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CHAPTER |

INTRODUCTION

Significance

Cancer is a devastating disease tratsed- 10 milliondeathsvorldwide in 2020aloné.
In the United Statesancer is the second leading cause of death~itB00,000 new cancer cases
and ~ 60,000 cancer deatlpsojected to occun 2022. While the totahumber of deathper year
due to cancehas ontinued to rise, the rate of cancer deaththin the United Statebias
significantly declinedver the past two decadeasghich has been largely attributed to reductions
in smoking, advances in early detection, and better treatment optaiablyincludingenhanced
interventional radiology antherelativelyrecent clinical success of cancer immunothgtap

The development of cancer occurs when immunosuppressifficiently inhibits the
naturally occurring process througlhich the immune system recognizes and eliminates
canceous cells (.e. the canceimmunity-cycle). While clinically used strategies to lessen
immunosuppression, such as immune checkpoint block@®) therapy can be extraordinarily
effective at eliminahg cancer, they only work in patients who already possess a certain degree of
antitumor immunity.Indeed, he patients who do responeell to ICB therapytypically have
tumors thapossesa significant presence of certaiancerkilling immunecells®. This dissertation
describes the development of novel platforms for local immunomodulation, \uhigh been
designedfor intratumoral administration and are intendedatilress those limitations of the

current standardf-care cancer immunotherapies



Innovation

I.  Cytosolic Delivery of Nucleic Acidsto Enhance the Cancefimmunity -Cycle

For the early detection of diseased cells and the generation of dedieaisating adaptive
immunity, the immune system largely relies on a network of pattern recognitigrnioecéPRRS),
which are germlineencoded celassociated proteins that can initiate innate immunity by sensing
and responding t o veaanamaliessthatfateandicatere of cellulgrrstaebsy 0 (
PRRs recognize the aberrant cellular locailara of exogenous pathogeerived molecules as
well as endogenous molecules derived from cellular damage. Notably, PRRs can be exploited to
prime the immune system, even in the absence of a true threat. For example, the administration of
vaccines, which sually comprise PRRpecific activatorsif. adjuvants) along with disease
specific molecular cues.€. antigens), can mimic natural infection and thereby confer artificially
generated immune protection agaiastencoded disease. Accordinglggertain PRRs are also
attractive therapeutic targets for cancer immunotherapythey can be similarly exploited to
galvanize antitumor immunity against tumors that exhibit low immunogenicity.

While there exist many PRRs that can stimulate innate immunigf PRRs recognize
distinct molecules angklay varied immunological effegtarhich can result in drastically different
disease outcomésNotably,there are sever®RRs(e.g.cGAS, RIGI, TLR3, TLRY etc) that
can promote antitumor immunity by triggering typeanterferon (IFN}driven innate immune
programsn response to mislocalized nucleic aid’hus in the proper contexhucleic acids can
jump-start thecancesimmunity-cycle by activaing such pattern recognition receptors (PRRS)

In addition to their capacity fammunostimulation, nucleic acids can also provide a means
for the removal of existing immunosuppression within the tumor microenvironment (TME)

Indeed, mall interfering RNA (siRNA) can bind thebiquitously expresse®NA-induced



silencing complex (RISGyithin the cytosol of cellandtherebyinhibit specific protein translation
via RNA interference (RNA¥. Accordingly, the expression of immunosuppressive proteins that
threaten the continuity of thearcerimmunity-cycle can bespecifically reducedvia RNAI.
Therefore, since nucleic acids cpnsh thecycle forward and release the cycle from restrictive
immunosuppression, therapeutic stratege®lving the cytosolicdelivery of nucleic acids are

well poised to propagate the cangemunity-cycle and are a main focus of this dissertation.

[I. Intratumoral Administration of Cationic Nanoparticles

Manynucleic acid sensofg.g.PRRs, RISCetc) reside within intracellular locations that
are not easily druggable with exogenous nucleic acids. Ingemigic acids are particularly
inefficient at independently penetrating cell membranes as a result of their inherent hydrophilic
composition, relatiely large size, and overall negative cléirén this work,thewell-established
pH-responsive dildck copolymey poly(dimethylaminoethyl methacrylaté}poly(propylacrylic
acid-co-dimethylaminoethyl methacrylat-butyl methacrylate) (EPDB) was employed to
overcome numerous barriers that inhthig cytosolic deliveryof nucleic acidgFigure 1.1).

D-PDB is a nosviral vector thatwas originally developed fahe cytosolic delivery of
siRNA" & At the physiological pH of 7.4, IPDBself-assembles intstable micelleghat are solely
dependent on electrostaiomplexation for nucleic acid cargo loadjiagd therefor¢he polymer
can also function as a carrifar other negatively chargeaiultivalent compoundge.g. DNA).
Indeed, in this work, EPDB is used not only for siRNA delivery, but also for the cytosolic delivery
of various immunostimulatory nucleic acjdacluding cGAS-activatingdoublestranded DNA
(dsDNA) molecules.Following cellular uptake, B°PDB loses ts micellar morphology, athe
encapsulating endosomes acidifyead polymer strandsthen trigger endosomal escape of the

nucleic acid into the cytosol, where activation of Ri&d/or PRRgan occulFigure 1.1).



First Block Second Block

electrostatic cargo micelle formation
complexation & endosomal escape Extracellular

R(DMAEMA)'Q(PAA) (DMAEMA)-c-(BMA)+Z Nucleic Acid

T N WA e

O ‘?/ “‘”"“\@

Endosomal Escape

Activation of Cytosolic Pattern Recognition Receptors Activation of RNAi

Ry )

Figure 1.1. Employingthe endosomolytic nanoparticle;PDB to overcomedelivery tarriersfor
therapeutic nucleic @ds. Potential cytosolic targets are shown as well as lieenical and
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Having a hydrodynamic diametesf ~ 60 nm and @ositive surface charge of ~ +1%V,
D-PDB nanoparticlegxhibit optimal characteristictr efficient cellularassociatioranduptaké.
Neverthelesscationic delivery vehicles, such asRDB, exhibit poor pharmacokinetic properties
upon systemic administration. Indeemdhen injectedintravenously, cationidelivery vehicles
exhibit exceptionally short halives (e.g.~ 3 minutes in BALB/c micéf andseveraloselimiting
toxicitiest’. While in manycancertreatmensettings systemic delivery can be advantageous over
a direct intratumorainjection in terms ofa drugreachingundeectablemetastaticumor sites
cancerimmunotherapy is unique in that, in theogysingle cellular interaction can generate a
systemic immune response that is capable of clealistgl anenestic metastaseg.(abscopal

effect). Thus the localkdministration of anticancer drugs is walited for cancer immunotherapy.
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Figure 1.2. Thetherapeutic windows andtratumoraldrug concentration profilder intravenous
and intratumoral administration routes.

Local therapy alsoffers much better edrol over drug concentrations within the TME
While intravenous delivery of cancer therapeutygscally results in low tumor accumulation due
to off-target clearanéé 13 intratumoralinjections represent the most efficient form of delivery for
cancer immunotherapeutics that exhitiieir primary effectorfunction within solid tumors
Indeed, intratumoral injections have great potential to efficiently-&iakt thecancerimmunity-
cycle since all of an intratumorally injected dose will immediately encounter a TME. In addition
to facilitating more completand efficient delivery, intratumoral injections atgoassociated with
bettersafety profilesrelativeto systemic administratiorAccordingly, intratumoraltherapeutic
administration expands both bdguedl®r i es of a d

On one end of ththerapeutiavindow, intratumoralnjections increase dose potency as a
result of more drug reaching its effector site within the TiEich can limitthe need for excessive
additional injections. Decreasing the number of injections reduor a therapeutic effect is
usually desirable, as it can increase practicality, clinical relevance, patient complamte,

economic availabilit*. On the other end of the therapeutic winddve, intratumoral injection of



drugscanreduce the potential systemic toxioda drug since only a fraction of the injected drug
is likely to entersystemic circulationIndeed, mtratumorally injected migs can experience
multiple clearance routes, including cedlr uptaken the TME, retentiorand/or degradatiom a

t umo r 0 sial gpace|yenphsticdrainage andescape into systemic circulatiofigure 1.3).

Cellular
Uptake

Interstitium

»

V00 @i'@gP 10 0@i@giigievlei@giqeiviegie®
[ —————————————————————— —————————— = ——————]

Systemic Circulation

Figure 1.3. Potentialclearance routes of intratumorally injected therapeuficgire created with
biorender.com

Accordingly, intratumoral administration can enable enhanced evaluation of drug efficacy,
since higher drug doses can déelored with less risk of systemic toxicityhis is particularly
importantfor cancer immunotherapypecause treatmentlated toxicity often coalates with
better responses toancer immunotherapeuti€s Furthermore due to recent advances in

interventional radiologyendoscopy, and laparoscopic surgergarly every site/organ in the



human body can bbiopsied and can therefore also accommodate a direct injéctidnus,
intratumoralimmunotherapy is a broadly applicable strategy for the treatment of solid tumor
cances. Indeed intratumoral immunotherapy haalready demonstrated some success in

generating durable and lasting therapeutic immune responses to many solid tumet’@ncer

[ll. Pharmacological targeting of cGASor Cancer Immunotherapy
While the STING protein has been thmin focusfor therapeutic strategies that seek to
activatethe cGASSTING pathway the cGAS protein at the forefront of the signaling pathway,

has been relately unexplored as a targetespite several potential advantages:

1 Therapeut adjuvants that target cGA®uld more closely mimienicrobialinfectionand
self dsDNA sensing relative xjuvants that targeéhe STING protein.

1 The cGAS enzyme overs more control over the degree of STING signaling relative to the
STING protein, since cGAS activity can be tuned by altettiegength of dsSDNA ligands.

1 Autophagy and other regulatory mechanisms preventtienmg activation of the SNG
proteinwithin cellsand consequentlgecessitatenultiple injectionsof STING-targeting
therapeuticdo achievetherapeutic efficacyAlternatively,cGAS activity has potential to
supportin situ propagation of STING signalingndeed cGAMP may vacatets cell of
origin and thereby activat&GAS inneighboring cellsvithin the TME.

1 High concentrations @& TING agonistgan inhibit antitumor immunity via-€ell toxicity.
Adjuvantsthat target cGAS through nanoparticteediated delivery of dsDNAave
potential to mitigate Tcell toxicity, since T cells do not efficiently endocytose
nanoparticles and are therefore less likely to experience the toxic overactivation of STING.

1 The cGAS protein also has an established regulatory role identifying internalrgeno
instability; DNA damage in the nucleus can trigger the nuclear translocation of cGAS from
the cytosol. cGAS is recruited to doulstanded breaks, where it then inhibits
homologous recombination. Nuclear cGAS has been shown to promote tumorigenesis as
result of its role in suppressing DNA repdhince activated cGAS induces a liquliie
phase separation that presumably restricts cGAS to the cytosol, pharmacologically
activating cGAS with dsDNAnight impede the nucleanigration of cGAS and thereby
allow for DNA repair in mutated tumor cells, ultimately inhibiting tumorigenesis.

1 Natural and synthetic STIN&gonistsare typically more expensite producghancGAS
agonists (i.e. dsDNA), thusGAS agonigwould likely bemoreaccessiblescalable.



Motivated by these considerations potent cGAS adjuvantomprised ofa synthetic
cGAS ligand (.e. 95-BP phosphorothioateapped dsDNA) and a wedistablished endosomolytic
polymer {.e. D-PDB), was engineeretb elicit robust STINGdriven gae expressiomandwas

subsequentlysed to explore the pharmacological activation of cGAS for cancer immunotherapy

IV. Role of TREX1in cGAS Activation

TREX1 (.e. DNase Ill) is a major deoxyribonucleatbatlocalizesto the cytosol of cells
and prevents the gradual accumulation of cytosolic dsDNA under resting conditions
Interferonopathies arising from mutations in fRREX1gene have indicated that the nuclease
preventexcessiveSTING signaling from overactivationf the cGAS proteitt. AlthoughTREX1
has been recognized as a major negative regulator of e@@éBroposed as an immunotherapeutic
target?, it has not yet been extensively studied in the context of pharmacological cGAS @utivati

The enzyme is an exonuclease that initiates degradaittbe3 Nj efrdsDSIA strands
Notably,thenuclease activitpf TREX1 can be inhibited by phosphorothioate linkages as well as
oxidized guanine residuesd. 8-hydroxyguanine) and abasic nucleotides, and therefore selective
incorporation ofsuch modificationsnto dsDNA moleculegan beemployedto study the effects
of TREX1 onthe functional activity ofarious cGAS ligands.

In this work, synthetic and PC&plified dsDNA were modified with various levels of
phosphorothioate modifications aldhydroxyguanine tailen the3 Biyds of the dsDNA strands
respectively. Thehemicaly modified dsDNA was then formulated with BDB and characterized
in vitro using reorter cell assays for IFNactivity. The experimental results demonstrated that
phosphorothioate capping of relatively short cGAS ligands 2017 95 BP dsDNA) could

significant increase maximum efficacy relative to unprotectedreeiehed dsDNA. Corersely,



larger PCRamplified dsDNA (i.e. 5000BP dsDNA) that had been3 Npiled with &
hydroxyguanine did not significantly alter the maximum efficacy of the cGAS ligands relative to
unprotected sizenatched dsDNAThus,this work supports the hypothesigat protecting longer
dsDNA from TREXXmediated degradation provides little to no benefit in terms of increasing the
magnitude of STING signaling upon cytosolic delivery. This work also agrees with a previous
report thaffREX1 hasmuchless influence ovethe IFN-| response folongercGAS ligand$2,
Collectively, these findings havaotable implications formitochondrid DNA (i.e.
~15,000BP dsDNA) which isa major source of endogenous cGAS/STINfEvation Indeed,
this work would suggest that mitochondrial DNA is not appreciably regulated by TREX1, and
therefore TREX1 is likely not an appropriate target for therapihed seek to modulate

cGAS/STING signaling following such endogenous activation of the pathway.

V. Therapeutic Delivery of Alu RNA for Cancer Immunotherapy

Alu elements argelatively shorttransposable elemen{se. ~ 300BP in length)and
constitute the most abundant repetitive elements in the human genome, having been introduced
over 50 million years agh Indeed,it is estimated thatver 10%of the human genome consists
of Alu sequenceéd. While Alu elements do not encode for protein prodacts their main function
is thought to be selfeproductionAlu RNA intermediates caalter theexpressiorf certain genes
and thereby affect cell functiéh Recently, our collogues the Aune.ab at Vanderbilt University
determinedthat certaindoublestrandedAlu RNAs contribute toelevated IFNI expression in
circulating leukocytes gfatients withrelapsing remitting multiple sclerogBRMSY®. They also
found that some of the doubdtrandedAlu RNAs associated with RRM&an trigger the

production of IFNI and oher proinflammatory cytokines through the activation of the RNA



sensing PRRs, RKBand TLR3®. Notably, te cytokine signature from these PRRs is similar to
that of STING signalingand these PRRs have been previously successfully targetedricer
immunotherap¥-3°. This work is the first to demonstrate that immunostimulatory Alu Ris&s
be packaged and delivered wiD-PDB to relay a therapeutic benefit in a Aonmunogenic

murine tumor modelie. B16.F10 melanoma) upon intratumoral administration.

VI. Enhanced Retentionof Endosomolytic Nanoparticleswithin Tumor s

Intratumoral drug delivery depdtave been utilizedithis work, as thegffer much utility
for the administration of cancer immunotherapeutixsig delivery depotsthat aregreater than
500 nm in diameteexperience restricted transpavithin the extracellular matri% resulting in
theirlocal retentioratan injection siteAdditionally, drug delivery depots can maintain high local
drug concentrations over time by shielding their cargo from degradation prior to drug release.
Thus, whilenanopartialate druggend to clear rapidly from an intratumoral injectisite (e.g.
half-life less then 24 houysdrug deliverydepotscanallow for prolongeddrug retentioras well
aslocal drug release over time.

The drug retention afforded ljrug deliverydepots carenhanceboth the efficacy and
safety already conferredy intratumoral immunotherapyindeed, temporalncreases in drug
availability typically correlate withmore efficacious cancer therapies where toxicity and target
saturation are not applicabléreatmentswith improved efficacy have pential toreduce the
number of drug administrations required for complete therapeutic responsescarselquently
candecrease patient expenses as welhageasepatientcompliance Moreover, dugs that are
toxic at highconcentrationsn various partof the body can bdargely confined tothe area
surrounding drugdelivery depots andherebyminimize drug accumulation in oftarget sites,

effectively further increasing the relative ddsmiting toxicities in cancer patients.
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In this work, biocompatble poly(lactic-co-glycolic acid) (PLGA) microparticle depots
were employed to enable sustained local release of immunotherapeutic nanoparticles following
intratumoral administratiorRelatively hgh nanoparticldoading(i.e. 1.8 £ 0.05 pg nuclei@acid
per mg PLGA)was demonstrate@nd sistained nanoparticle efficacy smabservedothin vitro
using reporter cellandin vivousing murine tumor models.

On a separate nqtinework in this dissertatioms also the first to shothat in the absence
of a drug delivery depotarger nucleic acils €.g.95BP dsDNA)loaded on BPDB exhibit
increased local retentiarelative to smaller nucleic acid strandsg. siRNA) loaded on EPDB.
The prolonged retentioof larger nucleic acids loaded orRDB is likely attributable to increased
valency of the electrostatic complexation, since freely administered uncompleXB@8vas also
found to exhibit a comparably long retention profflee. half-life ~ 60 days) Notably, the
increased retention of larger nucleic acids complexedRDB was however not associated with
sustained local activity, singkein vivoactivity of the freely administered nanoparticles was only
detectable for a short time peridae(on the order of days). Thus, it is likely thite nanoparticles
experience some form of inhibition over time that causes theeventually become inactive
despite their continued presentéis further motivates the use afugdepots, as protection from

suchinhibitory mechanisms and gradual local release can potentially resolve such issues.
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Specific Aims
Specific Aim 1: Developcell-penetrating cGAS agonistdo stimulate antitumor immunity .
To address limitations of currestindarebf-care cancer immunotherapiesyelcGAS adjuvants
were engineered using a librao§ synthetic dsDNAand the welestablished endosomolytic
polymer, DBPDB. The morphology, stability, and activity of the complexes were characterized
Design varables included polymer/DNA charge ratio, DNA lengthd aphosphorothioate
modification of the dsDNAThroughseveral differenscreens for IFN activity, themost potent
cGAS adjuvant(i.e. NanolSD)was identified andhen further characterizeth vivo. Notably,

NanolSD demonstratesignificanttherapeutic efficacy in multiple murine tumor models.

Specific Aim 2: RepurposeendogenousAlu RNA to stimulate antitumor immunity . Several
Alu RNAs have recently been identified aadogenousmmunostimulatorymoleculesthat can
activate the RNAsensitive PRRs, RIGand TLR3. Indeed, it was determined that certain Alu
RNAs contribute toelevated IFNI expression irtirculating leukocytes gbatients withrelapsing
remitting multiple sclerosidn this work Alu RNA wasformulaed with DPDB andshownto

stimulate innate immunitypon intratumoral administration a murine model of melanoma.

Specific Aim 3: Developa drug delivery depotto sustain the activity ofcell-penetrating
nanoparticlesin tumors. Rapid clearance is a significant limiting factor for the efficag safety
of various intratumorallyadministered immunotherapeutiesg.D-PDB polyplexes)To address
this issugpoly(lactic-co-glycolic acid) microparticlesrereexplored asntratumoradrug delivery
depots for the controlled releasecedl-penetratingnanoparticles, comprising-BDB and various
nucleic acidsA capacity for astained releaseas observeth vitro with no loss of nanoparticle

functionality. Moreover these findings were conserviadvivo using murine tumor models.
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CHAPTER Il

THE cGAS/STING PATHWAY

Text for Chapter Il is adaptedfrom:
Garland KM, Sheehy TL, Wilson JTChemicalandBiomolecularStrategiesor
STING PathwayActivation in Cancedimmunotherapyln Review (2021)
Abstract
The stimulator of interferon genes (STING) cellular signaling pathway isre@dignized
as a promising target for cancer immunotherapdesivation of the intracellular STING protein
triggers the production of a multifaceted array of immunostimulatory cytokines, which in the
proper context, can drive dendritic cell maturation, T cell priming and activation, natural killer cell
activation, ad/or cancer cell death, resulting in tumor eradication and antitumor immune memory.
Accordingly, there is a significant amount of ongoing research towards further understanding the
role of the STING pathway in cancer immune surveillance as well as te®dment of specific
modulators of the pathway as a strategy to stimulate antitumor immunity. Yet, the efficacy of
STING agonists is limited by many drug delivery and pharmacological challenges. Depending on
the class of STING agonist and the desired adhimation route, these may include poor drug
stability, immunocellular toxicity, immuneelated adverse events, limited tumor or lymph node
targeting and/or retention, low cellular uptake and intracellular delivery, and a complex
dependence on the magni¢udnd kinetics of STING signaling. Thehapterprovides a concise
summary of the STING pathway, highlighting the recent biological developments, key features,
and implications for drug delivery. Thihiapteralso offers a critical analysis of various chemical
strategies that have been employed to enhance the efficacy, safety, and/or clinical utility of STING

pathway agonists and lastly draws attention to several opportunities for therapeutic advancements.
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Introduction

The stimulator of interferon genes (STING) cellular signaling pathway has profound
importance for the health and survival of a large diversity of organiengs Humans, sea
anemones, fruit fliesetc)3!, due to its critical role in the immusmeediated elimination of
numerous pathogens and dise&se&ccordingly, elements of the STING pathway have been
evolutionarily conserved within metazoans for over 600 million years through natural séfection
35, Since the relatively recent scientific discovery of the STING protein in 2008, the pathway has
been extensively characterized, and a growing number of infectious pathogens and diseases have
been found to stimulate hdstmune responses by initiating STING signaffg.

The STING pathway continuouslfpo ni t or t he cytosol of cell s
(i.e. anomalies that are indicative of cellular stress) as part of a network of cytosolic pattern
recognition receptors of the innate immune systesferred to as cytosolic immune surveillance.
Molecular recognition of such irregularities within the cytosol initiates STING signdhiggie
2.1), which then propagates a coordinated distress signal that is directed by the cellular production
of various proinflammatory cytokings4: 42 The distress signal ultimately summons an innate
immune response that can galvanize the immune system to address a myriad of potential threats.
Notably, the immunostimulatory attributes of STING signaling distinguish the pathway as a prime
target for applications in cancer immunotherap¥. (therapies that either involve or use

components of the immune system for the treatment of cancer patients)
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Figure 2.1. The stimulator ointerferon genes (STING) cellular signaling pathway. The cGAS

enzyme surveils the cytosol of cells for the accumulation of desttdeaded DNA, which serves

an indicator of cellular malfunction or infectioNotably, cytosolic doublstranded DNA may

arise intrinsically €.g. sel-DNA leakage from nucleus or mitochondria) or extrinsicadyg(
pathogerderived). Upon recognition.€. binding) of doublestranded DNA in the cytosol, cGAS
oligomerizesintoliq-l i ke dr opl et s and c adGAMPywhiehscantoihde pr o d
and activate the STING protein on the endoplasmic reticulum to initiate downstream signaling,
primarily through TBK1 and IKK. Notably, STING activation typically leads to the atibw of

the transcription factors, IRF3andMFB1 as wxBd, awhiNdFh i s known to
the activity of NFe B 1 . STI NG signaling r e-bandvarsousiother t h e
proinflammatory cytokines, the profile of which largelye p e nds on ¢ o-0GABR t . L a
can also vacate its cell of origin through various transport mechanisms and function as an
immunotransmitter that can locally propagate STING signaling in neighboring cells. To
pharmacologically activate the signalipgthway, STING pathway agonisise(cGAS agonists

and STING agonists) must cross the cell membrane, access the cytosol, and evade degradation by
various deoxyribonucleases (DNases) and phosphatases. Due to its relatively large size and
negative chargeexogenous DNA requires assistanaeg( pathogermediated delivery) to

penetrate cellular membranes and gain access the cytosol. Furthermore, DNA is highly susceptible

F
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to degradation by DNase | in the extracellular space, DNase.IACid DNase) duringhatural
endolysosomal trafficking, and DNase lile{ TREX1) in cytosols. Alternatively, CDNs can
utilize various membrane channels and transporters to access the cytosol, though the use of such
transfer modalities is relatively inefficient and typicatlyquires high local concentrations of
CDNs . Mor eover, certain nat ur-adAMB, ar® bighlyr r i ng
susceptible to degradation by ENPP1 in the extracellular space. Figure creatgdrerttier.com

The specific downstreaeffects of STING pathway activation can be largely variable, as
they depend heavily on cellular context as well as signal intensity and dtfakionvever, a
distinctive feature of mammalian STING signaling is the secretion of interferons {#FNs)
especially type | IFNs (IFN) suchas IFNB*> 46 which is known to exhibit pleiotropic effects on
cell functiorf’4°. Notably, the type | IFN signaturef STING activation has been linked to
enhanced antigespecific T cell respons#s4” “8and natural killer (NK) cell respons€ghat
collectively drive ceimediated immunity. In certain settings, STING signaling can also induce
various forms of programmed cell death, such as autophagy, apoptosis, necroptosis, and lysosomal
cell death! 2 Thus, the versatile nature of downstream STING signaling imparts cells with the

ability to elicit a contextlependent immune response that can ultimately result in the clearance of

diseased celf8 53.54
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Table 21. Clinical Trials of STING agonists for Cancer Therapy.

Phase 2 Clinical Trials: Active Compound s:,‘,‘:;' Sponsorand e Status
; : MIW815 (ADU-S100): s
b oae - Fembralzumenin Resdand: | Guntiwic CON Intratumoral | Aduro Biotech, Inc. | NCT03937141 | Roive: Nt
STING Agonist 9
MK-1454 +/- Pembrolizumab in Head s sl PO ntratumoral | Merck Sham & NCTo4220866 | Active; Not
and Neck Cancer S¥IN G Agonist Dohme Corp. Recruiting
Phase 1/2 Clinical Trials: Active Compound g:l‘l'\‘,:r‘;' st e hor Status
CDK 002 (exoSTING):
: : PTGFRN-Targeted
CDK 002 in Advanced/Metastatic, fons : Goas 2
Recurrent, Injectable Solid Tumors g;z;:);:: (c:%n;lammg Intratumoral Codiak BioSciences NCT04592484 | Recruiting
STING Agonist
Phase 1 Clinical Trials: Active Compound g:l‘i"‘:r;' gmx;:";‘:s el Status
A 2 MIW815 (ADU-S100): %
MIW815 +/- Spartalizumab in Advanced | oo ot cDN Intratumoral | Novartis NCT03172936 | Completed
Solid Tumors or Lymphomas STING Agonist Pharmaceuticals
i . MIW815 (ADU-S100): Aduro Biotech, Inc. .
L D M ranees Synthetic CDN Intratumoral | Novartis NCT02675439 ;:Z‘é‘;ji'ﬁ': ot
ymp STING Agonist Pharmaceuticals 9
E7766 in Non-muscle Invasive Bladder E7766: Eisai Inc
Gancer Synthetic CDN Intravesical H3 B'om;e dicine Inc NCT04109092 | Withdrawn
STING Agonist ! o :
ST oA ORCed SAlETah O g;ﬁgﬁc CDN Intratumoral | Efai Inc. NCT04144140 | Recruiting
Lymphomas STING Agonist H3 Biomedicine Inc.
MK-1454 +/- Pembrolizumab in g';f“':l‘gi‘z: - ntratumoral | Merck Sham & NCT03010176 | Active: Not
Advanced Solid Tumors or Lymphomas STING Agonist Dohme Corp. Recruiting
MK-2118 +/- Pembrolizumab in MK-2118: Intratumoral / Merck Sharp & -
Advanced Solid Tumors or Lymphomas STING Agonist Subcutaneous | Dohme Corp. NCT09240792. | Reciuling
v ; SB 11285: :
SB 11285 +/- Nivolumab in Advanced 5 Spring Bank i
; Synthetic CDN Intravenous ) NCT04096638 | Recruiting
Solid Tumors STING Agonist Pharmaceuticals, Inc.
GSK3745417:
GSK3745417 in Advanced Solid Tumors | Small Molecule Intravenous GlaxoSmithKline NCT03843359 | Recruiting
STING Agonist
: BMS-986301:
BMS-986301 +/- Nivolumab or Intratumoral / A S s
Ipilimumab in Advanced Solid Cancers Small Molecgle b iSaTiar Bristol-Myers Squibb NCTO03956680 | Recruiting
STING Agonist
SYNB1891 +/- Atezolizumab in SYNB1891: Synlogic -
Advanced Solid Tumors and Lymphoma | E. coli STING Agonist | "ratumoral | o4 Biotech NCTORIBTISY. | Racniing
- . " Bl 1387446 (BI-STING):
%Jggz:ges;{i d?f;i?;’"‘ab " Synthetic CDN Intratumoral | Boehringer Ingelheim | NCT04147234 | Recruiting
STING Agonist
. . TAK-676:
Hosidhe d*go'zg"}m';:mab in Small Molecule Intravenous | Takeda NCT04420884 | Recriting
STING Agonist
. . SNX281:
221?;2%1 r;(/;r: Smbrolieumial b /vvenced Small Molecule Intravenous Stingthera, Inc. NCT04609579 | Recruiting
STING Agonist
IMSA101 +/- Immune Checkpoint IMSA101:
Inhibitor in Advanced Treatment- Synthetic CDN Intratumoral ﬁ?r:neﬁggss?;c NCT04020185 | Recruiting
Refractory Malignancies STING Agonist e E
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In 2012, it was discovered that the therapeutic efficacy of the small molecule cancer
therapeutic, 5,6-Dimethylxanthenond-acetic acid (DMXAA) was STINGdependent,
establishing that pharmacological activation of STING signaling in solid tumors could fgromo
antitumor responses in mice with established c&hc8hortly thereafter, in 2014he STING
pathway was found to have a central role in preventing the onset of cancer in mice through tumor
immune surveillan®®. The STING pathway was thus identified as a promising target for cancer
immunotherapy owing to its natural role in initiating and propagating endogenous immune
responses to cancer. Moreover, it has now also been showmdhgtstandaraf-care cancer
treatments €.g. DNA-damaging chemotherapies and radiotherapy) may promote additional
therapeutic benefits through iatrogenic STING pathway activtidrCollectively, these findings
have inspired the developmentgynthetic STING pathway agonists for cancer immunotherapy.
Preclinical research using STING agonists to treat cancer has been exceptionally successful for
generating antitumor immunity against a wide range of cancer types, which has prompted
numerous clirgal trials, many of which are ongoingable 11).

While STING pathway agonists offer considerable promise for cancer immunotherapy as
both a monotherapy and an adjunct to current starafacdre cancer treatments, none have yet
reached the pharmaceuticahrket. As willbedescribe, the clinical landscape of STING pathway
agonists is rapidly evolving with a number of promising candidates in clinical trials that may soon
yield the first approval of a STING agonist for cancer immunotherapy by the US Rddadrag
Administration (FDA). Nonetheless, both the efficacy and safety of STdbkivating therapeutics
are restricted by many drug delivery and pharmacological challenges, including poor drug
stability, immunocellular toxicity, immuneelated adverse ents, limited tumor or lymph node

(LN) targeting and/or retention, low cellular uptake and intracellular delivery, and a complex
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dependence on the magnitude and kinetics of STING sigfalfigin this chapter a detailed
summary of the STING pathway as well as a synopsis of chemical stsategemhance the

efficacy, safety, and/or clinical utility of STING pathway agonists are presented.

Biochemistry and Biology of thecGAS/STING Pathway

There are a number of ways through which STING signaling can be initiated. However,
activation of thantracellular STING protein, or more specifically, translocation of STING to the
Golgi is invariably required for the downstream STING signaling that can trigger innate immune
activatior¥?®°, In its resting state, the STING protein is localized orsthiéace of the endoplasmic
reticulun?® and is canonically activated by cyclic dinucleotides (CON®Iternatively, STING
can also be directly bound and activated by several other chemical agents, many of which will be
discussed in detail in this review.

Endogenous activation of the STING proteitargely dependent upon the recognitioa (
binding) of the selder i ved €yl , guanddi)8 Nponophosphate adenosine
monophos p-tGAMR® % 2 NW\XNjt he forefront aBAMPIBe STI |
produced intracellularly by cGAMP synthase (cGAS) after the enzyme detects the aberrant
presence of doublstranded DNA (dsDNA) in the cytosol of cells. Thus, both cGAS and STING
act as general sensorg(pattern recognition receptors) for pathogens and pathologies that induce

the cytosolic accumulation of such danger sigfials

Recognition of Cytosolic DNA by cGAS

Under normal conditions, the cytosol of cells is largely DNA free, and any nhominal amount

of DNA that may be present is rapidtegraded by cytosolic nucleases. Accordingly, the
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accumulation of DNA within the cytosol is indicative of pathogenic threats or compromised
cellular states. Mammals express numerous DNA sensors that are capable of detecting and
communicating such breachiescellular homeostasis. Many of these DNA sensors can provoke
IFN-I responses to activate innate immunity in response to the abnormal accumulation of either
extrinsic or misplacedelf dsDNA within the cytosél. Extrinsic DNA can infiltrate the cytosol
through a variety of mechanisms.q. tumorderived exosomes, viral infectiomfc.), while
intrinsic, selfDNA derived from mitochondria, chromosomes, or endogenous retroelements can
accumulate irthe cytosol in response to cellular stress or genetic mutdtigare 2.1) 40 7275,
Notably, many cancerous cells have an established capaci¢aéting endogenous nuclear DNA

into the cytosdF’8, which likely contributes to the natural role of the cGAS/STING pathway in
both tumor immune surveillance and spontaneous antitumor immunity.

Upstream of STING ithe pathway, cGAS is considered to be the predominant contributor
to endogenous STING activation following the detection of cytosolic DNA. However, some of the
other cytosolic DNA sensore.g.DDX41, IFI16, DAI, RNA pol Ill, LRRFIP1,etc) can also
initiate IFN-I responses through STING signalifigeither in conjunction with cGAS or even in
the absence of cGAS Notably, cGAS is itself an IFstimulated gene (IS&) and therefore, in
cells with low baseline cGAS expression, cytosolic DNA can initially trigger other DNA sensors.
The resultant IFN response can then lead to local cGAS production and subsedsAft ¢
activation if the DNA persists long enough within the cytosof.(prolonged viral challenge),
thereby increasing the magnitude of the {H¥sponse in a positive feedback manner.

The activation of cGAS by dsDNA has been extensively characterizedgth many
structural and biochemical studié¥’. Briefly, cGAS exhibits an autoinhibited conformation in

its unbound, monomeric form. Positively charged sites on {texr@inal domain (CTD) of cGAS
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bind the sugaphosphatdackbone of dsDNA. Steric interactions between cGAS and the bound

DNA induce conformational transitions in cGAS that open the nucleotide binding pocket, which

is also located on the CTD. The DNA strands serve as natural crosslinkers to promote cGAS

oligomerizatior?*. The dsDNA/cGAS dfjomeric complexes undergo ligiiéhuid phase

separations within the cytosol, forming liqdidle droplets that function as intracellular

mi cr or e ac t-cGAMP prloductiof”28NjFhdj activated cGAS enzymes catalyze the

product i-cGAMPoffom dtidGINjlar adenosine triphosphate (ATP) and guanosine

triphosphate (GTP¥ 8 The enzymatic synthesis occurs in a stepwise manner through the initial

gener atip@m GO 2 Nj,55NNj) p A

c GAMP has
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(Figure 2.2). The biological consequences of CDN linkage orientation are discussed in detail in

Section 4.1
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Figure 2.2. Chemical structures of cyclic dinucleotide (CDN) STING agon{g¥.Mammalian
2 NjSGHNMP. (B) Var i ous

naturally

occurring

or

synt he

linkage orientation that is produced by mamm@ly.Various naturally occurring CDNs with the

21



canonical 3Nj3Nj i nkage or (DSytnatth extGAMP W2HNJ®ENj s pr «
noncanonical 2Nj2Nj I'i nkage or i e(ExNaturallyoocurtingat h as
SNRGBIAMP with the noncanoni cal 3 Nj2 NpProlsapml&k a ge o
melanogaste(i.e. fruit flies).

The recognition of SDNA by cGAS is largely sequenagadependent, and the length of
dsDNA that is empirically requireth vitro for minimal cGAS activation in celbbased assays
varies by species(g.~ 45 base pairs (bp) in humans, ~ 20 bp in rftc®) With only a few
exception®’, short strands of dsDNA under these length thresholds cannot activate cGAS in any
meaningful way, as they are unable to induce the formation of the-ligaidroplets that stabilize
the dsDNA/cGAS omplex through multivalent interacticsThis is largely due to the relatively
low affinity of dDNA for cGAS, the dissociation constanty()Kof which has been estimated to
be ~ 18 % NdiaMly, the phasseparation of the liquitlke droplets stabilizes the
dsDNA/cGAS complexes through more than just enhanced colocalization. Theikguidoplets
sequester the cG&Aand dsDNA molecules, thereby providing a barrier that limits the physical
access of DNA nucleases that would otherwise degrade the dsDNA fiydrdsonged protection
from such negative regulators is especially important for cGAS, as it is considered an unusually
slow enzyme with one round of cGAMP synthesis taking ~ 20 set®nds

The cGAS enzyme is allosterically activated by dsDNA in a ledgiendent manner,
such that binding longer strand$ dsDNA increases the presence and stability of the active
dsDNA/ cGAS biocondensates and thewx@AMP>% ncr eas
Accordingly, the length of cytosolic dsDNA is a critically important determinant of both the
magnitude and profile of the resultant immune response. The {dagéndat cGAS activation

is most pronounced at physiologically relevant low dsDNA concentrations that are comparable to

that of self dsDNA sensing and viral infectiemd.~ 17 fg/cell for herpes simplex virus?3)*

22



At low dsDNA concentrationse(g. 15 ng/mL), which are repsentative of natural exposure,
dsDNA that is technically above the length threshold for activagan100 BP) fails to induce a
measurable response, while much longer dsDHA.R000 BP) is still capable of efficiently
inducing STING signalingf. Notably, at the high dsDNA concentratioesy(1 pg/mL or greater)
that are ften assessei vitro, CGAS activity can be saturated using a relatively low molecular
weight dsDNA é.g.~ 60 kDa), likely through substrate exhaustioe. (lepletion of cellular ATP
and/or GTP%,

Cytosolic dsDNA can also activate thetein known agabsent in melanoma 2 (AIM?)
which has noteworthy implications for STING signaling. AIM2 is another prominent pattern
recognition receptor for cytosolic dsDNA and is known todmlate STING signaliri§103.
Activation of AIM2 characteristically results in pyroptosisediated cell death and the release of
IL-1 b a Al8 vial the AIM2 inflammasome. Coneant activation of AIM2 and cGAS in
antigen presenting cells (APCs) broadens the resultant cytokine response, but it also reduces the
magnitude of STINGpecific cytokines produc&l The dampened STING signaling caused by
simultaneous AIM2 activation is largely due to the pyroptosis induced by AIM2. At the onset of
AIM2-induced pyroptosis, gasdermin D pokes small holes in the cellular membrane. The pores in
the cellular membrane enable a potassium efflux from the cell, which then inhibits cGAS activation
prior to cell deatHs,

Unlike cGAS, AIM2 evolved relatively recently as a nucleic acid sensor within
mammal$®* and is entirely orthologous between murine and human sHécNsetably, AIM2 is
minimally activated by relatively longer dsDNA€. ~ 80 bp}°® 197 Robust activation of cGAS
and AIM2 atin vitro concentrations of ~ 1 pg/mL generally requires dsDNA lengtlrat least ~

100 bp and ~ 200 bp, respectiVi&ly°8112 Though, as previously stated, dsDNA length thresholds
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for in vitro activation do not necessarily directly correspond with thresholds fovo activation,
because cells within a living organism do not naturally experience such high cytosolic dsDNA
concentations even under stressed cellular conditions. Future research investigating the interplay
between cGAS/STING signaling and the AIM2 inflammasome in a cancer setting will be
necessary to define the impact of such dual activation on antitumor immunity.

The primary effector function of AIM2 activation is to induce aidlath, which is a nen
tunable process that does not depend on an allosteric equifibtitithThe AIM2 inflammasome
does not disassemble after it has formed on sufficiently long cytosolic dsDNA, and the assembly
of the AIM2 inflammasomés reinforced by multiple positive feedback loops, which supports a
binary signaling respon¥é. Conversely, cGAS activation is tunable and the downstream response
can be quite variable and set) specifi¢® 11> 116 STING signaling can evoke diverse stress
responses that range from the suppression of viral replication to apoptosis depending on signal

strength, signaling duration, and cellular corffes® 45 11219

Regulation of cGAS

Mammalian DNA is primarily packaged and compartmentalized inside the nuclei and
mitochondria of cells and therefore typically avoids contact with c&ASlowever, nominal
amounts of self dsDNA routinely enter the cytosol under normal cellular cond?tiéfs.
Mammals have evolved to locally restrict intrinsic activation of pattern rémgmeceptors to a
baseline level by constitutively expressatepxyribamuclease$DNases)® 21 122 DNase |, DNase
II, and TREX1 {.e. DNase lll) actively degrade dsDNA in systemic circulation, lysosomes, and
cytosols, respectivel§ 123125 The cytosolic exonuclease, TREX1 directly affects the length,

concentration, and persistence of dsDNA within the siffoand consequently, is critically
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important for negatively regulating cGAS activ§'2°.

