fabricating and injecting tough alginate cryogels while also establishing CCL2 as a
macrophagepecific chemokine and IFN  a nl® aslinflammatory cytokas to repolarize
macrophages. We also demonstrate the ability of the loaded cryogels to repolarize macrophages
in three differentn vitro models of immunosuppressive macrophages. Finally, we demonstrate
significant changes in tumor progression in a manedel of breast cancer when treated via

peritumoral injection of loaded cryogels.
4.2 Introduction

Cancer immunotherapy, a strategy that leverages the immune system to generate an anti
tumor response, is a rapidly growing field with encouraging earlicalisuccesses. Several
reviews summarize the efficacy of these therapeutics, primarily immune checkpoint blockades
(ICB) and chimeric antigen receptor (CAR) T cells, and inform the future directions of the field
as a wholé' 19 Despite the promising early returns of ICB and CAR T cell therapies, a significant

fraction of patients are unresponsive to these treatments, especially in the context of solid
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tumors®1¥13 One of the primary challenges with effectively administering these treatments in
solid tumors is overcoming the immunosuppressive tumor microenvironment) ((histE
prevents T cell infiltration and induces T cell exhaustforf One technique to bypass the
challenges associated with T eblised immunotherapies involves targeting and activating the

most prevalent immune cell in most tumors: macroph&tés.

Macrophages display a spectrum of phenotypes, each with unique immune functions. The
classicallyactivated (M1) macrophages are imflammatory and generate a Thl, amicrobial
response. Alternativelgctivated (M2) macrophages promote a Th2, wound healing resp8nse.

In the TME, tumorassociated macrophages (TAMSs) display characteristics of both phenotypes,
although the majority furiion as M2like macrophages that promote tumor growfte! These

TAMs release immunosuppressive signals, such -d€4%? and transfaming growth factor beta
(TGF-b 33 which prevent other immune cells from recognizing and killing the cancer cells.
However, by @dr epol arinfammatgry the reselting™MEBwillbkeo be pr o
Apri medo f or itonmdugenastiuraoe dffécts. aldditianally, recent work has

shown that a higher ratio of M1/Mike TAMs in breast cancer patients resulted in a favorable
tumor immune microenvironment and an increase in immune checkpoint mofécules.

Quantifying the M1/M2 ratio of TAMs, as opposed to whole macrophage number, has become a
prominent prognostication tool as reviewed by Jayasingam,tnaihis way a novel
immunotherapy to increase the population ofhk& TAMs can be implemented to improve the

response rates associated with currently Fipsroved immunotherapies.

Previous groups have demonstrated that simply ablating TAMs can reduce tumor growth
and prevent metastasi$®*2%*However, rather than simply killing the macrophages, a more

robust technique involves repolarizing the existing TAM population to drive atuamir
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response. Previous strategies have usedikelreceptor (TLR) agonist®, small interfering

RNA (siRNAY*®188 pacterial cell mimic®®, and even cytokiné¥' to repolarize macrophages.

The ystemic delivery of cytokines or other pirdflammatory cues, either freely administered or
loaded into nanoparticles/liposomes, are able to induce alikMiesponse but can often be
associated with widespread inflammation anetaffjet toxicity>° To alleviate these concerns,
localized delivery of inflammaty cues is desirable as it limits the risk of affecting healthy tissue
as well as minimizing the overall required dose to induce a positive effect. One technique for

local release of inflammatory cytokines is via controlled delivery from an injectalffeldca