TREX1 deficiency has been linked to many type | interferonopathies caused by overactive
STING signaling. Most notably, mutations in fRREX1gene cause Aicardboutieres syndrome
(AGS) and have also been associated with many other autoimmune disedsdgaoth
familial chilblain lupus and systemic lupus erythemat&®Sunterestingly, the genes encoding
cGAS and TREX1 are both prominent ISGs and thus they batgrio local regulatory feedback
loops that can either amplify or restrict the subsequent immune response in various$sétfings
Recently, the intratumoral inhibition of TREXla$ even been proposed as a novel
immunotherapeutic strategy to promote local STING signaling for the treatment of 2ancer
Notably, radiotherapynduced tumor immunogenicity is strongly negatively regulated by TREX1
at high doses of radiationd.1 2 1 1 8 3g!¥ lahag been shown that reactive oxygen species
(ROS), a biproduct of ionizing radiatitidcan oxidize intracellular DNA bas€4 which can then
partially inhibit TREXXmediated degradation through steric hindrance to perpetuate STING
signaling during radiotherapi? 1*¢ However, TREX1 inhibition via oxidizkbases is contingent
upon low TREX1 concentrations.f.~ 50 nM or less); high concentrations of TREXIg(~ 200
nM or greater) can efficiently degrade DNA containing oxidized Bas@#us, the observed dese
dependent regulatio of radiotherapynduced tumor immunogenicity by TREX1 may be
explained by dosdependent ISG expression, where higher doses of radiation lead to higher
concentrations of TREX1, which can then degrade oxidized dsDNA and thereby limit the extent
of cGAS ativation. In support of this theory, it was determined that consecutive low doses of
radiation {.e. 3x 8 gray) could circumvent TREXmediated cGAS inhibitior{. Nevertheless,
TREX1 represents affimidable obstacle for all DNAdased cGAS&ctivating cancer therapies and

must therefore be given careful consideration when designing such therapeutic approaches.
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In addition to TREX1, there are numerous other factors that can significantly influence the
intensity of STING signaling in a particular tissue and therefore alter the nature of the resultant
immune response. The activity of cGAS is known to be intricately regulated by many different
posttranslational modifications of cGAS, such as acetylatidataghylation, phosphorylation,
sumoylation, and ubiquitinatié##143. Posttranslational modifications are heavily dependent on
environmemal conditions and therefore likely contribute to dgfde specific STING signaling.
cGAS activation is also vitally dependent on the ability of cGAS to encounter its dSDNA substrate,
which is undoubtedly a funct iummwitbirfcells.the pr ot ei

The subcellular localization of cGAS is currently a subject of controversy and seems to be
quite dynamic in nature depending on cell cycle phase, cell type, and environmental cdftlitions
Until recently, cGAS has generally been regarded as a strictly cytosolic fffatewever, recent
studies have challenged this theory. In murine bone meadswed macrophages (BMDMs) and
in human THP1 monocytes, it was determined that cGAS primarily resides on the interior of the
plasma membrane due to the electrostatic interactions of the N terminus of cGAS with the
membraneébound PI(4,5)Pphospholipid*. The intracellular localization of cGAS to the plasma
membrane was found to limit the recognition of self dsDNA by spatial segregation from the
nucleus and simultaneously maximize the potential response to viral infection by allowing for a
morerapid encounter with exogenous DNA.

cGAS has also been identified within the nuclei of mammalian®®éit&!48, Outside of
the canonical STING signaling axis, cGAS has an established secondary function, where it
operates as a negative regulator of DNA repair, inhibiting homologous recombination in the
nucleus*® 15¢ Several research groups currently contend that cGAS is constitutively present in the

nuclei of cells at steady state!®2. One study found that the noatalytic N terminal domain of
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cGAS was responsible for an association of cGAS with the centromeres of chromosomes within
the nuclear compartméft More recently, another study has asserted that cGAS is preattiyin

a nuclear protein that is tethered tightly to intact chromatin by aesa#itant interaction in its
resting stat®? The researchers found that cGAS was resistant to standatshsedt elution,
requiring relatively highsalt concentrations for complete solubilizatiomg( 0.75 M NaCl
compared to the 420 mM NaCl that is typically used to isolate nuclear proteins). They have
suggested that the observed tight interactions of cGAS in the nucleus cannot be explained by its
relatively low intrinsic affinity for DNA €.g.Ko~ 17 2 OM) .

These disparate findings indicated that the N terminus of cGAS was dispensable for nuclear
localization; instead, the core of human cGAS, composed of a bilobed nucleotidyltransferase
structure hidged by an alph&elical spine, was required for the observed nuclear tethering. It was
noted that the amino acid residues, which are important for nuclear tethering, partially overlap with
one of the DNAbinding surfaces of cGAS. Consequently,amodélofe gul at ed desequ:
was proposed, which proclaims that cGAS is inactive while chrorbatimd and that there exists
an unknown regulated step prior to the assembly of cGAS onto dsDNA that enables its release
from chromatin and subsequent activatio

Chromatin tethering is indeed one of several regulatory mechanisms that can inhibit cGAS
activation at times where immune activation is unnecessary. ¢ell division)38 153 154
Specifically, chromatin tethering can prevent the oligomerization of c(®ASi$ necessary for
liguid-l i ke dropl et f or «GAMP symhes$A Accoedindlyi tieeitetharing o2 Nj3 N;j
cGAS to chromatin actually increases during mitosis when the nuclear envelope breaksalown
as to prevent spurious activation of cGAS while DNA is exposed to the cftosdtd Further

research in this area may lead to the discovery and characterization of the aforementioned unknown
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regulatory mechanism that is respotssitor the release of cGAS from nuclear chromatin, which
may thereby enable targeted strategies for controlling the degree of cGAS activation to enhance

cancer therapies.

Regulation of STING

After c¢cGAS cat al y z6AMPtthe EDNacis ad arsecend messeriger 2 Nj3 Nj
that binds and activates STING proteins on the endoplasmic retRuté# STING comprises
four transmembrane helices coupled to a cytoplasmic lipamting and signaling doméitf. The
transmembrane and cytoplasmic regions naturally interact to form a dewapped homodimer
in its resting forn®’. Two intertwined STING molecules take the shape of an opened butterfly
with the head toward the membrarégure 2.3-A)1%8.  Up on b ic®GANP,nhg STANF3 N;
homodimer undergoes extersiv conf or mati onal r ecANMPaimdgcesme nt s .
closure of the ligandbinding domain, it is important to note that not all agonists of STING provoke
a closed lid confirmatiorHigure 2.3-B). Indeed, several STING agonistsq.the bacteriaderived
CDN, cyclic diguanosine monophosphatedeGMP)) promote STING oligomerization and
exhibit immunostimulatory activity without rearrangement of the lid regidguie 2.3-C)159161,

Activated STING proteins oligomerize, are ubiquitinated] dimen traverse the Golgi
apparatus, whereupon they are palmitoylated and traffic to submicresietdr perinuclear
vesicles ie. STING translocator§} 162166 Following translocation though the Golgi body,
TANK -binding kinase 1 (TBK1) binds and phosphorylatéEIN&167: 68 Notably, TBK1
recruitment to STING has been identified as essential for STe@iated antumor immunity-°.
The STING/TBK1 complex phosphorylatasterferonregulatory factor 3 (IRF3), which then

homodimerizes and navigates into the nucleus to induce target gene exgies&ibi
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Similar to the liquid phaseondensation of cGAS that is triggered by activation of the

endogenous STING pathw&y untranslocated Efesident STING can also undergo a liguid

liguid phase separatidff. However, unlike the liquidike droplets of activated cGAS that enhance

STING signaling, the STING condensates contain inactive STING proteins and negatively

regulate the pathway by preventifgettranslocation of STING that is necessary for downstream

signaling™. ~ Wh e n
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(e.g.Kp ~ 4.59 nM), STING condensates form as micromsised granules that colocalize with

the ER. Addtionally, when present in an exceptionally high concentragog.§ pug/mLin vitro),

2 NJSGHMP  also further induces a fluid-gel transition of the STING condensates that

significantly decreases their internal molecular mobility. Notably, the STIN@asates also

formed in response to the bacterial CDNJi€GMP. It is currently unclear whether the phase

separation of STING occurs in response to all of the known STING agonists or just CDNs. It is

also unknown if constitutively éiwe STING mutants tggerthe STING phasseparator.
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While most hydrogels of biocondensates formed by protein Higudd phase separation
are largely disordered or assemble into polymeric fidfid’] the STING condensates, now
termed the STING phasseparator, @wprisingly comprise a highly organized membranous
structure that resembles jigsaw puzzles. Following DNA virus infection, formation of active
STING translocators occurred 3 hours post infection and peaked at 8 hours, whereas inhibitory
STING condensatesepked at 20 hours. Thus, formation of the STING plsaparator is a
partially delayed response and serves to prevent overactivation of STING and inhibit excessive
innate immune signaling.
Additional transcription factors synergize with IRF3 to direct estiependent antiviral
gene expressidff. In various settings, STING signaling has been associated with the activation
of canonical and mec anoni c al nucl-aB), fractivaied proteid (MAR F
kinases, and signal transducer and activator of transcription (STAT) transcription®fattts.
Notably, efficient production of IN-b , a hallmark of STING signal:/i
assembly of the enhanceosome, a higher order transcription enhancer é&niptedividual
transcription factors of the enhanceosome, such as IRF3 and canorEd@NF c m@tiate BN i
b gene expr es $% Bnnstdng, they mesnsoeklinvcenginction with each other
and several other enhancer components for maximal gene transéfiptideed, a 50% decrease
iNIFN-b production was observed in primary mouse
NFFeB expression was partially'™silenced via RN/
The intricacy of the enhanceosome elegantly highlights the importance of synergy between
multiple inducible transcription factdf. Thus, in addition to podtanslational modifications of
STING pahway constituents, the combinatorial regulation of gene transcription likely contributes

to celttype specific STING signaling, as it is largely responsible for the selective protein
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expression that occurs in various environmental conditions. Accordmdigiter understanding

of the transcriptional regulation that ensues STING activation in various cell types could lead to
more efficacious cancer immunotherapies designed to differentially regulate the expression of
certain STINGstimulated proteins to @ance antitumor effects and minimize unnecessary off
target effects.

Single nucleotide polymorphisms in the STING protein are responsible for existence of
distinct human STING (hSTING) isoforms that exhibit variable intrinsic activity as well as
distinctive reactivity to various STING agoni&ts'®® 182 The five most prominent haplotypes of
hSTING are known a&/T (R23), HAQ (R71H, G230A, R293QREF (R232H),AQ (G230A,

R293Q), and) (R293Q), and their allelic frequencies in the human population are 57.9%, 20.4%,
13.7%, 5.2%, and 1.5%, respectivély*®? Relative to theother major variants, hSTING?

generally exhibits lower intrinsic[IFNandNFe B act i vi ty, which has beel
substitution that |likely affects the ®¥oteinod:

Thereare many agonisgpecific differences in the recognition and activation of the various
STING isoforms that can be attributed to the unique chemical structures of the STING agonists.
While bacteriaderived CDNs can activate murine STING (MSTING) and aerteSTING
variants, they do not appreciably activate the hSTANGr hSTING isoformg®. 188 189
Al ternati vel ycGAMPrtah acgvatea mITING & M@l B$ atifihe major hNSTING
variant$>8,  Howe v er , -cGANIR it shveeak agbiNgB fblj certain hSTING isoforms is
currently a controversial topic. Some researchers have reported that for i5T,INGZGYMRN;
is weaker agonist, exhibiting reduced HFMactivity, despite generating comparable -BIB
activity8 192 Conversely, ot h e tGAMF angemders hoosignificanth a t y

difference in its inducible IFN activity with the hSTINGEF isofornt®. Furthermore, the small
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molecule, DMXAA potently activates mSTING, but is unable to activate anyeh8irING
variantd®3. Thus, the isoforms of STING represent a crucial design consideration for the clinical

development of any STING agonist, as translatability will favor universallGTdgonists.

Regulation of2 NjGEA{MP

I n addition to binding STI NG -eGAMRcamalsb he c e
vacate the native cell and thereby function as an immunotransmitter to neighboritfy ¢&lls
The accumulation of intracellular cGAMP that follows robust cG#8vation creates a strong
electrochemical gradient that promotes cGAMP expul8fotf’ The distribution of cGAMP to
nearby cells can occur in several different ways, either direztydell-to-cell) or indrectly (e.g.
secretion followed by proximal cellular uptake). Direct-teitell transfer of cGAMP may occur
through connexidependent intercellular gap junctions, cellular fusion, and phagocytosis of dead
or dying cellg’- 198204 Notably, the predominant gap junction protein involved in cGAMP transfer,
connexin43 (Cx43) is also established as a tumor suppressoraity types of cancéf207,
Although cGAMP transfer has not yet been directly linked to the anticancer role of Cx43,
facilitating STING signaling in a time of cellular stress could potentially support a tumor
suppressor function via the activation of innate immunity. In contrastetalirect transfer of
cGAMP, indirect transfer may be mediated by ion channels, transport proteins, virions, and
extracellular vesicles released from infected or apoptoticteeits 208215

Many of these cGAMP transfer modalities have limitedcfiomality in various settings,
as several are largely dependent on cellular context, viability, and/or infection status. Indeed, the
unidirectional cell membrane transporter, SLC19A1 was shown to be important for cGAMP

import in U937 monocytelerived ceb and monocytic THP1 cells, but was also found to be
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minimally expressed in many other cell typ&€s?®® Additionally, SLC46A2 has more recently
been identified as the dominant cGAMP importer in primary human monocytes and menocyte
derived macrophag&s. Conversely, gap junctions containing Cx43 and vohiegilated anion
channels (VRACSs) have important roles in cell survival and are therefore ubiquitously expressed
in human cell®7 216218

Gap junctions form intercellular channels in appositional cellular membranes and thereby
promote direct cellulacommunication and nutrient exchange, both of which are essential to
cellular physiolog$®”. VRACs also help maintain cellular homeostasis, though they do so by
counteracting dynamic ayplasmic pressuré¥$2?0, Leucinerich repeatontaining 8 (LRRCS8)
protein heteromers associate to form MEA with LRRCB8A being an essential subunit that must
combine with at least one other LRRC8 membérHB?L. Of the varioupotential combinations
of VRAC subunits, LRRC8A:C and LRRCB8A:E contribute the most to cGAMP flux, though
LRRCS8E expression is somewhat restricted in hud¥&ri8” 218 Gap junctions and VRACs are
both capable of twavay molecular transit, unlike some transporters thasenply unidirectional
(e.g. the celtspecific cGAMP importers, SLC19A1 and SLC46A%2}°7 209 215 Thus, gap
junctions and VRACs represent the main cGAMP transfer mechanis humans, though the
contribution of each is likely tissue specific. Gap junctions were recently found to be essential for
cGAMP transfer in lungs upon nanoparticulate STING agonist administration and also in livers
following alcohotinduced hepatocytimjury?9% 202 Alternatively, VRACs were identified as the
dominant cGAMP importer in human microvascular endothelial cells, which are characteristic of

many tumor microenvironments (TMES)
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Notably, gap junctions enable tisdar of cGAMP to a limited number of connected cells,
while VRACs allow for secretion into the extracellular space and likely enable cGAMP
transmission to a larger number of cells via paracrine signaling. Indeed, VRACs were found to be
responsible for~507 0% of ¢ GAMP uptake i #% WhilewGAMPandar i et
other CDN STING agonists may enter cells througiséhportals, the efficiency of cellular import
appears to be quite low for these compounds. Notably, when cells are imeatexiwith cGAMP
or other CDNs, doseesponse studies for STING pathway activation typically yield values for the
half-maximal effective concentratiqiCso) in the high micromolar range, suggesting inefficient
CDN entry into the cytosol via the membrane transporters as well as poor cell membrane
permeability due to their polar nature and negative ch&rdgehis cytoslic delivery barrier has
inspired the development of nanotechnology to enhance the intracellular delivery of exogenous

STING agonistgFigure 2.4).
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Figure 2.4. Intracellular delivery challenges for STING pathway agonEx®genous DNA and

CDNs are negatively charged and hydrophilic and consequently cannot readily access the cytosol
to activate the STING pathway. While both natural and synthetic CDNs are sroaljteto
infiltrate the cytosol through the use of membrane channels and transporters, these transport
modalities are inefficient. Furthermore, extracellular nuclease and phosphatases quickly degrade
exogenous DNA and natural CDNSs, respectively. Accorglingllatively high concentrations of
CDNs are required to elicit measurable STING activation. -Narieotide, small molecule
agonists of the STING pathway have potential to passively diffuse across the cell membrane and
therefore are an attractive altematto the natural agonists. Lastly, certain nanocarriers can
improve the efficacy and safety of STING pathway agonists by promoting intracellular delivery.
Figure created witbiorender.com

Currently, there is no indication thextracellular cGAMP preferentially spreads into any
particular cell type, since gap junctions and VRACs are so broadly expressed. Rather, cGAMP
likely distributes indiscriminately, but predominantly enters local cells due to the presence of ecto

nucleotidepyrophosphatase phosphodiesterase 1 (ENPP1) in the extracellulaf‘spFaddeNPP1
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hydrolyzes extracellular cGAMP and thus preventsmsive spre&d® 2?4 Elevated expression of
ENPP1 has even been correlated with tumor development in several cancé* ty$5es2s
Accordingly, inhibitors of ENPP1 are currently being developed for cancer immunotHéraidy
Synthetic STING agonists without phosphodiester bonds have also been engineered to avoid
degadation by ENPP1 and thereby enhance drug stability. Phosphorothioate modifications are
commonly employed as they are resistant to ENPP1 degradation and may even enhance cellular
uptake and cytosolic delivetyy?23 228, 222Though the development of nonhydrolyzable analogs of
cGAMP has circumvented the issue of extracellular degradation, evading ENPP1 remains an
important design criterion for therapies that expla@tunal cGAMP from endogenous STING
signaling €é.g.radiotherapy).

The manner in which cGAMP is transferred also uniquely affects the mechanism of action
for subsequent STING signaling. Unlike intracellular CDNs that trigger classical cGAS/STING
signaling,extracellular CDNs can activate an alternative cGAS/STING signaling pattwaiy
et al. found that cells primarily endocytose extracellular CDNs in a clattependent manner.
Endocytosed CDNs were released into the cytosol through an unidentified mechanism that
required endosome maturation and acidification, whereupon the internalizadetintar CDNs
bound cGAS directly. A CDN/cGAS/STING complex was subsequently formed and ultimately
activated IRF3. Exceptionally similar downstream effects have been observed between this
alternative pathway and the classical pathway, though overalipetpression seems to differ
in magnitude with intracellular CDNs and the classical pathway evoking a greater ré¥péiise
In vivo cancer therapies that use CDN STING agonists withamttosolic delivery agent likely
activate this alternative STING signaling pathway and consequently may not maximize their

immunostimulatory potential.
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The duration of STING pathway stimulation is also a critically important consideration, as
it can dramacally influence immunological outcomeFkigure 2.5). While, acute and localized
activation of the STING pathway generally supports a healthy level of immune activation for
disease eradication, chronic STING signaling can elicit many inflammadtiven dseases. Such
diseases include monogenic autoinflammatory syndromgsSTING-associated vasculopathy
with onset in infancy (SAVI), AGS, familial chilblain lupusic), autoimmune diseases.g.
systemic lupus erythematosus and rheumatoid arthritisyolmgyical disorderse(.g. ischaemic
brain injury, Parkinson disease, Huntington diseasedagendent macular degeneratiett),
metabolic diseasese.q. nonalcoholic steatohepatitis (NASH), alcoholic liver disease),
inflammatory disease(g.sepsis), cardiovascular diseaseg (myocardial infarction), cancer

(e.g.metastases), as well as senescence and?aging

B

Chronic STING Signaling Inflammatory Diseases
B Autoimmunity
Cancer Metastasis

Genetic Mutation

Transient STING Activation

> Antiviral Immunity
STING Agonists Anticancer Immunity

N 4

Figure 25. The importance of STING signaling kinetics. The distinctcoates of STING
activation are balanced by signal persistence. Chronic STING signaling, which is quite often the
result of genetic mutations, can lead to numerous -dRXen inflammatory diseases,
autoimmunity, and even cancer metastasis. Conversely,@anar&TING signaling, which can be
induced by the acute STING activation from STING pathway agonists, can galvanize robust
antiviral and/or anticancer immunity. Figure created Wwithrender.com
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Prolonged stimulation of the STING pathway can lead to l@tHammatory diseasé’® as
well as cancer development and metastasis in certain séttifigs Thus, the degreand
persistence at which cGAMP is able to spread and activate STING in neighboring cells can play a
role in tumorigenesis. Indeed, STIN@duced metastasis in the context of brain cancer has been
observed and attributed to the continuous transfer of cGAkMP cancerous cells to neighboring
astrocytes via gap junctiofisTherefore, in order to avoid promoting disease progression, careful
thought &iould be given to treatment regimen and the cellular context of the treatment location

when designing cancer therapies that exploit cellular transfer of cGAMP.

STING and the Cancerlmmunity -Cycle

Intrinsic STING Signaling and Innate Antitumor Immunity

Themain process through which the immune system recognizes and eliminates cancer has
been described ake cancerimmunity-cycle’®. The cancefimmunity-cycle summarizeshow
antitumor cellular immune responses are initiated and propagated through cooperation between
the innateand adaptive immune systems. In principlag cycle perpetually functions to inhibit
cancer formation and growth through the following major stdpsAntigen Processing and
Presentation, 2) Lymphatic Trafficking, 3) T Cell Priming and Activation, 4)edyist Trafficking
of T Cells, 5) Infiltration of T Cells into Tumors, 6) Immune Recognition of Cancer Cells, and 7)
Killing of Cancer Cells / Antigen Release.

Spontaneousancerimmunity-cycle operationsthat prevent the immune escape of-pre
cancerous cellsan be largely dependent on STING signa&fihg®’ Mechanistic studies using
genetically engineered mouse models of immunodeftgsrhave identified STING signaling as

an integral mechanism for innate immune sensing of immunogenic cancers. Notably, wildtype
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mice with functional STING signaling exhibited attenuated tumor growth relative to mice that
were deficient in various STINGathway componentd 6 In accordancewith the cancer
immunity-cycle theinnate antitumor effects of intrinsic STING signaling have been primarily
attributed to enhanced tumor antiggpecific T cell respons&$ 23° While the STING pathway
was found critical to th spontaneous priming of antitumor T cells in certain murine tumor models,
several other pattern recognition receptor pathways, includingl RI@& various ToHike
receptors (TLRs) were less essential for generatingredliated antitumor immunity despitheir
conserved ability to induce the production of type | IPNAdditionally, in accordance with the
dependence of immune checkpoint blockadiBjl on spontaneous T cell responses, it has been
established that functional STING signaling is critical for the maximal efficacy of ICB in murine
tumorg®: 240, 241

The development of cancer is often the result of immunosuppression that impedes the
favorable progressionf the cancerimmunity-cycle. Indeed selective pressure can lead to the
deregulation of STING signaling, a prevalent mechanism by which canceeecalle intrinsic
antitumor immunity® 37 Notably, the genes encoding cGAS and STING are seldom mutated in
cancer i(e. less than 1% of tumors exhibit such mutatiéffs§*3 Instead, epigenetic silencing of
cGAS and/or STNG is the predominant cause of the STING signaling dysfunction that is observed
in the immune escape of various cante?$ 41 242 The cellulatransfer of cGAMP and/or tumor
derived dsDNA to stromal cellseg. myeloid cells, endothelial cells) becomes particularly
important for innate antitumor immunity when STING signaling becomes deregulated in cancer
cells132:204 Extrinsic STING signaling may then be employed to pronfweérhmune recognition
and eradication of such cancer cells.

It has been suggested that the STING protein may facilitate the intracellular clearance of
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cGAMP*?2, Therefore, cGAMP could be prone to accumulate more rapidly in the cytosol when
expression of the STING protein is suppressed in cancer $alis. accumulation of cGAMP in
tumor cells could generate high intracellular concentrations that would promote cGAMP transfer
to surrounding cell populations. Thus, tumorigenesis could be prevented by activation of antitumor
immunity, provided the degree c6AMP spread was sufficiently high to stimulate innate immune
activation. However, this is clearly insufficient to prevent the development of all cancers, since
deregulated STING is a common feature of many immrevasive tumors. Factors such as ENPP1
may critically inhibit the degree of extrinsic STING signaling despite an increased efflux of
cGAMP from cancer cells. Restricted cGAMP transfer in such cases might even contribute to the
development of tumors with deregulated STING, as sustainedel@V STING signaling may
actually promote tumor growth and metastdsi€? 232, 244 especially for tumors with low

antigenicity*S.

Therapeutic Effects of Type | Interferons

As previously mentioned, generation ahtitumor innate and adaptive immunity is
considered the primary mechanism by which STING activation can combat ¢&htedeed, in
response to STING agonist treatment, antitumor immunity is mainly responsible for the tumor
regression observed in mie tumor models as well as the sustained protection against disease
recurrence demonstrated by efficacy in tumor rechallenge experthéht® Suchtherapeutic
responses have been largely attributed to type | IFN signaling in addition to other proinflammatory
cytokines €.g.TNF-U) downstream of STING activation.

Type I IFNs {(e.IFN-U andb)l FaNN e signature cytokines

considered a primary effector induced by STING signdfin§ype | IFNs directly regulate the
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transcription of over 100 genes that influence protein synthesis, autophagy, apoptosis,
angiogenesis, and immunity Notably, the direct administration of type | IFNs into solid tumors
has demonstrated clinical efficacy, and in 1986, recombinantURPN b e theafirsehuman
immunotherapeutic approved by the FDA for the treatment of cancer. Many mechanisms of action
have been proposed for the therapeutic effect of type | IFNs in the treatment of cancer, including
both immunemediated and immur@dependent meemisms. In various settings, type | IFNs
have been found to directly inhibit tumor cell proliferafid*®, disrupt tumor vasculati@: 251
prompt the maturation of various APEE>, induce CTL respons&8 2°¢ and activate NK
Ce||5249’ 257, 25_8

For any IFNdriven cancer therapye(g.targeted STING pghway activation), the dosing
of type I IFN and/or type | IFN inducers is a critically important therapeutic design consideration,
as they can directly influence the mechanism of antitumor adtivitj Cancer treatments that
implement high levels of intratumoral type | IFN can result in significant tumor regression that is
largely independent of host adaptive immunity and instiepeénds heavily upon disruption of the
tumor vasculatur&®. This highdose ablative effect on tumors has also been observed with STING
agonist$®® and may be related to the type | IFN component of downstream STING signaling.
Similar to the doselependence of type | IFN treatment, robust antitumor Tresponses are
achieved in murine tumor models with lower, more immunogenic doses of STING agonists, and
excessive STING activation fails to sufficiently generate the antitumor immunity that can prevent
tumor growth upon rechallenge.

In addition to dosig, timing of intratumoral type | IFN administration and/or induction
can affect the development of antitumor immunity, which is essential for durable responses and

long-term survivat® 259 As stated previously, type | IFNs induce DC matur&i®ii®. When DCs
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undergo maturation, they lose their phagocytic ability, thereby preventing the capture of new
antigens in favor of an imeased ability to crogsrime naive CD8T cells that are specific for
antigens previously internalized by the B€sAccordingly, Tzenget al.found that generation of
antigenic tumor debris must precede the induction of type | IFNsler to efficiently prime long
term antitumor immunitf2,

Though type | IFNs have demonstrated efficacy in the treatment of cancer, they have also
been associated with systemic adverse effects, which have limited their clinical usbséhed
side effects for type | IFN therapies included fever and chills upon initial administration and
fatigue, depression, and anorexia with continued treatfiiettt While the production of type |
IFNs is a ditically important component of STING signaling for promoting antitumor immunity,
other IFNindependent signaling pathways downstream of STING activatog. NF-2 B
signaling) are also important for immune regulat®mnd can act to balance anesolve the

resultant immune resporiée

Immunological Effects of STING Pathway Activation

The cancerimmunity-cycle ¢ a n be considered as t he ice
immunotherapy; in order to work effectively, cancer immunotherapies must harnesstiee
immunity-cycleand promote it, either by pushing the cycle forward or by removinge#temts
that impede the proper operation of the cycle. Accordingly, the great potential of STING pathway
agonists for cancer immunotherapy arises from their exceptional capacity to bolster antitumor
immune responses by promoting each phase of the EHlie 2.6). Indeed, STING has been

described as a master regulator ofdaecesimmunity-cycle?®”.
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Figure 2.6. STING and the Cancegmmunity-Cycle. STING can promote antitumor immunity via
the Cancer Immunity Cycle by promoting each of the following steps: 1) Antigen processing and
presentation, 2) Lymphatic trafficking, 3) T cell priming and activa#rSystemic trafficking of
T cells, 5) Infiltration of T cells into tumors, 6) Immune recognition of cancer cells, and 7) Killing
of cancer cells / antigen release. Figure createdhigttender.com

The production of type | IFNs is essential for the STiM@&diated propagation of the
cancerimmunity-cycle Typel IFNs prompt the maturation of various APCs, promoting the
expression of the major histocompatibility complex (MHC), costimulatory molearesyarious
other proinflammatory cytokines that are required for T cell priming and acti¥&tidmdeed,
STING signaling has been found to stimulate antigen processing and presentation in a type | IFN
dependent manm&f:270,

A particulars ubs et of D C s*Bafd DOs haveabsen @eBcéibedd as the main

APCs responsible for generating antitumor T 88§72 C DBExtfB DCs typically reside in
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secondary lymphoid tissues and are characterized byaaptonal capacity for antigen cress
presentationife. the process of antigen internalization and subsequent antigen presentation in
complex with MHGCI to CD8" T cells). Notably, type | IFN production within solid tumors, like
that induced by targeted SING acti vati on, promotes th'e intr
Batf3 DCs from surrounding tissif€s Additionally, interferoralpha/beta receptor (IFNAR)
signaling within tumoti n f i | t r aBaif3rDEs ireéy8ilgdd for successful crgssning of
tumor antigenspecific CD8 T cells and subsequent immune control of tumor gréwth’3

Matured APCs, especially matured DCgregulate C&hemokine receptor 7 (CCR7),
causing them to enter the lymphatic vasculature, which expresses the CCR7 ligahén@&kine
ligand 21 (CCL213%* 275 The APCs then further migrate to the tumor draining lymph nodes
(tdLNs), where they can interact with naive T cells. While T aelivation typically occurs in
tdLNs, it has been suggested that intratumoral expression of type | IFNs may also prompt tumor
i nfiltr aBatf3nDEs t€ @@Bgiime CD8 T cells within the TME, thus bypassing the
need for migration to the tdLN&%. Indeed, the direct activation of naive T cells indusrhas been
observed in mice that were treated with a T cell recirculation bl&€kas well as in mice that
were devoid of LNs and spleeti$é Furthermore, targeted STING activation within BAB0
murine melanoma tumors has been reported to induce the intratumoral formation of tertiary
lymphoid structures, which may also serve as a local site for T cell primoapte '8

In addition to the type | IFN effects of NG signaling, there are other downstream effects
of STING activation that can also enhance tumor antigen processing and presentation. Notably,
STING activation typically results in the production of other proinflammatory cytokengdl( -
6and TNFU) mitmic @xygen species that can promote-Nkk polarization of macrophagé&é

280 Moreover, STING signaling caeven repolarize the phenotype of existing tumor resident
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macrophages from M2 to M®: 281 While M2 macrophages tend to be immunosuppressive and
protumor, M1 macrophages are exceptionally condutmveffective cancer treatments, as they
can inhibit the proliferation of surrounding cells via paracrine signdfiagd even induce lysis

in various types of cancer ceft 283

Generally, three signals are required from APCs to activate naive T cells: pratigien
displayed on MHC for recognition by the T cell receptor (TCR)stomulatory molecules, and
certain proinflammatory cytokines, all of which can be enhanced by STING activation as just
described. Thus, T cell priming and activation in the tdLNanadly follow the STINGmediated
APC response.

The two major types of effector T cells are MHiGestricted CD8 T cells, which are
known ascytotoxic T lymphocytd€TLs) and MHGCIIi restricted CD4T cells, which are known
ashelper T lymphocyte#\ main function of CTLs is to directly kill diseased cells that express and
present their cognate antigét while helper T lymphocytes tend to regulate the function of other
immune cells via paracrine signalffity Notably, functional APC responses from STING sigmal
can enhance the activation of both C3%s?’°and helper T lymphzyte<5% 286 The CTLs are
generally considered to be the primary driver of the antitumor immune responses that are
stimulated by STING signaliiéf 222 However, the helper T lymphocytes are known to support
CTL function and cytolytic activity. Indeed, in response to STING signaling, the h&lper
lymphocytes exhibit a balanced Type 1 / Type 2 (Th1/Th2) phenotype, with slightly greater Thl
activity?®”, which promotes supportive M1 macrophage polariz&tfot$?

In addition to stimulating T cell responses through the activation of innate immunity,
STING signaling can also directly influence antitumor T cell function. STING signaling within T

cells has been shown to have varied effects depending on the degree and duration of the stimulus.
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Hyperactivation of STING can drive antiproliferative and apoptotic signaling within T-etfs:

291 Some lesser degree of STING signaling within T cells can however maintaih TTEI
stemness, which can improve T eelediated tumor clearar®@ In light of this dichotomous role

of STING signaling in T cells, careful evaluation of how STING pathway agomgsat
antitumor T cell viability and effector function will be critical to maximizing immunotherapeutic
responses.

Before CTLs can recognize and kill cancer cells, they must egress the tdLNs and traffic to
tumor sites. Like matured DCs, naive T cells amgeély attracted to and retained within LNs
through their expression of CCR? Activated T cells migrate out of LNs and into systemic
circulation by downregulating CCR7 and simultaneously upregulating the receptor for
sphingosinedphosphate (S1F, which is a signalingphingolipid that is present in the blood at
much higher concentrations than in lymphoid org¥n%2 Once activated T cells accumulate in
the bloodstream, they require additional signals for direction to their effector site. STING signaling
generates a chemokine gradieaig(CXCL9 and CXCL10) that can guide T cell extagation
into solid tumor$®®: 272 2%6 Notably, CXCL9 and CXCL10 are also capable of driving NK cell
recruitment, activation, and maturatt®h Moreover, activated NK cells can augment adaptive
antitumor immunity by recruiting additional DCs to the TWE

Despite the powerful effects of chemokine gradients, dysfunctional tumor vasculature, a
common feature of many cancers, can still act as a major barrier to immuirdilt=ltion and
functior?®®. However, vascular normalization, a reversal of tumor vedsermalities, has been
shown to increase T cell infiltration and restore T cell funétforin addition to promoting
chemokine gradients, STING activation can also normalize tumor vasculature and fughadry

enhance T cell infiltration into tumorSpecifically,the direct injection of STING agonists into
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solid murine tumors results in reduced blood vessel density and vascular sprouts as well as an
increase in pericyte coverage and an upregulation of endotlesliacyte adhesion molecufé$

The normalized tumor vasculature that ensues STING activation has been found to facilitate the
intratumoral trafficking of effector T cells across the endothelial barrier and condition theolT ME t
enhance antitumor immuni§$: 3°¢ Notably, while other agents can also normalize tumor
vasculature, STINGctivating therapeutics offer the potential for coordinating vascular
remodeling with reprogramming of the immune microenvironment, which can allow T cells to
more effciently home to tumor sites and perform their effector function.

STING signaling can trigger tumor elimination either by directly inducing cell death
programs in cancer ceilf® or indirectly via mechanisms involving the immune system,
particularly CTLS® and NK cell§® 302 Notably, the direct induction of cell death programs in
cancer cells appears to be most pronounced in hematopoietic malignant cells, such as B celland T
cell ymphomas!®. As demonstrated by numerous murine tumor models where immune cells have
been knocked out or inhibited, antitumor immune responses are the primary cancer elimination
mechanism promoted by STING signalifiy

Antitumor immunity can be enhanced by intratumoral STING signaling in a multitude of
ways. STING signaling can promote the expression of M@ the surface of cancer cells to
enhance the recognition of cancer cells by CTLs, which promotesn@iated cacer cell
deatli°3. Some tumors can however evade this cellular response through loss elf étpi€ssion
or lack of neoantiged®™3%. NK cells can act to overcome such evasion mechanisms by
recognizing stressduced cells, particutly those that have lost MHEG and eliciting a cytotoxic
respons&4 302 NK cells have also been reported to drive tumor cell killing in cancers with poor

antigenicity®. Indeed, it has recently been described that NK cells mediate the clearance of CTL
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resistant tumors inesponse to STING agoni&té Furthermore, STING signaling within cancer
cells has also been shown to upregulate ligandedéadNK celtspecific immunoreceptor, NKG2D,

which increases NK cell recognition and elimination of cancer®¢&izancer cell death can result
in the release of additional tumor antigens, which leads to epitope sweadi recommencement

of the cancermmunity-cycle

latrogenic STING Activation by Classical Cancer Therapies

As previously mentioned, indirect STING activation is a consequence of many classical
cancer treatment§igure 2.7), including many DNAdamaging chemotherapiesd.cisplatirf®,
camptotheci®'®, doxorubiciit'!, paclitaxet>> 32 etoposid&>316, etc), radiotherap$*’, and
therapies that compromise the DNA damage respoese foly(ADP)-ribose polymerase 1
(PARP) inhibitorg!®322 ataxia telangiectasia and Rad®ated protein (ATR) inhibitof83 etc).
The inadvertent STING activation within tumor cells froocls cancer therapies is primarily
caused by micronuclei formation and subsequent cGAS recognition of egtxsssible
dsDNA>" 58 Notably, inhibitors of INA methyltransferases are another class of cancer
therapeutics, which have been approved for the treatment of acute myeloid |&ékandaare
known b work well in combination with radiation and various chemotherapies in preclinical
cancer modefs>. Recent findings suggest that the pharmacological inhibition of DNA methylation
caused by a DNA methyltransferase inhibitoe.(5-aza2 @leoxycytidine) can also promote
STING signaling by reversing the epigenetic silencing of bGA$ and STING that is commonly

observed in a variety of cancer tyf@és
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Cancer Therapies that can latrogenically Activate the STING Pathway

DNA-damaging Chemotherapies Inhibitors of the DNA Damage Response Radiotherapy
(e.g. PARP Inhibitors)

;'PARP

e\
| & PO/ -~ DD XD

Single-strand Breaks Double-strand Breaks

Figure 2.7. Cancer therapies that can iatrogenically activate the STING pathway. STING
activation is a known biological consequence of many classical cancer treatments, including DNA
damaging chemotherapies, therapies that compromise the DNA damage eespods
radiotherapy. While the effects of classical cancer treatments are multifaceted, therapies that also
induce STING signaling have potential to enhance overall therapeutic efficacy by providing a
supportive inflammatory context for generating antitummmunity. Figure created with
biorender.com

While the effects of classical cancer treatments are multifaceted, therapies that also induce
STING signaling have potential to enhance overall therapeutic efficacy by providing a supportive
inflammatory context for generating antitumor immunity. Indeed, it has been reported that STING
signaling actively contributes to immuneediated tumor growth inhibition in murine tumor
models treated with a growing number of classical cancer treatmestihlyn including
topotecaf?’, viral oncolytic therap$f, PARP inhibitiod'® 320. 328 and radiotherapy*”.
Additionally, STING agonists were found to synergize well with radiotherapy in murine pancreatic
tumors by promoting inflammatory pathways following tumor antigen releasadiytierap§?®.

STING signaling has also been implicated in the response to classical cancer treatments
even in the lasence of immunenediated mechanisms. STING activation in cancer cells induced
by antimitotic chemotherapies.. taxane drugs) has been shown to trigger a proapoptotic

secretory phenotype, which promotes Bfll-dependent apoptotic priming in untreatetas

cells’*? It was confirmed that the STIN@ependent apoptotic effects are required for the
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antitumor response to paclitaxel vivo. Additionally, autophagy caused by STINgBtivating
chemotherapies can clear diseasetls directly in addition to promoting desirable antitumor
immune responses by triggering ATP release and immunogenic cell deat®*¢IED)In the
context of radiotherapy, the cGAS protein can also directly contribute to cancer cell clearance by
initiating cell d e a timadigtiononduced cebablatiofd accel er at i
The functional significance of iatrogenic STING activation in human cancer patients is
currently unclear. As previously discussed, thegnitaide and context of STING signaling are
critically important determinants of antitumor immune responses, and therefore iatrogenic STING
activation may not be optimal for maximizing therapeutic impact. Furthermore, many classical
cancer treatments targetmors indiscriminately and thus likely also impact immune cells within
the TME. Therefore, the balance of STING activation, degree and type of tumor cell death, and
the effect of the treatment on immune cells are all important variables to considezy aslt
likely influence therapeutic outconi$ Nevertheless, research has already begun to explore the
employment of nanotechnology for enhancing STialEvating chemotherapies, strategies that
nat only address drug delivery challenges but also seek to simultaneously reinforce antitumor

immunity within the TMES3,

cGAS Agonists
While the STING protein has appropriately garnered much interesdasggable target
for cancer immunotherapy, cGAS has been largely overlooked despite the potential of cGAS
activation to more closely mimic the endogenous STING patfivdgdeed, cGAS agonists may
offer more control over the level and kinetics of local STING signaling, which may beethtim

optimize antitumor immunit?®. As mentioned previously, dsDNA in the cytosol can elicit tiered
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immune responses, the phenotype of which is determined by the physiochemical compbsition
the dsDNA®, The molecular weight of the cGASund dsDNA ie. BP length) influences the
prevalence and size of the resultant liglikeé droplets, which function as miniature bioreactors

for the efficient production oR NiSGNMPe. Accordingly, the localized production @& Nj3 Nj
cGAMP is tightly regulated, and the liquitke droplets essentially act @&s situ drug delivery
depots that confer tunability over thegree o2 NSGNMP production, which may be useful for
promoting and controlling antitumor immunity. The lack of development behind cGAS agonists
could be ascribed to the complexity of cGAS activation as well as the challenges facing nucleic
acid delivey.

In theory, small molecule cGAS agonists could circumvent the delivery issues that are
associated with the negative charge, hydrophilicity, and relatively large molecular weight of
dsDNA. While no small molecule cGAS agonists have been reported toHHLtest al. have
identified a potential small molecule binding site on the cGAS enzyme that may cause catalytic
activation of cGAS and is certainly worth investigaidrHowever, hase separation does require
multivalent interactions for the assembly of macromolecular compféxaad therefora small
molecule activator of cGAS may not be able to induce the same-ligeighase transition that is
dependent on DN#ridging. A small moleculeagonist would likely have to exhibit self
multimerization to achieve efficiert NISGNMP production via cGAS oligomerization, which
adds another level of complex requirements for the design and development of a small molecule
cGAS agonist. Most small medules would seemingly be unlikely to generate the intracellular
microreactors fo2 NEGNMP production without assistance from other molecules, and this is
perhaps the primary reason that the development of small molecule cGAS agonists has not yet

been eported. Notably, DNAdridging is not required for cGABactivation and there already
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exist several small molecule cGAS inhibitors that have been developed for applications outside of
cancer €.g.autoimmunity}38 334, 337,338

While not a canonical small molecule per se, the metal ion, manganesg {®worth
discussing as it hacently been shown to be capable of independently activating monomeric
cGAS in the absence of dsDNA without the need for oligomeriZ&fiadn?* can affect STING
signaling in several unique ways, and this will be discussegeater detail irfSection 7.Jalong
with other potentiators of the STING pathway. While ¥rpossesses the capacity for
oligomerizationfree cGAS activation, M also sensitizes cGAS to DNA binding and
oligomerization. Thus, the recently reported tpexsic efficacy of MA* as a STING pathway
potentiator for cancer thera{§ cannot be solely attributed to oligomerizativee cGAS
activation. It remains to be determined whether any cGAS activator that does not somehow induce
CGAS oligomerization and droplet formation could achieve therapeutically relevVdNGS
activation and whether they would allow for control othex degree of STING signaling.

In addition to Mi*-encompassing therapies, DNA delivery strategies offer great promise
for the pharmacological activation of cGAS. Since fresdyninistered dsDNA is rapidly cleared
and degraded with minimal cellular uptékeehicles for efficient cytosolic delivery must to be
employed for dsDNAbased cGAS agonists. Targeted cGAS activation via intracellular dsDNA
delivery has been only modestly explored by just a few research groups, all reporting significant
but limited succes$$-3*4 As with STING agonists, the development of cGAS agonists for cancer
immunotherapy will likely require the employment of nanotechnology and molemganeering

approaches to overcome drug delivery barfférg®
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Therapeutic Potentiators of the cGAS/STING Patway

There is a growing list of known STING pathway potentiatdfgure 2.8), which
currently includes certain metal ions.d. Mn?* and Mdg*), cGASbinding proteins, inhibitors of
DNA methyltransferases, various inhibitors of BB s i g n a | asikEPP1 iahtitorns o |
therapies that «GAMP (e.g.adiotheraby).gibeseothempe@idNgg)evits have
potential to improve the efficacy and/or safety of STING pathway activation for cancer
immunotherapy and could be utilized in combinatrath STING pathway agonists either through
local ceadministration or by rational emcorporation into drug delivery platforms.

It is well established that transition metals can regulate the function of enzymes. Indeed,
nearly half of all enzymes utikzmetal cofactofd” 3*¢ Manganese, one of the most abundant
metals within mammalian tissues, has recently been identified as a rtatygalable potentiator
of the STING pathwa¥#°. At cellular steadystate, the majority of Mt within cells is confined to
membraneenclosed orgaties, such as the Golgi and mitochonéftfaViral infection can induce
the release of Mii into the cytosol, whereupon Mhis then disposed to bind the cGAS and/or
STING proteind*®. Mn?* is capable of sensitizing both cGAS and STING ttivation and
consequently lowers the threshold for STING pathway activation by several orders of
magnitudé*®. Shortly thereafter, it was determintbeit Mr?* is also essential in the innate immune
sensing of tumors and that combining it with ICB synergistically boosted antitumor im#ifinity
Furthermore, a phase 1 clinical trial investigating the combination &f &hd antiPD-1 antibody

yielded promising efficacy in patients with advanced metastatig¢ sotior$*® (NCT03991559).
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Figure 2.8. Strategies for potentiating STING signalinihe magnitude of STIN@riven gene
expression and/or profile of the resultant immune response can be modulated by many different
biochemical agents.€. potentiators). Some notable potentiators of the cGAS/STHdthway
include certain metal ion®g.Mn?* and Mg*), inhibitors of DNA methyltransferases, various
inhibitors of NFe B si gnal i ng, i nhi iseparaior, sGABINdIng dgroeeinsS T1 NG
VRAC agonists, and inhibitors of ENPPL1. Figure created liorender.com

Cytosolic Mr#* has been reported to potentiate STING signaling in several unique ways:
1) Mn?* can independently activate monomeric cGAS in the absence of dsDNA without the need
for cGAS oligomerizatio? 33 2) In conjunction with the ATP/GTP substrate pair.?Memhances
the dsDNA binding capacity of cG& Conversely, dsDNA enhances the?Mbinding capacity
of cGAS, which is also amplified by larger molecular weight dsDNA. Thug; simd dsDNA act
in a concerted manner for maximal cGA@bstrate recognitidfy 3) Mr?* accelerates the overall
catalytic activity of dsDNAbound cGAS resulting in much greater production of cGAMP?
4) Mr?* increases the binding affinity of cGAMP to STING 342 Collectively, these attributes

make cytosolic M an exceptionally potent STING pathway potentiator.
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Several research groups have already begun to develop nanotechnology and/or depots for
Mn?* delivery to promote enhanced pharmacological STING pathway activation for cancer
immunotherap$f3 359354 Wanget al.reported a biomateridlased delivery approach that coupled
the divalent cation chelator, alginate with #im the context of radiothera@y. The researchs
found that IT injections of Mkt by itself could indeed enhance the antitumor immune response
following RT, but that the timing of administration was critical for efficacy. Free*Nvas
metabolized out from tumors within minutes and DNA did not accatauh the cytosol of cells
until ~ 24 hours post RT treatment. Accordingly, Mimjected IT immediately after RT was
unable to enhance the therapy, while IT injection 24 hours after RT did demonstrate efficacy. They
subsequently employed alginate to @sita depot to control the release of?Mor up to 72 hours.
Administration of the alginatemanganese complexes 24 hour after RT lead to 90% tumor
inhibition rate and a significantly extended average survival time.

Hou et al. created a multifaceted NP f@TING pathway activation in tumo¥s.
Doxorubicin (DOX) was encapsulated within amorph@orous manganese phosphate (APMP)
NPs, which were then coated them with phospholipids (PL) for improved stability in systemic
circulation and triggerable phospholipasediated degradation within tumor cells. When
administered IV, the resultant PL/APMPOX NPs navigated to tumors, released DOX to induce
DNA damage and subsequent cGAS activation, and releasétltMaugment cGAS/STING
activity. The PL/APMPDOX NP treatment boosted DC maturation and increased tumor
infiltration of both cytotoxic T cells ahNK cells in the 4T1 murine breast cancer model.

Zhouet al.also developed a multifunctional NP platform, which likely operates in a similar
manner to the PL/APMIPOX NPs (.e. delivering DOX and potentiating the STING pathway

with manganesé)>. Their NP platform was prepared by-assembling dsDNAjold conjugates

58



and DOX onto MBO4 nanoflowers. 59 bp poly(dA):pgldT) was chosen as the dsDNA to activate

the STING pathway. The poly(dT) singdéranded DNA was preonjugated onto AuNP through

an AuS bond and then annealed with complementary strand. This was then loaded gbio Mn
nanoflowers via a noncovalent attazent method. Finally, DOX was loaded onto the complex,
resulting in a final particle diameter of ~ 3
administration, manganese and gold from the nanoflower NPs were detectedki®a6nors,
suggestinggome level opassive targetindt was reported that the dsDNA stimulated the immune
response by activating the STING pathway via cGAS, while the DOX exerted its chemotherapeutic
antitumor activity. Though not addressed by the authors, it is likelylted@®X also contributed
indirectly to the STING pathway activation via its DNfamaging capacity and that the #¥n
degradation product of nanoflower enhanced the STING signaling within the tumors. The
combination particles significantly inhibited tumor gith and prolonged survival in the 4T1
tumor model and successfully demonstrated potential for synergy between a-gaiiNGy
agonist and a chemotherapy.

Chenet al. reported a thiolated and Mncoordinated CDN nanovaccine (termed -Mn
cGAMP NVs) that facitates the cytosoliced e | i v e rc@AMP fand MRl B ptentiate an
antitumor immune response against B2 murine melanoma following IT administratioh
They utilized polymerized guanidire ont ai ni ng di sul f icGAMPandthena s s e ml
coordinate with M#* ions, forming particles that were ~ 176 nm in diameter. ThecAMP
NVs attenuated primary tumor growth, inhibited distal tumor growth, and improgpdnses
when administered in combination with aRD-L1 monoclonal antibody treatment.

Yanget al.engineered a biomimetic nanoplatform using cancer cell membranes extracted

from B16F10 cells to ceencapsulate manganese dioxide (Mn@Ps and the estabhed
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phot ot her mal t h-Bioctagegyl3 s & nta@raheidyedotrjcarkbgydniNg iodide
(DiR)3%3. Interestingly, manganese was the sole adjuvant in their system and it was used to induce
STING signaling via cGAS activation. The resultant vesicles had a diameter of ~ 125 nm and
di spl ayed a negatamveNotablyrthe eesearcherhfeundghat slglitly acidic
conditions €.g.pH ~ 6.8) with high concentrations of hydrogen peroxielg.2.5 mM HOz)
triggered the release of Mihfrom the vesicles and that the vesicles promoted the tumor
accumulation of bth Mr?* and DiR following IV injection. The systemic administration of their
construct coupled with targeted photothermal therapy enabled partial tumor regression in primary
tumors, multinodular tumors, metastatic tumors, and recurrent tumors. Additjonall
transcriptomic analysis of the tumors following treatment demonstrated the upregulation of
STING-driven genes, supporting sarget STING activatiom vivo.

Gao et al. described the development and characterization of PEGylated manganese
phosphate (MNHPEG) nanoclusters for cancer immunotheféhyrhe particles were fabricated
by mixing Mr?* and P@?® "ions in solution followed by the addition of a phospHatectionalized
5 kDa PEG polymer. The MRPEG nanoclsters were ~ 150 nm in diameter with a negative
surface charge of 111 mV. It was determined
acidtriggered Mi* release, and STING signaling. Furthermore, intratumoral administration of
the MNnRPEG nanoclugrs in the B16-10 tumor model enhanced the tumor infiltration of DCs
and macrophages as well as activated CD69") tumorinfiltrating CD8" and CD4 T cells and
NK cells. The treatment also resulted in antitumor efficacy as a monotherapy and improved
responses to ICB.é. anti-PD-1 therapy).

There exist several known cGA#nding proteins that also bind DNA and thereby promote

cGAS activity®>3%8, By providing additional binding sites for ogolic DNA, these cGA®inding
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proteins enhance the recogni t icGAMP@rbodudidhAandb y
STING signaling. Polyglutamine binding protein 1 (PQBP1) has been described as a proximal
innate sensor of a human immunodeficiencywitype 1 (HI\A1) infection, as it was found to
enhance the IRF8ependent innate response in primary human monaeyteed DCs (MDDCSs)
by directly binding reverst&ranscribed HIV1 DNA and cGAS®®. The CCHGtype zinefinger
(ZF) protein, ZCCHC3 was similarly reported as asemsor of cGAS, capable of improving the
innate immune responsge cytosolic dsSDNA and the DNA viruses, herpes simplex virus 1 (HSV
1) and vaccinia virii8®. GTPaseactivating protein SH3 domaininding prdein 1 (G3BP1) was
identified as another positive regulator of cGAS activity with the inhibition of G3BP1 partially
rescuing cGASnediated autoinflammation in BrexI”” mouse modé}’. Lastly, the secreted
bacterial protein, streptavidin was recently reported to bind both DNA and cGAS to promote
cGAS-dependent immune respses against the DNA virus, HSN®8 Notably, streptavidin
exhibits exceptionally strong noncovalent interactions with biotin and has accordingly been
extensively used for many biotechnological applications, such as molecular purification, molecular
detection, and drug delivery. Therefothe unique interaction of streptavidin with cGAS and
DNA, which can lead to immunostimulation, complicates the clinical and biotechnological usage
of streptavidin. Indeed, careful consideration should be given when choosing to use streptavidin
in certain @plications. However, since enhanced STING signaling is beneficial for many cancer
types, these cGAS8inding proteins have potential for therapeutic use in combination with eGAS
activating cancer therapies, though nanotechnology would likely need to b®yedhforin vivo
delivery of these molecules.

As briefly mentioned irSection 3.4 inhibitors of DNA methyltransferases are approved

for the treatment of certain cancers and are also capable of improving intratumoral STING
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signaling and tumor immunogentigi?* 3%¢ Indeed, Falahaet al. recently determined that
promoterhypermethylation of cGAS and STING genes mediates transcriptional silencing and
impairs STING signaling function in melanoma, which disrupts tumor antigen presentation and
the accumulation of tumor infiltrating lymphocytés By inhibiting DNA methylation with a
clinically available DNA methyltransferase inhibitoe(5-aza2 @eoaycytidine), the researchers

were able to restore the activity of cGAS and STING and thereby improve antigenicity through
the augmentation of MHC class | surface expression and antigen presentation. This ultimately
resulted in enhanced T cell recognitiof melanoma. Therefore, inhibitors of DNA
methyltransferases could possibly be used along with STING pathway agonists to improve
antitumor immune responses in cancers where STING is epigenetically silenced.

Recent studies conducted by Hetal. have demorisated that irradiatiofinduced STING
signaling activates both canonical dFBi.e(NFFe B1) and nop BieMNe-aB2Z pl i NF
tumorlocalized DC$%. Interestingly, the researchers also found that theeNFF2 pat hway
negatively regulates N& Bilnediated gene transcription arkat they could enhance the
antitumor effect of irradiation in murine models by inhibiting downstream signaling of the
noncanonical pathway with intratumoral injections of a specificaNB2 i n he. 3Nb62).or  (
Thus, targeted inhibition of NB B 2  reetp anether possible strategy for potentiating the
therapeutic effects of STING signaling in cancer. Tuning the downstream signaling that follows
STING activation holds tremendous promise, because it may yield outcomes where beneficial
effects of STING gnaling €.g.antitumor immunity) are maximized and negative effeetg.(
toxicity, immune regulationetc) are minimized. Interestingly, an inhibitor of downstream NF
a Bl s i ge3N\bQO) magrecently been characterized in combination with vaadjoeants

and was described as an immune potentiator capable of decreasing markers associated with poor
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tolerability and improving the protective response of vaccin#iorwhich suggests that
therapeutic context is certainly important as well.

Carozzeetal.f ound t hat many cancer cel |-scGAMP Nt i nu
and t h@AMP &Nggitlly degraded by ENPP1 in the extracellular sffacEhey also
determined that d e p iIc@AMP dyn intratdmorad injection ofewildtypel a r 2
STING decreased the tumor infiltration of immune cells and eliminated the curative effects of
tumor irradiation. Moreover, intratioral administration of ENPP1 inhibitors elevated
eXxtr ac edGAMP eoncenaigNand promoted improved responses to radiation therapy
as demonstrated by delayed tumor growth. Notably, ENPP1 inhibitors would also limit levels of
immunosuppressivedae nosi ne in addit i on-cGAMP*%Aceordiaglye t he
ENPP1 inhibitors are currently being explored in preclinically with c&aafvating therapie€®,
astheyarelkgl t o synergize with therc®&pMPes t hat invo

In addition to the established potentiators of the STING pathway, there are still many other
possible agents that might also propagate STING signaling, such as inhibitors of the STING phase
separator and VRAC agonists, both of which could synergize with ef&fi®ating therapies by
enhancing the pr oducGAMPoThoughrsuch ayents diavel notoyét be2mlj3 Nj
directly explored in the context of STING signaling and cancer immungierfuture

investigation is certainly warranted.
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CHAPTER 111

NanolSD

Text for Chapter 111 is adaptedfrom:
Garland KM, Rosch JCCarson CSWangBishop L, Hanna A Sevimli S Van
Kaer G Balko JM Ascano M Wilson JT. Pharmacologicalctivation of cGASfor
CancerdimmunotherapyfFrontiers in Immunology2021)
Abstract
When compartmentally mislocalized within cells, nucleic acids can be exceptionally
immunostimulatory and can even trigger itmenunemediated elimination of cancer. Specifically,
the accumulation of doublgtranded DNA in the cytosol can efficiently promote antitumor
immunity by activating the cGAMP synthase (cGAS) / stimulator of interferon genes (STING)
cellular signaling pathey. Targeting this cytosolic DNA sensing pathway with interferon
stimulatory DNA (ISD) is therefore an attractive immunotherapeutic strategy for the treatment of
cancer. However, the therapeutic activity of ISD is limited by several drug delivery barriers,
including susceptibility to deoxyribonuclease degradation, poor cellular uptake, and inefficient
cytosolic delivery. Here, we describe the development of a nucleic acid immunotherapeutic,
NanolSD, which overcomes critical delivery barriers that limit abgévity of ISD and thereby
promotes antitumor immunity through the pharmacological activation of cGAS at the forefront of
the STING pathway. NanolSD is a nanopatrticle formulation that has been engineered to confer
deoxyribonuclease resistance, enhandeleeluptake, and promote endosomal escape of ISD into
the cytosol, resulting in potent activation of the STING pathway via cGAS. NanolSD mediates the

local production of proinflammatory cytokines via STING signaling. Accordingly, the

intratumoral adminisation of NanolSD induces the infiltration of natural killer cells and T

61



lymphocytes into murine tumors. The therapeutic efficacy of NanolSD is demonstrated in
preclinical tumor models by attenuated tumor growth, prolonged survival, and an improved

respone to immune checkpoint blockade therapy.

A B NanolSD
First Block Second Block 5‘\? o)
electrostatic DNA micelle formation DNase I SN Extracellular DNA
complexation & endosomal escape e —”—' (o]
[ ©}
x-[ql))l.-\li\l.\) -b- |(PAA) -c- (DMAEMA) -c- (BMA) ]4_ ©] O O
03 o 04
0
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oo oo oo Sy °
2 HO "0 2 = DNase I Cytosolic DNA
N N ntoome {5
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—> Type 1 interferons and other
\ ' pro-inflammatory eytokines

Figure 3.1. NanolSD 1 A nanoscale activator of the cGAS/STING pathway. NanolSD is
fabricated via the selissembly of an optimized interferon stimulatory DNA (ISD) sequence in
complex with endosomdestabilizing polymer nanoparticle§A) Chemical compositiorof
poly[(DMAEMA) -block (PAA-co-DMAEMA -co-BMA)] (D-PDB). (B) Schematicdiagram of
NanolSD activating cytosolic cGAS by evading major deoxyribonuclease and mediating cellular
uptake and endosomal escgji®.Design variables explored for DNA/polymer complexes inelud

N/P charge ratio, dsDNA length, and degree and location of phosphorothioate backbone

modifications.
Introduction
Nucleic acid sensing is a fundamental part of the innate immune system that can galvanize
immune responses against pathogens and disedts*8.cBuring cellular homeostasis, DNA is

largely sequestered from the cytosol inside the nucleus and mitocHéhdkiecordingly, the
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abnormal accumulation of DNA inside the cytosol is indicative of cellular distress. The aberrant
presence of such fdanger signal so within the
receptors (PRRs) and lead to a iagir of immunological respons® Moreover, the
physiochemical properties of cytosolic DNA @.nucleotide sequence, base pair (BP) lengtt),
can drastically influence the nature of the tesu immune response by modulating PRR
activatiort©®

The stimulator of interferon genes (STING) cellular signaling pathway is a major DNA
sensing pathway that bridges the gap between immatedaptive immunity. The STING protein
is located on the endoplasmic reticufiinand is directly activated by cyclic dinucleotides
(CDNsY?, such as the endog e rtwlic guarmsne mondphospbicdes e n g e
adenosine monophosphate (cGANPWMolecules of cGAMP are produced intracellularly by
cGAMP synthase (cGAS) when the enzyme detectsbldstranded DNA (dsDNA) in the
cytosof® 9. 8. 188 Notably, the recognition of cytosolic dsDNA by cGAS is independent of
nucleotide sequent® and therefore this DNA sensing pathway is broadly applicable to a vast
number of microbial infections as well as the detection of self dsSDNA leakage resulting from
cellular malfunction, a commdeature of many precancerous cells.

STING activation results in the local production of tjpeterferons (IFNI) and various
other proinflammatory cytokines, the specific profile of which depends on cellular context as well
as the type, intensity, and mgion of the stimulai. This dynamic cytokineesponse generally
creates an inflammatory microenvironment, which in certain settings, can promote robust cellular
immune responses towards pathogens and diséadéstably, localized STING signaling has
been identified as critical for the spontaneous induction of antitumor imriunitsieed, STING

knockout (KO) mice i(e. Tmem173/") exhibit defective tumor control in some murine tumor
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models and demonstrate a significantly reduced therapeutic response to immune checkpoint
blockale (ICB) therapy relative to wildtype miée Moreover, these preclinical findings have
corresponded with clinical data from human cancer patients s positively correlated
cGAS/STING activation with the presence of tumor infiltrating T lymphocyitesT cellsf%4 as
well as T cellinflamed tumors with increased overall survifaland responsiveness to ICB
therapy©®: 367
Under the proper conditions, STING signaling can mediate cancer cell death either
directly?? 3%8or indirectly by supporting cytotoxic T lymphocyte (CTeand natural killer (NK)
celP® 3%7responses. Additionally, the STING pathway is iatrogenically activated by many of the
classical cancer therapies.d. radiation, certain chemotherapie=tc) and may contribute to
enhanced thrapeutic responses in such c&8é% Indeed, in murine tumor models, antitumor
immune responses generated by STING signaling are essential to achieving maximum therapeutic
efficagy in response to radiotherapy These discoveries have collectively motivated the
development of synthetic STING pathway agonists for applicatiooancer immunotherapy.
Numerous preclinical studies using synthetic STING agonists have now shown that
targeted activation of the STING pathway within established murine tumors can shift the immune
profile of an immunosuppressive tunmmicroenvironment (TME) toward an immunogenic state
that is conducive to productive antitumor immunity and to enhancing the therapeutic efficacy of
multiple immunotherapeutic modaliti®s!®3 240 Accordingly, many synthetic STING agonists are
currently being explored as cancer therapeutics in human clinical®ridlsHowever, it is woltt
noting that all of the STING pathway agonists currently in clinical development are direct
activators of the STING protein or inhibit antagonists of the patf&ayompared to the STING

protein, cGAS has been relatively underappreciated as a degdarget for cancer
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immunotherap¥’?, despite the potential of a cGA&geting therapeutic to more closely mimic
endogenous STING signaling by simulatingunal, endogenous DNA sensing.

There are many drug delivery challenges that must be overcome to activate cGAS with
interferon stimulatory DNA (ISD), which may explain why the development of cGAS agonists has
been remarkably limited thus far. Efficient cgtdic delivery of ISD is critical to the
pharmacological activation of cGAS, yet freely administered ISD experiences negligible cellular
uptake and is quickly cleared and degr&dé&drthermore, cGAS possesses several Bégth
dependencies that affect both the activation of the pafthaag the strength of STING signaling
(i.e. the amount of STIN@Iriven gene expressio) Here, we have engineered a nucleic acid
immunotherapeutic, NanolSD, which can target cGAS and exploit the DNAnggrethway in
the context of local cancer immunotherapy via the cytosolic delivery of noncoding,
immunostimulatory dsDNA.

The wellestablished, endosomolytic polymer, poly[(DMAEMApck(PAA-co-
DMAEMA -co-BMA)] (D -PDBY)" & 27: 28. 37284 wgs used to electrostatically complex dsDNA into
environmentally responsive nanoparticles capable of achieving cytosolic delivery. The
DNA/polymer complexes were characterized using a library athgfic ISD to study the effects
of both N/P charge ratia.¢. molar amount of protonated amines on the polymer corona / molar
amount of phosphates on the nucleic acid backbone) and dsDNA composition on nanoparticle
stability, transfection efficiency, cG3activation, and antitumor immunitiy vitro screening of
various DNA/nanoparticle complexes resulted in the identification of an optimized cGAS
adjuvant, a phosphorothioatapped 98P dsDNA / DPDB complex, termed NanolSD.
NanolSD is a nanoparticlerfmulation that confers deoxyribonuclease resistance, cellular uptake,

endosomal escape, and potent activation of the STING pathway via ¢@BA®Be(3.1). Notably,
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the direct injection of NanolSD into murine tumors triggers the productigrraflammatory
cytokines, which leads to the tumor infiltration of both NK cells and T lymphocytes. Finally, the
therapeutic efficacy of NanolSD is demonstrated in preclinical tumor models by attenuated tumor

growth, increased survival, and an improveerdpeutic response to ICB therapy.

Results and Discussion

Engineering DNA/Polymer Nanoparticles for Intracellular Activation of cGAS

A library of synthetic ISD was created with a distinct set of design principles intended to
yield structurally optimized AS ligands $upplementary FigureA.S1). The library contains 4
dsDNA sequences of different length®(20-BP, 45BP, 70BP, and 95BP dsDNA). To the
extent possible, based on the designated dsDNA length, the individual ISD strands comprise
poly(AC) andpoly(AAC) repeats, which are each 20 nucleotides in length and are interspersed
with random sequence spacers that are each 5 nucleotides in length. This unique composition of
the ISD sequences should provide enough footing to minimize strand slippagf@rfsdlg, the
individual ISD strands exhibit positive free energies for secondary structure formation and are
therefore not disposed to hairpins and -dlalfierization. Moreover, the ISD has melting
temperatures that are sufficiently high to maintain desblanded morphologies at biologically
relevant temperatures.€. 37 °C). Lastly, the synthetic ISD sequence contains three terminal
phosphorothioate bondsgicapso0) on both ends of each compl
exonuclease degradationk@own feature of such modificatiof{&

To overcome the delivery barriers that limit the activity of ISD, we employed a diblock
copolymer, BPDB, which has previously been used primarily for the cytosolic delivesynaft

interfering RNA (SiRNAJ: 8 27.28.37284 nder a physiological pH of ~ 7.4;PDB seltassembles
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into colloidally stable, nanoparticle micelles with a cationic corona that can electrostatically load
nucleic acids. In response to the decrease in endosomal pH that follows cellular uptake, these
nanoparticles disassemble. The hydrophobic moieties of the polymer become accessible and then
disrupt the endosomatembrane, whereupon the exogenous nucleic acid cargo escapes from the
endosome into the cytosol of the c®llhile nuclear localization is gelired for most applications

of intracellular DNA delivery €.g.gene therapy), DNA delivery to the cytosol is adequate and
perhaps better for pharmacologically targeting cGAS, since the PRR is primarily activated by
DNA within the cytosd®. Thus, in terms of maximizing cGAS activationsHFDB has potential to

be advantageous relative to nanocarriers that are designed to deliver their nucleic acid cargo to the
nucleus of cells.

To determine an ideal N/P charge rati@.(molar amount of protonated amines on the
polymer corona / molar amount of phosphates on the nucleic acid backbone) for the ISD and
polymer, polymeric micelles of {PDB were complexed with varying concentrations of
phosphorothioateapped 9P dsDNA, oneof the ISD molecules from the starting library. The
resultant complexes were then analyreditro via agarose gel electrophoresis, dynamic light
scattering (DLS), and reporter cell assays for-IfModuction Figure 3.2).

Agarose gel electrophoresis was to determine the N/P charge ratio at which complete
complexation is achievedrigure 3.2-A). Consistent with previous findings for-BBD with
shorter doublestranded RNA moleculés’®, it was determined that N/P charge ratios of 1 and
greater enabled complete loading of the phosphorothezgaped 95BP dsDNA. Conversely, an
N/P charge ratiofo0.5 exhibited incomplete complexation, as demonstrated by the migration of

unbound DNA, which formed a band corresponding to that of the free DNA.
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Figure 3.2. Engineering DNA/Polymer Nanoparticles for Intracellular Activation of cG&S

Agarose gel image. DNA Ladder refers to the Trdéklt Kb Plus DNA Ladder, and Free DNA
refers to uncomplexed phosphorothicesgped 98P dsDNA. Lanes comprise 1 pug DNA mixed
with the indicated amount of-PDB.(B) DLS analysi©f phosphorothioateappel 95BP dsDNA

/ D-PDB complexes at varying N/P charge ratios. Frequency indicates the Aoasieer particle
size distribution. Hydrodynamic size indicates the particle diameter i(G)RAW-Dual reporter
cell assay of phosphorothioatapped 9BP dsDNA/ D-PDB complexes at varying N/P charge
ratios.(D) RAW-Dual reporter cell assay of synthetic, varialgiegth 1SD library complexed to

D-PDB at an N/P charge ratio of 4, and indicated experimental controls werei)sBed R(1-Dual

reporter cell assay of/sthetic, variabldength ISD library complexed to-BDB at an N/P charge
ratio of 4, and indicated experimental controls were ugedA549-Dual reporter cell assay of
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synthetic, variabléength ISD library complexed to -BPDB at an N/P charge ratio of d4nd
indicated experimental controls were us@sl) Dose response of the cGAS inhibitor, RU.521 in
RAW-Dual reporter cells. After a 4 hour incubation with RU.521, cells were treated with 25 nM
phosphorothioateapped 9BP dsDNA complexed to IPDB at an NP charge ratio of 4H)
RAW-Lucia ISGKO-cGAS reporter cell assay of synthetic, varidelegth ISD library
complexed to BPDB at an N/P charge ratio of 4, and indicated experimental controls were used.
The dose response curves for fred°’DB are positioad along the saxis in terms of the molar
amount of polymer chains rather than molar amount of loaded dsDNA, and each dose response
that utilized the polymer was administered using equivaleRDIB concentrations.

DLS was subsequently performed to chardze the size and polydispersity of the
complexesKigure 3.2-B). DLS analysis demonstrated that uncomplexeld@B micelles are ~
4560 nm in diameter and that loading phosphorothtoafged 9BP dsDNA at an N/P charge
ratio of 4 results in slightly lger nanoparticles that are ~80 nm in diameter. As the N/P charge
ratio was lowered, the measured hydrodynamic size significantly increased to micrometer
diameters that are indicative of particle aggregation. Notably, larger partielegdater thari00
nm) are not ideal fan vivocancer applications, since particle permeability and distribution within
tumors are known to decrease with increasing particlé&ize

To determine theé vitro activity of the complexes, a reporter cell assay for cellularllFN
production was utilizedHigure 3.2-C). The reporter cells stably expressecreted luciferase
downstream of interfereatimulated response elements, and therefore luminescence can be used
to track relative IFN production. RAWDual murine macrophages were treated with
phosphorothioateapped 98P dsDNA / BPDB complexes thatere formulated at different N/P
charge ratios. Supernatants were collected 24 hours after the cells were treated, and the relative
IFN-I production was quantified via luminescence. Notably, immunostimulatory activity was
detected from all of the complexe&s maximum efficacy of ~ 275,000 Relative Light Units (RLU)

was consistent for N/P charge ratios of 4, 2, and 1. Alternatively, the maximum efficacy for the

N/P charge ratio of 0.5 over the same concentration range was substantially lower at ~ 170,000
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RLU, which is likely due to the incomplete loading of the DNA that was observed in the agarose
gel assay. Additionallyhalf-maximal effective concentratiqiizCso) values were determined for

each dose response curve to allow for the comparisam \ofro potency. The calculated E€

values for the N/P charge ratios of 4, 2, 1, and 0.5 were 22 nM, 22 nM, 15 nM, and 3 nM,
respectively. Sincen vitro potency is inversely related to ES&alues, the potency is greater for

the N/P charge ratios of 1 and 0.5, bothlwhich also exhibit larger sizes as determined by DLS.

The apparent increase in potency accompanied by an increase in particle size is consistent with a
recent report that larger, micrometazed polyplexes enhande vitro transfection efficiency

relaive to compositionallequivalent nanometeasized polyplexes due to increased gravitational
sedimentatiof?’. Interestingly, we characterized a second ISD library of relatively larger PCR
amplified dsDNA Supplementary FigureA.S2) with D-PDB and found that the effects of N/P
charge ratio on particle comgxation, size, and activity were well conserved with dsDNA up to at
least 5006BP in length Supplementary Figure A.S3). Based on these initiain vitro
characterizations of the complexes, an N/P charge ratio of 4 was selected for all complexes used
in thesubsequent studies.

The degree of cGAS activation is directly proportional to the length of dSDNA recognized
by cGAS? 8 yet larger molecular weiglisDNA can also compromise the colloidal stability of
nonviral vector$®® and thereby limit transfection efficiency. Moreover, there exist Eld#gth
thresholds for cGAS activation that are spesipscific due to some small variations in the amino
acid composition ofhe proteifi*. Forin vitro cell-based assays, a minimum dsDNA length of ~
45BP is required to activate human cGAS (hcGASWhereas dsDNA as low as ~-B® in
length can activate murine cGAS (mcGASY% Thus, the entire library of variablength,

synthetic ISD was evaluated, so that the molecular weighBP length) of the ISD in complex
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with D-PDB micelles could be optimized.

DLS analysis of BPDB and the synthetic ISlibrary revealed that while keeping the N/P
charge ratio consistent at 4, particle size slightly increased as the BP length of the DNA increased
(Supplementary FiguréA.$4). This relationship was also observed fePDB complexed to the
second ISDibrary of larger PCRamplified dsDNA, though size appeared to plateau at ~ 140 nm
in diameter once a dsDNA length of 12B@ was reachedpplementary FigureA.S5). For the
N/P charge ratio of 4, colloidal stability of the complexes was lost when dsBhih reached
10,006BP, as evident from the complexds nonunifo

Reporter cell assays for IFNproduction were again utilized to evaluatevitro activity
of the complexes. RAWDual murine macrophageBiQure 3.2-D), THP1-Dual human monocytes
(Figure 3.2-E), and A549Dual adenocarcinomic human alveolar basal epithelial deitgife
3.2-F) were all treated with each of the variemgth, synthetic ISD complexed tcEEDB over a
range of ISD concentrations to generatsedcesponse curves. The endogenous STING ligand,

2 NEGHNMP was used as a positive control for HFMduction, and free BPDB (.e. not loaded

with dsDNA) was used as a vehicle control. Additionally, free phosphoroticepteed 98BP
dsDNA was used as megative control to demonstrate the importance of the polymeric drug
delivery vehicle. Maximum efficacy and Efralues for each of the treatments can be found in
the supplementary informationS@pplementary Figure A.S6). Consistent with previous
observatins that cGAS is activated in a dsDNA length dependent n¥&nbeth the potency and
efficacy of the complexes generally increased with increasing BP length of the dsDNA cargo in
all three reporter cell lines. Interestingly, freePDB demonstrated a small but significant dose
response, suggesting that the polymerdmaintrinsic capacity fatimulating some degree of IFN

| production Notably, potency normalized to polymer concentration is exceptionally consistent

71



for free DPDB andall of its dsDNAloaded counterparts, which suggests that the transfection
efficiency of D-PDB is relatively fixed andndependent ofloaded dsDNA length for the
colloidally stable DNA/polymer complexes formed at the N/P charge ratio of 4.

In accordance with the established dsDNA length thresholds for sigpaesic cCGAS
activation, te phosphorothioateapped 2BP dsDNA complexed to {PDB (.e. 20-BP / D-
PDB) enhanced maximum efficacy relative to that of fre€@B in the murine RAWDual
reporter cellsi(e.~ 85,000 vs. ~ 20,000 RLU, respectively) and did not affect baseline efficacy
the human A54®Dual reporter cellsie. both treatments ~ 70,000 RLU). However, in the human
THP1-Dual reporter cells, the 2BP / D-PDB treatment did slightly outperform free DB in
terms of maximum efficacy.€.~ 50,000 RLU vs ~ 20,000 RLU, re=gively), despite the 2BP
dsDNA being shorter than the empirically established threshold for human cGAS activation (
~ 45BP)’%. This subtle discrepancy may be due to cellilapecific phenomenon coupled with
the phosphorothioate modifications of the ISD, as the threshold established in previous reports was
determined using unndified dsDNA: 172

The role of cGAS in themmunostimulatory activity of the compounds was investigated in
the RAWDual reporter cells by pretreating the cells with a dose response of the established small
molecule inhibitor of cGAS, RU.521 337 389(Figure 3.2-G). Four hours after incubation with
RU.521, the cells were treated with the EC75 concentration -&P5% D-PDB (.e. 25 nM), a
treatment known to be consistently active. Analysis of the supernatant 24 hours after treatment
revealed that the cGA$pecific inhibitor was able to significantly diminish the I#Nignal at the
higher concentrations, suggesting that the observed activity of the DNA / polymer complexes is
indeed cGASdependent. Notably, RU.521 exhibitedhalf-maximal inhibitory concenttan

(ICs0) value of ~ 5 pM.
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To further explore the dependence of cGAS on the activity of the treatments,LRA®
ISG-KO-cGAS reporter cells, which do not express cGAS, were treated with each of the varied
length, synthetic ISD complexed teDB (Figure 3.2-H). Free BPDB and cGAMP were again
used as controls for the experiment. While cGAMP, which activates STING downstream of cGAS,
retained its IFN activity, no activity was detected from DNA/polymer complexes, suggesting that
the activity fromthose teatments observed in the wildtype reporter cells were largely, if not
entirely, cGASdependentThese findings also suggest that if alternative -Iftlucing DNA
sensors, such as IFI204.9.the murine ortholog of IFI16), are involved in the response to the
DNA/polymer complexes, they must operate as dependent cofactors of a@&8stingly, the
activity of free BPDB was als@ompletely abolisheth the RAWLucia ISGKO-cGAS reporter
cells While D-PDB is unlikely to be a direct cGAgand, D-PDB may indirectly activate cGAS
in the wildtype reporter cells by inducing the cytosolic accumulation of mitochondrial DNA.
Indeed, cationic nanocarriers have been linked tolikal receptor 9 (TLR) (i.e. a PRR for
unmethylated DNA rich in CpG motifs) and STING activation via their intrinsic capacity for
mitochondrial damage and the subsequent release of mitochondrigPHRA

Similar cGASdependent activity in the RAVDual reporter cells was also demonstrated
for the larger PCRamplified dsDNA library complexed to-BPDB (Supplementary FiguréA.S7).