Injectable biomaterials have shown great potential for a variety of applications, as
detailed in several recent revieWig*®Perhaps moshtriguing is the ability to create an
injectable hydrogel which contains pores large enough for cells to migrate inside the scaffold. By
adding radical initiators to a methacrylated alginate solution and performing the gelation step at
20°C, ice crysta form between the crosslinking alginate backbone and cause large pores to
fom/”The resulting ficryogel so0 can divdleatgatiine f ur t h
that electrostatically interact with the negativelyarged alginate polymer to form a tough
cryogel, capable of being injected through a syringe while maintaining overall pore size and
structure’® This scaffold can be loaded with different esitjnaling molecules to address a given
application, including localized delivery into the TME. Mooney, et al, have shown the ability for
this type of scaffold to f uhwgotel>6Byloadingthe subc u't
cryogels with chemokines specific for dendritic cells (DCs) and T cells, as well as irradiated
tumors cells, the scaffold attracts DCs, which then endocytose the tumor cells and produce
neoantigenshiat are presented to the colocalized T cells. In this way, the gel is producing tumor

specific, mature T cells that can recognize and kill the cancer cells. This strategy, however, is
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limited by the ability of the T cells to infiltrate into the solid tumehich is still restricted by the
immunosuppressive TME. An alternative approach is to load the scaffold with macrophage
specific chemokines and inflammatory cytokines before directly injecting into or adjacent to the
tumor. This cryogel system will allofer minimally invasive treatment of solid tumors by

simply injecting the gel directly in or adjacent to the tumor site. Alternatively, this same system
can be used in conjunction with the current standard of surgical removal, as Park, et al, have
demonstated with a different hydrogel syst&fi Finally, the alginate scaffold is small and

tough enough to even be used in a biopsy punch, should the tumor not be easily accessible with a

syringe for direct injection.

By developing a locally delivered macrophage repolarization depot, we aim to directly
alter theimmunosuppressive TME into a pimaflammatory environment. By repolarizing the
TAMs to a primarily M1 phenotype, the resulting production of inflammatory cytokines and T
celkspeci fic chemokines wil|l create arbusiamimunol o ¢
tumor immune responses. We propose a mechanism to alter the tumor microenvironment and
promote T cell infiltration by repolarizing TAMs to the M1 phenotype. Macrophages, similar to
DCs, function as antigepresenting cells, so when stimulatedytikan endocytose diseased cells
(i.e. tumor cells), process tumspecific antigens, and present them to the infiltrating T cells. In
this way, not only will the macrophages induce a localizedtantor response, but there is also
the potential for devefament of immunological memory in the mature T cell population. The
development of immunological memory is important for both treatment of distant metastases (via
systemic circulation of tumespecific T cells) and preventing recurrence, which is commonly

associated with the current gold standard of surgery, chemotherapy, and radiation therapy.
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We hypothesized that by finding the appropriate chemokines and cytokines, we could
develop a novel scaffold system specific for macrophage recruitment and subsequent
repolarization. First, to establish a macrophsgecific depot, we identified chemokine-GC
motif) ligand 2 (CCL2) as an M8pecific chemoattractant, as shown by Vogel, &t abr
macrophage polarization, we chose to implement the cytokines interferon(-b F Na n d
interleukin12 (IL-12), both of which have been previously shown to induce an M1 macrophage
phenotype®8219211Tg evaluate the efficacy of the chosen molecules, we pegtbpreliminary
experiments on cultured primary bone mardevived macrophages (BMDMSs) using both free
chemokine/cytokine as well as loaded cryogels. These cells have been previously used by our lab
and are able to be polarized to an M1 or M2 phenotypeytikine stimulation to allow for a
more physiologically relevarm vitro model than immortalized cell liné&® Additionally, we
repeated treatments on turassociated macrophages isolated from a spontaneous mammary
tumor model in mice as well as cultured mouse tumor explants. These methods allowed us to
directly quantify the effects of cryogel treatment on tumesident macrophages to observe
migratory properties as well as changes in phenotype in a recapitulated TME. Finally, we
translated the loaded cryogel for peritumoral injection into FVB mice bearingrpal{®yMT)

tumors to evaluatm vivo anti-tumor effects of stimulating M1 macrophage polarization.
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4.3 Results and Discussion
4.3.1 Physical characterization of macroporous cryogels