The DNA lengthidependent trends were conserved for the larger-8@#lified dsDNAlibrary

in the wildtype reporter cells, though the maximum efficacy of the DNA/polymer complexes did
saturate at ~ 615,000 RLU when a dsDNA length of-BP5was reached. Additionally, the
colloidally unstable 10,008P / D-PDB complexes exhibited a reduce@ximum efficacy of ~
470,000 RLU over the same concentration range, which could be attributed to its extensive

polydispersity of size. Furthermore, the synthetic phosphorothaazgiped 98P dsDNA
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complexed to BPDB, which had a maximum efficacy of ~000,000 RLU, drastically
outperformed all of the PGBmplified dsDNA complexed to {PDB in terms of maximum
efficacy, which is likely a consequence of its exonuclease resistance and highlights the importance
of such modifications for enhancing cGAS activat
STING signaling induces the activation of two main transcription factorsiréghlatory
factor 3 (IRF3) and nuclear factor kaplght chain enhancer of activated B cells (NFB*%.
Notably, in mammals,the N& B si gnal ing from STI| Nératvetitss vati o
IRF3-driven IFNH signaling®® Alternatively, certain DNA agonists of TLR®8an trigger
substantial NFe B a c3¥. iThus, high levels of NB B ctivity can be indicative of offarget
PRR activation. Accordingly, to explore potential-tdfget effects of the ISD and the polymer,
we treated RAWDual reporter cells for 24 hours and then quantified relativeNs= act i vi ty f
the supernatants of @éhtreated cells via absorbancupplementary FigureA.S8. The TLR9
agonist, CpG DNAIi(e. ODN 1826) was used as a positive controlfordNB act i vi t y .
We found that the phosphorothioa@pped 98P dsDNA did not exhibit significant NF
@ B act i visconsistenwwith ite domplete lack of CG sites. (nability to engage TLR9).
The PCRamplified 5000BP dsDNA with and without EPDB also did not induce significant NF
aB activi t-amplifisdb00BBP dIDRARsequence does contain CpG motifs, every
DNA molecule containing CpG motifs must be consedieas a separate agent capable of eliciting
differing levels of efficac$?® Indeed, thelackof N B act i vity for the | arg
due to its unique composition, as the P&Rplified dsDNA also contains many CpG neutralizing
motifs (e.g.CG sites preceded by a C and/or followed by G) that can antagonize thkatdimgn
effects of CpG DNA®, Lastly, NFe B acti vity was -PDBssuggesiingthat ant f

the pdential contribution of BPDB to TLR9 activation/signaling is negligible.
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We note that while the CpG DNA potently induces-8lB act i vi ty, t he sa
complexed to BPDB loses most, if not all, of iila vitroNF-e B act i vi ty. This r es
with reports that have found that nucleic atlinding polymers can inhibit the activation of
TLRs®%:397 |t is also possible that thparticular polymeri . D-PDB) mediates cytosolic delivery
of the CpG DNA before it can be sensed by TLR9, which is localized to endoSbriedeed,
endosomal maturation has been described as a necessary event for successful TLR9 signaling by
CpG DNA3®°, However, we do note that a version of this polymer loaded with CpG DNA has
demonstrated efficaciy viva*®, which suggests that such complexes may behave diffeiantly
vivo and emphasizes the importance of multiple modes of therapeutic characterization.

The starting ISD library used for the experimentsFigure 3.2 comprised sythetic
dsDNA molecules that were produced via sglithse phosphoramiditeased synthesis, which
can accommodate routine, scalable production of dsDNA up teBP38 length as well as the
molecular modification of dsDN&® 492 Conversely, PCRnediated amplification of dsDNA
utilizes polymeraséasedsynthesis that does not allow for s#fgecific DNA modification outside
of the primer sequence, and therefore RG&diated amplification of dsDNA is not readily
amenable to phosphorothioatapping. Accordinglywe took an alternative strategy to protiaet
larger ISD from exonuclease degradatama then study its effects on cGAS activity

Oxidized guanine nucleotidesg. 8-hydroxyguaninehave recently been identified as
inhibitors of TREX1 degradatidff. Since TREX1 degradation initiates at SéNj efmisDNA
strands, we fAc aip. PERhadmplifted1 500BPodsDINA) Ipd&EyntHesis withB-
hydroxyguaninausing terminal transferase, an enzyme that can selectively add nucleotides to the
3 N} efmhddDiNA strands. Various feed ratios were usadd successful addition of tr&

hydroxyguaninavas confirmed by an ELISA f@-hydroxyguanindSupplemental FigureA.S9
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A). The efficacy of the PClamplified dsDNA capped witB-hydroxyguaninavas then tested in

IFN-I reporter cell{Supplemental FigureA.S9B) . The fAcapp achievedoalyage ds L
modest increase in efficacy in both RAW Duals and THP1 DualselR&W Dual reporter cells,

the PCRamplified dsDNA capped witB-hydroxyguanineexhibited a maximum efficacy of ~

400,000 RLU, which matched that of the phosphorothioate capp8® @SDNA. These studies

support the hypothesthat TREX1 ismore of a limiing factor for shorter cGAS ligand$hus,

the synthetic, phosphorothioatapped 98P dONA became the leadGAS ligand and the

nanoparticle complex of IPDB and the phosphorothioatapped 98P dsDNA at an N/P charge

ratio of 4, hereinreferred to as NanolSD, was employed as a potent cGAS adjuvant for the

subsequent studies investigating its utility in cancer immunotherapy.

NanolSD Exhibits Deoxyribonuclease Resistance

Mammalian cells constitutively express many deoxyribonucleases @3N@sprevent the
potentially inflammatory accumulation of DNA outside of protective organelles. Notably, DNA
present in systemic circulation, lysosomes, and cytosols is degraded by DNase |, DNase Il (
Acid DNase), and DNase lIl.€. TREX1), respectiely’* 123125 The inhibition of such nucleases
can allow immunostimulatory dsDNA to remain intact for an extended period of time during
delivery, which can lead to improved functionality. Notably, the length of cytosolic dsDNA
directly influences the rate and extentoa®AS activation and thereby the amount of cGAMP
produced®. Thus, when dsDNA strands are not rapidly broken diommmnsmaller fragments, they
can exploit the lengtdependence of the protein to promote maximal STING signaling. As the
stability of DNA is essential for cGAS activation, the deoxyribonuclease resistance of NanolSD

was evaluatedHjgure 3.3).
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Figure 3.3. NanolSD Exhibits Deoxyribonucleagesistance(A) Agarose gel image. Lanes are
as indicated. The TrackM 100 bp DNA Ladder was used for reference. The DNA used in these
studies was the phosphorothicatpped 98P dsDNA at a concentration of 1 ug DN#ne, and
the polymer used was-BDB at an N/P charge ratio of @) THP1-Dual reporter cell assay of
95-BP dsDNA with and without phosphorothioate caps complexed-RDB at an N/P charge
ratio of 4.(C) THP1-Dual KO-TREXL1 reporter cell assay of P &sDNA with and without
phosphorothioate caps complexed t&°DB at an N/P charge ratio of @) THP1-Dual reporter
cell assayof synthetic 48BP dsDNA complexed to DB at an N/P charge ratio of 4, and D
PDB was used as an experimental control. EaeBR5D-PDB treatment comprised DNA with
varying levels of phosphorothioate incorporation as indic§EdRAW-Dual reporter cell assay
of synthetic 48BP dsDNA complexed to {PDB at an N/P charge ratio of 4, anePDB was used
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as an experimental control. Each-BB / D-PDB treatment comprised DNA with varying levels
of phosphorothioate incorporation as indézh The dose response curves for freDB are
positioned along the-axis corresponding to their equivalent dsDiaded treatments, as each
dose response that utilized the polymer was administered using equivd&®m Doncentrations.

Both free phosiporothioatecapped 98P dsDNA and NanolSD were incubated with three
different concentrations of the endonuclease, DNaB@gufe 3.3-A). 15 ng/mL was selected as
it is the physiological level of DNase | in human sef#ml00 ng/mL was selected as it is the
concentration of recombinant human DNase | that can mediate the effective rehioMa& from
blood circulatiod®, and 2500 ng/mL was selected as an extreme-dige control. Following
incubation with DNase |, samples weneatinactivated, and SDS was added to break apart the
complexes. The samples were then run on a gel along with free phosphoreathpyzed 98BP
dsDNA and NanolSD that were not exposed to DNase |. While free phosphoroetidppts 95
BP dsDNA was susptible to degradation by the higher concentrations of DNase |, NanolSD
exhibitedmarked protection of its DNA cargo from deoxyribonuclease degradation, which is likely
due to polymemediated steric hindrance of the nucleaserfanoparticle packaging).

Since cGAS activation is greatly dependent on the length, concentration, and persistence
of dsDNA in the cytosol, a particularly important negative regulator of the STING pathway is the
exonuclease, TREX1.€. DNase lll). Indeed, it was recently discogdrthat DNA oxidized by
reactive oxygen species (ROS) can significantly impede the exonuclease activity of TREX1, and
such TREX1 inhibition was found to significantly potentiate STING sign&lgccordingly, the
inhibition of TREX1 has recently been proposed as an immunotherapeutic strategy for the
treatment of cancét

The phosphorothioate aps of the synthetic ISD were implemented to boost

immunostimulatory activity by obstructing the TREXIediated degradation of dsDNA that limits
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STING pathway activation. To further test the deoxyribonuclease resistance of the chemically
modified ISD, repder cell assays for IFM production were once again utilized.
Phosphorothioateapped 9BP dsDNA and 98P dsDNA without caps were complexed with
D-PDB micelles and incubated with THual cells Figure 3.3-B) and THP1Dual KO-TREX1

cells Figure 3.3-C).

In the wildtype reporter cells, the efficacy and potency of NanolSD were both significantly
increased relative to DB loaded with 98P dsDNA without phosphorothioate caps. As the
caps inhibit TREX1 activity, it is likely that they enablpralonged presence of the dsDNA in the
cytosol and thereby enhance cGAS activation. This theory is supported by the finding that
phosphorothioate caps on a-BB dsDNA also enhanced activity relative to-BB dsDNA
without caps when delivered with-BDB micelles to wildtype reporter cellFigures 3.3-D and
3.3-E). Notably, it was also demonstrated that complete phosphorothioate modification of the
dsDNA backbone rendered-3° dsDNA inactive, which is consistent with previous observations
that phosphodiest bonds on dsDNA are required for cGAS activétidri®> One possibléuture
opportunity for further enhancing the efficacy and potency of the ISD might involve incorporating
intermittent phosphorothioate modifications along the DNA strands, which could potentially
improve the deoxyribonuclease resistance and stability eofDiNA while also maintaining a
capacity for cGAS oligomerization/activation. The distance between each modification would
likely need to be optimized to avoid deleterious effects on cGAS activation.

Moreover, in the TREX1ie.DNase IIl) KO reporter cellghe efficacy and potency of the
nanoparticles loaded with dsDNA lacking phosphorothioate caps were insignificantly different
from that of NanolSDKigure 3.3-C), suggesting that in the wildtype reporter cells, TREX1 is

mainly responsible for the reducéd vitro activity of the nanoparticles carrying unprotected
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dsDNA. Thus, in addition to the deoxyribonuclease resistance afforded by nanoparticle packaging,
deoxyribonuclease activity was found to be further inhibited through the chemical modification of
the syntletic dsDNA.

Notably, the IFNI activity of the synthetic ISD library in the THF2ual reporter cells is
entirely lost when delivered with the nemdosomolytic polymer, poly[(DMAEMADlock
(BMA)] (D-B) at a consistent DNA concentration and N/P charge (8tpplementary Figure
A.S10. D-B forms micelles that do not disassemble at low pH, and accordingly the polymer does
not facilitate the cytosolic delivery of nucleic at§dwhich is necessary for cGAS activation.
Conversely, DPDB mediates endosomal escape at the onset of endosomal acidification due to the
composition of the polyméand the resultant loss of particle morphology under minimally acidic
conditions(e.g. pH ~ 6.5), which leads to endosomal membrane disritidmerefore, the
dsDNA cargo loaded on-PDB is likely released into the cytosol before endosoman fully
acidify. Since DNase Il is mostly active under highly acidic conditieng. pH ~ 5.5¥%, it is
probable that the enzyme has a reduced opportunity to degrade the ISD when delivered with D
PDB. Indeed, the observed cGAS activation from NanolSD treatment is evidence that the dsDNA
ligands are not appreciably degraded by DNase Il in lysosomes. Thus, the chemical and physical
composition of NanolSD as well as its intrinsic delivery route ptate cGAS ligand from three
major deoxyribonucleases and thereby constitute NanolSD as an exceptionally potent cGAS

adjuvant.
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Figure 3.4.NanolSD Enhances Cellular Uptake and Immunostimulatory Activity of ISD In .Vitro
(A) Flow cytometry analysis on ¢h cellular uptake of 45 nM DNAIi.é. Cy5labeled
phosphorothioateapped 98P dsDNA). Flow cytometry was conducted 4 hours after indicated
treatment. The median fluorescence intensity (MFI) of-@y&led DNA was quantifiedB) Flow
cytometry analysis othe cellular uptake of 1.1 uM{PDB (.e.NIR-D-PDB), which corresponds

to 45 nM DNA for a N/P charge ratio of 4. Flow cytometry was conducted

4 hours after indicated

treatment. The MFI of NIRS64-labeled DPDB was quantified(C) Cellular viability detemined

4 hours after indicated treatment as assessed by DAPI staining. Percent

viable is relative to cells

treated with PBS(D) Flow cytometry analysis of the BMDC maturation marker, MHC
conducted 24 hours after treatment of either PBS, 45 nM DNAphosphorothioateapped 95

BP dsDNA), or NanolSD at a dose corresponding to 45 nM. The MFI oivih@-I1-APC-Cy7

was quantifid. (E) Flow cytometry analysis of the BMDC maturation marker, CD86 conducted
24 hours after treatment of either PBS, 45 nM DIN& phosphorothioateapped 95BP dsDNA),

or NanolSD at a dose corresponding to 45 nM. The MFI of@GD86-PE-Cy7 was quantiéd.(F)
Cellular viability determined 24 hours after indicated treatment as assessed by DAPI staining.
Percent viable is relative to cells treated with PBS. Awag ANOVA with Tukey test was used

for statistical analysis.
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NanolSD Enhances Cellular Uptale and Immunostimulatory Activity of ISD In Vitro

DNA by itself does not readily pass through the negatiebrged plasma membrane of
cells due to the relatively large, negativelyarged, and hydrophilic nature of DRPA However,
when ISD is complexed at an N/P charge ratio of 4 wtRMB micelles that exhibit a positive
surface charge of +16.27 mV, the resultant DINAded nanoparticles also exhibit a positive
surface chargeSupplementary FigureA.S11) and can be efficiently endocytosed by DC2.4
dendritic cellsin vitro as determined by fl® cytometry analysis of fluorescendlgbeled
phosphorothioateapped 98P dsDNA (.e. Cy5-DNA) (Figure 34-A). It is likely that the
overall positive surface charge of NanolSB.#14.87 mV) afforded by BPDB drives the cellular
uptake of the nanoparticles, especially since free fluoreselahiyed DPDB (.e. NIR-D-PDB)
is also efficiently endocytosedrigure 3.4-B). The positive charge of NanolSD does however
dictate that the herapeutic be administered locally, as positively charged nanoparticles are
typically poorly tolerated when administered systemié&liyThere are many advantages to using
local administration, especially for the delivery of a cancer immunotheraff@utncieed, while
the direct injection of many classical cancer therapeuwics\arious chemotherapies) into solid
tumors often results in therapeutic responses that are limited to the treated tumors, the local
administration of a cancer immunotherapeutic can generate a systemic immune response with
potential to clear untreated metastatic tumbesgbscopal effectAdditionally, D-PDB treatment
also confers a minor but significant degree of toxicity relative to cells treated with phosphate
buffered saline (PBS)F{gure 3.4-C). Notably, some toxicity may actually be beneficial in the
context of killing cancer cells flowing local administratioh® and releasingtumar antigers,
which can then be processed by AR€promote the cancémmunity-cycle*.

The activation of APCs is a key feature of many innate immune agonists and is essential
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for cancer immunotherapies that are aimed at promotitiguaror T cell$!l. Since STING
pathway activation has been linked to APC maturation anellRctivatiort®® 2’0 NanolSD was
evaluated for its ability to promote APC maturation. Murine bone madenived dendritic cells
(BMDCs) were treated with either PBS, DNAe( phosphorothioateapped 95BP dsDNA), or
NanolSD. Markers of BMDC maturationd. cell surface expression of CD86 and M were
guantified via flow cytometry 24 hours post treatment. It was determined that NanolSD evokes
significantly enhanced maturatiamvitro as compared to PBtseated BMDCs and DNAreated
BMDCs (Figures 3.4-D and 3.4-E). Additionally, viability of the BMDCs after NanolSD
treatment was comparable to that of the DC2.4 cells treated with the same concentration of

NanolSD Figure 34-F).

NanolSD Enhances Delivery and Immunostimulatory Activity of ISDIn Viv o

By packaging dsDNA into cationic nanoparticles, it was hypothesized that NanolSD would
address the rapid clearance of dsDNA by promoting local cellular uptake at the site of injection.
To evaluate this, NanolSD and free ISD were injected subcutaneousiyicg and then vivo
retention was evaluated via IVIS imaging using both fluorescéaltlgled phosphorothioate
capped 98P dsDNA (.e. Cy5DNA) and fluorescenthtabeled DPDB (.e. NIR-D-PDB)
(Figures 3.5-A and3.5-B). As anticipated, the free ISD weapidly cleared from the injection site
(i.e. half-life < 6 hours). Interestingly, IPDB was retained at the injection site for an extended
timeframe (.e. half-life ~ 50 days) and also dramatically enhanced the retention of the ds[2NA (

half-life ~ 50days).
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Figure 3.5. NanolSD Enhances Delivery and Immunostimulatory Activity of ISD In V).
Representative fluorescence IVIS images evaluating the subcutaneous retention of NanolSD in
CD-1 mice. DPDB labeled with NIR664-iodoacetamidei . NIR-D-PDB) was used to track the
polymer, and phosphorothioatapped 9BP dsDNA labeled with Cy5.e. Cy5-DNA) was used

to track the DNA. On the left flank of each mouse, individual uncomplexed agents were
administered, and on the right flank of each mouse, complexes at an N/P charge ratio of 4 with the
indicated fluorescent agent were administered. Agtdneous injection was givenasingle 100
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ML dose of 2 pg DNA and/or 36 pg of polymé¢B) Retention profiles of NIFD-PDB and Cy5
DNA either uncomplexed or complexed with unlabeled counterparts following subcutaneous
administration in CBL mice.(C) Representative fluorescence IVIS images evaluating the tumor
retention of NanolSD in BALB/cJ mice bearing orthotopic 4T1 tumors. Phosphorotoeyzped
95-BP dsDNA labeled with Cy5i.e. Cy5-DNA) was used to track the DNA. CyBNA was
administered by itseldr in complex with BPDB at an N/P charge ratio of 4. An intratumoral
injection was given aa single 100 pL dose of 2 ug DNAD) Retention profiles of CyDNA
complexed to BPDB and free Cy#abeled DNA following intratumoral administration into
orthotgic 4T1 breast tumors growing in BALB/c midd) Representative luminescence VIS
images evaluating tumor IFN activity in C57BL/6J mice bearing B16.F16UBN tumors. An
intratumoral injection was given assingle 100 puL dose of either PBS or NanolSDaadose
corresponding to 2 pg DNAF) Longitudinal analysis of IFN activity following treatment. A two
way ANOVA with Sidak test was used for statistical analysis.

The intratumoral retention of the fluorescertpeled phosphorothioatapped 98BP
dsDNA (i.e. Cy5-DNA) with and without the polymeric carrieré. D-PDB) was then investigated
using a murine orthotopic tumor model of 4T1 breast cafeguies 3.5-C and3.5-D). Consistent
with the subcutaneous retention data, the free ISD dispersed qluiekhalf-life ~ 12 hours), and
the ISD complexed to the polymeare( NanolSD) exhibited sustained retentio.(half-life > 5
days). The matching pharmacokinetic clearance profiles of #8®B and the ISD complexed to
D-PDB is consistent with profmedin vivo association of the two species. Additionally, this
finding is disparate with previous data that has consistently reported a short retentiongagpfile (
half-life < 1 day) for sSiRNA complexed to the same poly#et®?384 This discreancy is likely
attributable to the higher valency of the polymer interaction with the significantly larger dsDNA
cargo and/or the extra deoxyribonuclease resistance afforded by the phosphorothioate caps of the
dsDNA. Notably, the local delivery of manynate immune agoniste.g. CpG DNA, CDN
STING agonistsetc) results in widespread dissemination that can cause systemic inflammation
and contribute to relatively low doieiting toxicities**#414 while the enhanced local retention

of NanolSD nherently limits the escape of nanopatrticles into systemic circulation and therefore

reduces the potential for systemic toxicity.
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B16.F10 murine melanoma cells, which had been previously engineered to express
luciferase upon IFN induction.¢. B16.F10 IFNLUC cells¥3!, were next employed to assess
whether the immunostimulatory activity of NanolSD was conservédemonrimmune, cancer
cells and if so, to identify thie vivokinetics of signaling. By quantifying luminescence via IVIS
imaging following exposure to the substratejuDiferin, it was established that an vitro
treatment of NanolSD could activateciierase production.e. IFN production) in the melanoma
reporter cells, suggesting that the immunostimulatory capacity of the dsDNA was indeed
conserved in the B16.F10 cell lin8uypplementary FigureA.S12).

An intravital kinetics study of IFNroduction was subsequently performed to study the
pharmacodynamics of NanolSBigures 3.5-E and3.5-F). Mice were subcutaneously inoculated
with the B16.F10 IFNLUC cells, and when the tumors were ~ 50 ¥nmice were given a single
intratumoral injectionof either PBS or NanolSD. At preselected timepoints, mice were
administered Bluciferin, and luminescence was measured 15 minutes thereafter. The longitudinal
IVIS imaging confirmedn vivo IFN production with peak protein production occurring 12 hours
post treatment. The level ah vivo IFN signaling returned to baseline at 24 hours post treatment
despite the extended local retention profile of NanolSD. Therefore, though NanolSD is likely still
present and intact within the tumor, we suspect that ower tither factors, such as inhibitory
pathways within cells or extracellular exclusiand. fibrotic entrapment), might inactivate the
nanoparticle complex and/or locally down regulate IFN signaling. Moreover, cancer cell stress or
death induced by the &ment may also contribute to the decreased IFN signal over time,
especially since the cancer cells are serving as the IFN reporter. Regardless, the acute IFN activity
of NanolSDin vivomotivates the use of a therapeutic dosing regimen involving mutipletions

spaced days apa#.@.every three day3d).
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Figure 3.6. NanolSD Reprograms the Immune Profile of the Tumor Microenvironnféit.
Quantitative polymerase chain reaction (QPCR) analysis of B16.F10 tumors 6 hours following a
single 100pL intatumoral treatment of either PBS;HDB, or NanolSD at a dose corresponding

to 2 pg DNA. A oneway ANOVA with Tukey test was used for statistical analy$i®)
NanoString analysis of B16.F10 tumors 6 hours following a single 100uL intratumoral treatment
of either PBS, DPDB, or NanolSD at a dose corresponding to 2 ug DNA. Data is presented as
log2 fold change relative to PBS treatme() Flow cytometry analysis of the cellular
composition of B16.F10 tumors treated intratumorally with 100 pL of either #B&nolSD at

a dose corresponding to 2 pg DNA. Tumors were harvested 48 hours after the third intratumoral
injection of aq3ddosing regimen. Data is presented as percent of C4bcells. A twoway
ANOVA with Sidak test was used for statistical analysis.

NanolSD Reprograms the Immune Profile of the Tumor Microenvironment
The immunological effects of intratumorally administered NanolSD were initially
guantified by measuring chges in the gene expression of certain signature cytokines for STING

pathway activation. B16.F10 tumors were harvested 6 hours after a single intratumoral treatment
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of either PBS, EPDB, or NanolSD, and the relative mRNA leveldfobl, Cxcl1Q Tnf, andll6
in the tumor were determined via quantitative polymerase chain reaction (QRGRE(3.6-A).
The relative gene expression of these proinflammatory molecules was significantly elevated as
compared to that of tumors treated with either PBS or fr&DB, which is in accordance with
STING pathway activation in the TME. Free DPDB also exhibited increaséftib1 expression,
though not to the extent of NanolSD treatment, which is consistent wiih \tiigo activity assays
that indicated that thedPDB polymer acts aswaeak cGAS adjuvant.

NanoString gene expression analysis was subsequently performed to provide a more robust
transcriptomic analysis of the immune response in the treated tukigsg 3.6-B). Using a
slight variation of a gene expression panel tret been previously developed for myeloid cell
characterizatioft>, exact mRNA levelswere quantified for 43 different immunomodulatory
cytokines. As determined by omeay ANOVA main effect, a single intratumoral NanolSD
treatment upregulated the myeloid activation markers of the panel relative to PBS trea¢gment (
p = 0.0376) and BPDB treatment ite. p = 0.0596). Notably, cytokines involved in myeloid
recruitment ((e. Cxcll, Cxcl2, Cxcl3), myeloid differentiationi(e. Csfl, Csf2 Csf3, and T cell
recruitment (e. Cxcl9 Cxcl1Q Cxcl1], Cxcl12 were markedly upregulated in the TMBEeaf
NanolSD treatment. Additionally, DB treatment was insignificantly different from PBS
treatmenti(e. p = 0.9809) with regard to the myeloid activation markers of the panel. These results
from the NanoString study further support the gPCR findinglspaiavide additional insight into
the immune profile of the treated tumors, demonstrating that a proinflammatory phenotype is
indeed induced by intratumorally administered NanolSD.

To characterize the immunocellular changes within the TME that were tikéylow the

local cytokine response, flow cytometry was conducted on B16.F10 tumors 48 hours after the final
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injection of a three treatmegB8ddosing regimenKigure 3.6-C). Cell populations of interest were
quantified using a myeloid cell paneSypplementary FigureA.S13) and a T cell panel
(Supplementary FigureA.S14). No marked changes occurred for the tumor populations of
macrophagesi.e. CD45" CD11b F4/80), dendritic cells i(e. CD45 CD11lc MHC-IIY),
monocytic myeloidderived suppressor etls (MMDSCs) (e. CD45 CD1lbr Ly6CY),
granulocytic MDSCs (@MDSCs) {.e.CD45" CD11l Ly6G* SSC"), and neutrophilsi.e. CD45'
CD11l Ly6G*, SSCP). However, the relative concentrations of NK ceils. CD45" NK1.1%),

total T cells {.e. CD45" CD3"), and CD8T cells {.e. CD45" CD3* CD8") within the tumor were
significantly elevated following NanolSD treatment, consistent with the established effects of
STING pathway activation in tumdfs®® 397. 317 Thus, NanolSD can also propagtite adaptive
arm of the cancemmunity-cycle via the initial activan of innate immunity.

In addition to altering the migration and proliferation of lymphdé&ived immune cells,
STING activation can also lead to improved cytotoxic immune responses by repolarizing
immunosuppressive Mike macrophages to Mllke macroplages that can promote antitumor
immunity?8% 281 Thus, while not assessed in this work, it is possible that NanolSD also induces
the MlLlike phenotype in tumor macrophages, thereby further ent@tfegnantitumor immunity
that is stimulated by NanolSD. Future work could study how NanolSD affects macrophage

polarization and the importance of such effects.

NanolSD Exerts Antitumor Effects
Cancer therapy studies were conducted in murine tumodels to establish the therapeutic
effect of NanolSD. Initially, the antitumor effects of NanolSD and free[@B were investigated

in a poorly immunogenic B16 model of melanoma that has been engineered to express the foreign
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antigen, OVA (.e. B16-OVA) in order to increase its antigenicity and therefore potential to
respond to cancer immunotherapies. Mice bearing-B¥# murine melanoma tumors were
intratumorally treated with either PBS,-EDB, or NanolSD for a total of three injections
administeredq3d (Supplementary FigureA.S15). Notably, NanolSD significantly restricted
tumor growth and prolonged survival relative to both freBMB and PBS, which is consistent
with a previous finding thaphosphorothioateappeddsDNA delivered intratumorally with a
caionic transfection agent can mediate antitumununeeffects in the B18OVA tumor model®.
Additionally, while D-PDB acts as a weak cGAS adjuvant, the free polymer did not demonstrate
therapeutic dicacy in vivo, suggesting that the intrinsic effects of thé°DB are insufficient to

initiate STINGdriven antitumor immune programs in the TME.
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Figure 3.7. NanolSD Exerts Antitumor Effect§A) Tumor growth plot for MC38 tumors
intratumorally treated with 100 uL of either PBS or NanolSD at a dose corresponding to 2 ug
DNA (n = 5 per treatment group). Treatments were administered four g&uksss indicated by

the dotted lines. Tumor growth cus/ere truncated to the first day that a mouse in any treatment
group reached the study endpoint. A tway ANOVA with Sidak test was used for statistical
analysis. The statistical analysis presented is for the final day shewdaly 12).(B) Kaplan

Meier survival curve for MC38 tumors intratumorally treated with 100 pL of either PBS or
NanolSD. Log rank (ManteCox) test was used for statistical analy@®. Tumor growth plot for
B16.F10 tumors intratumorally treated with 100 uL of either PBS, CpG QNAODN 1826), or
NanolSD (n = 5 or greater per treatment group). Both the CpG DNA and NanolSD doses
corresponded to 2 pg DNA. Treatments were administered four i®@as indicated by the
dotted lines. Tumor growth curves were truncated to the fagttidat a mouse in any treatment
group reached the study endpoint. A tway ANOVA with Tukey test was used for statistical
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analysis. The statistical analysis presented is for the final day shevday 8).(D) KaplanMeier
survival curve for B16.F10 toors intratumorally treated with 100 uL of either PBS, CpG DNA
(i.e. ODN 1826), or NanolSD. Log rank (Mant€lbx) test was used for statistical analy§is).
Tumor growth plot for B16.F10 tumors treated with 100 pL of either PBS, 1@Baqt-PD-1 +
ant-CTLA-4 monoclonal antibody therapy), NanolSD, or NanolSD + ICB (n = 8 per treatment
group). NanolSD and PBS were administered intratumorally, while ICB was administered
intraperitoneally. The NanolSD dose corresponded to 2 ug DNA. The ICB treatmenpooded

to 100 pg of both amPD-1 and antCTLA-4 monoclonal antibodies. Treatments were
administered four timeg3das indicated by the dotted lines. Tumor growth curves were truncated
to the first day that a mouse in any treatment group reached the estdgoint. A tweway
ANOVA with Tukey test was used for statistical analysis. The statistical analysis presented is for
the final day showni.¢.day 10).(F) KaplanMeier survival curve for B16.F10 tumors treated with
100 pL of either PBS, ICBig. anttPD-1 + anttCTLA-4 monoclonal antibody therapy),
NanolSD, or NanolSD + ICB.é. anttPD-1 + anttCTLA-4 monoclonal antibody therapy). Log
rank (MantelCox) test was used for statistical analysis.

NanolSD was subsequently explored as a therapeutic gaafor the less immunogenic
tumor models, B16.F10 murine melanoma and MC38 murine colon cancer, both of which lack the
expression of a foreign antigeRigure 3.7). Treatments were again intratumorally administered
g3d for a total of four injections. Reli@e to PBStreated controls, the NanolSD treatment
attenuated tumor growthFigures 3.7-A and 3.7-C), prolonged murine survivaF{gures 3.7-B
and 3.7-D), and was weltolerated by mice as demonstrated by insignificant differences in total
mouse weight cer time Supplementary FigureA.S16). Furthermore, in the B16.F10 model,
NanolSD treatment performed comparably to thewsfablished innate immune activator, CpG
DNA when administered at the same dase 2 ug DNA) (Figures 3.7-C and3.7-D).

TLR9 agonists can function in a similar manner to that of cGAS/STING pathway agonist
by promoting the cancemmunity-cycle. Indeed, CpG DNA can induce B16 tumor regression in
mice via NK celldependent, tumor antigepecific T cell crosgpriming*€. Accordingly, CpG
DNA is also currently being investigated in human clinical trials for the treatment of cancer and

they have recently demonstrated great potential for overcoRird blockade resistance in

humans with advanced melandifaHowever, CpG DNA relies on the cellular expression of
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TLR9, which is mostly restricted to plasmacytoid dendritic cells and B cells in héfans
Alternatively, both the cGAS and STING proteins are rather ubiquitously expressed in mammalian
cells*®421 Moreover, TLR9 signaling can only occur in cells that are directly exposed to CpG
DNA, while STING signaling can locally propagate from detcell via endogenous cGAMP
transfer following DNAinduced cGAS activatidfi® 42 423 Thus, the cGAS/STING pathway
might represent a more accessible pathway for promoting antitumor immunity via cytosolic DNA
sensing. Regardless, cGAS/STING pathway agonists increase the arsenal of potential
immunotherapeutic treatments, wiican dramatically enhance overall patient outcomes by
providing more opportunities for applicati@pecific treatments. For example, Gp@sed
immunotherapy can impair the antitumor activity of BRAF inhibitors in a Bi dependent
manner when used in cdination to treat canc&f, whereas STING agonists can actually
sensitize melanoma cells to BRAF inhibitBfeand migh thereby improve therapeutic efficacy in
such a scenario.

To determine the impact of NanolSD treatment on the therapeutic response to ICB
treatment i(e. combined antPD-1 and antCTLA-4 monoclonal antibody therapy), B16.F10
bearing mice were treatedtieither PBS, NanolSD, ICB, or a combination of NanolSD and ICB
for a total of four injections administerg@d (Figures 3.7-E and 3.7-F). Notably, the NanolSD
treatment outperformed the ICB treatment, and the combination treatment of NanolSD and ICB
was most effective at inhibiting the growth of treated tumors, indicating that NanolSD treatment
can indeed improve therapeutic responses to murine ICB therapy. We note that there is still much
room for improvement regarding the therapeutic efficacy of dN&ld, as the treatment in
combination with ICB resulted in only one complete responsecbmplete tumor elimination),

matching that of ICB alone.
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Since NanolSD consists of a saBsembling mulphasic structure and is highly amenable
to the integratin of reactive handlé®, it should support various chemicahd biomolecular
engineering strategies to -deliver multiple therapeutic agent®.g. potentiators of the
CcGAS/STING pathway). One potential strategy for increasing the efficacy of NanolSD could
include coupling NanolSD treatment with MEK inhibition or CXZRhibition in order to block
the expression and/or function of potentially undesirable cytokengsQXCL1 and CXCL2) that
can enhance MDSC activifyy and thereby reduce immumeediated tumor clearance. Indeed,
such a strategy has been previously employed to alleviate certain immunosuppressive effects of
STING signaling that can acegpany STING agonists and radiother&fy

Other future considerations for NanolSD might invalwgherimproving upon the design
of the cGAS ligand and/or the cytosolic delivery agent as well as exploring strategies that could
enable intravenous administration &srdumor targeting of the cGAS agist.

One variable not examined in this work is whether NanolSD activates other intracellular
DNA sensors, such as AIM2, which can limit the magnitude of STING signaling inpatro
stimulatior?®. Future studies could investigate whether AIM2 is involved in the response to
NanolSD. We note that it is unlikely that AIM2ags a large role in the response to NanolSD,
since the BP length threshold for robust AIM2 activaiiowitro (i.e. ~ 150BP) is greater than
that of the optimized cGAS ligandd. 95-BP)!%¢ However, if AIM2 is involved in the response
to NanolSD, strategies could be employed to reduce AIM2 activation with the goal of enhancing
STING signaling.

In this work, DPDB was employed because of its previous success as a vehicle for the
cytosolic celivery of immunostimulatory nucleic acids. Indeed, in multiple murine tumor models,

an intratumoral treatmentregimenofPDB | oaded wi th i mmunosti mul
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demonstrated significant therapeutic efficacy by promoting the activatiomGat R.e. another
cytosolic PRR that can drive antitumor immumityj® While the work in this paper demonstrates
that D-PDB can also be used to induce a therapeutic response via the cytosolic delivery of ISD and
the pharmacological activation of cGAS, it is possible that other nanocarriers may elicit enhanced
ISD delivery and mproved therapeutic responses. Thus, future work aimed at improving
therapeutic efficacy could explore the comparison of other nanocarriers for the cytosolic delivery
of the optimized ISDife. phosphorothioateapped 98P dsDNA).

Lastly, we note that NariSD may also have utility in other therapeutic areag. (
vaccinations for infectious diseases), as the DNA/polymer complex is a versatile adjuvant that can
indiscriminately generate a local proinflammatory response, which can be advantageous for

treatirg various diseases.

Conclusion

Through an iterative experimental screen, the nucleic acid immunotherapeutic, NanolSD
was engineered to trigger local cGAS/STING signaling via BINduced activation of the cGAS
enzyme within the cytosol. The effects of fadation conditionsi(e. N/P charge ratio), DNA
molecular weighti(e. BP length), and DNA composition.€. phosphorothioate modifications)
were investigated using a rationally designed synthetic ISD library in combination with a pH
responsive, endosontestabilizing polymeric delivery vehicle. This yielded a potent
nanoparticulate cGAS adjuvant that can evade major deoxyribonucleases, enhance cellular uptake,
promote cytosolic delivery via endosomal escape, and trigger the cGAS/STING pathway in a
cGAS-directed manner. Furthermore, NanolSD induces proinflammatory cytokine production,

prompts the maturation of antigen presenting cells, promotes the tumor infiltration of NK cells and
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CD8" T cells, reduces tumor burden, and enhances responses to ICB thdrapyN&nolSD
represents a novel immunostimulant with clear indications for the treatment of immunologically

cold cancers.

Materials and Methods

Polymer Synthesis and Characterization

Reversible additiofiragmentation chain transfer (RAFT) polymerization was employed to
synthesize the amphiphilic diblock copolymerplyidimethylaminoethyl methacrylat@koa=
block[(propylacrylic acid).s-co-(dimethylaminoethyl methacrylate}co-(butyl
methacrylatey)4]zskpa ([[DMAEMA] 10kpabl-[PAA0.3-cO-DMAEMA 0.3-c0-BMA 0.4]35kDa; D-PDB)
as previously describ&dBriefly, the chain transfer agent (CTA) and mass initiator for the RAFT
polymerizations were-dyana4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT; Boron
Mo | e c ul a r-azobia(4neethoxdr2,£2domethyl valeronitrile) (V70; Wako Chemicals),
respectively. An analytical mass balance (XSE205DU DualRange; Mettler Toledo) was used for
all mass measurements. Inhibitors were removed from monomer stocks by gravity filtration in
columns that were packed with aluminum oxide.

For the first block of thegymer, filtered dimethylaminoethyl methacrylate (DMAEMA)
was added to measured CTA in a glass vial with a target degree of polymerization of 100. A mass
initiator stock was prepared by dissolving the initiator in the reaction solvent, dioxane. An
approprate amount of the mass initiator stock was added to the solution of CTA and DMAEMA
at a molar ratio of 100:1:0.05 representing total monomer, CTA, and initiator, respectively.
Additional dioxane was then added to the reaction vessel to attain a 40 wtmercsawution.

The solution was sealed and purged with nitrogen gas for 30 minutes on ice and then allowed to
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react at 40 °C in an oil bath.

The reaction was stopped after 22 hours by opening the reaction vessel and exposing the
mixture to air. The resultarpolymer was then purified by precipitation into cold pentane and
subsequent dialysis. The crude product was precipitated six times by transferring the polymer
solution into cold pentane. Centrifugation (5000 rpm, 5 min, 4 °C) was used to pellet therpolym
mixture, and the supernatant was then discarded. Small volumes of acetone were added to dissolve
the pelleted polymer, thereby enabling the polymer to be transferred to new precipitation tubes.
The polymer mixture was then collected in a 3.5 MWCO Snkiké's dialysis membrane (Cat.

No. 68035; Thermo Fisher Scientific) and further purified via membrane dialysis against pure
acetone (3x), halhcetone and half deionized water (2x), and then pure deionized water (2x) for 4
hour intervals each. Following dysis, poly(DMAEMA) was frozen at80 °C for 5 hours and

then lyophilized for 3 days.

For the second block of the polymer, poly(DMAEMA) was used as a macroCTA (mCTA).
Filtered DMAEMA, PAA, and BMA (at a molar ratio of 30:30:40) were added to measured mCTA
in a glass vial with a target degree of polymerization of 450. PAA was synthesized using diethyl
propylmalonate as the precursor as previously deséfibédmass initiator stock was prepared
by dissolving the initiator in the reaction solvent, Njkhethylacetande (DMAC). An amount
of the mass initiator stock was added to the solution of mCTA and monomers at a molar ratio of
450:1:0.4 representing total monomer, mCTA, and initiator, respectively. Note that a greater
Initiator/CTA ratio is required to get PAA tmcorporate into the polymer chains. Additional
DMAC was then added to the reaction vessel to attain a 40 wt% mCTA and monomer solution.
The solution was sealed and purged with nitrogen gas for 30 minutes on ice and then allowed to

react at 40 °C in an diath.
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The reaction was stopped after 24 hours by opening the reaction vessel and exposing the
mixture to air. The resultant polymer was then purified by precipitation into cold pentane:ether
(80:20) and subsequent dialysis. The crude product was presdpsia times by transferring the
polymer solution into cold pentane:ether (80:20). Centrifugation (5000 rpm, 5 min, 4 °C) was used
to pellet the polymer mixture and remove the supernatant. Again, small volumes of acetone were
added to dissolve the pelldt@olymer, thereby enabling the polymer to be transferred to new
precipitation tubes. The polymer mixture was then collected in a 10 MWCO SnaKé8ilysis
membrane (Cat. No. 68100; Thermo Fisher Scientific) and further purified via membrane dialysis
against pure acetone (3x), haltetone and half deionized water (2x), and then pure deionized
water (2x) for 4 hour intervals each. Following dialysis, poly(DMAEMA) was froze8a&C for
5 hours and then lyophilized for 3 days. All lyophilized polymes wired at20 °C prior to use.