Sodium alginate functionalization with aminoethyl methacrylate (AEMA) to form
methacrylated alginate (MAlginate) and subsequent crosslinking of methacrylate groups were
confirmed with'H-nuclear magetic resonance (NMR) spectrosco@upplemental Figure
4.S]). Covalent crosslinking of methacrylates was performeg8QfC to produce macroporous
hydrogels (cryogels). Cryogelation occurred in Teflon molds to allow for tailoring of size and
shape otryogels Supplemental Figure 4.S?. The overall physical structure of the cryogels
was evaluated with scanning electron microscopy (SEM), including maintenance of macroporous
structure after injection through a syrindgegure 4.1). This retention of strture is crucial for
eventual localized delivery of cryogels via peritumoral injection. Furthermore, cryogels were

embedded in optimal cutting temperature (OCT) compound and cryosectioned to image internal
Control Injected Sectioned

Figure 4.1: Maintenance of gelstructure afterr injection. Cryogels were serially dried and imaged with SEM
before and after injection through a 16G needle to evaluate changes in overall gel structure. Control gels w»
fixed and cryosectioned to image the internal porosity of & gvhich displayed macroporosity throughout the

gel.
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porosity of the gels. SEM imaging of internal aggbsections revealed the macroporous

structure was present throughout the scaffBldyre 4.1).

The mechanical properties of the cryogels, including stiffness, interconnected porosity,
and swelling ratio, were also quantified and found to match prdyipublished results
(Supplemental Figure 4.SR’8 Additional characterizations were performed to evaluate-long
term storage of gels.dtably, the covalently crosslinked only gels (no ionic crosslinking)
significantly increased in swelling ratio after more than one month of stdgagglémental
Figure 4.S4. However, the tough cryogels maintained interconnected porosity and swelling
ratio up to 2 months after fabrication, indicating the ability to maintain mechanical
characteristics lonterm Supplemental Figure 4.S3. These results are useful for future
translatability of this system since lotgrm storage is an important consideratidren scaling

up production.

To quantify the average pore size in hydrated cryogels, as opposed to the dehydrated
samples imaged with SEM, the unreacted carboxyl groups on the alginate backbone were
labelled with a Cygamine and imaged using a fluorescemfocal microscope in HBSS
solution Figure 4.2). ImageJ quantification confirmed the average pore size was large enough
for cell infiltration into the gels with 73.4% pores in control gels being greater than 70 pum in
diameter Figure 4.2A). More importatly, pore diameter was maintained after injection through
a 16G needle with 72.7% of pores in injected gels having a diameter larger than Figuma (
4.2B). Furthermore, there was no significant difference in average pore size before and after
injection,with the average diameters measuring 86.0 and 87.1 um for control and injected gels,

respectively Supplemental Figure 4.Sh The SEM and confocal microscopy combine to
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illustrate the ability of the ionically crosslinked cryogels to withstand injectiatewbaintaining

overall structure and pore size.
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Figure 4.2: Measuring hydrated cryogel porosity.Cryogels were fabricated and then labelled with a-@yfine

on the alginate backbone. Gels were then placed in HBSS solution and imaged while hya@neabdate pore size
(A) Control gels were imaged and pore size quantified in ImageJ revealing that 73.4% of the pores were la
70 um in diameter.R) Injected gels appeared similar in representative images and maintained a macroporous
structure wih 72.7% of pores having diameters larger than 70 um.

4.3.2 Verification and loading of proteins for macrophage repolarization and chemoattraction

To evaluate the appropriate biomolecules for cryogel loading, prelimimaitro studies
were performed on cultured bone marrderived macrophages (BMDMs). BMDMs were
isolated and polarized to classical (M1) or alternative (M2) phenotypes via cytokine stimulation

as previously demonstraté®.Skewed macrophages were then treated withdFN-12, ar a
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co-treatment and examined faiability and phenotype change. Whilethe BN t r eat ment al
did result in significantly decreased viability in MO and M2 BMDMs, botiiA.and the co

treatment did not significantly affect macrophage viabiBygplemental Figure 4.Sh Based

on the esults from viability studies, a ¢ceatment of 100 ng/mLIFd and 10@2 ng/ mL |
was chosen for repolarization studies. Treatment withdFNa |l one si gni fi cantl vy
expressionof TNA) and increased the M1 -fodeandd®eSfokl, i NOS a |
respectively, compared to the M2 control. However,-tFNt r eat ment onl-Y decr e
expression 10old compared to a 74-®ld decrease in the HL2 treatmentQupplemental

Figure 4.S7. While IL-12 did not increase expression of the Markers in single treatment, the
cotreatment of IFN0 a nl® indrdased M1 marker expression to the level of thedFNs i ng | e
treatment and decreased Argindsexpression-2old more than IFNb  a | Soipplemeftal

Figure 4.S7%. The results were furth@alidated by evaluating inflammatory cytokines in the

supernatant of cytokingeated BMDMs. Analysis of inflammatory cytokines released by

macrophages revealed an increase in inflammatory cytokineshlL and TNFU as wel |
chemokines CXCL10 and CA®, which are essential chemokines in recruiting and activating T

cells Supplemental Figure 4.SY.?2Based on these results, a cotreatment of 100 ng/mL each of

IFN-o0  a nl® wds khosen for loading into the cryogels to induce macrophage repolarization.

To induce macrophage migration to the cryogels, the chemokine CCL2, also known as
monocyte chemoattractant protdifMCP-1), was examined for macrophage
chemoattractiod!®> BMDMs were isolated and polarized to the M2 phenotype before replating in
the cell channel of an Ibidi® chemotaxis assay. After the cells adhered, the reservoirs were filled
with media containing 2% FBS with or without a range of CCL2 concentgatiboh, 0.5, 1 or 2

Og/ mL. Cel | tracking was performed in | mageld
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and Migration Tool. Chemokinmduced migration was quantified by comparing the center of
mass in the direction of the chemokine gradient (COM)ch resulted in a numerical value
based on the distance in th@xis cells migrated from their point of origin at time t=0 hours to
their final location at time t=24 hours. All concentrations of CCL2 resulted in a large increase in
COMD values compatkto the negative control, but there were no differences between any of
the concentrations evaluateésupplemental Figure 4.S8 Based on these results, the same

concentration as the cytokines (100 ng/mL) was chosen for gel loading.

Based on these results, IfN,L-12, and CCL2 were used for loading into the cryogels at
a concentration of 100 ng/mL for each molecule for all subsequent experiments. Cryogels were
fabricated with IFNo , -12, &nd CCL2 (ILC Gels) and incubated in 1 mL 0.1% (m/v) BSA in
PBS at 37°C tevaluate cargo release. At certain timepoints, the gels were centrifuged, and the
supernatant was collected and store@@tC. An enzymdinked immunosorbent assay (ELISA)
revealed that the three proteins exhibited similar release curves with about @@&b @argo
being released after 96 houRBdure 4.3. However, one noticeable difference in the release
profiles is the slower rate of release of BN dur i ng t he first 48 hours.
could actually provide benefit when deliveliedrivo. The rapid initial release of CCL2

functions to attract the TAMs immediately after injection and coupled with the rapid release of
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Figure 4.3: Release kinetics of loaded biomoleculeBvaluation of released proteins at various timepoints
revealed similar burst release profiles fa) (FN-o ,B) II(-12, and C) CCL2. All three molecules released grea
than 89% of loaded cargo by 96 hours of incubation.
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IL-12 over the first 12 hours creates an inflammatory microenvironment immediately

surrounding the cryogel. The slowetease of IFo, whi ch remains steady
prolong the exposure of inflammatory cues to the TAMs, helping to perpetuate the repolarization

and reduce the chance of the immunosuppressive TME overpowering {inégronatory

microenvironmat. Overall, this data confirms the ability to load the-sajhaling molecules for

use inin vitro andin vivo experiments.