'H NMR Spectroscopy (CDe€lwith TMS, 400 MHz) was used to calculate the
experimental degree of polymerization, polymer composition, and theoretical molecular weight of
the polymerqSupplementary FigureA.S17). Subsequentlythe experimental molecular weight
and a polydispersity index were measured by gel permeation chromatography (GPC) (mobile
phase HPL&rade dimethylformamide (DMF) containing 0.1% LiBr) with inline light scattering
(Wyatt Technology) and refractive indéxgilent) detectorsQupplementary FigureA.S18). The
ASTRA V Software (Wyatt Technology) was used for all GRe@ated calculations. Additionally,

The poly(dimethylaminoethyl methacrylate)pablock (butyl methacrylat@)kpa
(pPDMAEMA 10kpabl- BMA 34kpa; D-B) polymer was previously preparéd

Nearinfrared DPDB (NIR-D-PDB) was created by labeling-BDB with NIR-664

iodoacetamide (CAS 149086-9; SantaCruz) at a molar ratio of 1:1. Briefly, 72 pL of a 12.5

mg/mL stock of NIR664iodoacetamide dissolved in methanol was added to 50 mgRDB
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dissolved in 1 mL methanol. The mixture was vortexed, and the reaction was allowed to proceed
at room temperaturevernight while continuously stirring and protected from light. The mixture
was then transferred to a 3.5 MWCO SnakeBkidialysis membrane (Cat. No. 68035; Thermo
Fisher Scientific) and purified via membrane dialysis against pure methanol (3xndtadinol

and half deionized water (2x), and then pure deionized water (2x) for 4 hour intervals each, all the
while kept at 4 °C and protected from light. Following dialysis, the sample was run through a PD
10 desalting column (17085101; Cytiva) inteQH Thefully purified sample was frozen e80 °C

for 5 hours and then lyophilized for 2 days. NIRPDB was stored aR0 °C prior to use.

Preparation of ISD Libraries

The synthetic library of phosphorothioatepped dsDNAupplementary FigureA.S1)
and other associated DNA sequences were purchased as a duplex from Integrated DNA
Technologies (IDT) unless otherwise specified. The second ISD library oldr(ified dsDNA
(Supplementary FigureA.S2) was prepared as followsh& 10,183BP lentiGuidePuro plasmid
(Plasmid #52963; Addgene) was used to generate custom BP length dsDNA PCR products. In
brief, the lentiGuidePuro agar stab was spread over standard 0.5 mg/mL puromycin agar plates
and placed in a 37 °C bacteria incuvaivernight. The following day, individual bacteria colonies
were isolated and placed in liquid LB broth with 0.5 mg/mL puromycin, swirled, loosely covered
with sterile cap, and left to incubate at 37 °C for 12 hours. Bacteria growths were purifidaewith t
QIAprep Miniprep kit (Cat. No. 27104; Qiagen), resuspended in sterife, Find DNA
concentration was quantified by ultravidghessible (UV-Vis) spectroscopy (Nanodrop 2000
Spectrophotometer; Thermo Fisher Scientific).

Forward and reverse primers weresigmed using the NCBI Primer Blast tool for dsDNA
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sequences of variable BP lengtle (95, 156, 313, 625, 1250, 2500, 5000, and 10000 BP). For the
PCRamplification of each length of dsDNA, individual reactions were set up with 4 pL of 5x
Phusion GC Buffe 0.4 pL of 10 mM dNTPs (D729%illiporeSigmg, 1 uL of 10 uM forward

primer, 1 pL of 10 uM reverse primer, 0.6 uL of DMSO, 0.2 uL of Phusidigh-Fidelity DNA
Polymerase (M0530; New England Biolabs), 4 uL of 1 ng/uL (4 ng) of lentiGide plasmid
template DNA (Plasmid #52963; Addgene), and 8.8 pL ofOH per 20 pL reaction.
Thermocycling conditions were 98 °C for 30 seconds, followed by 35 cycles of 98 °C for 10
seconds, 54 °C for 30 seconds, 72 °C for 30 seconds per kb of PCR length, followe&€hgr72

10 minutes. PCR products were concentrated using standard ethanol precipitation and clear bands
were observed on a 2% agarose gel for each PCR length. EacarRiliRed product was stored

at-20 °C prior to use.

Nanoparticle Formulation

Lyophilized DPDB was dissolved in ethanol to 50 mg/mL. Aliquots of this polymer stock
were then diluted in phosphate buffer (pH 7.0, 100 mM) to a concentration of 10 mg/mL, allowing
the polymer chains to sedfssemble into micelles. The 10 mg/mL polymeluson was then
concentrated into PBS (pH 7.4; Gibco) through 4 cycles of centrifugal filtration with Amicon®
Ultra 0.5 mL Centrifugal Filter Units (Ultracel® 3K, Regenerated Cellulose 3,000 NMWL,;
MilliporeSigma) f ol |l owi ngfinaheoncentraded polymee soldten i n st
was collected, and an aliquot was taken to determine the polymer concentration relative to a
standard curve. Using%-well plate (REF 655180; Greiner Bfdone) the polymer concentration
was calculated from UWis spe&troscopy (Synergy H1 MuHilode Microplate Reader; Biotek)

based on absorbance at 310 nm. The micelle solution was diluted to 1 mg/mL with PBS and passed
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through a 0.2 pm Whatm@&n Puradisc polyethersulfone sterile filter (WHA67801302;
MilliporeSigma). A ixed amount of the sterilféitered polymer stock was then added to an
agueous solution containing a set amount of nucleic acid, which corresponded to the desired N/P
charge ratio. Again, note that the first block of the diblock copolymer composed of
poly(DMAEMA) is estimated to exhibit 50% protonation at pH 7.4 for the purposes of determining
N/P ratios. Upon the addition of the polymer micelles to the nucleic acid, the solution was rapidly
mixed by pipetting and then incubated at room temperature forriften to allow for complete

electrostatic complexation.

Nanopatrticle Physical Characterization

Hydrodynamic size of the polymeric micelles and DNA/polymer complexes was measured
via digital light scattering (DLS) using either the Zetasizer Nano ZS msinu (Malvern
Panalytical) or the Litesizer 500 instrument (Anton Paar) as indicated in figure captions.
Additionally, the zeta potential of the polymeric micelles and DNA/polymer complexes was
determined using the Zetasizer Nano ZS instrument (MalvernahRemal). Polymer
concentrations were normalized to 1 mg/mL and samples were run at physiological pH 7.4. DNA
concentrations correspond to the N/P charge ratios, which were set to 4 unless otherwise indicated.

2% agarose gels were prepareddigsolving 3 grams of UltraPué Agarose powder
(16500100; Thermo Fisher Scientific) in 150 mL of 1x TAE buffer that had been diluted with
deionized HO from a 10x TAE buffer stock (REF 46010CM; Corning). The mixture was
microwaved in 30 second intervalstil the agarose was fully dissolved. The solution was then
cast into a gel. DNA and DNA/polymer complexes were then prepared. For the DNase | activity

experiment, the indicated concentrations of DNase | (M0303; New England Biolabs) were
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incubated with tb indicated samples for 15 minutes at 37 °C. The resultant mixtures and controls
were then incubated at 75 °C for 15 minutes to-hesttivate the DNase |, and a volume of 10%
sodium dodecyl sulfate (SDS) (RGE3230KMedical) was subsequently addedtie mixtures

and controls such that a final concentration of 1% SDS was achieved, which allowed for
decomplexation of the DNA from the polymer. All of the samples were mixed with a volume of
glycerol such that a final concentration of 5% glycerol was aeldigvior to gel loading. Samples
were loaded into wells of thagarose gel at a concentration of 1 pg DNA/lane. Polymer
concentrations correspond to the indicated N/P charge TateTracklt™ 100 bp DNA Ladder

(Cat. No. 10488058; Thermo Fisher Scienjifthe TrackltM 1 Kb Plus DNA Ladder (Cat. No.
10488085; Thermo Fisher Scientific), or the NEB 1 kb DNA Ladder (N3232; New England
Biolabs) were used for references as indicated in figure capti@Geselectrophoresis was then
performed at 120 V for 4Binutes. Gels were subsequently stained with SYBR Safe @34.(3;
Thermo Fisher Scientific) for 30 minutes while protected from light and then imaged with a Digital

ChemiDoc MP system (Bi®ad).

Cell Lines

All cell lines were maintained according to plipr specifications and/or technical data sheets.
RAW-Dual cells (InvivoGen) and RAVLucia ISGKO-cGAS cells (InvivoGen) were cultured in

Dul beccobdés Modi fied Eagle Medi um {gihtdnnm4.5 Gi bc o
g/L glucose, 10% hedmactivaed fetal bovine serum (HFBS; Gibco), 100 U miltpenicillin /

100 &gtreptoimycin (Gibco), and 100 pg/mL Normocin. For the continual selection of these

cell lines, Zeocin was added on every other cell passage at a concentration of 200 pg/mL. THP1

Dual cells (InvivoGen) and THRDual KO-TREX1 cells (InvivoGen) were cultured in Roswell



Park Memorial Institute (RPMI) 1640 Medium (Gibco) supplemented with 2 rghitamine, 25

mM HEPES, 10% hedhactivated fetal bovine serum (fBS; Gibco), 100 U rlpenicillin /

100 &gtreptoimycin (Gibco), and 100 pg/mL Normocin. For the continual selection of these

cell lines, Blasticidin and Zeocin were added after every cell passage at concentrations of 10
pg/mL and 100 pug/mL, respectively. A5s4ual cells lvi voGen) were cul tur ed
Modified Eagle Medium (DMEM; Gibco) supplemented with 2 miglutamine, 4.5 g/L glucose,

10% heainactivated fetal bovine serum (HBS; Gibco), 100U mi'peni ci I I i ht / 100
streptomycin (Gibco), and 100 pg/mLoNnocin. For the continual selection of this cell line,
Blasticidin and Zeocin were added after every cell passage at concentrations of 10 pug/mL and 100
pg/mL, respectively. DC2.4 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
Medium (Gbco) supplemented with 2 mMglutamine, 1x noressential amino acids (Cellgro),

10 mM HEPES (| n vmeicaptoeghanol)Gibco) D0%srddact®ated fetal bovine

serum (HIFBS; Gibco), and 100U mtp e ni c i | | i "n'stréptorty6ird(Gilbal 4Tindells
(ATCC) were cultured in Dulbeccobs Modified E
with 2 mM L-glutamine, 4.5 g/L glucose, 10% heaaactivated fetal bovine serum (H#BS;

Gibco),and 100U rhip e ni ci | | i'Pstreptonty@ndGiecaB161H10 cells (ATCC) were
cultured in Dulbeccobs Modified Eagle Medium
glutamine, 4.5 g/L glucose, 10% haadctivated fetal bovine serum (#BS; Gibco), and 100 U
milpenicil | i nlstreptoingcid (Gibep). Bi6.F10 IFNUC cells were cultured in

Dul beccobdés Modi fied Eagle Medi um {gihtdnnm4.5 Gi bco
g/L glucose, 10% heanactivated fetal bovine serum (##fBS; Gibco), and 100 U mkpenicillin

/ 1 00 " lsteeptomycin (Gibco). Puromycin was added after every cell passage at a

concentration of 10 ug/mL.B16 VA cel Il s wer e cul tured in Dul be
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(DMEM; Gibco) supplemented with 2 mMglutamine, 4.5 g/L glucose, 10% heaactivated

fetal bovine serum (HFBS; Gibco), and 100U mlp e ni c i | | i’ fstreptomy@nqGitec@. ml

For the continual selection of this cell line, Geneticin (G418; Gibco) was added after every cell
passage at a concentration of 500 pg/mL. MC38 cellsweragceltd i n Dul beccods Mo
Medium (DMEM; Gibco) supplemented with 2 mMglutamine, 0.1 mM nosssential amino

acids (Cellgro), 10 mM HEPES (Invitrogen), 1 mM sodium pyruvate, 10%ihactivated fetal

bovine serum (HFBS; Gibco), 100 U mi'penici | i n / " %te@omgcion (Gibto), and 50

png/mL gentamicin sulfate (Gibco). All cells lines were tested for Mycoplasma contamination and

kept in a humidified environment with 5% CO at 37 °C.

In Vitro Reporter Cell Assays

96-well plates (REF 65518@reiner BiocOne) were used for screening the DNA/polymer
complexes. Reporter cells were seeded at 50,000 cells/well in 100 pL media. When cells became
~ 80% confluent, treatments were administered in 100 pL PBS. Results were collected 24 hours
after treatrent. QuantiLuc™ and QuantBlue™ (InvivoGen) assays were performed on cell
supernatants foll owing manufacturer 6s i nstr L
guantified via plate readéBynergy H1 MultiMode Microplate Reader; Biotek)uminescence
measurements were performed using white, opdpiidm 96well plates (REF 655073; Greiner
Bio-One), and absorbance measurements were performed using standard, -clelirpbies
(REF 655180; Greiner Bi®ne). The signal for each sample concentrationdetermined using
3 biological replicates, each with 3 technical replicates. thein vitro IVIS assay with the
B16.F10 IFNLUC cells, black 96well plates (REF 6550985reiner BioeOne) were used, and

luminescence measurements were performed on an I\fitaull (PerkinElmerp minutes after
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the addition ofP i e r c-kuEiferiB, Monopotassium Salt (8829Fhermo Fisher Scientific)
reconstituted in PBS, such that the final concentration-lciderin was 150 ug/mLThein vitro

IVIS experiment included 3 biological replicates without technical replicates. All reporter cell
measurements were normalized by subtracting the average value ofteeR®8 negative control

group. All bellshaped dose response curves were truncatiiatplateau. The Egand 1Go

values were calculated for each of the dose responses using curve fitting analysis in the GraphPad

Prism software.

In Vitro Cellular Uptake Study

DC2.4 cells were seeded in-2ll plates(REF 665180; Greiner Bi®ne)at 4x 1
cells/well and allowed to adhere overnight. Treatments of either PBS, DNRDE) Cy5DNA,
Cy5-DNA / D-PDB, NIR-D-PDB, or DNA / NIRD-PDB were administered to the cells for 4
hours at 37 °C with 5% CODoses were set at 45 nM DNAg( theoreticalECso value for
NanolSD in RAWDual cells normalized to surface area of the tissue culture area on-ied| 12
plate) and/or the corresponding concentration of polymer for an N/P charge ratio of 4. Following
incubation, cells were trypsinized, washed, eeglispended with flow cytometry staining buffer
(FACS buffer) {.e. PBS + 2% FBS) supplemented with 1 pg/mL DAPI. Cells were then analyzed
using an Amnis CellStream Luminex flow cytometer. Each treatment was performed with
technical replicates. Cellularptake was also analyzed at 24 hours post treatment, and similar

results were observeddta not showi

In Vitro BMDC Maturation Study

Bone marrow cells were harvested from femurs and tibias-®fwiekold female
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C57BL/6J mice by flushing them wittold PBS. Cells were centrifuged for 5 minutes at 450 x g
and resuspended in complete BMDC culture meiceaRPMI 1640 medium supplemented with

10% HI FBS, 1% PeiStrep {.e. 100 U/mL penicillin and 100 pg/mL streptomycird mM L-
glutamine, 10 mM HEPESL mM sodium pyruvate, Ix nems s ent i al ami no aci
mercaptoethanol,and20ng/mL&ISF) . The cell suspension was p
cell strainer (22363548, FisherbrdMgd Thermo Fisher Scientifichnd the cells were then seeded

in 100x15 mm nostissueculturetreated petri dishes (REF 351029; Corning) and incubated at 37
°C with 5% CQ. Fresh complete BMDC culture media was added on days 3, 5, and 7. On day 8,
the percentage of CD1%cells (.e. BMDCs) was confirmed to be greatbah 80% as measured

with by flow cytometry using artCD11cFITC (Clone N418; BioLegend), and the BMDCs were
then seeded in ¥®ell plates(REF 665180; Greiner Bi®ne)at 6 x 10 cells/well. Treatments of

PBS, 45 nM phosphorothioatapped 98P dsDNA (.e. DNA), 2 uM MPLA, and 45 nM
NanolSD (.e.theoretical EGo value for NanolSD in RAWDual cells normalized to surface area

of the tissue culture area on thew@ll plate) were administered to the BMDCs for 24 hours at 37

°C with 5% CQ. Following incubabn, cells were scrapped, washed with FACs buffer, incubated
with Fc-block (anttCD16/CD32, Clone 2.4G2; Tonbo) for 15 minutes at 4 °C, and then stained
with antibodies against the markers of DC activation, -@G86-PE/Cy7 (Clone GLi;
BioLegend) and atMMHC-II-APC/Cy7 (Clone M5.114.15.2; BioLegend) for 1 hour at 4 °C. Cells
were then washed 2x in FACS buffer, resuspended using FACS buffer supplemented with 1 pg/mL
DAPI, and analyzed using an Amnis CellStream Luminex flow cytometer. Each treatment was
performed with4 technical replicates, and the experiment was conducted 3 times with similar

results.

10¢



In Vivo Imaging Experiments

All in vivo imaging was performed on the IVIS Lumina Ill (PerkinElmer). Mice were
anesthetized with isoflurane gas and shavedrat the injection site as necessary. Fomalivo
retention experiments, fluorescence was recorded longitudinally as indicated, and corresponding
fluorophorespecific filter pairs were used. For the subcutaneous retention st@&dwegkold
CD-1 mice(Charles River Laboratories) were administered a single 100 uL subcutaneous injection
of either PBS, CyDNA, Cy5-DNA / D-PDB, NIR-D-PDB, or DNA / NIRD-PDB on each rear
flank. Individual uncomplexed fluorescent agents were administered on the leftffidmakmice,
and the complexes at an N/P charge ratio of 4 with the indicated fluorescent agent were
administered on the right flank of the mice. Each treatment contained 2 ug DNA and/or the
corresponding amount of polymer for an N/P charge ratio of 4hEantratumoral retention study,

6-8 weekold BALB/c mice (The Jackson Laboratory) were orthotopically inoculated with 4T1
tumors by injecting 1 x Xxells suspended in 100 pL of a 1:1 mixture of PBS and Type 2 Cultrex
Basement Membrane Extract (358@5-02; R&D Systems) into the left inguinal mammary fat
pad. When tumors were ~ 100 frthe mice were administered a single 100 pL intratumoral
injection of either PBS, Cyfabeled phosphorothioatapped 98BP dsDNA {.e. Cy5-DNA), or
Cy5-DNA / D-PDB. Each treatment contained 2 pg DNA and/or the corresponding amount of
polymer for an N/P charge ratio of 4.

For thein vivo IFN activity experiment, @8 weekold C57BL/6 mice (The Jackson
Laboratory) were inoculated with B16.F10 HENUC tumors by subcutaneously injecting 1 ¥ 10
cells suspended in 100 pL of PBS into the rear right flank. When tumors were ~ 1)Qh@am
mice wae administered a single 100 pL intratumoral injection of either PBS or NanolISD at a 2

Hg DNA dose. Luminescence was recorded at set time paiutd,(4, 8, 12, and 24 hours). For



each timepoint, the mice were administered a dorsal subcutaneous I§8qtiom of 30 mg/mL
Pi e r c-kuEiferiB, Monopotassium Salt (8829Fhermo Fisher Scientific) reconstituted in

PBS, and a luminescence image was captured 15 minutes thereafter.

Quantitative RT-PCR and NanoString Analysis

6-8 weekold C57BL/6 mice (The &kson Laboratory) were inoculated with B16.F10
tumors by subcutaneously injecting 1 ¥ télls suspended in 100 pL of PBS into the rear right
flank. When tumors were ~ 200 Minthe mice were administered a single 100 pL intratumoral
injection of either PB, D-PDB, or NanolSD at a 2 pg DNA dose. 6 hours after the intratumoral
injection, mice were euthanized and tumors were harvested. Tumors were then homogenized using
TissueLyser Il (Qiagen), and tumor RNA was isolated using the RNeasy® Plus Mini KitiiQiage

For the gPCR analysis of gene expression,
by an iScript cDNA synthesiskit(BBad) f ol |l owing the manufacture
was conducted on the generated cDNA using af&id CFX Connect Redilme System, with the
threshold cycle number determined by #lad CFX manager software V.3.0. The following
TagMan gene expression kits (Thermo Fisher Sc
instructions: mousdfnbl (MmM00439552_s1); mouséxcll0 (Mm00445235_ m1l); mousénf
(Mm00443258 _m1); moudé (MmO00446190_m1l); moudepib (Mm00478295 m1l). Reactions
for each gene were performed in technical duplicate for ten biological samples per treatment group,
and the threshold cycle numbers were avedagsene expression was normalized to the house
keeping genePpib and then normalized to the PBS treatment values using%ftér@ethod of
analysis.

For the NanoString analysis of gene expression, 100 ng of RNA isolated from tumor tissue
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was hybridizedo a myeloid panel of targspecific fluorescent barcodes. The hybridized samples
were analyzed on the NanoString nCounter MAX Analysis system. Subsequent data processing

was performed using the NanoString nSolver data analysis software.

In Vivo Tumor Th erapy Experiments

6-8 weekold C57BL/6 mice (The Jackson Laboratory) were inoculated with @A,
B16.F10, or MC38 tumors by subcutaneously injecting 18c#ls suspended in 100 uL of PBS
into the rear right flank. When tumors were ~ 50 inthe mice vere given four 100 pL
intratumoral injections administeregBd with treatments of either PBS,-BDB, CpG DNA (.e.
ODN 1826), or NanolSD at a 2 ug DNA dose. For the therapy study with ICB, certain mice were
also given four 100 pL intraperitoneal injectioms the same days as the intratumoral treatments
(i.e. administeredq3d) with a treatment of the monoclonal antibodies, -8l (RMP114,
BE0146; Bio X Cell) and aMCTLA-4 (9d9, BE0164; Bio X Cell). Tumor volume, total murine
mass, and murine welleing were recordedqodfor the duration of the study. The study endpoint

for maximum tumor volumei.g. survival) was 1500 mfn

Flow Cytometry

6-8 weekold C57BL/6 mice (The Jackson Laboratory) were inoculated with B16.F10
tumors bysubcutaneously injecting 1 x 46ells suspended in 100 L of PBS into the rear right
flank. When tumors were ~ 50 ninthe mice were given three 100 pL intratumoral injections
administeredy3d with treatments of either PBS or NanolSD at a 2 ug DNA dd8énodirs after
the final intratumoral injection, mice were euthanized and tumors were harvested. The tumors were

then mechanically dissociated with an OctoMAC



ml 71 Deoxyribonucl ease nl 7T(QAWoQotlhlianggetnoans)e alnldl

5(

RP MI 1640 media for 30 minutes at 37 UC. The

sterile cell strainer (22363548; FisherbrhdThermo Fisher Scientificand treated with ACK
Lysing Buffer (Gibco).

The remining tumor cells were washed and diluted to a concentration of 1cell§f mL
in FACS buffersupplemented with 50 nM dasatingnd the cell suspension was aliquoted into a
96-well plate(REF 655180; Greiner Bi®ne).100 ul was add to each well withd number of
wells filled corresponding to the number of flow cytometry tests to be performed. After another
wash with FACS buffesupplemented with 50 nM dasatintbe plated cells were incubated with
Fc-block (anttCD16/CD32, Clone 2.4G2; Tonbo) for iinutes at 4 °C. The relevant fluorescent
antibodies were then added for each flow cytometry test, and the cells were incubated for 45
minutes at 4 °C while protected from light. Cells were washed twice, suspended in FACS buffer
supplemented with 1 ug/mLAPI, and then analyzed using d&ser LSRII flow cytometer (BD).

The samples were stained with the fluorescent antibodies of either a myeloid panel or T
cell panelThe following antibodies were used for the myeloid pasekCD45.2APC (260454
U025; Tonbo),anttCD11bPerCpCy5.5 (550993; BD BioSciencesgntrNK-1.1-PE (108707;
BioLegend), antiF4/80PE/Cy7 (123113; BiolLegend),anttMHC-II-APC/Cy7 (107628;
BioLegend),anttCD11cPE/Cy5 (117316; BioLegendntiLy-6G-A488 (127625; BioLegend),
andantiLy-6C-BV605 (128035; BioLegend)he following antibodies were used for the T cell
panel:anttCD45.2APC (200454U025; Tonbo)antrCD3ePE/Cy7 (552774; BD BioSciences),
and anttCD8aPE/Cy5 (100710; BioLegend). DAPI was used to discriminate live vetsad
cells. Representative gating for each panel can be found in the Supplementary Information

(Supplementary Figure®\.S13and A.S14.
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Ethics Statement

All animal experiments were reviewed and approved by the Vanderbilt University
Institutional Animal Care and Use Committee (IACUC), and all surgical and experimental
procedures were performed in accordance with the regulations and guidelines of the Vanderbilt
University IACUC. All mice were maintained at the animal facilities of bdt University

under pathogefree conditions.

Statistical Analysis

The significance for each experiment was determined as indicated in the corresponding figure
caption. Statistical analyses were performed using GraphPad Prism software, versiohhé.Oc.
plotted values represent the experimental means, and the error bars represent one standard
deviation (SD), except for those in the tumor growth plots, which represent one standard error of

the mean (SEM). *** p < 0.0001, *** p < 0.005, **p < 0.01, *90.05.ns, not significant.

111



CHAPTER 1V

ENDOGENOUSALU RNA

Text for Chapter |V is adapted from:
Garland KM, Tossberg J, Aune Wilson JT. Repurposingendogenous\lu RNA
for Canceimmunotherapyln Preparation.(2021).
Abstract
Mammalian cells can identify invading pathogens as well as cellular malfurtietaungh
the detection of exogenous pathogkamived RNA or mislocalized cellular RNASuch RNA
recognitioncan galvaniz innate immunity for a stimuluspecific responséhat s coordinated
through the activity of intracellular signaling pathways. It has recently been discovered that
elevatedFN-1 expression in circulating leukocytes of patients with relapsingttiaghmultiple
sclerosis(RRMS) is at least partly attributabie an increased presence of endogenous deuble
stranded Alu RNAwhich was found to concomitantly activate multiple RNénsing pathways.
Moreover, a specific Alu RNA associated with the tFBlgnature of RRMS was identified as an
exceptionally potent infa immune agonistHere, that immunostimulatoryAlu RNA is
repurposed toward the treatment of cancer. The Alu RNA was formulated with an endosomolytic
polymer to enable intracellular delivery of the RNA and targeted activation of-§a8¥8ing
pathways. TheAlu RNA / polymer complexes fored colloidally stable nanoparticles that
exhibitedimmunostimulatory activity bot vitro andin vivo. Lastly, the therapeutic potential of
Alu RNA for the treatment of canceras demonstrated by attenuated tumor growth@olonged

survival in the B16.F10 murine melanoma tumor model.



Introduction

RNA sensing is a prominent defense mechanism employetbymaliarcells to maintain
homeostasi§! 422 Theatnormalaccumulation of RNA atertainlocations in and around a cell is
a distinguishing feature of many forms of cellular distresg.(microbial infection, cellular
malfunction,etc)??. Accordingly, cells have evolved to express a class of pattern recognition
receptors (PRRs) known as RM&nsingPRRs which can detedi.e. bind) and respond tsuch
irregularitiesby activating innate immunify®43L. Notably, each RNAsensing PRR is associated
with their own recognition requirement®.g. RNA sequence, RNA morplagy, RNA
localization,etc) and their own downstream effectghich can also depend on cellular context
Once bound to RNAthe RNA-sensing PRRs trigger intracellular signaling cascades that direct
the gae expression of the affected cell and ultimately shape an immune regpanstimulus
specific mannerThus, PRRs have great potential as therapeutic targets for combating a large
variety of diseases, since they can be manipulatecttwestrate host imune responst®.

Under normal conditions, cellular RNAend to be immunologically inert and avoid
spurious innate immune activation, since REénsingPRRscan largely discriminate against
themon the basis of h e RIMBeflutar localization composition, andocal concentration
Furthermore, cellular RNAs areaturally processed in a variety of ways &vade immune
recognition(e.g.5Ngapping, Ato-1 editing, etc). Certain diseases can however affect the natural
processing of ellular RNA and thereby trigger the activation of RidAnsing PRRdndeed,
has recently been discovereg Aune and colleagudbat circulating leukocytes of patients with
relapsing remitting multiple sclerosiRRMS) exhibit elevated IFNI levels accompanied bgn
increasedoresenceof doublestranded Alu RNAderived from endogenouslu elementsin the

human genonté. They determined that, while inactive in its edited sirsgtanded form, thalu
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RNA can behighly immunostimulatoryn its unedited doubtstranded formTheauthorssuggest
thatthe observedncreasan doublestrande Alu RNA couldlikely be attributed to loss of £0-

| editing, since such postanscriptional modification can destabilize dsRNA structtifesn

support of theiwvorking theory, theyconducted a subsequent study aodfirmedthat Alu RNAs
in RRMS patients do indeed experience widespread losstofl &diting?®. Furthermoreusing
RNA-seq analysisthey identified several AIURNAS present at high levels in leukocytesgth

elevated levels of Ao-I editing inhedthy patientselative toRRMS patients.

Of thoseendogenouf\lu RNAs associated witiRRMS, one particuladoublestranded
RNA of the AluJb clas¢chrl7:76,418,582 76,418,8560n theGrCh37/ hgl9 assemb)ywas
foundto beexceptionallyimmunostimulatoryas determined byraporter celscreerfor both IFN
| and NFe B a c¢®® Using tvarious KO reporter cells, they also determined that the
immunostimulatory capacity of the AlnRNA is primarily derived from its abilitya activate
both RIGI and TLR3 (.e. RNA-sensing PRRs). Notably, their results suggest that MDAS (
anotheRNA-s ensing PRR) is not involved in the reco
establishednvolvement in the detection of other Alu RNAs. The lack of a response from MDAS5
might be attributable to the relatively short length of the BIRNA (i.e. 274 nt), since longer
doublestranded RNAmoleculeg(i.e. greater than 308P) are required for MDA5 activatich.

The cytokine signatures from RilGand TLR3typically involve type | IFNs and other
proinflammatory cytokines. Accordingly, while systemic inflammatitnom upregulated
endogenous Alu RNA may be detrimental for RRMS patients, localized inflammation induced by
therapeutic delivery of Alu RNA could be beneficial tbe treatment of cancer the context of
promoting the cancemmunity-cycle Indeed, ther are several immunostimulatory RNA

therapeuticghat activate either the RtGor TLR3 pathwaysiow in preclinical and/or clinical
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development for the treatment of solid tumor carfé¢&’sNotably, Aune and colleaguesave
demonstrate that Alub RNA canoutperform poly(IC) RNAi(e. TLR3 agpnist) in terms oboth
IFN-I andNF-aB activity?®, which maysuggesthatthe combined activation of RIGand TLR3
canenable heightenadnate immune activation relative to the discrete activation of either PRR
Here we haverepurposed endogenous Alu RNA kBngineeing a nucleic acid
immunotherapeuticAluJb RNA (Left Arm) / D-PDB, which carefficiently targetRNA-sensing
PRRsand exploitRNA sensingn the context of local cancer immunotherdpigure 4.1). The
well-establibied, endosomolytic polymer, poly[(DMAEMA)lock(PAA-co-DMAEMA -co-
BMA)] (D-PDB)" 8 27.28. 37384 ywas used to electrostatically compldaublestranded Aldb RNA
into environmentally responsive nanoparticles capable of achieviragellulardelivery of the
noncoding, immunostimulatorxlu RNA. The RNA/polymer nanoparticlesvere characterized
for naroparticle stability, transfection efficiendfsN-I activity, and antitumor immunityNotably,
the direct injection ofhe nanoparticle formulationto murine tumors triggedthe production of
proinflammatory cytokinethat are known to enhantiee tumorinfiltration of cancerkilling NK
cells and T lymphocytes. Finally, the therapeutic efficacy of Nanol@® demonstrated ithe

B16.F10 murine melanontamor model by attenuated tumor grovatidprolongedsurvival
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Figure 4.1. Repurposingeandogenous Alu RNA for Cancer Immunotheralpymunostimulatory

Alu RNA has beeidentifiedin circulating leukocytes gdatients withrelapsing remitting multiple
sclerosis In vitro transcription of synthetic Alu element DNA can reproduce the
immunostimuatory left arm othe Alu RNA, which can then b®rmulated and delivered with an
endosomolytic polymefior enhanced cytosolic delivery and PRR activation. Activation of innate
immunity via Alu RNA represents a promisistyategy to stimulate antitumor inumity with

endogenous immunostimulants.
Results and Discussion
Engineering Alu RNA / Polymer Nanopatrticles to Simulate Natural Alu RNA Expression
In their recent work, Aune and colleageesamined structurunction relationships of the

highly immunostimulatory AluJb RNZ&. Since Alu RNAs tend to form two intramolecular
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doublestranded structures€. left and right arms) separated by an intermediate linker sequence,
theysought to determine the importance of eachiarmagardo innate immune activatiéh Each

arm was individuallyin vitro transcribed and then screeneith the reporter cells for IFNl and
NF-aB activity. It was determinedhat the left arm of the AluJb RNA conserved tame
immunostimulatory capaci@gs the full sequencehile the right arm wasompletely inactiveAs

a result of this finding and coupled with the fact thladrter nucleic acid sequences are generally
easer to load and deliverith nanocarriersthe AluJb RNA (Left Arm) wasitilized for all of the

in vitro andin vivo experimentsnvestigating the therapeutpplicationof endogenous Alu RNA.

To explore whether endogenous ARNA could be repurposed tdiraulate antitumor
immunity, immunostimulatory Alld RNA (Left Arm) wasin vitro transcribed, and the well
established endosomolytic polymerADB was employed to medidtdéracellulardelivery of the
innate immune activatoF{gure 4.1). The synthetic Alud RNA (Left Arm) was complexed with
D-PDB at various N/P charge rati¢ise. molar amount of protonated amines on the polymer
corona / molar amount of phosphates on the nucleic ackblone)o identify the ratio at which
Aludb RNA (Left Arm) is fully loaded onto the polymeric micelles. Gel electrophoresis was
performed on the resultant complexEBgy(ire 4.2-A), and complete complexation of ARNA
(Left Arm) and DPDB was shown toccur at an N/P charge ratio of 4, which is consistent with
previous findings for EPDB and other nucleic aciti$® At an N/P charge ratio of 4, AlhRNA
(Left Arm) / D-PDB also demonstrated discrete particle packaging with a uniform particle size
distribution centered at ~ 100 nm in diametgg(re 4.2-B). The lack of particle aggregation also
agrees witha previous repof#4 which indicate that D-PDB and other similarly sized nucleic
acids aggregate only at N/P charge ratios less than 4. Accordingly, an N/P charge ratio was used

for all subsequent experiments involving AAWRNA (Left Arm) / D-PDB complexes.



In Vitro Dose Response of AluJb Left Arm / D-PDB
309 AluJB Half Form / D-PDB (N/P=4)
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Figure 4.2.In vitro characterization of AIWRNA (Left Arm)/ D-PDB. (A) Agarose gel of Alud

RNA (Left Arm) with and without various amounts of®D B , as indicatThked. 1
Trackl™ 100 bp DNA Ladder was used for referen(®) DLS analysis ofAluJb RNA (Left

Arm) / D-PDB relative to BPDB. (C) RAW-Dual and THP4Dual reporter cell assays of AluJ

RNA (Left Arm)/ D-PDB. Curves are normalized to their respective maximum value.

The immunostimulatory activity of AllKJRNA (Left Arm)/ D-PDB was then investigated
usingin vitro activity assaysAluJb RNA (Left Arm)/ D-PDB complexes were administered to
IFN-I reporter cel thatstably express a secreted luciferase downstream of intei$éronlated
response elementand 24 hours &dr treatment, the relative IFNproduction was measured via
luminescenceKigure 4.2-C). In both murine RAWDual macrophages and human THPdal
monocytes, the AIWRNA (Left Arm) / D-PDB complexes demonstrated potent induction of
cellular IFN-I producton with half-maximal effective concentration (EC50) valuwés.3 nM and
8.3 nM, respectively. These results are in stark contrast to the lack of immunostimulatory activity
demonstrateth vitro by freely administered AllWJRNA (Left Arm) (Figures 66-C and 6.7A).

Thus, DPDB was indeed able to simulatee oveexpression of immunostimulatory Alu RNA

associated with RRM8®a intracellulardelivery of Alub RNA (Left Arm).
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Alu RNA / Polymer Nanoparticles Stimulate Innate Immunity
To determine whether the complexes conserved their immunostimulatory activity when
administeredn vivo, AluJb RNA (Left Arm) / D-PDB was injected intratumorallg3din mice
bearing B16.F10 tumors, and 6 hours after the second treatment, tumor RNA was collected for
gPCR analysis Higure 4.3A). Gene expression changes were quantifiedor various
proinflammatory cytokines that are known to be associated withlRiGivation {.e. Ifnbl,
Cxcl1Q 116, and Tnf). Intratumorally administered AIBJRNA (Left Arm) / D-PDB elicited
significantly increased gene expressiotfioibl, Cxcl1Q andTnfin the TME. The local expression
of 116 was also partially elevated relative to RB&ated tumors (p = 0.0861). Thus, AARNA
(Left Arm) / D-PDB could indeed stimulate innate immunity at the l@fegenomic regulation
Subsequently, B16.F10 IFDNUC tumors, which express luciferase upon liduction,
were used to confirm proteomic expression of IFN in the TME and to study the kinetics of
signaling in response to intratumorally administered BIRNA (Left Arm) / D-PDB (Figures
4.3B and 4.3C). At various timepoints following treatment, miceere anesthetized
administered Eluciferin, and imaged to quantify luminescent signal. The results demonstrate that
AluJb RNA (Left Arm)/ D-PDB can indeed stimulate significant IFN production with peak signal

detected at 124 hours after treatment.
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Figure 4.3. Effects of Alub RNA (Left Arm) / D-PDB on the immune profile of the tumor
microenvironmeh (A) Quantitative polymerase chain reaction (QPCR) analysis of B16.F10
tumorstreatedintratumoraly with 100 uL of either PBS or AlllJRNA (Left Arm)/ D-PDB at a

dose

with 100 pL of either PBS or AllbJRNA (Left Arm)/ D-PDB at

corr es p dlA dumorg wete darvested @ holRs after the second intratumoral
injection of a q3d dosing regimenAn unpaired test wsa used for statistical analysiéB)
Representative luminescence IVIS images evaluating tumor IFN activity in C57BL/6J mice
bearingB16.FIOIFNL UC t umor s .
either PBS or Alud RNA (Left Arm)/ D-P DB
Longitudinal analysis of IFN activity followingreatment. A tweway ANOVA with Sidak test
was used for statistical analys{®) NanoString analysis of B16.Fl@nhorstreatedntratumoraly
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NanoString gene expression analysis wesn performed tofurther characterize the
immune profile of the TME following AIUWJRNA (Left Arm)/ D-PDB treatmenfFigure 4.3-D).
Tumor RNA was collected 6 hours after the second intratumoral treatmentj®d dosing
regimen, and the expression of 48 genes was quantified using a NanoString panel for T cell
activity. For most genes in the panel, the difference inesgion following Alub RNA (Left
Arm) / D-PDB treatmenivas not statistically significant relative to PB®ated tumors. However,
AluJdb RNA (Left Arm)/ D-PDB did induce significant upregulation Gtr5 andGzmbas well as
significant downregulation a€d4andll-13. Thus, some changes in T cell activity are detectable
in response to Al RNA (Left Arm) / D-PDB treatment. Additionally, differences in the
expression of several genes were approaching significarobeging Ccl2 (p = 0.1211)Ccl3 (p
= 0.1583),Ccr7 (p = 0.1757)0x40(p = 0.1508)Pd-1 (p = 0.0690)PdH-1 (p = 0.1249)Tim3(p
=0.1871), andPtprc(p = 0.1418) for upregulation as well@sr4 (p = 0.1932)Ccr8(p = 0.1887),
Cd30(p = 0.1903)Cded (p = 0.1697)Cxcr5(p = 0.0502))1-12 (p = 0.0651)J1-17 (p = 0.181),
andRorgammaip = 0.0778) for downregulatiomVhile more T cell associated gene expression
changes were expected to follow such innate immune activation, the minimal changesllin T
associated gene expression relative to that of PBS treatment may be explained by temporal
dependencies. Indeed, the tumor infiltration of T cells has been shown to peak at 48 hours post

IFN-I treatment in various murine models.
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Figure 4.4.AluJb RNA (Left Arm) / D-PDB exerts antitumceffecs. (A) Tumor growth plot for
B16. F10 tumors intratumorally BRNA@dtadm)/B-i t h 10
PDB at a dose cor rnnedq greaidrper featment gloupgegtmeris ere
administeredhreetimes q3d as indicatedTumor growth curves were truncated to the first day
that amouse in any treatment group reached the study emdpgotwo-way ANOVA with Sidak
test was used for statistical analy$i®) Total mouse weighdver time for the mice with B1610
tumors A two-way ANOVA with Sidak test was used for statistical analy€i3 KaplanMeier
survival curve for B16.F10 tumotsr eat ed wi t h 100 kRNAQLEtAe)/t her P
D-PDB. Log rank (MantelCox) test was used for statistical analysis
Alu RNA / Polymer Nanoparticles Exert Antitumor Effects

A cancer therapy study was conducted in the B16.F10 mo@i@noma tumor model to
determine the therapeutic effect of ARNA (Left Arm) / D-PDB (Figure 4.4). Mice bearing
B16.F10 murine melanoma tumors were intratumorally treated &itirer PBS or Alud RNA
(Left Arm) / D-PDB for a total of three injectionglainisteredq3d Relative to PBS treatment,
AluJb RNA (Left Arm) / D-PDB treatment significantly restricted tumor growitiglire 4.4-A),
prolonged survival Kigure 4.4B), and was weltolerated by the mice as demonstrated by
insignificantdifferences in total murine weight over tim@dure 4.4-C). Thus, endogenous Alu

RNA can indeed be repurposed in the form of AIRNA (Left Arm) / D-PDB to stimulate

antitumor immunity and serve as a potent cancer immunotherapeutic.



Conclusion
Endogenas doublestranded Alu RNA was repurposed as a novel cancer immunotherapy

from its establishedole in RRMSrelated inflammation. Specifically, immunostimulatory AluJb
RNA (Left Arm) was formulated with the endosomolytic polymersPDB to enable the
intracellular delivery of RNA and targeted activation of RMAnsing PRRs. At an N/P charge
ratio of 4, AluJb RNA (Left Arm) / BPDB complexes exhibited high RNA loading and formed
uniform nanoparticles.g. approximately 100 nm in diameter) that could poteadiivate innate
immune signaling pathways as determined witlvitro reporter cell assays. Upon intratumoral
injection, AluJb RNA (Left Arm) / BPDB inducel changes in the expression of key immune
related geneswhich altered the immune profile of themor microenvironmerstand relayed
antitumor effects in the B16.F10 murine melanoma tumor madaeihe best of our knowledge,
this work is the first to demonstrate that immunostimulatory Alu RNAs catihdrapeutically

delivered withanendosomolytic polymeto stimulateantitumor immune responses.

Materials and Methods

Materials

D-PDB was synthesized vieeversible additioffragmentation chain transfer (RAFT)
polymerizationas previously describédAlu RNA was reversdranscribed using synthetic Alu
DNA templategIDT DNA) and MEGAscript SP6 (Invitrogen) in overnight reactions at°G7
Reaction products weteeated with Turbo DNase, precipitated with lithium chloyaled purified
usingtheRNeasy MiniElute Cleanup Kit (Qiagemlu RNAs were not treated with phosphatases
t o r e mpbogphatemMupAbsorbance was determined at 260 nm to quantitate yi@kls.

electrophoresis was performed to ensure that the Alu RNAs were of the predicted size.
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Nanoparticle Formulation

Lyophilized DPDB was dissolved in ethanol to 50 mg/mL. Aliquots of this polymer stock
were then diluted in phosphate buffer (pH 7.0, 100 mM) to a concentration of 10 mg/mL, allowing
the polymer chains to sedfssemble into micelles. The 10 mg/mL polymeluson was then
concentrated into PBS (pH 7.4; Gibco) through 4 cycles of centrifugal filtration with Amicon®
Ultra 0.5 mL Centrifugal Filter Units (Ultracel® 3K, Regenerated Cellulose 3,000 NMWL,;
MilliporeSigma) f ol |l owi ngfinaheoncentraded polymee solaten i n st
was collected, and an aliquot was taken to determine the polymer concentration relative to a
standard curve. Using%-well plate (REF 655180; Greiner Bfdone) the polymer concentration
was calculated from UWis spetroscopy (Synergy H1 MuHilode Microplate Reader; Biotek)
based on absorbance at 310 nm. The micelle solution was diluted to 1 mg/mL with PBS and passed
through a 0.2 pum Whatman Puradisc polyethersulfone sterile filter (WHA67801302;
MilliporeSigma). A ixed amount of the steriléitered polymer stock was then added to an
agueous solution containing a set amount of nucleic acid, which corresponded to the desired N/P
charge ratio. Again, note that the first block of the diblock copolymer composed of
poly(DMAEMA) is estimated to exhibit 50% protonation at pH 7.4 for the purposes of determining
N/P ratios. Upon the addition of the polymer micelles to the nucleic acid, the solution was rapidly
mixed by pipetting and then incubated at room temperature forirites to allow for complete

electrostatic complexation.

Nanoparticle Physical Characterization

The tydrodynamic size of the polymeric micelles aRdlA/polymer complexes was

124



determinedvia digital light scattering (DLS) using the Zetasizer Nano ZS insgninMalvern
Panalytical). Polymer concentrations were normalized to 1 mg/mthasdmples werevaluated
at physiological pH 7.4.

2% agarose gels were prepared by dissolving 3 grams of UltrdPAgarose powder
(16500100; Thermo Fisher Scientific) in 150 mL of 1x TAE buffer that had been diluted with
deionized HO from a 10x TAE buffer stock (REF 46010CM; Corning). The mixture was
microwaved in 30 second intervals until the agarose was fully ldessoThe solution was then
cast into a gelRNA and RNA/polymer complexes were then preparétie Trackit™ 100 bp
DNA Ladder (Cat. No. 10488058; Thermo Fisher Scientifigs used for reference. Gel
electrophoresis was performed at 120 V for 45 minuBeds were subsequently stained with
SYBR Safe dye (83102; Thermo Fisher Scientific) for 30 minutes while protected from light and

then imaged with a Digital ChemiDoc MP system {Biad).

Cell Lines

All cell lines were maintained according to suppliee@pcations and/or technical data
sheets. RAWD u a | cells (I nvivoGen) were <cul tured
(DMEM; Gibco) supplemented with 2 mMglutamine, 4.5 g/L glucose, 10% hemactivated
fetal bovine serum (HFBS; Gibco), 100 U mil'pe ni c i | | i f stteptdn@din (Gibgo), ml
and 100 pg/mL Normocin. For the continual selection of these cell lines, Zeocin was added on
every other cell passage at a concentration of 200 pg/mL. THRL cells (InvivoGen) were
cultured in Roswell Park Emorial Institute (RPMI) 1640 Medium (Gibco) supplemented with 2
mM L-glutamine, 25 mM HEPES, 10% heaactivated fetal bovine serum (#BS; Gibco), 100

Umlipeni ci | | iAstreptomy€ndGilecag), amall100 pg/mL Normocin. For the continual
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seletgion of these cell lines, Blasticidin and Zeocin were added after every cell passage at
concentrations of 10 pg/mL and 100 pg/mL, respectively. B16.F10 cells (ATCC) were cultured in

Dul beccobés Modi fied Eagle Medi um {gihtdnnm4.5 Gi bc o
g/L glucose, 10% heanactivated fetal bovine serum (##fBS; Gibco), and 100 U mkpenicillin

/ 100 " 'stepptommyjcin (Gibco). B16.FI0 IFNUC cel |l s were cultur e
Modified Eagle Medium (DMEM; Gibco) supplemented with 2 miglutamine, 4.5 g/L glucose,

10% heatnactivated fetal bovine serum (HfBS; Gibco),and 100U Mmlpeni ci | | i'd / 10 (
streptomycin (Gibco). Puromycin was added after every cell passage at a concentration of 10
pg/mL. All cells lines were tested fdvlycoplasma contamination and kept in a humidified

environment with 5% CO at 37 °C.

In Vitro Reporter Cell Assays

96-well plates (REF 655180; Greiner Bi@ne) were used for screening REA/polymer
complexes. Reporter cells were seeded at 50,000 cells/well in 100 pL media. When cells became
~ 80% confluent, treatments were administered in 100 pL PBS. Results were collected 24 hours
after treatment.The QuantiLuc™ (InvivoGen) assay w@as peaformed on cell supernatants
foll owing manufacturerds instructions. Lumi ne
reader(Synergy H1 MultiMode Microplate Reader; Biotekl.uminescence measurements were
performed using white, opagim®ttom 96well plates (REF 655073; Greiner B@ne). The signal
for each sample concentration was determined using 3 biological replicates, each with 3 technical
replicates All reporter cell measurements were normalized by subtracting the average value of a
PBStreatednegative control group. All beBhaped dose response curves were truncated at their

plateau. The E& values were calculated for each of the dose responses using curve fitting analysis
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in the GraphPad Prism software.

In Vivo Imaging Experiments

Thein vivoIFN activity experiment, was performed on the IVIS Lumina lll (PerkinElmer).
6-8 weekold C57BL/6 mice (The Jackson Laboratowgre inoculated with B16.F10 IFNUC
tumors by subcutaneously injecting 1 ¥ tells suspended in 100 puL of PBS into ther néght
flank. When tumors were ~ 100 mpthe mice were administered a single 100 pL intratumoral
injection of either PBS oAluJb RNA (Left Arm) / D-PDB at a 2 ugRNA dose. Luminescence
was recorded at set time poini®(0, 6, 12, and 24ours). For each timepoint, the mice were
admini stered a dorsal subcut aneous-Ludferia, OL
Monopotassium Salt (88293hermo Fisher Scientific) reconstituted in PBS, and a luminescence
image was captured 15 minutes tlagter. Mice were anesthetized with isoflurane gas and shaved

as necessary

Quantitative RT-PCR and NanoString Analysis

6-8 weekold C57BL/6 mice (The Jackson Laboratory) were inoculated with B16.F10
tumors by subcutaneously injecting 1 ¥ tells suspended in 100 pL of PBS into the rear right
flank. When tumors were ~ 200 Mijnthe mice were administered a single 100 pL intratumoral
injection of either PB®r Alud RNA (Left Arm)/ D-PDB at a 2 ugRNA dose. 6 hours after the
intratumoral injetion, mice were euthanized and tumors were harvested. Tumors were then
homogenized using TissueLyser Il (Qiagen), and tumor RNA was isolated using the RNeasy®
Plus Mini Kit (Qiagen).

For the gPCR analysis of gene esepanserbedi on,



by an iScript cDNA synthesiskit(BBad) f ol |l owing the manufacture
was conducted on the generated cDNA using aRgid CFX Connect Redilme System, with the
threshold cycle number determined by #lad CFX managr software V.3.0. The following
TagMan gene expression kits (Thermo Fisher Sc
instructions: mousdfnbl (MmM00439552_s1); mouséxcl10 (Mm00445235_ ml); mousénf
(Mm00443258 _m1); moudés (MmO00446190_m1); wusePpib (Mm00478295 m1l). Reactions
for each gene were performed in technical duplicatatftaast dbiological samples per treatment
group, and the threshold cycle numbers were averaged. Gene expression was normalized to the
housekeeping gene?pib and then normalized to the PBS treatment values using’thniethod
of analysis.

For the NanoString analysis of gene expression, 100 ng of RNA isolated from tumor tissue
was hybridized to a myeloid panel of targgecific fluorescent barcodes.& hybridized samples
were analyzed on the NanoString nCounter MAX Analysis system. Subsequent data processing

was performed using the NanoString nSolver data analysis software.

In Vivo Tumor Therapy Experiments

6-8 weekold C57BL/6 mice (The Jackson Labtwry) were inoculated with B16.F10
tumors by subcutaneously injecting 1 ¥ télls suspended in 100 pL of PBS into the rear right
flank. When tumors were ~ 50 ninthe mice were givethree100 pL intratumoral injections
administeredj3dwith treatment®f either PBSr AluJo RNA (Left Arm)/D-PDB at a 2 uiRNA
dose.Tumor volume, total murine mass, and murine welhg were recordegbdfor the duration

of the study. The study endpoint for maximum tumor voluingequrvival) was 1500 m#n
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Ethics Statement

All animal experiments were reviewed and approved by the Vanderbilt University
Institutional Animal Care and Use Committee (IACUC), and all surgical and experimental
procedures were performed in accordance with the regulations and gsdefithe Vanderbilt
University IACUC. All mice were maintained at the animal facilities of Vanderbilt University

under pathogefree conditions.

Statistical Analysis

The significance for each experiment was determined as indicated in the corresponding
figure captionStatistical analyses were performed using GraphPad Prism software, version 7.0c.
The plotted values represent the experimental means, and the error bars represent one standard
deviation (SD), except for those in the tumor growth plots, wiephesent one standard error of

the mean (SEM). **** p < 0.0001, *** p < 0.005, **p < 0.01, * p < 0.0%s, not significant.



CHAPTER V

PLGA MICROPARTICLE DEPOTS

Text for Chapter V is adaptedfrom:

Garland KM, Sevimli S Kilchrist KV, Duvall CL, Cook RS Wilson JT.

Microparticle Depots for Controlled and Sustained Release of Endosomolytic

NanoparticlesCel. Mol. Bioengl12, 429442 (2019) PMID: 31719925

Abstract
Nucleic acids have gained recognition as promising immunomodulatorgptheics.

However, their potential is limited by several drug delivery barriers, and there is a need for
technologies that enhance intracellular delivery of nucleic acid drugs. Furthermore, controlled and
sustained release is a significant concern, agitietics and localization of immunomodulators
can influence resultant immune responses. Here, we describe the design and initial evaluation of
poly(lacticco-glycolic) acid (PLGA) microparticle (MP) depots for enhanced retention and
sustained release oh@osomolytic nanoparticles that enable the cytosolic delivery of nucleic
acids. Endosomolytic p[DMAEMA] 1okp-bl-[PAA0.3cO-DMAEMA 0.3-c0-BMA0.4]25kp  diblock
copolymers were synthesized by reversible addifiagmentation chain transfer polymerization.
Polymers were electrostatically complexed with nucleic acids and resultant nanoparticles (NPs)
were encapsulated in PLGA MPs. To modulate releasadésnammonium bicarbonate was added
as a porogen. Release profiles were quantifiredvitro and in vivo via quantification of
fluorescentlylabeled nucleic acid. Bioactivity of released NPs was assessed using small
interfering RNA (siRNA) targeting lucifese as a representative nucleic acid cargo. MPs were
incubated with luciferasexpressing 4T1 (4FLUC) breast cancer cella vitro or administered

intratumorally to 4TALUC breast tumors, and silencing via RNA interference was quantified via
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longitudinal luminescence imaging. Endosomolytic NPs complexed to siRNA were effectively
loaded into PLGA MPs and release kinetics could be modulatétto andin vivovia control of

MP porosity, with porous MPs exhibiting faster cargo release. In vitro, relebsdfom porous

MP depots enabled sustained luciferase knockdown in 4T1 breast cancer cells ovetag five
treatment period. Administered intratumorally, MPs prolonged the retention of nucleic acid within
the injected tumor, resulting in enhanced andasnied silencing of luciferase relative to a single
bolus administration of NPs at an equivalent dose. This work highlights the potential of PLGA MP
depots as a platform for local release of endosomolytic polymer NPs that enhance the cytosolic

delivery ofnucleic acid therapeutics.

A ) - B 2
) Microparticle Depot Local Cells ) Nanoparticle First Block Sacend Bisdi
provides sustained release endocytose nanoparticles enables cytosolic oligo micelle formation
of endosomolytic nanoparticles delivery of nucleic acid complexation & endosomal escape

R[(DMAEMA)}b{(PAA)-c-(BMA)-c-(DMAEMA)]Z
3 *&r *\f *\b
2 HO™O
N

7 N /\

Nonporous Microparticles Porous Microparticles

Figure 5.1. PLGA microparticle depots for controlled release of endosomolytic nanoparticles.
(A) PLGA MP depots mediate local nanopatrticle release and subsequent intracellular delivery of
nucleic acid to local cell population®) Structure and composition of the endosomolytic diblock
copolymers used for cytosolic nucleic acid delive(¢) Represetative scanning electron
microscopy (SEM) images of nonporous microparticles (left) and porous microparticles (right).
Scale: 3 um.
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Introduction

Nucleic acids have emerged as a promising class of immunotherapeutics with potential to
treat numerousliseases, including infections, inflammation, autoimmunity, and c&acgp440.
This broad and versatile class of biomacromolecular drugs can be leveraged to both activate and
suppress the immune system. Notably, shudrfering RNA (siRNA) can be utilized to
sekctively inhibit expression of specific immunoregulatory proteins through RNA interference
(RNAI)®: 435,436, 441, 4427 |]owing for precision tailoring of immune responses. Additionally, nucleic
acids that chemically or structurally mimic pathogenic genetic material can be harnessed to
activate the innate immune systemtasgeting various nucleic acid sensing pathways, which have
evolved to detect viral or bacterial invasiofi? 43%40.443 Nucleic acids have been widely explored
as adjuvants to bolster responses to vacdittesd more recently as cancer immunotherapeutics
that initiate inflammatory programs at tumor sites to stimulate antitumor imntdhit§2Despite
their immense promise as immunomodulators, the clinical advancement of nucleic acid
therapeutics has been relatively modest due to a multitude of challenges that hinder drug efficacy
and/or patient safg*46 447

Inefficient intracellular delivery is a significant barrier to efficacy that is shared across
virtually all types of nucleic acid therapeuficd? 4450 Nucleic acids do not passively diffuse
across the plasma membrane, are cleared rapidly after administration, and are endocytosed with
relatively low efficiency. Additionally, while severahmunostimulatory nucleic acide.g.CpG
DNA, poly(I:C)) act through receptors residing in endosomal membranes, a larger number must
access cytosolic targets to exert their immunoregulatory effects. This includes more common
classes of nucleic acid th@eutics that can be leveraged for immunotherapy, such as siRNA,

mMiRNA, and mRNA, but also an emerging family of immunostimulatory agents that engage



cytosolic pattern recognition receptors (PRRs), such asIRUDA-5, cGAS, and STING': 28
204 This pervasive challenge has led to the widespread development bétgymucleic acid
carriers that enhance cellular uptake and promote endosomal escape of associdté&dPeabym
group, and others, have recently utilized-m#dponsive, endosomolytmolymer nanoparticles
(NPs) to enhance the c¢cytosolic deliver-y and
triphosphate RNA!: 28 454, 455 These NPs are assembled using amphiphilic diblock copolymers
that selfassemble into micelles with @ationic dimethylaminoethyl methacrylate (DMAEMA)
corona for electrostatic complexation of nucleic acids, and -aegpbisive, endosomolytic core
comprising DMAEMA, butyl methacrylate (BMA), drpropylacrylic acid (PAA)Kigure 5.1-B)" 44
While highly efficient at cytosolic delivery, the cationic corona has restricted the use of such NPs to
local delivery applications, aluding tissue regeneration, vaccine delivery, and intratumoral cancer
immunotherapsp: 375 382,456

While systemic administration of nucleic acid therapeutics is necessary for many
applications, directed, local delivery circumvents critical systemic delivery barriers and ensures
sufficiently high doses reactarget tissues, while also reducing systemic side etfé¥ Indeed,
local delivery is commonly used, and often preferred, for many immunotherapeutics, the most
salient example being vaccines, which are delivered intradermally or intramus€éil&dpi/
Additionally, imageguided, direct injection into lymph nodes (intranodal), considered the
Acommand centerso of an i mmune r es 8 hRkally, i s
intratumoral injection of immunotherapeutics, including several differentefu@cids, has
become increasingly prevalent in recent clinical trials among substantial preclinical evidence that
local immunotherapy can generate systemic immunity capable of eliminating distal, untreated

tumors €.g.abscopal effect§’ 462 However, for nearly all of these applications, multiple, repeated
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injections are necessary to stimulate desired immwsponses and attendant therapeutic
activitiy.#63465 This requirement for multiple injections can pose a significant practical challenge
for both physicians and patients and, in some cases, may not be feasible. Additionally, the timing,
dose, and lodaation of immunomodulators plays a critical role in determining the magnitude and
phenotype of the resultant immune respéhsél® 46868 Yet locally administered
biomacromolecules, including nucleic acids, typically rapidly clear from the injection site, which
not only limits local bioavailability but can also result in systemic distribution with an increased
risk of toxicity*®3 464 469 These challenges have motivated the development of delivery
technologies for controlled and sustained release of nucleic acid immunotherdf¥itichese
drug delivery depots can be either injectable or implantsdaéfolds or microparticles, and are
typically composed of biodegradable materials that release cargo in a controlled and sustained
mannet’®. Depots can also be engineered to exhibit a wide variety of drug release profiles by
altering treir chemical and physical propertiés

The NP system used here has been previously used in sustained and controllable release
scaffolds aimed toward wound healing applicati®h¥? 47 Here, we describe an intratumorally
injectable nanoparticlen-microparticle strategy for controlled, localized delivery of cytosolieally
active nucleic acid therapeutidoly(lacticco-glycolic) (PLGA) microparticle (MP) depots were
designed for sustained release of endosomolytic NPs that can mediate the cytosolic delivery of
various nucleic acids, exemplified here by intratumoral delivery of siRNA. Through enhanced
retenton, controlled and sustained release, and prolonged functionality of encapsulated NPs, this
approach offers a simple and potentially universally applicable strategy for achieving enhanced

spatial and temporal control of nucleic acid delivery for appboatin immunotherapy.
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Figure 5.2. In vitro characterization of PLGA microparticle depdis) Particle size distribution

of nonporous and porous MPs determined by laser diffraction particle 2. vitro release

profiles of NPs from porous and mgorous MP depots over a 15 day peric) Longitudinal
analysis of luciferase silencing in 4TUC breast cancer cells treated with a single administration

of either free NPs or porous MPs. The NP treatments were removed after 24 hours, while MPs
were ldt in coculture with the cells throughout the experiment to mimic biological residence.
Luminescent signal for each treatment group was normalized to that of an analogous treatment
containing scrambled negative control RNA substituted for luciferase siRNA.

Results and Discussion
Design and In Vitro Characterization of PLGA Microparticle Depots
To generate depots for controlled release of cytosolicaitive nucleic acids, we
encapsulated endosomolytic polymer NPs complexed with nucleic acid (@dthlelestranded

DNA or siRNA) within MPs of PLGA, a biocompatible, hydrolyticallegradable, and commonly
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used biomaterial for local and sustained therapeutic drug defi%& PLGA MPs were
synthesized using DCM as a nonpolar, volatile organic solvent and PVA as a surfactant in a
W1/O/W- double emulsion as previously descriff&#3 Sonicatbon and homogenization were
employed after the primary and secondary emulsions, respectively. NPs were incorporated into the
W1 aqueous phase, resulting in a drug loading of approximately 1.8 + 0.05 pg nucleic acid per mg
PLGA and an encapsulation efficignof about 75 + 2%. To generate porous MPs with a faster
release profile, the effervescent salt ammonium bicarbonate was added toageadus phase.
Following PLGA MP synthesis, SEM imaging was performed to characterize MP morphology,
which confirmed tat ammonium bicarbonate was an effective pandgeNRloaded PLGA MPs
(Figure 5.1-C). Laser diffraction size analysis was used to quantitatively characteriparticie

size distribution Figure 5.2-A). Nonporous MPs and porous MPs had an average diameter of
21.21 pm and 28.33 pum, respectively. Arvitro release assay was performed to characterize the
release profiles of NPs from PLGA MPpiss with varying porosityHigure 5.2-B). As expected,

the aldition of pores and the associated increase in surface area within PLGA MPs resulted in
faster release of the NP cargo, likely reflecting the shorter diffusion distance for release. While
cationic excipients, such as polyethyleneimine or polyamines,dieseincorporated into PLGA

to increase nucleic acid loading and intracellular del#?éfy’, this represents the first
demonstration of RLGA MP depot used for sustained release of endosomolytic nanoparticles that

enhance cytosolic nucleic acid delivery.

In Vitro RNAI Luciferase Silencing

An in vitro RNAI protein knockdown assay was performed to demonstrate that PLGA MP

depots could sustain the release and biological actif/ityceic acidloaded NPsKigure 5.2-C).

13¢



As a model nucleic acid cargo, siRNA specific for luciferase (siLUC) or a scrambtgtive
control siRNA (siNC) were complexed with-BDB micelles (SIRNA/NP) and loaded into porous
MPs (siRNA/MP). 4T1LUC breast cancer cells, engineered to constitutively express luciferase,
were treated with free NP or porous MPs each complexed to ith#C or SINC at 50 nM siRNA
per well. Free NPs were removed after 24 hours to approximate a transient residence time at an
injected site, whereas cells were incubated with MP depots for an additional four days.
Bioluminescence imaging was used to qugniuiciferase expression each day, following an
administration of Bluciferin. While comparable silencing was observed between free siLUC/NP
and siLUC/MP after 1 day (~75% knockdown), continuous incubation with depots resulted in
significantly greater knd@own on days 5. The luciferase expression of the cells treated for 24
hours with siLUC/NP returned to near baseline intensity within 3 days. Due to the short doubling
time of 4T1 cells, cultures approached confluence within 5 days, which precludedtievaaf
knockdown at later timepoints. Nonetheless, these data demonstrate the capacity of PLGA MP
depots to sustain the release and silencing activity of encapsulated siRNA/NP complexes.
Cytotoxicity is a welestablished challenge of aghlolycationic nucleic acid delivery
platforms that can indeed limit their utility in local delivery applications. However, this may be
advantageous or detrimental depending on the intended application of the system; for example, in
an intratumoral settinggome toxicity can galvanize cancer cell antigen release and may therefore
be beneficial toward priming an amncer immune response. Notably, we observed similar
expression of bioluminescence in both the NP and MP negative control groups, suggesting that
there is no difference in cell viability between the various treatments and that the PLGA used to
entrap the NPs does not contribute to cellular toxicity, which is consistent with its high

cytocompatibility.
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Figure 5.3. In vivo retention and release NPs from PLGA microparticlesn vivo analysis of
injection site localization of free NPs, nonporous MP depots, and porous MP depots in BALB/c
mice. (A) Relative fluorescence of Alexa Fluor® 647(A64dbpelled dsDNA cargo injected
subcutaneously and monitored over 56 d43.Relative fluorescence of Alexa Fluor® 647
labelled dsDNA cargo, releasing from an intratumoral injection site over 14 daysudrestient
efficiency of each mouse was captured by IVIS imaging and was normalized to the respective
initial (day 0) fluorescenceg(C) Representative IVIS images of mice bearing subcutaneously
administered particles containing fluorescent dsDNA (R@2l).Representative 1VIS images of

the mice treated intratumorally with particles containing fluorescent dsDNA (Red).

Day 1
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In Vivo Nanopatrticle Release from PLGA Microparticle Depots

To monitor NP release and retentionvivo, NPs were electrostatically complexedh a
fluorescentlylabeled doublestranded DNA (dsDNA/NP) and then loaded into PLGA MP depots
(dsDNA/MP). Fluorescent dsDNA was used as representative cargo as it ieeciste analog
to other nucleic acid sequences of similar length such as $lceme sSiRNA. Free dsDNA/NP,
nonporous dsDNA/MP, and porous dsDNA/MP were administered subcutaneously (s.c.) at a dose
of 10 pg DNA (0.5 mg/kg) into BALB/c mice, and fluorescence was monitored with g&ivo
imaging system (IVIS) to track the retentiondsDNA at the injection siteRigures 53-A and
5.3-C). Free dsDNA/NP rapidly cleared the injection site, with >50% clearance within 24 hours
and undetectable levels present by 5 days. By contrast, both MP depots enhanced retention and
sustained release dSDNA/NP, with porous depots demonstrating faster release than analogous
nonporous depots, particularly within the first week of administration. Gradual release from both
depots was observed over the following month with significant fluorescence stéinéatiday
56.

We also evaluated NP retention in the context of intratumoral (i.t.) delivery, which is
increasing in use both preclinically and clinically as an administration route for cancer
immunotherapeutics, including several nucleic acid df#&§¥. Here, we administered free
dsDNA/NP, nonporous dsDNA/MP, and porous dsDNA/MP into 5CG @ifd tumors growing in
the inguinal mammary fat pad, fluorescence was monitored within the tumottiowee with
intravital fluorescence imaging via IVIS. Similar to the release profiles observed with s.c.
administration, MP depots enabled sustained release of dsDNA/NP ovemgeekqeriod, the
longest possible tim&rame based on the endpoint tumorurok (~1500 mr). Again, the porous

MP depots exhibited faster release with ~75% of cargo cleared within two weeks, whereas minimal



release from nonporous MPs was observ@dufes 5.3A and 5.3B). Notably, despite their

cationic surface charge, free dsDRN® drained quickly with >60% of nucleic acid cleared from

the tumor site within 24 hours. This rapid clearance may in part explain the need for multiple
injections when using these or similar NPs f o
RNA ligands of RIGI?": 28 Moreover, these data add to a large body of evidence indicating that

the fate of most intratumorally administered nanoparticles and/or macromolecular therapeutics is

a short and often suboptimal intenoral halflife followed by ultimate systemic clearance. This

also further motivates the design of implantable or injectable depots for intratumoral
administratioR? 5%%or the incorporation of ligand to tether agents to local cells and/or extracellular

matrix03. 504

In Vivo RNAI Luciferase Silencing

Based on their capacity to release ~50% of NP cargo into tumors within one week, we
evaluated the ability of porous MP depots tstain activity of a nucleic acid therapeutic, here,
SiRNA targeting luciferase. Inspired by several ongoing clinical trials exploring intratumoral
immunotherap$f? 498590 intratumoral injectins were employed for protein knockdown studies to
demonstrate the utility of PLGA MP depots in a cancer setting. While subcutaneous injections are
undoubtedly easier for physicians to perform, recent advances in surgical intervention have made
intratumorainjections more practical, as almost every site in the human body can be biopsied and
therefore injecte¥. Thus, both administration routes explored within the retangtudies have
potential for clinical translation. To evaluate luciferase knockdown, mice withLU1 tumors
growing in the inguinal mammary fat pad were intratumorally administered a single 10 pg siRNA

dose (0.5 mg/kg) of siLUC/NP either free or loadetb depots (SiLUC/MP); siNC/NP and
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SiNC/MP were used as negative controls. IVIS imaging of both luminescence and fluorescence
demonstrated a qualitatively high degree ofaxalization betwee siLUC/NP and tumor cells
(Figure 5.4-B), and MPs could alsoehidentified within cyrosections of resected tumdiig(re

54-A). Using longitudinal IVIS imaging, we also quantified bioluminescence to determine the
degree of luciferase knockdown from the duatiferase siRNA cargo-4 days posintratumoral
injection (Figure 54-C). We found that porous MP depots loaded with siLUC/NP resulted in
~50% reduction in luminescent signal relative to analogous depots loaded with SINC/NP control
complexes. By contrast, at a 10 ug siRNA dose, no luciferase knockdowobsesed using free
SiLUC/NP, potentially reflecting the relatively short REilé of NPs within the tumor after local
administration. Collectively, these data demonstrate that increasing intratumoral residence time of
nucleic acid therapeutics via susiai release can enhance and prolong biological activity.

In these studies, we utilized PLGA MPs as a depot for SiRNA/NP owing to their favorable
biocompatibility and tunable biodegradability. However, inefficient loading of hydrophilic cargo
during the W/O/W- emulsion synthesis is a known limitation of PLGA depots, which we found
to be the case as well for the loading of NPs (~1.8 pg oligonucleotide per mg PLGA). This
necessitates delivery of a relatively high volume of MPs to obtain relevant doses of tHEs
context of RNAI, which may restrict the applications of this approach. While we achieved ~50%
luciferase silencing over three days using a single dose of MPs, further enhancements may be
achieved using doses higher than those employed herein, whielrestrained by the volume of
MPs that could be physically injected into 4T1 tumors. Therefore, for cancer therapy applications,
PLGA MP depots for NP release may be better suited for localized delivery into tumor resection
cavities that can be filledith a larger volume of MPs. To establish pradfconcept, we used

SiRNA as a wellestablished model nucleic acid cargo throughout our investigations, but in
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principle this approach can be used for local and sustained delivery of any cytosalitiaty
nucleic acid, including i mmu-RMASRIGIrigahdg®toor y ag
immunostimulatory DNA ligands of cGA%. However, exploration of these promising
immunotherapeutics is at a stage of relative infancy tlagefore much remains to be elucidated
regarding dose and treatment regimens that result in optimal efficacy. Nonetheless, PLGA MP
depots for releasof endosomolytic NPs offer a promising strategy for enhancing the cytosolic
delivery of such nucleic acids and locally sustaining their bioavailability and immunostimulatory

activity in vivo.

o
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Figure 5.4. In vivo activity of PLGA microparticle depoteif SiRNA delivery.In vivoactivity of

free NP and porous MPs delivering Alexa Fluor® 647 siRNA cargo was investigated in an
orthotopic 4T1LUC breast cancer modeglA) Fluorescent (top) and overlaid fluorescent and
bright field (bottom) images of cyrosections of tumor tissue Walg intratumoral injection of
porous MPs. Scale: 75 urfB) Representative VIS images of mice bearing lucifel@g@aessing
AT1-LUC cells (Blue), treated intratumorally with fluorescent RNA (Re€)) Longitudinal
analysis of luciferase silencing in a ¥LUC breast cancer tumor model treated with a single
intratumoral injection of either free NPs or porous MPs. Luminescent signal for each treatment
group was normalized to that of an analogous treatment containing scrambled negative control
RNA substitutd for luciferase siRNA.
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In Vivo Therapy Study

To investigate potential therapeutic efficaBy,GA MPswere loaded with previously
described immunostimulatory 3pRNA BDB nanoparticled 26and characterized for boiin
vitro andin vivo activity (Figure 5.5). In a longitudinal THPDual reporter cell assay ftfFN-I
production, PLGA3pRNA demonstrated peak activity 4 days after the initiation of a coculture
treatment, while a pulsehase administration of ITNBpRNA (.e. cells washed 24 hours after
treatment), which was intended to mimic the rapid clearantestich particles experienae
vivo, resulted in peak activity at 24 hours post treatneiguge 5.5-A). Moreover, at each
timepoint from Day 4 post treatment to Day 10 post treatment, cells treated with-BiheMA
exhibited greater activity than thati@dNP-3pRNA. Thus, PLGA3pRNA can enable sustained
high levels of IFNI activity over time, while ITNP3pRNA induces acute IFNproduction,
lasting only 23 days.

4T1-LUC tumors were then employed to characterize PLIpRNA as an intratumoral
treatment.PLGA-3pRNA had no significant effect on tumor growth relative to both PBS and
PLGA-NC as demonstrated by insignificant differences among the treatment groups for both
tumor volume over timeHigure 5.5-B) and tumor luminescence over timtadure 5.5-C). The
treated mice can be visualized in the overlaid luminescence and fluorescence IVIS images that are
indicative of 4TiLUC tumor volume and fluorescently labelle8pRNA colocalization,
respectively Figure 5.5-D). Notably, the IVIS images clearly demonstrat major limitation for
luminescence imaging tumors with injection site scabbing and ulceralioasuminescent signal
substantially dropped in the mice that developed such issues, despite their tumors continuing to
increase in size. Indeed, injectiatesscabbing and ulcerations developed over time and were most

pronounced on Day 8 post treatment. It should be noted that luminescent signal is weaker than the
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fluorescent signal of many fluorophores.d. Alexa Fluor 647). Thus, while scabbing and
ulcerations can block luminescent signal and limit the period of time that luminescence can be
accurately quantified, a strong fluorescence signal can more easily penetrate such obstacles and

thereby enable retéon analysis for a longer period of time.

THPI1-Dual Cells 4T1-LUC Tumors 4T1-LUC Tumors

600m 1.5%10%
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Figure 5.5. Immunostimulatoryactivity of PLGA microparticle depots loaded wBpRNA / D-
PDB. (A) Longitudinal THP1Dual reporter cell assay of PLGZpRNA and ITNP3pRNA. (B)
Tumor growth plot for BALB/c micebearing 4T1LUC tumors following a single100 pL
intratumoral injectionof PBS, PLGANC, or PLGA-3pRNA a a dose corresponding to 10 ug
RNA. A two-way ANOVA with Tukey test was used for statistical analygiS) Longitudinal
analysis ofconstitutive lucifease expression from the intratumorally treated-4U0C tumors.
(D) Overlaid bminescencéblue)and fluorescence (retIS images evaluating T1-LUC tumor
growth and3pRNA colocalization in the BALB/c mice following intratumoral treatment.
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While ITNP-3pRNA has demonstrated therapeutic efficacy in the 4T1 murine breast cancer
modef’, PLGA-3pRNA did not exert detectable antitumor effects in the-dUC tumors,
suggesting that this PLGA delivery platform may not be ‘seited for this particular innate
immune agonist and/or this tumor model. The latkfficacy demonstrated by PLG3pRNA in
the 4T2LUC tumor model may possibly be attributable to dosing foo low of a dose for
efficacy), which was limited by the drug loading capacity of the PLGA MPs coupled with the
maximum possible intratumoraljection volume of ~ 100 pL. Accordingly, this delivery platform
may be better suited fdocalized delivery into tumor resection cavities that can be filled with a
larger volume of MPsand therefore a greater dose of NPs. Additionally, undesirable
immunobgical effects may have arisen from altered Rl&&tivation kinetics and/or changes to
the cellular distribution of the 3pRNA, which could have occurred as a result of the-PLGA
mediated delivery. Thus, PLGA MPs formulated to enable the sustained |leadeaaf other
innate immune activatorse.g. NanolSD) that operate through distinctly different signaling

pathways still have potential to demonstrate therapeutic efficacy in thkUTXumor model.

Conclusion
Localized delivery of cytosolicalkactive nucleic acids offers a promising approach for
spatiotemporal modulation of immune responses with broad potential applicability in the treatment
of many diseases. However, efficacy in this setting is limited by inefficient cytosolic delivery as
well as rapidclearance from the administration site. To address these challenges, we developed a
nancin-microparticle delivery platform using PLGA MPs as a depot for the controlled release of
endosomolytic NPs that promote cytosolic delivery of electrostatically lexeg nucleic acid

cargo. Using siRNA as a model therapeutic, we demonstrated that the rate of release of SIRNA/NP
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complexes botim vitro andin vivocould be increased using ammonium bicarbonate as a porogen
during the fabrication process. Importantly, we found that release of SIRNA/NP complexes from
PLGA MP depots resulted in sustained protein silenicinggro as well as in an orthotopic murine
breast cancer model via intratumoral administratibhe observed 50% protein knockdown in
breast cancer tumors may indeed be sufficient for delivery of an immunomodulatory agent where
only a portion of cells within a tumor need to be stimulated in orderreduge a more
immunogenic tumor microenvironmerfccordingly, hese studies demonstrate that controlled
release of endosomolytic nanoparticles from porous MP depots may offer an enabling strategy for
controlled and localized delivery of nucleic acid tipenatics that target cytosolic
immunoregulatory machineryjrhus, while PLGA MPs designed to target the RI@athway did

not relay a therapeutic benefit in the 40IWC tumor modelthis technologystill holds promise

for the local administratiorof other immunotherapeutics. Additionallygnproved performance

could be achieved with a higher degree of drug loading and more tightly controlled kinetics of
drug release that might enable sustained silencing and/or enhanced cytosolic delivery of SIRNA or
innate imnune agonistsLastly, co-administering chemotherapy or radiotherapy to ablate the
majority of the tumor cells and allow for decreased tumor burden at the site of injection would

likely synergize well with this platform.

Materials and Methods
Materials

All chemicals were supplied by Sigma Aldrich unless otherwise specified.
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Synthesis of Endosomolytic Polymers

The amphiphilic diblock copolymer, poly(dimethylaminoethyl methacrybleg¢k
[(propylacrylic acid).s-co-(dimethylaminoethyl methacrylateys-co-(butyl methacrylate))
(P[DMAEMA] -bl-[PAA0.3-co-DMAEMA 0.3-co-BMA0.4; D-PDB) was synthesized via reversible
additionfragmentation chain transfer (RAFT) polymerizations following a protocol adapted from
Convertineet al#®4 Briefly, 4-cyane4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT;
Boron Mol ecul ar) was wused as -azobs@nethoxy2@dr ansf e
dimethyl valeronitrile) (V70; Wako Chemicals) was used as an initiator for RAFT polymerization.
Mass measuraents were performed using an analytical mass balance (XSE205DU DualRange;
Mettler Toledo). Gravity filtration was employed in columns packed with aluminum oxide to
remove inhibitors from monomer solutions. For the polymerization of the first block, DMAEMA
CTA, and initiator were dissolved in dioxane at a molar ratio of 100:1:0.05 at 40 wt% monomer,
purged with nitrogen gas for 30 minutes on ice, and reacted at 30 °C for 18 hours. The resultant
polymer was then purified by precipitation (6x) in cold peatéwllowed by dialysis (3.5 kDa
MWCO) in deionized water. Poly(DMAEMA) was then frozen& °C and then lyophilized for
3 days to obtain a dry powder.