4.3.3 ILC-induced chemoattraction of M2 BMDMSs

After establishing the release profiles, BMDMs were treated with either contogjedsy
(Empty Gels) or ILC Gels for 48 hours. Initial studies examined BMDM viability after cryogel
treatment to ensure no toxicity. These studies demonstrated no significant changes in BMDM
viability for any macrophage phenotype after ahd8ir treatmentupplemental Figure 4.S%.

To evaluate chemoattractiamvitro, the cryogels were labeled with a CGgBine and cultured

with polarized BMDMs on coverslips. After 48 hours, the cells were fixed and permeabilized
before labeling with AlexaFlue488 (AR488)tagged antF4/80 and Hoechst. The cryogels

were imaged twice in the same region, once on the surface of the coverslip where the cells were
plated and again 100 um higher on thaxzs to image the actual gel. The images were overlaid

and a boundary drawaround the edge of the cryogel to visualize BMDM migration to the edge

of the gels. Confocal imaging clearly visualizes the increased attraction-pblézed

BMDMs to the edge of the ILC Gels when compared to both MO (unpolarized) and M1

polarized ma@phagesKigure 4.4). To quantify cell migration, a trangell assay was

performed with M2polarized BMDMs plated on top of the trawgll membrane in media

containing 2% serum, while below the membrane either 2% serum media (negative control), 100

ng/mL CCL2 (positive control), an empty gel, or an ILC gel were treated. The membranes were
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removed after 6 hours of incubation, fixed, and stained with DAPI. The membranes were imaged
using fluorescent confocal microscopy at the Cell Imaging Shared Resour&) @ibthe

number of cells quantified using ImageJ. These results demonstratetbll increase in cell
migration in the ILC gel treatment compared to the negative control, indicating successful
chemoattraction via CCL2 loading into cryogedsipplementl Figure 4.S10Q. This experiment

also revealed an increase in cell migration from the empty gel alone, likely due to the innate
response of macrophages to interact with foreign substaifd¢éswever, when combined with

the visualization of M2 BMDMSs preferentially migrating towards the loaded gels, the

functionality of CCL2 is clearly not hindered by cryogel loading.

MO M1 M2

Figure 4 4: Fluorescent imaging of ILC-induced chemoattraction.Polarized BMDMs were cultured for 48 hol
with ILC Gels before being fixed and stained with Hoechst (blue, nuclei) an&480 (green) antibodies.
Visually, there is clear evidence of preferential chemoattraction epdi@rized BMDMs towards the cryogel
compared to the unpolarized (M0) and {ddlarized BMDMs. Top images were taken 100 um higher on-tivdsz
while bottom images were taken at the level of the coverslip where the cells were plated. Yellow line repre:
outline of the gel from the 100 pum higher image.
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4.3.4 BMDM repolarizatiofirom loaded cryogel treatment

Cryogel treatments were repeated and BMDMs were collected for analysis with gRT
PCR, flow cytometry, or a Luminex panel to evaluatenges in macrophage phenotype.
Changes in RNA expression were consistent with treatments of the free cytokines and
demonstrated robust activation of M&sociated markers. Noticeably, INOS and 1lb
expression significantly increased in the ILC-grelatedgroup compared to both the control and
EG treatment, while TN and CXCL9 expression were also gr
statistically significant, indicating a shift towards a-{omlammatory phenotype~{gure 4.5A-
D). To further evaluate changesgrotein expression, BMDM treatments were repeated for flow
cytometry and Luminex analysis. Flow cytometry revealed a slight decrease in CD206
expression in the cryogéleated BMDMSs, though not significariigure 4.5E). However, the
BMDMs treated with IIC Gels exhibited a significant increase in the receptor MHCII, to the
level of the M1 controlsHigure 4.5F). This result is important as it demonstrates the treated
macrophages are upregulating MHCII which is crucial to macrophages presenting antigens to
cells and subsequently activating T cells. Furthermore, a Luminex cytokine/chemokine assay
was performed on the treated BMDMs to evaluate functional production of inflammatory
markers. Several markers demonstrated significant upregulation in tkhteclt€i BMDMs,
including IL-1 b, -ONFCXCL 10, Fagard4.5GK)CThi8 study provides strong
evidence of the potential for Il-€eated tumors to repolarize TAMs and lead to a robust anti
tumor immune response since CXCL9 and CXCL10 are both crucialakees to stimulating a
Th1 cytotoxic T cell response, necessary for stimulating an immune regponaken together,