For the polymerization of the second block, poly(DMAEMA) was used as a macroCTA
(mCTA) and was added DMAEMA, PAA, and BMA (30:30:40 mol %). PAA was synthesized
as previously described using diethyl propylmalonate as the prefrsaising N,N
dimethylacetamide (DMAC) as the reaction solvent, initiator was added to mCTA and monomers
at a molar ratio of 450:1:0.4 representing total monomer, mCTA, and initiator, respectively at 40
wt% mCTA and monomer. The reactigassel was purged with nitrogen gas for 30 minutes on

ice followed by reaction for 24 hours at 30 °C in an oil bath. The resultant polymer was then



purified by precipitation (6x) in pentane:ether (80:20) followed by dialysis in acetone (4
exchanges) andibsequent dialysis in deionized waterPDB was then frozen a80 °C and then
lyophilized for 3 days. All lyophilized polymer was stored2Q °C until used.

The experimental degree of polymerization, polymer composition, and theoretical
molecular weifit were obtained byH nuclear magnetic resonance (NMR) Spectroscopy (€DCI
with TMS, Bruker AV 400). Experimental molecular weight and polydispersity were determined
via gel permeation chromatography (GPC) using HRk&le dimethylformamide (DMF)
containng 0.1% LiBr as a mobile phase with inline light scattering (Wyatt Technology) and
refractive index (Agilent) detectors. The ASTRA V Software (Wyatt Technology) was used for all
GPC calculations. Hydrodynamic size of the polymer micelles at physiologital.$ was
measured via digital light scattering (DLS) using a Zetasizer Nano ZS Instrument (Malvern, USA).
D-PDB used herein had & hlock molecular weight of 10.3 kDa, & ®lock molecular weight of
31.0 kDa, and a polydispersity index (PDI) of 1.24. THe®bck composition was determined to
be 28:33:39 for PAA, DMAEMA, and BMA, respectively. Additionally, the hydrodynamic

diameter of the BPDB micelles was ~100 nm by amtensity particle size distribution.

Formulation of Polymer and Nucleic Acid Complexes for In Vitro Experiments

Micellar nanopatrticles (NPs) were formulated according to a protocol adapted from Wilson
et al#®¢. Lyophilized DPDB was dissolved intleanol to 50 mg/mL and rapidly diluted in 100 mM
phosphate buffer (pH 7.0) to a concentration of 10 mg/mL to inducassd#imbly into micelles.
Polymer micelles were subsequently diluted in phosphate buffer saline (PBS; pH 7.4, 155 mM
NaCl, 1.05 mM KHPQOs, 3 mM NaHPQs, Gibco) to a concentration to 1 mg/mL. The micelles

were then added to nucleic acid solutions at concentrations corresponding to a charge.ratio (
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N/ P ratio: mol ar charge from the polymerads
phosphate from the nucleic acid backbone) of 4:1. Note that the N:P ratio is based on the
poly(DMAEMA) first block and assuming 50% protonation of DMAEMA groups at pH 74. D
PDB micelles and nucleic acid were incubated at room temperature for 20 mingtesute

complete electrostatic complexation.

Formulation of Polymer and Nucleic Acid Complexes for In Vivo Experiments

D-PDB micelles were formulated as described above, followed by sterile filtration (0.2 um
polyethersulfone sterile filter) and subseque&oncentration to 360 mg/mL in PBS via
centrifugal filtration (Amicon® Ultra 0.5 mL Centrifugal Filter Units; Ultracel® 3K,
Regenerated Cellulose 3,000 NMWL, Mi |l lipore)
concentrated solution was colledf and an aliquot was used to determine the resultant polymer
concentration using U¥is spectroscopy (Synergy H1 Mulkode Microplate Reader, Biotek)
based on an absorbance wavelength of 310 nm corresponding to ECT. The solution was added to
nucleic aails at concentrations corresponding to a charge ragid\N(P ratio) of 4:1 as described

above.

Cell Culture

All cell handling procedures were performed in accordance with published technical data
sheets. Murine mammary epithelial 4TWC tumor cells sthly co-express destabilized copepod
green fluorescent protein (c&pFP) and firefly luciferase were generated using psuedotyped
lentiviral particles. Briefly, a transfection mixture consisting of pGreenFi®llV (System

Biosciences, Cat. No. TR0O11PB, p$PAX2 (Addgene Plasmid #12260), and pCNABV-G
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(Addgene Plasmid #8454) in water at a quantity of 10, 10, and 1 ug, respectively, was added to a
final volume of 558 pL in OptMEM media (Gibco, Cat. No. 31985062) in a polypropylene tube,
followed by theaddii on of 42 e¢L FuGENE 6 (Promega, Cat .
flicked to mix the plasmids before and after the addition of FUGENE 6. The transfection mixture

was added dropwise to a7b tissue culture flask at approximately 50% confluency of 288

T cells in 11 mL Dulbeccobds modified eagl e me:
inactivated fetal bovine serum (HABS) without antibiotics. Cells were incubated at 37 °C for 18

hours, and then the media on the HES3 T cells was exchanged fefMEM supplemented with

10% HIFFBS and 1% penicillin/streptomycin (P/S). At 24 and 48 hours after this media change,

the viral supernatant was removed, clarified by centrifugation (1000 x g, 5 minutes, room
temperature) and syr ). Thodgransdice #Ttl eeliseviaal sugernatabt wasm, n
mixed 1:1 with fresh DMEM supplemented with 10%FBS without antibiotics and applied to

cells for 24 hours. Cells were selected with 5 pg/mL puromycin for two weeks then sorted into
approximately equal papations of low, medium, and high expressing 6P cells using
fluorescence activated cell sorting of GFP (BD FACSARIA Illu, BD Biosciences) in the
Vanderbilt Flow Cytometry Shared Resource Facility. The high expressinGEBpATELUC

cells were used faall luminescent experiments herein. 4T1 and-4UL cells were maintained

in DMEM supplemented with 2 mMglutamine, 4.5 g/L glucose, 10%HBS, and 1% P/S. Cells

were kept in a humidified environment at 37 °C with 5% Giromycin was added to 4TUC

cells after every cell passage at a concentration of 1 pg/mL for the continually selection of cells.

Preparation of PLGA Micropatrticles Encapsulating Micellar Nanoparticles

PLGA MPs encapsulating pifesponsive NPs were formed usingvaterin-oil-in-water
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(W1/O/W-) double emulsion synthesis method previously reptité®: 506 A fluorescently
labelled doublest r anded -[EFNMIATAGECGTATTATACGCGATTAACG-3 6 ,
negative control sequence) was used as representative cargo to determine the ideal conditions for
the loading of NPs into PLGA MPs. Briefly, 100 mg of poly(Bactide-co-glycolide) (PLGA,
Resomer® RG 503, 50:50, esterminated, MW 24,003 8, 000 Da) was dissol v
dichl oromet hane (DCM) for 30 minutes under col
NP solution {ie. polyplexes prepared with-BPBD and various amounts of elaic acid strands
ranging in concentration from 1.9 nmol to 11.4 nmol) was added dropwise to the PLGA solution
at a primary aqueous phase 1\t oil phase (O) volume ratio of 0.27. The primary emulsion
(W1/O) was prepared by sonicating the two phase8@wmeconds at 40% amplitude on ice using
a Sonic Dismembrator (Fisher ScientOM)lwat Mode
formulated by homogenizing the primary emulsion into 15 mL of 1% polyvinyl alcohol solution
(PVA) for 30 seconds at 20,00Ppm on ice using a T18 digital ULTRAURRAX®, equipped
with a S18N10G dispersing tool (IKA). The double emulsion was then transferred to a round
bottom flask and rotary evaporated for 1 hour at 400 torr to allow complete evaporation of DCM.
MPs were colleted by centrifugation (10,000 x g, 10 minutes, 4 °C) and washed 3 times with
sterile water. PLGA MPs were then frozen&@ °C for 5 hours and then lyophilized for 3 days.
The effervescent salt, ammonium bicarbonate was employed as a porogen to coemstd/jits.
20 wt% NHHCOs was incorporated into the Maqueous phase along with the NPs and then
emulsified with the oil phase as described. All PLGA MPs were stor& &C until used.

The hydrodynamic diameter of the PLGA MPs was measured byddfaction size
analysis using a Mastersizer 2000 (Malvern, USA). Approximateh20lthg of PLGA MPs were

dissolved in deionized water and used for analysis. Measurements detected within the acceptable
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range, between 10% and 15% obscuration, were deemedéproeucible data points. Surface
morphology and porosity of the PLGA MPs were analyzed using a Zeiss Merlin scanning electron
microscope (SEM; Carl Zeiss Microscopy, LLC, ZEISS Group, Thornwood, NY) equipped with
a GEMINI Il column. SEM samples were prepd by reconstituting PLGA MPs in deionized
water at a concentration of 2 mg/mL and then placing 20 pL of the solution on a strip of carbon
tape (Ted Pella Inc.) adhered onto an aluminum SEM stub (812.7 mm, Ted Pella Inc). After drying
overnight, samples eve sputter coated with gefhlladium for 120 seconds and immediately

imaged via SEM.

Evaluation of Loading and Encapsulation Efficiency

To determine the nucleic acid loading and encapsulation efficiency, nucleic acids were
extracted from PLGA MPs. In taf, 7.5 mg of PLGA MPs were dissolved in 400 pL DCM and
continuously mixed for 45 min at room temperature. 400 pL of TE buffer supplemented with 100
mM NaCl was added to this mixture and vortexed vigorously for 5 minutes. The suspension was
then centrifugd (15,000 x g, 10 minutes, 4 °C). The aqueous layer was collected into a fresh tube,
and the extraction was performed again. The two extracted layers were combined, incubated with
1% sodium dodecyl sulfate (SDS) for 10 minutes at room temperature tseiigas the any
electrostatically associated nucleic acids, and nucleic acid concentration was determined via
fluorescence spectroscopy (excitation/emission wavelengths of 495/525 nm for-BRAMr
650/685 nm for Alexa Fluor® 647 (A648)RNA). Nucleic adl loading and encapsulation
efficiencies were determined based on the ratio of encapsulated nucleic acid to PLGA MPs

(ng/mg) and percentage relative to the theoretical maximum loading (%), respectively.



In Vitro Release of Nanoparticles from PLGAMicroparticles

To investigate the vitro release profiles of NPs from porous and nonporous MPs, 20 mg
of PLGA MPs was suspended 1 mL sterile PBS (pH 7.4, 0.02% sodium azide) in microcentrifuge
tubes and maintained at 37 °C with constant rotation. Adetrermined time intervals, tubes were
centifuged (15,000 rpm, 10 minutes, 4 °C), and 900 pL of supernatant was removed for analysis,
replaced by the same volume of fresh buffer, and frozen and lyophilized for further analysis. Each
lyophilized sample was reconstituted in 220 pL TE buffer suppiéadewith 100 mM NacCl,
pipetted into a UVStar® microplate (100 pL/well), and quantified by a fluorescence plate reader
(Synergy H1 Hybrid MultMode Reader, BioTek) as described above. All samples were run in

technical duplicates.

In Vivo Controlled Release of Nanoparticles from PLGA Microparticles

Female BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and
maintained at the animal facilities of Vanderbilt University under conventional conditions. The
mice were anesthetized with ibgfane gas and maintained at 37 °C while their flanks or abdomens
were depilated and sterilized for subcutaneous or intratumoral administration. NPs were prepared
with A647-DNA (negative control sequence, IDT DNA) and loaded into PLGA MPs with or
without porogen for subcutaneous and intratumoralivorelease studies-&week old mice were
anesthetized with isoflurane gas and given a single subcutaneous injection of porous MP (n=5),
nonporous MP (n=5), or NP (n=3). For the murine tumor studies ATQ-LUC cells were
inoculated (50 pL injection volume) into the inguinal mammary fatpads-®fv@ek old mice
anesthetized with isoflurane gas. Tumor volume was calculated using the equation:

Volume=(Length x Widt#)/2. When tumor volumes reached 500 mn#, mice were anesthetized
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with isoflurane gas and administered a single intratumoral injection of porous MPs (n=3),
nonporous MPs (n=3), or NPs (n=3). All treatments were administered at a 10 ug dose of nucleic
acid in a 100 pL injection volume. Using constanage capture settings on an IVIS Spectrum
(PerkinElmer), mice were imaged at predetermined time intervals to quantify A647 fluorescence.
Relative release of NPs was determined by measuring the total fluorescent efficieficgf(cm

A647 overtime and normizing to the respective initial (day 0) values.

In Vitro Evaluation of Luciferase Knockdown

NPs were prepared with the siRNA oligos, siLUC @nuci f er ase- seque

CAAUUGCACUGAUAAUGAACUCCTCI[3AlexF647N}3 6 ; I DT DNA) or S i
control sequence,5 -§5AlexF647N]JAUACGCGUAUUAUACGCGAUUAACGAGS 6 ; | DT
DNA) and encapsulated into porous MPs as described abovd.UCT Lells were seeded in five
black 24well plates (a separate plate for each day of imaging) with clear tissue culture treated
bottoms (Senguwate REF:662892; Greiner Bione) at 2000 cells per well (500 pL seeding
volume). NPs were complexed with either siLUC (SiLUC/NP) or siNC (siNC/NP) and embedded
in porous MPs (siLUC/MP and siNC/MP). Cells were treated 24 hours later with free NPs or
porows MPs at a final concentration of 50 nM nucleic acid per well. The supernatant in the free
NP-treated wells was removed from all plates at 24 hours to mimic the NP clearance olserved
vivo. Every 24 hours over the course of 5 days, Pierbecerin (ThermoFisher Scientific) was
administered to all the wells within the plate for the corresponding day to a fihadiferin
concentration of 0.15 mg/mL. 5 minutes after the addition-tddiferin, plates were imaged for
bioluminescent signal using an IVL&imina Il (PerkinElmer). Images were captured at 24, 48,

72, 96, 120 hours pesteatment, and luciferase knockdown was quantified for each day based on
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the percent decrease in bioluminescent sigmal Total Flux, photons/second) relative to each

respetive negative control siRNA.

In Vivo Evaluation of Luciferase Knockdown

Female BALB/c mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and
maintained at the animal facilities of Vanderbilt University under conventional conditions.
Orthotopc 4T1-LUC tumors were generated as described above. siLUC/NPs and siNC/NPs were
prepared as described above and loaded into porous MPs (siLUC/MP and siNC/MP). When tumor
volumes reached 5000 mn¥, mice were anesthetized with isoflurane gas and admiedsir
single intratumoral injection of free NPs or porous MPs (n=10 for all treatment groups). All
treatments were administered at a 10 pg oligonucleotide dose (0.5 mg/kg) in a 100 pL injection
volume. Using constant image capture settings on an IVIS Luki(ferkinElmer), mice were
analyzed at predetermined time intervals for fluorescence and bioluminescence. Bioluminescence
within the mice was measured 10 minutes after dorsal subcutaneous injection of 300 uL Pierce D
luciferin (15 mg/mL). After 14 daysnice were euthanized and tumor samples were isolated

postmortem for histological analysis.

Statistical Analysis

All data analysis was performed on Graphpad Prism (Version 7.0c)w@&nanalysis of
variance (ANOVA) c o ugstiwasdused io tompaie sthtistizad sgnifgance t
among multiple groups (>2). Differences between two groups were analyzegdiyedritests.
In vivo experiments were performed with at least 3 biological replicates, withP&®*0001,

*** P<0.001, **P<0.01, *<0.05 being considered statistically significant.
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CHAPTER VI

PRELIMINARY INVESTIGATIONS INTO MODULATING STING SIGNALING

Introduction

Given the dynamic contextependent nature of STING signaling, therapeutic strategies
employed to direct downstream STING signaling represent a promising approach that may enable
optimized applicatiorspecific treatments. Indeed, signalingddics and specific gene regulation
can have a dramatic effect on disease outcome. Accordingly, molecules that can further shape the
immune response from STING signaling, such Nisa Bmodulators, manganese, ENPP1
inhibitors, and biomaterials with intrisimmunostimulatory activity, are ideal candidates to be
co-treatments administered with STING agonists. This chapter investigates several different

avenues for modulating STING signaling by characterizing downstream immune effects.

NF-a BModulation

As discussed in Chapter NIF-a Bnodulation isonepromisingmethod of potentiation for
innate immune activators$n this work,two strategiegi.e. NF-a Binhibitory peptides and Alu
RNA with intrinsically low NF-a Bactivity) were employedo explore the effects diF-a B
modulation on innate immune activatiorkirst, cGAS/STING pathway agonists were
characterized witlthe established cell penetrating pepCPPs) SN50 and SN&, which can
inhibit the downstream activity oNF-a B and NF-a B, respectivelyRecent reports in the
literature suggest these cell penetrating peptidesuraathe resultant immune profile of various

adjuvants, which may be morereficial than simply increasing theagnitudeof PRR signaling.
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Figure 6.1. In vitro activity of NF-a Bnhibitors andSTING pathway agonist¢A) RAW-Dual
reporter cell assay &N50 with cGAS/STING pathway agonis{®) RAW-Dual reporter cell
assay ofSN52 with cGAS/STING pathway agonists. SN52M is a negative control for the cell
penetrative peptidglC) THP1-Dual reporter cell assay ddN50 with cGAS/STING pathway
agonists.(D) THP1-Dual reporter cell assay o8N52 with cGAS/STING pathway agonists.
SN52M is a negative control for the epknetrative peptide.

IFN-I reporter cellgi.e. murine RAWDual cells and human THPRual cells)were used
to quantify changes in the relagivFN-I productioninduced bycGAS/STING pathway agonists
whenthe cells were pretreatedth either SN50 or SN5@-igure 6.2). SN50 and SN52imilarly
increased the potency of cGAMP in both reporter cell linespnlySN52 significantlyincreased
the maximum efficacy of cGAMP in human THPLal cells relative to the control treatments

(i.e. free cGAMP and cGAMMPlusthe negative control CPP, SN52NNotably, SN52 appeared

to have less of an effect on the murine RAWal cells compared thhe human THP-Dual cells.



Additionally, the effects of SN50 and SN52 on NanolSD treatment were less pronounced. Indeed,
pretreatment with the CPPs slightly increased potency, but at the cost of reducing maximal
efficacy, which was likely due to increasedllular toxicity from the combination treatment.

Again, SN52 exhibited a noticeably reduced effects in the R2&I cells.
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Figure 6.2. Longitudinal gene expression changeduced bycGAMP andNF-a Bnhibitors.

To directly quantify changes in proinfranatory gene expressiaver time following
treatment with cGAMP and tiéF-a B i n h qPER was sulssequently employEdj(re 6.3).
In RAW 264.7 cells, SN50 significantly increase the expression of all 3 proinflammatory genes
examined i(e. Ifnbl, Tnf andll6) with the largest effectsccurring at both 4 and 8 hours post

cGAMP treatment, while SN52 had no effe€o explore possible ceflpecific differences, a
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similar study was conducted in THP1 cells for an 8 hour incubdtiguie 6.4). Consistentvith

the results in RAW 264.7 cells, SN50 also amplified the expression of all 3 proinflammatory genes
in the THPL1 cells. Interestingly, while SN52 clearly had no effect on the expresSiofeoidI|l6,

its increased expression hbl was approachingtatistical significance (p €.20. It is possible

that the treatment doses and/or data collection timepoint could be tweaked to further clarify the

impact of SN52 on proinflammatory gene expression.
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Figure 6.3. Gene expression changesiuced bycGAMP andNF-a Bnhibitors at 8 hours.(A)
Gene expression changes in RAW 264.7 c@is Gene expression changes in THP1 cells.

Since SN52 has previously been reported to enhance antitumor efficgaclationin the
MC38 murine tumor modeby potentiatingcGAS/STING signalingSN52 was explored as a
cotreatment to NanolSD in the B16.F10 tumor modiefre 6.5. SN52 displayed a rather
marginal beneficial effect with slightly enhanced tumor attenoaiod murine survival relative
to NanolSD. While its antitumor effect with NanolSD is somewhat underwhelming, SN52 may

have better efficacy when administered with STING agonist therapeutics.
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Figure 64. Therapeuticactivity of NanolSD and SN&. (A) Tumor growth plot for B16.F10
tumorsi ntratumorally treat eManoWsD,tohSN320+ONamoIEOhe f ei tt

NanolSD dose correspondedto 2 ygDNAh e SN52 treat ment <coorrespo
Treatments were administered four timgdd as ndicated by the dotted lineSumor growth
curvesfor each treatmenwere truncateavhen a mouse reached the study endpdéirttvo-way
ANOVA with Tukey test wa used for statistical analysi®) KaplanMeier survival curve for
B16.F10 tumorsntratumoraly t r eat ed wi t h ,NafolSD,oLSNS2f+ Nanol$Dh er P E
Log rank (MantelCox) test was used for statistical analysiative to the PBS treatment group
The second strategyursuedto investigateNF-a Bmodulationin the context of innate
immune activatiomnvolved the use of alternative Alu RNAg. Alu5 RNA). Our collaborators in
the Aune Lab aWanderbilt University havealiscoveredthat Alu5 RNAinduces lowelNF-a B
activity relative to Alub RNA when administeréto cells with lipofectamindn this work, it was
first determined whether Alu5 RNA_eft Arm) could be packaged and delivered witfPDB to
simulate endogenous Alu RNA expression as in the case db RINA (Left Arm)/ D-PDB. Alu5
RNA (Left Arm) was canplexed to BPDB at an N/P charge ratio of 4 and DLS was performed
(Figure 6.6-A). Alu5 RNA (Left Arm)/ D-PDB demonstrated a uniform particle size distribytion

which was slightly larger than AIbJRNA (Left Arm)/ D-PDB.
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Figure 6.5. In vitro characterization of AIURNA (Left Arm)/ D-PDB. (A) DLS analysis oAAluS
RNA (Left Arm)/ D-PDB relative to BPDB and Alud RNA (Left Arm)/ D-PDB. (B) CellTiter-
Glo assayat 24 hours post treatmefor cellular viability of Alu5 RNA (Left Arm) alone or vith
D-PDB or DB relative to that of Alud RNA (Left Arm). (C) QuantiLuc assayat 24 hours post
treatment for relative IFN activity of Alu5 RNA (Left Arm) alone or with BPDB or DB relative
to that of Alub RNA (Left Arm). (D) QuantiBlue assayat 24 lours post treatmeriior relative
NF-aB activity of Alu5 RNA (Left Arm) aloneor with D-PDB or DB relative to that of Alud

RNA (Left Arm).

Subsequently, THR-Dual reporter cells were employed to characterizénthéro activity
(i.e. relative IFNI production and relativelF-aB signaling) of AluSRNA (Left Arm) / D-PDB,
Alu5 RNA (Left Arm) / D-B (i.e. a norendosomolytic analogpnd free A5 RNA (Left Arm).
The immunocellular toxicities of the AIUBNA (Left Arm)/ polymer complexes were consistent
with that of the Alub RNA (Left Arm)/ polymer complexesHigure 6.6-B). Both free AluUSRNA

(Left Arm) and free Alub RNA (Left Arm)demonstragd no efficacy, suggesting that some form
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of cellular delivery is necessary for activitg.terms of relative IFN production, AIuUSRNA (Left
Arm) / polymer complexeshowed slightly lower maximal efficacy, but similar potency compared
to Alulb RNA (Left Arm) / polymer complexesMoreover, DPDB evoked greater activity than
D-B, which might suggest that cytosolic deliverye(rather than endosomal delivery) is most
important for efficacyNotably, AluSRNA (Left Arm) did indeed exhibit significantllower NF-

aB activity with both the endosomolytic and rRendosomolytic carriers, as demonstrated by the
Alu5 RNA (Left Arm)/ AluJb RNA (Left Arm)ratios of maximum efficacy. When delivered with
D-PDB, Alu5RNA (Left Arm) had 78% the maximum efficacy &luJb RNA (Left Arm) for
relative IFNI production versus 49% fdiF-aB activity, and when delivered with-B, Alu5
RNA (Left Arm) had 65% the maximum efficacy of ARNA (Left Arm) for relative IFNI
production versus 35% fdtF-aB activity.

Alu5 RNA (Left Arm) / D-PDB complexes were further characterized B16.F10
melanoma modeld~(gure 6.7). Following a single intratumoral injection in the B16.F10 tumor
model,Alu5 RNA (Left Arm) / D-PDB performed comparably to AloRNA (Left Arm)/ D-
PDB interms & changes in the gene expression of various proinflammatory cytokigps €
6.7-A). B16.F10 IFNLUC cells were subsequently employed to investigate the
pharmacodynamics of the Alu RNAeft Arm) / D-PDB NPs. The effects of Alu RNA_eft Arm)

/ D-PDB werefirst validated in the B16.F10 IFNUC cells in vitro following a 24 hour
incubation Consistent with then vitro results from the THRDual reporter cells, AluRNA (Left
Arm) / D-PDB exhibited a lower maximum efficacy than AWRBNA (Left Arm)/ D-PDB with
similar potency, and free AIbJRNA (Left Arm) again showed no signs of immunostimulatory
activity (Figure 6.7-B and 6.7C). In the B16.F10 IFNLUC tumor model, AluRNA (Left Arm)

/ D-PDB evoked slightly higher IFN activity than AliRNA (Left Arm)/ D-PDB with highest



expression for both treatments afl 22 hours post intratumoral treatméfigure 6.7-D). The
increased IFN production from the two treatments, was accoetbapitumor attenuatiofrigure
6.7-E) and prolonged survivaF{gure 6.7-F). In this tumor model,hte difference in therapeutic

benefit between the two treatments was largely insignificant.
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Figure 6.6. Anticancer effects of AluURNA (Left Arm)/ D-PDB. (A) B16.F10 IFNLUC reporter

cell assay ofAlu5 RNA (Left Arm) / D-PDB relative to AluB RNA (Left Arm), D-PDB, and

AluJb RNA (Left Arm)/ D-PDB. (B) Longitudinal analysis oihtravital IFN activity in B16.F10

IFN-LUC tumorsintrat mor al |y tr eat ed wiAlulo RNAQLeftAeny) /D@ f ei t F
PDB (2 pg RNA), Alub RNA (Left Arm) / DPDB (10 pg RNA),Alu5 RNA (Left Arm) / D-

PDB (2 pug RNA),or Alu5 RNA (Left Arm) / D-PDB (10 pg RNA)(n = 4 or greater per treatment

group) (C) Tumor growth plot foB16.F10 IFNLUCt umor s i ntratumorally t
of eitherPBS,AluJb RNA (Left Arm) / DPDB (2 ug RNA), AluJb RNA (Left Arm) / EPDB (10

Hg RNA), AluS RNA (Left Arm) / D-PDB (2 ug RNA),or Alu5 RNA (Left Arm) / D-PDB (10

Mg RNA). Treatments were administered four tinggl as indicated by the dotted linésumor

growth curvedor each treatmentere truncatehen a mouse reached the study endpAihio-

way ANOVA with Tukey test wa used for statistical analys{®) Kaplan-Meier survival curve

for B16.F10 IFNLUCtumorsi nt r at umor al | y t r eRBSARWbRNA(LEt 1 00 ¢
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Arm) / D-PDB (2 ug RNA), AluJb RNA (Left Arm) / EPDB (10 pg RNA)Alu5 RNA (Left
Arm) / D-PDB (2ug RNA), or Alu5 RNA (Left Arm) / DPDB (10 ug RNA) Log rank (Mantel
Cox) test was used for statistical analysigtive to the PBS treatment group.

While the results from the alternatiW=-aB activity of Alu5 RNA (Left Arm) did not
manifest in changet therapeutic benefit in this particular setting, it is possible that other less
aggressive tumor models may indeed be impacted by such chafgesermore, the
coaministration of immune checkpoint blockade might ateprove responses and emphasize

treatment specific differences, which could therbbip clarify implicationghat alternativeNF-

aB activity has onnnate immune activation arahtitumor immunity

Manganese Potentiation

As discussed in Chapter Il,anganese is now known to be@eworthypotentiator of the
CGAS/STING pathwaylIn this work NanolSD was characterized witbadministration of
manganesbothin vitro andin vivo (Figure 6.8). THP1-Dualreporter cells were used $tudy the
effect that MA* pretreatment has on relative interferon produc(ieigure 6.8-A) and cellular
viability (Figure 6.8B). A fixed EC75 concentration of NanolSD was used with a dose response
of Mn2* for one dose response of interest, and a fixed concentration of 1 mMWas2ised with
a dose response of NanolSD for another dose response of intefedB,cGAMP, and M#r
were used as controls for the experiment. Notably, the effects of mangae&satprent were
surprisingly minimal. It should be noted that greviousreportsthat demonstratthe impact of
manganese potentiation have not shown efficacy in such reporter cell models, which might suggest
that another metric for efficacye. gPCR) could be more representative dhe
immunomodulatory effectsf manganese i@

Manganese was explor&uvivo using the B16.F10 murine tumor model. Mp@jjected
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intratumorally by itself did show some signs of therapeutic efficacy, as demonstratedidly pa
attenuation of tumor growthF{gure 6.8-C) and prolonged survivaF{gure 6.8D). However,
combination with NanolSD showed no therapeutic advantatpech again could be a tumor
specific phenomenon or related to drug delivery. Indeegachkaging I® and Mrf* may result

in a more therapeutically active treatment.
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Figure 6.7. Manganese @entiation of STINGsignaling.(A) THP1-Dual reporter cell assay of
Mn2* + NanolSD (B) CellTiter-Glo assay at 24 hours post treatment for cellkability of the
treated THP4Dual cells (C) Tumor growth plot foiB16.F10tumors intratumorally treated with
PBS,NanolSD, CpG DNA, NanolSD + Mri2or Mn2".Treatments were administered four times
g3das indicated by the dotted lindsumorgrowth curvesor each treatmentere truncateevhen

a mouse reached the study endpditiwo-way ANOVA with Tukey test wa used for statistical
analysis (D) KaplanMeier survival curve for B16.F10 tumonstratunorally treated with PBS
NanolSD, CpG DNA, NanolSD + Mr2or Mn2. Log rank (MantelCox) test was used for
statistical analysiselative to the PBS treatment group.
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ENPP1 Inhibition

ENPP1 inhibition which wasdiscussed in Chapter Il along with manganéseglso a
known potentiator of cGAS/STING signaling.o purse ENPP1 inhibition as a strategy to
potentiate innate immune activatiomegently described small molecule inhibitor of ENRPA.
Compound Cyas synthesizeth-houseand then coadministered with NanolSD in AH20Qal
reporter ceb to evaluate effects on relative IHNbroduction Figure 6.9). A fixed concentration
of 30 pM Compound C was used with a dose response of NanolSD for one dose response of
interest Figures 69-A and 6.9C), anda fixed EC75 concentration of NanolSD was used with a

dose response of Compound C for another dose response of irkeyestg 6.9B and 6.9D).
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Figure 6.8. In vitro characterization of the ENPP1 inhibitor, Compo@¢A) A549-Dual reporter
cell assay oh fixed 30 uM concentration of Compound C with a dose response of Nan@gsD
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A549-Dual reporter cell assay afdose response of Compound C with a fixed EC75 concentration
of NanolSD (C) CellTiter-Glo assay at 24 hours post treatment for cellular viability of the treated
A549-Dual cells (D) CellTiter-Glo assay at 24 hours post treatment for cellular viabifitthe
treated A54Dual cells

In this particular experiment, Compound C had little to no effect on the relativé IFN
production. This lack of efficacy ikely attributable tahe inability of the 2D in vitro model to
accurately recapitulatine conéxt of ENPPtregulated tumor microenvironments. Indeed, either
the reporter cells do not produce enough ENPP1 to affect iffidduction or the induction of
IFN-I expression in this particular assay is not dependent otioeedlll transfer of cGAMP and
therefore not appreciably regulated by ENPFPiturein vitro experiments investigating the
efficacy and potential utility of Compound C might involve spiking reporter cells with recombinant
ENPP1prior to treatment and/or utilizing cells that require cGANhsfer for IFNI induction.
In vivo experiments €.9. tumor therapy studiesglso have potential to answer the outstanding

guestions and may be a more direct route of investigation, since they represent a more

therapeutically relevargxperimental setto

Intrinsic Immunostimulatory Capacity of Nanocarriers
As determined irAim 1 (Chapter 3) D-PDB elicits cGASdependenSTING signaling
which is most likely due to mitochondrial DNA release into the cytosd?OB is cationic, and
therefore once in the cytosol, the polymer is likely to interact with and potentially destabilize the
negatively chargedhitochondrial membrane. Indeetie charge density of cationic speciésg.
chitin-derived polymershas been associated with mitochondrial DNA release and subsequent
cGAS/STING signalingf’. In addition to BPDB, it is also shown in this work ths¢veralother

nucleic acid carriers also exhibit cGAependent STING signalings demonstrated by IFN



activity in RAW-Dual reportecells Figure 6.12A) and a lack of IFN activity in RAW ISG KO
cGAS reporter cellsHigure 6.12C). For each treatment, similar toxicity profiles can be observed

between the two cell linefigures 6.12B and 6.12D), indicating consistent delivegonditions.
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Figure 6.9. Several nanocarriers trigger cGAlBpendent-N-I activity. (A) RAW-Dual reporter

cell assay of various nanocarriefB) CellTiter-Glo assay at 24 hours post treatment for cellular
viability of the treated RAADual cells.(C) RAW ISG KO-cGAS reporter cell assay of various
nanocarriers(D) CellTiter-Glo assay at 24 hours post treatment for cellular viability of the treated

RAW ISG KO-cGAS cells

This discovery has importamnplications for nucleic acid delivery and particularly for

gene deliveryas cGAS/STING signaling is quite likely counterproductive for successful gene
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delivery / gene incorporation. Accordingly, one strategy to improveihotitro andin vivogene
delivery might involve the use of cGAS and/or STING inhibitors. Data collected in our lab has
demonstrated that the cGARpendent IFN activity from nanocarriers can indeed be inhibited
through the use of either a cGAS inhibitoe(RU.521) or a STING inhitor (i.e. H-151)without
effecting cellular viability Figure 6.13. However, it remains to be seen whether such inhibition

of proinflammatory gene expression can manifest in better gene delivery.
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Figure 6.10. Inhibition of cGAS/STING signaling fromarious nanocarrisr Datacourtesy of
Lucinda Pastora (Wilson LabjA) RAW-Dual reporter cell assay of fixed EC75 concentrations
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CHAPTER VII

CONCLUSIONS

Chapter Summaries Limitations, and Future Directions

In Aim 1 of this dissertation (Chapter Ill), it was hypothesizkdt pharmacological
activation of the cGAS enzyme can stimulate antitumor immuAitgordingly, the objective of
Aim 1 was tooptimize cGAS ligands andevelop cell-penetrating nanoparticles for the
therapeutic deliveryA library of immunostimulatory DNA (ISD) was designed foptimal
activation of the cGAS enzyme. Subsequently, the established nucleic acid caRieB as
employed for cytosolic delivery difie ISD, and formulation conditions were optimizetilizing
several reporter cell assays, darative experimental screesf the various ISD / polymer
complexes yielded NanolSD, a potent adjuvant thatrgger local cGAS/STING signaling via
DNA-induced activation of the cGAS enzyme within the cytodtanolSD was found tevade
major deoxyribonucleases, enhance cellular uptake, promote cytosolic delivery via endosomal
escape, andefficiently trigger the cGAS/STING pathway in a cGAlgected manner.
Furthermore, NanolSD indudgroinflammatory cytokine production, proneptthe maturation
of antigen presenting cells, promdthe tumor infiltration of NK cells and CDE cells, reduce
tumor burden, and enhamteesponses to ICB therapy. Thud, was déermined that
pharmacologically targeting the cGAS protein can indeed stimulate antitumor immunity.

Regarding future work and applications, there are numerous strategies that may be pursued
to enhance théherapeutiatility of NanolSD. While NanolSD doesot require sustained retention
like shorter nucleic acid / IPDB complexes do, NanolSDadeddepots ¢é.9. PLGA MPs,

hydrogels,etc) may enable prolonged activity through drug shieldingleed, the data in this
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dissertation suggest thaanolSD likely becomes inactive over time wharratumorally
administered by itself, and therefore longitudinal release &aimug delivery depahayresult in
thesustained release of NanolSD in an\aeform (as it did for siRNA / BPDB complexesand
thereby improve its therapeutic efficacy. In addition to enhanced local delivery, systemic delivery
may also improve therapeutic responses in metastatic tumor models. Accordisglgored
generation veisn of NanolSDcould potentially utilize an alternative carrier, such adi@d
nanoparticle (LNPYo accommodate systemic delivery of ISDombining NanolSD treatment
with chemotherapies and/or other established cancer treatments may also result vedmpro
therapeutic response by enabling enhanced tumor cleatzastly;, as discussed in Chapter II,
modulatorsof STING signalinghave much promise for improving therapeutic responses, and
NanolSD couldhereforebe engineered to edeliver such modulatoralong with I1SD.

In Aim 2 of this dissertation (Chapter 1V), it was hypothesittedendogenous Alu RNA
can be repurposed to stimulate antitumor immurgcordingly, the objective of Aim 2 was to
develop cellpenetrating nanoparticles for the therapedigtivery of immunostimulatory Alu
RNA. Synthetic Alu RNA(i.e. immunostimulatory Alud RNA) wasin vitro transcribed, and D
PDB was again employed to facilitate locdtacellulardelivery.AluJo RNA (Left Arm)/ D-PDB
elicited potent induction of proinflammatory gene expression as deternmingtio by IFN-I
reporter cell assays ama vivo by mRNA analysis of treated tumors as well as IVIS analysis of
IFN-reporting tumors. Moreover, AIDJRNA (Left Arm) / D-PDB resulted in a significant
therapeutic response as demonstrated by tumor attenuation and prolonged survival in the B16.F10
murinemelanomaumor model. Thustiwas determined that endogenous Alu RNAs icdeed
be repurposettom multiple sclerosiso gimulate antitumor immunity.

Regarding future work and applications of AJURNA (Left Arm)/ D-PDB, further
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characterization of the pharmacokingtioperties of the nanopartiaeay be necessary to fully
understand the kinetics of signaling atslasso@ted effects on innate immune activation. Other
nanocarriers may also outperforraHDB, which was primarily useid this work to demonstrate
proof-of-concept. LastlyAlu RNA could also be explored as a vaccine adjuvant in the context of
infectious diseass since vaccines often necessitidite use of adjuvants that enatile activation

of innate immunity tgrovidelong-lasting protectioragainstpathogenic challenge.

In Aim 3 of this dissertation (Chapter V), it was hypothesibraddrug delivery depatcan
enable sustained activity of cglénetrating nanoparticles upon intratumoral administration and
thereby limit the necessary number of injections required for efficgemyordingly, the objective
of Aim 3 was todevelop a drug delivery depot teustain the activity of cefpenetrating
nanoparticles in tumorsBiocompatible PLGA was used to encapsulatl-penetrating
nanoparticlesn the form of microparticle depots. Successful nanoparticle loading was achieved,
and subsequent nanoparticle rekeawas demonstrated both vitro and in vivo in both
subcutaneous and intratumoral settings. Furthermore, the nanopatrticles that were released from the
PLGA microparticle depots preserved their functionality baotlitro andin vivo. Thus, itwas
determned thatthe PLGA depots could indeed promote sustainaedvivo activity upon
intratumoral administration using RNAI as a metric for cytosolic delivery and RNA functionality.
Notably, the experimental model that was used foirthavo study was so aggreise that freely
administered celpenetrating nanoparticles failed to register anyivo activity from a single
intratumoral treatment, which highlights the efficacy of the depot delivery stratabg 8. GA
depotsnot only demonstrated significant &tly, but also enabled sustained activity out to 3 days.

Notably, subsequent studies found that PLé6& pot s | oaded wi th 5Nj t

D-PDB complexesif. RIG-I adjuvant) failed to elicit a measurable therapeutic response to 4T1



LUC tumors upon ntratumoral administration, which suggests that there may be other
immunological factors at play for RiGactivity and that this drug delivery platform may be better
suited for RNAIi.Accordingly, uture work might involve the use of the platform for tledivaery

of SiRNA targeting immunosuppressive proteins that restrict the proper operation of the cancer
immunity-cycle or for the delivery of cefpenetrating nanoparticles in other therapeutic contexts
(e.g.sustained delivery in lungs).