these results demonstrate effective repolarization of M2 BMDMs to-anffaonmatory
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phenotype capable of producing an inflammatory microenvironment and recruiting/activating T

cells.
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Figure 45: Evaluation of BMDM repolarization after treatment with ILC Gels. M2-polarized BMDMs were
treated with Empty Gels or ILC Gels for 48 hours. gRTR analysis of RNA expression revealed significant
increases inA) iINOS and B) CD86 in ILGtreated cells compared to both control and Empty Gel treatment. ILC
Gels also increase€) TNF-U a D) €XQL9 expression though not significantly. Flow cytometry analysis
revealed (E) a decrease in CD206 and (F) a significant increase inIMBLLuminex analysis of released
cytokines and chemokines revealed large shifts to a functional M1 phenotype, including (H) large increase

productionof Ik1 b, -ONFCXCL9, and CXCL1O0.
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4.3.5Examiningcryogetinducedrepolarization irdiseaserelevantex vivo models

To evaluate a more relevant model of macrophage polarization,-associated
macrophages (TAMs) were isolated from primary mammary tumors. Transgenic mice expressing
the polyoma middle T antigen (PyMT)@ganeously form mammary tumors and were used for
isolating TAMs. The tumors were processed to a singlesuspension and then the TAMs were
isolated using CD11b magnetic bead purification. TAMs were then plated and treated with
cryogels (Empty or ILC)dr 48 hours. Similar to the results seen in treated BMDMs, the TAMs
exhibited a robust change in phenotype when treated with the ILC Gels. RNA expression via
gRT-PCR demonstrated significant increases in the M1 markers iINOS, CD86, and CXCL?9 for
the ILC-treated cells compared to both the control (untreated) group and the empatgd
group Figure 4.6A-C). Furthermore, ILC Gel treatment also significantly decreased expression
of Arginasel, an enzyme overexpressed in-M& macrophaged-{gure 4.6D). In addition,
flow cytometry analysis confirmed these results with a decrease in CD206 ardl TGRe a n
fluorescent intensity, and an increase in MHEIg(re 4.6EG). Luminex analysis of the
released cytokines and chemokines also showed slight increasftanmmatory cytokines L1 b
and TNFU al ong with substanti al increases in CXC
shift in the more clinicallyrelevant TAMs to a pranflammatory phenotypeF{gure 4.6H,I).
These results match the changes seen in BMDMsbo provide support for the ability of this
treatment to effectively repolarize immunosuppressive TAMs into a potentialyuambr

phenotype.
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Figure 4.6: Repolarizing TAMs with loaded cryogek. TAMs isolated from spontaneous mammary tumors we
treated for 48 hours with cryogels. The Hi@ated TAMs displayed significant increases in RNA expressioA)c
iINOS, B) CD86, and €C) CXLC9 and a significant decrease ) (Arginasel. Flow cytometryanalysis revealed
trends of E) decreasing CD206 an8)TGFb a @) trgnhd of increasing MHCIIH) Luminex analysis once
again revealed large shifts towards an M1 phenotype, including increased reléase-af§p an-d BNHE
significantly increasd release of CXCL9 and CXCL10.
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