In theancillary work of this dissertation (Chapter YBeveral modulators of the STING
pathway were characterized for their effects on downstream immune respfise8nodulators
demonstrated significant therapeutic effects, while manganese and ENPP1 inhibitors were not
effective as applied in this work. Their lack of efficacy may be ascribed to the mannieichn w
they were administered €. separate treatments versusdaivery in a single particle) and/or the
experimental design. Indeed, reporter cells are an indirect readout férpileduction and they
do not produce much ENPP1. Lastly, intrinsic cGé¢pendent activity of nanocarrievgs
confirmed and clearly implicates cGAS as a target for directed inhibition during DNA transfection.
Each of the modulators that were investigated in this work have potential to shape immune
responses when coadministered with STING pathway agonistsnabteeeffective application

specific treatmentd hus, they warrant further investigation, especially in the context of cancer.
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APPENDIX A

SUPPLEMENTARY MATERIAL FOR CHAPTER Il |

Sequence 1: Phosphorothioate-cap

ed 95-BP dsDNA
CATAA_CA(?CA_CAACA_
Secondary Structure Prediction Website: No Structures to Write

Complementary Sequence 1:
T*T*G*TTGTTGTTGTTGTTGTTTGTTGGTGTGTGTGTGTGTGTGTGTTGGTGTTGTTGTTGTTGTTGTTGTTTTATGGTGTGTGTGTGTGTGTG*T*GHT

Secondary Structure Prediction Website: Delta G = +8.1 (unlikely to create any secondary structures)

Melting Temperature Prediction Website: GC content = 40 % ; Tw = 74 °C
IDT OligoAnalyzer Tool Website: Maximum Delta G (i.e. free energy of the oligo sequence binding to its perfect complement) = -163.94 keal/mole

Sequence 2: Phosphorothioate-capped 70-BP dsDNA
A1\ KACAACAACAKCARCARCAR( (¢ \ ACACACACACACACACA*C*A*C

Secondary Structure Prediction Website: No Structures to Write

Complementary Sequence 2:
G*T*G*TGTGTGTGTGTGTGTGTTGGTGTTGTTGTTGTTGTTGTTGTTTTATGGTGTGTGTGTGTGTGTG*T*G*T

Secondary Structure Prediction Website: Delta G = +5.9 (unlikely to create any secondary structures)

Melting Temperature Prediction Website: GC content =43 % ; Tu=73°C
IDT OligoAnalyzer Tool Website: Maximum Delta G (i.e. free energy of the oligo sequence binding to its perfect complement) = -118.35 keal/mole

Sequence 3: Phosphorothioate-capped 45-BP dsDNA
AMCRASCACACACACACACACACAC ¢ R

Secondary Structure Prediction Website: No Structures to Write

Complementary Sequence 3:
T*T*G*TTGTTGTTGTTGTTGTTTGTGTGTGTGTGTGTGTGTGTG* T*G*T

Secondary Structure Prediction Website: Delta G = +3.8 (unlikely to create any secondary structures)

Melting Temperature Prediction Website: GC content =40 % ; Tu = 66 °C
IDT OligoAnalyzer Tool Website: Maximum Delta G (i.e. free energy of the oligo sequence binding to its perfect complement) = -74.88 keal/mole

Seiuence 4: Phnsihumthioale-tapped 20-BP dsDNA

Secondary Structure Prediction Website: No Structures to Write

Complementary Sequence 4:
G*T*G*TGTGTGTGTGTGTG*T*G*T

Secondary Structure Prediction Website: Delta G = +1.6 (unlikely to create any secondary structures)

Melting Temperature Prediction Website: GC content = 50 % ; Ty =52 °C
IDT OligoAnalyzer Tool Website: Maximum Delta G (i.e. free energy of the oligo sequence binding to its perfect complement) = -31 keal/mole

Supplemental Figure A.St The starting ISD library of synthetdsDNA from IDT. The star
symbol {.e. *) represents a phosphorothioate bond. Theoretical melting temperature values were
obtained from the melting temperature prediction websitesncelauncher.com/oligocalc.html
Theoretical maximum Delta G values were obtained from the IDT OligoAnalyzer Tool website,
idtdna.com/calc/analyzeheoretical Delta Gralues for secondary structure formation were

obtained from the secondary structure prediction website,
rna.urmc.rochester.edu/RNAstructureWeb/Servers/Prediedif®t.html
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95BP TOP:
TGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAA
CCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCC

95BP BOT:

EECEACT A ERIEEEE. TGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTC

CGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA

156BP TOP:
TGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAA
CCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGAT

156BP BOT:

R I OAEEEIEENC TTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGAT
CAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTC
CTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA

313BP TOP:
TGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAA
CCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGEACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATG

17¢



GCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAA
CAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGC
CCTTCCGGCTGGCTGGTTTATTGCTGATAAA

313BP BOT:
AICACEANIANACEAEEEAEE c GGAAGGGCCGAGCGCAGAAGTGGTCCTGCAA
CTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTC
GCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACG
CTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTAC
ATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGT
CAGAAGTAAGTTGGCCGCAGTGTTATCA

625BP TOP:
TGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAA
CCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATG
GCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAA
CAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGC
CCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCG
CGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTA
CACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATGSCTGAGATAG
GTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA
GATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT
AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC

625BP BOT:
EEEEICICACEEIEAGIEIs ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATT
ATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAAT
CTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGC
ACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTG
TAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG
CGAGACCCACGCTCACCGGCTCCAGATTTACAGCAATAAACCAGCCAGCCGGAAG
GGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG
TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGC
CATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCC
GGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTT
AGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCA

1250BP TOP:
TGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAA
CCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATG
GCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAA
CAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGC
CCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCG
CGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTA
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CACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTAGATAG
GTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA
GATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT
AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCT
TGCAAACAAAAAAACCAC CGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTA
CCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTT
CTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACA
TACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGT
CTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGTCGGGCTG
AACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGA
GATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG
GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTC
CAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTG
AGCGTCGATTTTTGTGATGCTCA CAGGGGGGCGGAGCCTATGGAAAAACGCCAGC
AACG

1250BP BOT:

GGCTCCGCCCCCCTGACGAGCATCACAAAAATCGAC
GCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCC
CCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGT
CCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTMMCATAGCTCACGCTGTAGGTATCT
CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCA
GCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACA
CGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGA
ACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGT
AGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAG
CAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACG
GGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTA
TCAAAAAGGATCTTCACCTAGATCCTTTTAAATT AAAAATGAAGTTTTAAATCAATC
TAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCA
CCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGT
AGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG
CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAG
GGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG
TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGC
CATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCC
GGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTT
AGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGAAGTTGGCCGCAGTGTTATCA

2500BP TOP:
AGGGACAGCAGAGATCCACTTTGGCGCCGGCTCGAGGGGGCCCGGGTGCAAAGATG
GATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTAATGGACCTTCTAGGTCTTGAA
AGGAGTGGGAATTGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAG
TCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTAGAGARGTGG



CGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGT
GGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGG
TTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTT
ACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCAGTACGTGATTC
TTGATCCCGAGCTTCGGGTTGBAGTGGGTGGGAGAGTTCGAGGCCTTGCGCTTAAG
GAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTGGCCTGGGCGLCTGGGGLCCGLCCGLG
TGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGCTGCTTTCGATAAGTCTCTAGCCAT
TTAAAATTTTTGATGACCTGCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTAAAT
GCGGGCCAAGATCTGCACACTGGTATTTCGGTTTTTGGGGCCGCGG@GCGACGG
GGCCCGTGCGTCCCAGCGCACATGTTCGGCGAGGCGGGGCCTGCGAGCGCGGCCAC
CGAGAATCGGACGGGGGTAGTCTCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTC
GCGCCGCCGTGTATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCGGCACCAGT
TGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGCTCAAAATGGA
GGACGCGGCGCTCGGGAGAGCGGEEGGTGAGTCACCCACACAAAGGAAAAGGGC
CTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGGCGCCGTCCAG
GCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGGGGGAGGG
GTTTTATGCGATGGAGTTTCCCCACACTGAGTGGGTGGAGACTGAAGTTAGGCCAGC
TTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGAGTTTGGATCTTGTTC
ATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGTGTCGTGAC
GTACGGCCACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGAC
GTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGLCCACGLCGC
CACACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTT
CCTCACGCGCGTCGGGCTCGACATGGCAAGGTGTGGGTCGCGGACGACGGCGLCCG
CCGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAG
ATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGAT
GGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCG
TCGGAGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGLCLCGTCGTGLTCCCC
GGAGTGGAGGCGGCCGAGCGCGLCCGGGGTGCCCGLCCTTCCTGGAGACCTLCCGLGCC
CCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGT
GCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGAACGCGTT
AAGTCGACAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTA
ACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGC
TATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTC
TTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTG
CTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGA
CTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTARE
CTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAA
ATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACG
TCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGC
TGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCT

2500BP BOT:

RENICCEATICEICIEABEE. cAAGGCGAAGACGCGGAAGAGGCCGCAGAGCCGG

CAGCAGGCCGCGGGAAGGAAGGTCCGCTGGATTGAGGGCCGAAGGGACGTAGCAG
AAGGACGTCCCGCGCAGAATCCAGGTGGCAACACAGGCGAGCAGCCAAGGAAAGG
ACGATGATTTCCCCGACAACACCACGGAATTGTCAGTGCCCAACAGCCGAGCCCCT
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GTCCAGCAGCGGGCAAGGCAGGCGGCGATGAGTTCCGCCGTGGBAAGGGAGGG
GGAAAGCGAAAGTCCCGGAAAGGAGCTGACAGGTGGTGGCAATGCCCCAACCAGT
GGGGGTTGCGTCAGCAAACACAGTGCACACCACGCCACGTTGCCTGACAACGGGCC
ACAACTCCTCATAAAGAGACAGCAACCAGGATTTATACAAGGAGGAGAAAATGAAA
GCCATACGGGAAGCAATAGCATGATACAAAGGCATTAAAGCAGCGTATCCACATAG
CGTAAAAGGAGCAACATAGTTAA GAATACCAGTCAATCTTTCACAAATTTTGTAATC
CAGAGGTTGATTGTCGACTTAACGCGTTCAGGCACCGGGCTTGCGGGTCATGCACCA
GGTGCGCGGTCCTTCGGGCACCTCGACGTCGGCGGTGACGGTGAAGCCGAGCCGCT
CGTAGAAGGGGAGGTTGCGGGGCGCGGAGGTCTCCAGGAAGGCGGGCACLCLCCGGL
GCGCTCGGCCGCCTCCACTCCGGGGAGCACGACGGCGCTGCCCAGACCCTT®IG
GTGGTCGGGCGAGACTCCGACGGTGGCCAGGAACCACGCGGGCTCCTTGGGLCCGGT
GCGGCGCCAGGAGGCCTTCCATCTGTTGCTGCGCGGCCAGCCGGGAACCGCTCAAC
TCGGCCATGCGCGGGCCGATCTCGGCGAACACCGCCCCCGCTTCGACGCTCTCCGGC
GTGGTCCAGACCGCCACGGCGGCGCCGTCGTCCGCGACCCACACCTTGCCGATGTCG
AGCCCGACGCGCGTGAGGAAGAGTTCTGCAGCTCGGTGACCCGCTCGATGTGGCG
GTCCGGATCGACGGTGTGGCGCGTGGCGGGGTAGTCGGCGAACGCGGCGGCGAGGG
TGCGTACGGCCCTGGGGACGTCGTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTAC
TCGGTCATGGTGGCCGTACGTCACGACACCTGAAATGGAAGAAAAAAACTTTGAAC
CACTGTCTGAGGCTTGAGAATGAACCAAGATCCAAACTCAAAAAGGGCAAATTCCA
AGGAGAATTACATCAAGTGCCAAGCTGGCCTAACTTCAGTCTCCACCCACTCAGTGT
GGGGAAACTCCATCGCATAAAACCCCTCCCCCCAACCTAAAGACGACGTACTCCAA
AAGCTCGAGAACTAATCGAGGTGCCTGGACGGCGCCCGGTACTCCGTGGAGTCACA
TGAAGCGACGGCTGAGGACGGAAAGGCCCTTTTCCTTTGTGTGGGTGACTCACCCGC
CCGCTCTCCCGAGCGCCGCGTCCTCCATTTTGICTCCCTGCAGCAGGGCCGGGAAG
CGGCCATCTTTCCGCTCACGCAACTGGTGCCGACCGGGCCAGCCTTGCCGCCCAGGG
CGGGGCGATACACGGCGGCGCGAGGCCAGGCACCAGAGCAGGCCGGCCAGCTTGA
GACTACCCCCGTCCGATTCTCGGTGGCCGCGCTCGCAGGCCCCGCCTCGCCGAACAT
GTGCGCTGGGACGCACGGGCCCCGTCGCCGCCCGCGGCCCCAAAAACCGAAATACC
AGTGTGCAGATCTTGGCCCGCATTTACAAGACTATCTTGCCAGAAAAAAAGCGTCGC
AGCAGGTCATCAAAAATTTTAAATGGCTAGAGACTTATCGAAAGCAGCGAGACAGG
CGCGAAGGTGCCACCAGATTCGCACGCGGCGGCCCCAGCGCCCAGGCCAGGLCCTCA
ACTCAAGCACGAGGCGAAGGGGCTCCTTAAGCGCAAGGCCTCGAACTCTCCCACCC
ACTTCCAACCCGAAGCTCGGGATCAAGAATCACGTACTECAGCCAGGTGGAAGTAA
TTCAAGGCACGCAAGGGCCATAACCCGTAAAGAGGCCAGGCCCGCGGGAACCACAC
ACGGCACTTACCTGTGTTCTGGCGGCAAACCCGTTGCGAAAAAGAACGTTCACGGC
GACTACTGCACTTATATACGGTTCTCCCCCACCCTCGGGAAAAAGGCGGAGCCAGTA
CACGACATCACTTTCCCAGTTTACCCCGCGCCACCTTCTCTAGGCACCGGATCAATT
GCCGACCCCTCCCCCAACTTCTCGGGGACTGTGGGCGATGTGCGCTCTGCCCACTG
ACGGGCACCGGAGCCAATTCCCACTCCTTTCAAGACCTAGAAGGTCCATTAGCTGCA
AAGATTCCTCTCTGTTTAAAACTTTATCCATCTTTGCACCCGGGCCCCCTCGAGCCGG
CGCCAAAGTGGATCTCTGCTGTCCCT

5000BP TOP:
ATCCGGTGCCTAGAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACT
GGCTCCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCG
TGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTG



GTTCCCGCGGGCCTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTC
CACCTGGCTGCAGTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGA
GAGTTCGAGGCCTTGCGCTTAAGGAEGCCCTTCGCCTCGTGCTTGAGTTGAGGCCTG
GCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGC
TGCTTTCGATAAGTCTCTAGCCATTTAAAATTTTTGATGACCTGCTGCGACGCTTTTT
TTCTGGCAAGATAGTCTTGTAAATGCGGGCCAAGATCTGCACACTGGTATTTCGGTT
TTTGGGGCCGCGGGCGGCGACGGGGCCCGTGCGTCCCAGCGCACATGTTCEAG
GCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGGGGGTAGTCTCAAGCTGGCC
GGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTGTATCGCCCCGCCCTGGGCGGCAA
GGCTGGCCCGGTCGGCACCAGTTGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCT
GCTGCAGGGAGCTCAAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGT
CACCCACACAAAGGAAAAGGGCCTTTCCECCTCAGCCGTCGCTTCATGTGACTCCA
CGGAGTACCGGGCGCCGTCCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGT
CGTCTTTAGGTTGGGGGGAGGGGTTTTATGCGATGGAGTTTCCCCACACTGAGTGGG
TGGAGACTGAAGTTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCC
[TTTTGAGTTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTT
TCTTCCATTTCAGGTGTCGTGACGTACGGCCACCATGACCGAGTACAAGCCCACGGT
GCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCALCCCTEGLCG CeaeaTT
CGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGLCGGG
TCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGT
GGGTCGCGGACGACGGCGCCGCCGTCEITCTGGACCACGCCGGAGAGCGTCGAA
GCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCG
GCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGC
CCGCGTGGTTCCTGGCCACCGTCGGAGTCTCGCCCGACCACCAGGGCAAGGGTCTG
GGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGLCCGAGLCGLGLLGGGETGLLCCGC
CTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCAC
CGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCA
AGCCCGGTGCCTGAACGCGTTAAGTCGACAATCAACCTCTGGATTACAAAATTTGTG
AAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGC
TTTAATGCCTTTGTATCATGCTATTGCTTCCGTATGGCTTTCATTTTCTCCTCCTTGT
ATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTG
GCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCA
CCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACT
CATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAA
TTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCC
ACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCG
GACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTC
GCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCGTCGACTTTAAGACC
AATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGAC
TGGAAGGGCTAATTCACTCCCAACGAAGACAAGATCTGCTTTTTGCTTGTACTGGGT
CTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCAC
TGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTT
GTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATTC
TAGCAGTACGTATAGTAGTTCATGTCATCTTATTATTCAGTATTTATAACTTGCAAAG
AAATGAATATCAGAGAGTGAGAGGAACTTGTTTATTGCAGCTTATAATGGTTACAAA
TAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGT
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TGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGCTCTAGCTATCCCGCC
CCTAACTCCGCCCATCCCGCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCAT
GGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTAT
TCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGGACGTACCCAATTCGCCCTA
TAGTGAGTCGTATTACGCGCGCTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGA
AAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTGCCAGCTG
GCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGA
ATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTT
ACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTC
TTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGC
TCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTA
GGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC
GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAA
CCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGG
TTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAA AATATTAACG
CTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATT
TTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCT
TCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTAT
TCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAA
GTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCT
CAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAG
CACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGA
GCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGT
CACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCA
TAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCG
AAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGT
TGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCC
TGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGC
TTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTC
TGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGC
GTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCG
TAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATC
GCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTACTCA
TATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGA
TCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGC
GTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT
AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGA
TCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACC
AAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTT

5000BP BOT:

B EEICECoIAAGIAGEE_ TACACTAGAAGAACAGTATTTGGTATCTGCGCTCTG
CTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC
CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGAGAAAAAA
AGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGA
AAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGAT

181



CCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTG
GTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCOGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGC
TTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCA
GATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGC
AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAG
TTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCACGTGGTGTC
ACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGT
TACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGT
TGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAA
TTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACC
AAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATA
CGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACG
TTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTA
ACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGG
TGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGG GCGACACGGA
AATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTA
TTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGT
TCCGCGCACATTTCCCCGAAAAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTA
AAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCG
GCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCA
GTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAA
AACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTT
GGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTA
GAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAABAAGCGAA
AGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCA
CACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTGC
GCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGA
AAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCA
CGACGTTGTAAAACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGA
ATTGGGTACGTCCCTAGGCCTCCAAAAAAGCCTCCTCACTACTTCTGGAATAGCTCA
GAGGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGCCATGGGG
CGGAGAATGGGCGGAACTGGGCGGAGTTAGGGGCGGGATGGGCGGAGTTAGGGGC
GGGATAGCTAGAGCCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAA
CTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATT
TGTAACCATTATAAGCTGCAATAAACAAGTTCCTCTCACTCTCTGATATTCATTTCTT
TGCAAGTTATAAATACTGAATAATAAGATGACATGAACTACTATACGTACTGCTAGA
GATTTTCCACACTGACTAAAAGGGTCTGAGGGATCTCTAGTTACCAGAGTCACACAA
CAGACGGGCACACACTACTTGAAGCACTCAAGGCAAGCTTTATTGAGGCTTAAGCA
GTGGGTTCCCTAGTTAGCCAGAGAGCTCCCAGGCTCAGATCTGGTCTAACCAGAGAG
ACCCAGTACAAGCAAAAAGCAGATCTTGTCTTCGTTGGGAGTGAATTAGCCCTTCCA
GTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGATCTACAGCTGCCTTGTAAGTCATTGG
TCTTAAAGTCGACGCGGGGAGGCGGCCCAAAGGGAGATCCGACTCGTCTGARBSCG
AAGGCGAAGACGCGGAAGAGGCCGCAGAGCCGGCAGCAGGCCGCGGGAAGGAAG
GTCCGCTGGATTGAGGGCCGAAGGGACGTAGCAGAAGGACGTCCCGCGCAGAATCC
AGGTGGCAACACAGGCGAGCAGCCAAGGAAAGGACGATGATTTCCCCGACAACAC



CACGGAATTGTCAGTGCCCAACAGCCGAGCCCCTGTCCAGCAGCGGGCAAGGCAGG
CGGCGATGAGTTCCGCCGTGGCAATAGGGAGGGGAAAGCGAAAGTCCCGGAAAG
GAGCTGACAGGTGGTGGCAATGCCCCAACCAGTGGGGGTTGCGTCAGCAAACACAG
TGCACACCACGCCACGTTGCCTGACAACGGGCCACAACTCCTCATAAAGAGACAGC
AACCAGGATTTATACAAGGAGGAGAAAATGAAAGCCATACGGGAAGCAATAGCAT
GATACAAAGGCATTAAAGCAGCGTATCCACATAGCGTAAAAGGAGCAACATAGTTA
AGAATACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGGTTGATTGTCGACTTAA
CGCGTTCAGGCACCGGGCTTGCGGGTCATGCACCAGGTGCGCGGTCCTTCGGGCACC
TCGACGTCGGCGGTGACGGTGAAGCCGAGCCGCTCGTAGAAGGGGAGGTTGCGGGG
CGCGGAGGTCTCCAGGAAGGCGGGCACCCCGGCGLCGLCTCGGCCGCCTCCACTCCGG
GGAGCACGACGGCGCTGCCCAGACCCTTGCCCTGGTGGGGGCGAGACTCCGACG
GTGGCCAGGAACCACGCGGGCTCCTTGGGCCGGTGCGGCGCCAGGAGGCCTTCCAT
CTGTTGCTGCGCGGCCAGCCGGGAACCGCTCAACTCGGCCATGCGCGGGCCGATCTC
GGCGAACACCGCCCCCGCTTCGACGCTCTCCGGCGTGGTCCAGACCGCCACGGLCGG
CGCCGTCGTCCGCGACCCACACCTTGCCGATGTCGAGCCCGACGCGCGTGAGGAAG
AGTTCTTGCAGCTGSGTGACCCGCTCGATGTGGCGGTCCGGATCGACGGTGTGGCGC
GTGGCGGGGTAGTCGGCGAACGCGGCGGCGAGGGTGCGTACGGCCCTGGGGACGTC
GTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTACTCGGTCATGGTGGCCGTACGTCA
CGACACCTGAAATGGAAGAAAAAAACTTTGAACCACTGTCTGAGGCTTGAGAATGA
ACCAAGATCCAAACTCAAAAAGGGCAAATTCCAAGGAGAATTAC ATCAAGTGCCAA
GCTGGCCTAACTTCAGTCTCCACCCACTCAGTGTGGGGAAACTCCATCGCATAAAAC
CCCTCCCCCCAACCTAAAGACGACGTACTCCAAAAGCTCGAGAACTAATCGAGGTG
CCTGGACGGCGCCCGGTACTCCGTGGAGTCACATGAAGCGACGGCTGAGGACGGAA
AGGCCCTTTTCCTTTGTGTGGGTGACTCACCCGCCCGCTCTCCCGAGCGCCGCGTCCT
CCATTTTGAGCTCCCTEAGCAGGGCCGGGAAGCGGCCATCTTTCCGCTCACGCAAC
TGGTGCCGACCGGGCCAGCCTTGCCGCCCAGGGCGGGGCGATACACGGCGGCGCGA
GGCCAGGCACCAGAGCAGGCCGGCCAGCTTGAGACTACCCCCGTCCGATTCTCGGT
GGCCGCGCTCGCAGGCCCCGCCTCGCCGAACATGTGCGCTGGGACGCALCGGGLCCCC
GTCGCCGCCCGCGGCCCCAAAAACCGAAATACCAGTGTGCAGATCTTGCCCGCAT
TTACAAGACTATCTTGCCAGAAAAAAAGCGTCGCAGCAGGTCATCAAAAATTTTAA
ATGGCTAGAGACTTATCGAAAGCAGCGAGACAGGCGCGAAGGTGCCACCAGATTCG
CACGCGGCGGCCCCAGCGCCCAGGCCAGGCCTCAACTCAAGCACGAGGCGAAGGG
GCTCCTTAAGCGCAAGGCCTCGAACTCTCCCACCCACTTCCAACCCGAAGCTCGGGA
TCAAGAATCACGTACTGCAGCCAGGTGGAAGTAATTCAAGGCACGCAAGGGCCATA
ACCCGTAAAGAGGCCAGGCCCGCGGGAACCACACACGGCACTTACCTGTGTTCTGG
CGGCAAACCCGTTGCGAAAAAGAACGTTCACGGCGACTACTGCACTTATATACGGTT
CTCCCCCACCCTCGGGAAAAAGGCGGAGCCAGTACACGACATCACTTTCCCAGTTTA
CCCCGCGCCACCTTCTCTAGGCACCGGAT

10000BP TOP:
ATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCAGAGAGGGCCTATTTCCCAT
GATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTAGAATTAA
TTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAAT
TTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTAC
CGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAA
CACCGGAGACGGTTGTAAATGAGCACACAAAATACACATGCTAAAATATTATATTCT
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ATGACCTTTATAAAATCAACCAAAATCTTCTTTTTAATAACTTTAGTATCAATAATTA
GAATTTTTATGTTCCTTTTTGCAAACTTTTAATAAAAATGAGCAAAATAAAAAAACG
CTAGTTTTAGTAACTCGCGTTGTTTTCTTCACCTTTAATAATAGCTACTCCACCACTT
GTTCCTAAGCGGTCAGCTCCTGCTTCAATCATTTTTTGAGCATCTTCAAATGTTCTAA
CTCCACCAGCTGCTTTAACTAAAGCATTGTCTTTAACAACTGACTTCATTAGTTTAAC
ATCTTCAAATGTTGCACCTGATTTTGAAAATCCTGTTGATGTTTTAACAAATTCTAAT
CCAGCTTCAACAGCTATTTCACAAGCTTTCATGATTTCTTCTTTTGTTAATAAACAAT
TTTCCATAATACATTTAACAACATGTGATCCAGCTGCTTTTTTTACAGCTTTCATGTC
TTCTAAAACTAATTCATAATTTTTGTCTTTTAATGCACCAATATTTAATACCATATCA
ATTTCTGTTGCACCATCTTTAATTGCTTCAGAAACTTCGAATGCTTTTGTAGCTGTTG
TGCATGCACCTAGAGGAAAACCTACAACATTTGTTATTCCTACATTTGTGCCTTTTAA
TAATTCTTTACAATAGCTTGTTCAATATGAATTAACACAAACTGTTGCAAAATCA AA
TTCAATTGCTTCATCACATAATTGTTTAATTTCAGCTTTCGTAGCATCTTGTTTTAATA

ATGTGTGATCTATATATTTGTTTAGTTTCATTTTTTCTCCTATATATTCATTTTTAATTT
TAATTCTTTAATAATTTCGTCTACTTTAACTTTAGCGTTTTGAACAGATTCACCAACA
CCTATAAAATAAATTTTTAGTTTAGGTTCAGTTCCACTTGGGCGAACAGCAAATCAT

GACTTATCTTCTAAATAAAA TTTTAGTAAGTCTTGTCCTGGCATATTATACATTCCAT
CGATGTAGTCTTCAACATTAACAACTTTAAGTCCAGCAATTTGAGTTAAGGGTGTTG
CTCTCAATGATTTCATTAATGGTTCAATTTTTAATTTCTTTTCTTCTGGTTTAAAATTC
AAGTTTAAAGTGAAAGTGTAATATGCACCCATTTCTTTAAATAAATCTTCTAAATAG
TCTACTAATGTTTTATTTTGTTTTTTATAAAATCAAGCAGCCTCTGCTATTAATATAG
AAGCTTGTATTCCATCTTTATCTCTAGCTGAGTCATCAATTACATATCCATAACTTTC
TTCATAAGCAAAAACAAAATTTAATCCGTTATCTTCTTCTTTAGCAATTTCTCTACCC
ATTCATTTAAATCCAGTTAAAGTTTTTACAATATTAACTCCATATTTTTCATGAGCGA
TTCTATCACCCAAATCACTTGTTACAAAACTTGAATATAGAGCCGGATTTTTTGGAA
TGCTATTTAAGCGTTTTAGATTTGATAATTTTCAATCAATTAAAATTGGTCCTGTTTG
ATTTCCATCTAATCTTACAAAATGACCATCATGTTTTATTGCCATTCCAAATCTGTCA
GCATCTGGGTCATTCATAATAATAATATCTGCATCATGTTTAATACCATATTCAAGC
GGTATTTTTCATGCAGGATCAAATTCTGGATTTGGATTTACAACATTTTTAAATGTTT
CATCTTCAAATGCATGCTCTTCAACCTCAATAACGTTATATCCTGATTCACGTAATAT
TTTTGGGGTAAATTTAGTTCCTGTTCCATTAACTGCGCTAAAAATAATTTTTAAATCT
TTTTTAGCTTCTTGCTCTTTTTTGTACGTCTCTGTTTTAGAGCTAGAAATAGCAAGTTA
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTA
AGCTTGGCGTAACTAGATCTTGAGACAAATGGCAGTATTCATCCACAATTTTAAAAG
AAAA GGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCA
ACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCG
GGTTTATTACAGGGACAGCAGAGATCCACTTTGGCGCCGGCTCGAGGGGGLCLCCGGG
TGCAAAGATGGATAAAGTTTTAAACAGAGAGGAATCTTTGCAGCTAATGGACCTTCT
AGGTCTTGAAAGGAGTGGGAATTGGCTCCGGTGCCGTCAGTGGGCAGAGCGCACA
TCGCCCACAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGATCCGGTGCCTA
GAGAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTT
TTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTT
TTCGCAACGGGTTTGCCGCCAGAACACAGGTAAGTGCCGTGTGTGGTTCCCGCGGGC
CTGGCCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACCTGGCTGCA
GTACGTGATTCTTGATCCCGAGCTTCGGGTTGGAAGTGGGTGGGAGAGTTCGAGGCC
TTGCGCTTAAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGGCCTGGCCTGGGCGCTG
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GGGCCGCCGCGTGCGAATCTGGTGGCACCTTCGCGCCTGTCTCGCTGCTTTCGATAA
GTCTCTAGCCATTTAAAATTTTTGATGACCTGCTGCARCGCTTTTTTTCTGGCAAGAT
AGTCTTGTAAATGCGGGCCAAGATCTGCACACTGGTATTTCGGTTTTTGGGGCCGCG
GGCGGCGACGGGGCCCGTGCGTCCCAGCGCACATGTTCGGCGAGGCGGGGCCTGCG
AGCGCGGCCACCGAGAATCGGACGGGGGTAGTCTCAAGCTGGCCGGCCTGCTCTGG
TGCCTGGCCTCGCGCCGCCGTGTATCGCCCCGCCCTGGGCGGCAAGGLCTGGLCCCGGT
CGGCACCAGITGCGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGC
TCAAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGTCACCCACACAAA
GGAAAAGGGCCTTTCCGTCCTCAGCCGTCGCTTCATGTGACTCCACGGAGTACCGGG
CGCCGTCCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTG
GGGGGAGGGGTTTTATGCGATGGAGTTTCCCCACACTGBTGGGTGGAGACTGAAG
TTAGGCCAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGAGTTTGG
ATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAG
GTGTCGTGACGTACGGCCACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCAC
CCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGLCCGCCGLCGTTCGCCGACTACCC
CGCCACGCGCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGC
AAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGAC
GACGGCGCCGCCGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGLGGT
GTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGLCTGGLLCGLCGC
AGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGESCCCGCGTGGTTC
CTGGCCACCGTCGGAGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGT
CGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGLCCGGGGTGCCCGCCTTCCTGGAGA
CCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCG
ACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGLCC
TGAACGCGTTAAGTCGACAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACT
GGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTT
TGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGG
TTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGC
ACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGAXZCACCTGTCAGCTC
CTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCT
GCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGT
TGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCT
GCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCC
CGCGGCCTGUGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACG
AGTCGGATCTCCCTTTGGGCCGCCTCCCCGCGTCGACTTTAAGACCAATGACTTACA
AGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTA
ATTCACTCCCAACGAAGACAAGATCTGCTTTTTGCTTGTACTGGGTCTCTCTGGTTAG
ACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGBACCCACTGCTTAAGCCTC
AATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTG
GTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTACGT
ATAGTAGTTCATGTCATCTTATTATTCAGTATTTATAACTTGCAAAGAAATGAATATC
AGAGAGTGAGAGGAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATA
GCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTC
CAAACTCATCAATGTATCTTATCATGTCTGGCTCTAGCTATCCCGCCCCTAACTCCGC
CCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAAT
[TTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTA
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GTGAGGAGGCTTTTTTGGAGGCCTAGGGACGTACCAATTCGCCCTATAGTGAGTCG
TATTACGCGCGCTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGC
GTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGC
GAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATG
GGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG
TGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTT
TCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGG
GTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGG
TTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCC
ACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCG
GTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATG
AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTT
AGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATA
CATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAT
TGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTG
CGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATG
CTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGT
AAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAA
GTTCTGCTATGTGGCGCGGTATTATCCCGATTGACGCCGGGCAAGAGCAACTCGGT
CGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAG
CATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGT
GATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAAC
CGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGA
GCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGG
CAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAAC
AATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCC
CTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGC
GGTATCATTGCAGCACTGGGGCCAGATGGTAACCCTCCCGTATCGTAGTTATCTAC
ACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAG
GTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTA
GATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGAT
AATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCT
TGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTA
CCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTT
CTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACA
TACCTCGCTCTGCTAATCCTGTTACCAGTGGTGCTGCCAGTGGCGATAAGTCGTGT
CTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTG
AACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGA
GATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG
GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTC
CAGGGGEAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTG
AGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGC
AACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCC
TGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC
GCTCGCCGCAGCCGAACGACCGAGCGCAGCGARCAGTGAGCGAGGAAGCGGAAG
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AGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCT
GGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTG
AGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGT
TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATT
ACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTGCAAGCT
TAATGTAGTCTTATGCAATACTCTTGTAGTCTTGCAACATGGTAACGATGAGTTAGC
AACATGCCTTACAAGGAGAGAAAAAGCACCGTGCATGCCGATTGGTGGAAGTAAGG
TGGTACGATCGTGCCTTATTAGGAAGGCAACAGACGGGTCTGACATGGATTGGACG
AACCACTGAATTGCCGCATTGCAGAGATATTGTATTTAAGTGCCTAGCTCGATACAT
AAACGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGG
GAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGC
CCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGG
AAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGGAAACCAGA
GGAGCTCTCICGACGCAGGACTCGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGG
GGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGA
GATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGCGATGGGAAAA
AATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGG
CAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTAGAAACATCAGAA
GGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGA
ACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGA
GATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGT
AAGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGA
GGGACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTA
GGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAG
TGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCG
CAGCGTCAATGACGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGC
AGCAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGBACTCACA
GTCTGGGGCATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGGAAAGATACCTAAA
GGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGC
TGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTGGAATCACAC
GACCTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCT
TAATTGAAGAATCGCAAAACCA GCAAGA

10000BP BOT:

I CEEANIET CAATTAAGGAGTGTATTAAGCTTGTGTAATTGTTAA
TTTCTCTGTCCCACTCCATCCAGGTCGTGTGATTCCAAATCTGTTCCAGAGATTTATT
ACTCCAACTAGCATTCCAAGGCACAGCAGTGGTGCAAATGAGTTTTCCAGAGCAAC
CCCAAATCCCCAGGAGCTGTTGATCCTTTAGGTATCTTTCCACAGCCAGGATTCTTGC
CTGGAGCTGCTTGATGCCCCAGACTGTGAGTTGCAACAGATGCTGTEGCGCCTCAAT
AGCCCTCAGCAAATTGTTCTGCTGCTGCACTATACCAGACAATAATTGTCTGGCCTG
TACCGTCAGCGTCATTGACGCTGCGCCCATAGTGCTTCCTGCTGCTCCCAAGAACCC
AAGGAACAAAGCTCCTATTCCCACTGCTCTTTTTTCTCTCTGCACCACTCTTCTCTTT
GCCTTGGTGGGTGCTACTCCTAATGGTTCAATTTTTACTACTTTATATTTATATAATT
CACTTCTCCAATTGTACCTCATATCTCCTCCTCCAGGTCTGAAGATCAGCGGCCGCTT
GCTGTGCGGTGGTCTTACTTTTGTTTTGCTCTTCCTCTATCTTGTCTAAAGCTTCCTTG
GTGTCTTTTATCTCTATCCTTTGATGCACACAATAGAGGGTTGCTACTGTATTATATA



ATGATCTAAGTTCTTCTGATCCTGTCTGAAGGGATGGTTGTAGCTGTCCCAGTATTTG
TCTACAGCCTTCTGATGTTTCTAACAGGCCAGGATTAAO GCGAATCGTTCTAGCTCC
CTGCTTGCCCATACTATATGTTTTAATTTATATTTTTTCTTTCCCCCTGGCCTTAACCG
AATTTTTTCCCATCGCGATCTAATTCTCCCCCGCTTAATACTGACGCTCTCGCACCCA
TCTCTCTCCTTCTAGCCTCCGCTAGTCAAAATTTTTGGCGTACTCACCAGTCGCCGCC
CCTCGCCTCTTGCCGTGCGCGCTTCAGCAAGCCGAGTCCTGCGTCGAGAGAGCTCCT
CTGGTTTCCCTTTCGCTTTCAAGTCCCTGTTCGGGCGCCACTGCTAGAGATTTTCCAC
ACTGACTAAAAGGGTCTGAGGGATCTCTAGTTACCAGAGTCACACAACAGACGGGC
ACACACTACTTGAAGCACTCAAGGCAAGCTTTATTGAGGCTTAAGCAGTGGGTTCCC
TAGTTAGCCAGAGAGCTCCCAGGCTCAGATCTGGTCTAACCAGAGAGACCCGTTTAT
GTATCGAGCTAGGCACTTAAATACAATATCTCTGCAATGCGGCAATTCAGTGGTTCG
TCCAATCCATGTCAGACCCGTCTGTTGCCTTCCTAATAAGGCACGATCGTACCACCT
TACTTCCACCAATCGGCATGCACGGTGCTTTTTCTCTCCTTGTAAGGCATGTTGCTAA
CTCATCGTTACCATGTTGCAAGACTACAAGAGTATTGCATAAGACTACATTAAGCTT
GCAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATG
GTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACG
AGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACAT
TAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGC
ATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCG
CTTCCTCGCTCACTGACTCGCTGCGCTCGAGTTCGGCTGCGGCGAGCGGTATCAG
CTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAG
AACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGC
TGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAA
GTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGA
AGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCT
TTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTC
GGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGA
CCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTT
ATCGCCACTGGCAGCAGCCACTGGTAACAGGATAGCAGAGCGAGGTATGTAGGCG
GTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTAT
TTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTT
GATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGA
TTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTG
ACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAA
AGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGT
ATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATC
TCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAA
CTACGATACGGGAGGGCTTACCATCTGGCCCAGTGCTGCAATGATACCGCGAGAC
CCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGA
GCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCG
GGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGC
TACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCC
CAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCC
TTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTT
ATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGA
CTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCT

18¢



CTTGCCCGGCGTCAATACGGGATAATACCGGCCACATAGCAGAACTTTAAAAGTG
CTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTG
AGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTT
TCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGG
AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG
AAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA
AAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTAAATTGT
AAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTT
AACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGAT
AGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAG@ CCACTATTAAAGAACGTGGACTC
CAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCAT
CACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTA
AAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAA
GGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTC
ACGCTGCGGSTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGLCGLCGTC
CCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTC
GCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAA
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGCGTAA
TACGACTCACTATAGGGCGAATTGGGTACGTCCCTAGGCTCCAAAAAAGCCTCCTC
ACTACTTCTGGAATAGCTCAGAGGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAA
AAAATTAGTCAGCCATGGGGCGGAGAATGGGCGGAACTGGGCGGAGTTAGGGGCG
GGATGGGCGGAGTTAGGGGCGGGATAGCTAGAGCCAGACATGATAAGATACATTGA
TGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAAT
TTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTCCTCTC
ACTCTCTGATATTCATTTCTTTGCAAGTTATAAATACTGAATAATAAGATGACATGA
ACTACTATACGTACTGCTAGAGATTTTCCACACTGACTAAAAGGGTCTGAGGGATCT
CTAGTTACCAGAGTCACACAACAGACGGGCACACACTACTTGAAGCACTCAAGGCA
AGCTTTATTGAGGCTTAAGCAGTGGGTTCCCTAGTTAGCCAGSAGCTCCCAGGCTC
AGATCTGGTCTAACCAGAGAGACCCAGTACAAGCAAAAAGCAGATCTTGTCTTCGTT
GGGAGTGAATTAGCCCTTCCAGTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGATCTA
CAGCTGCCTTGTAAGTCATTGGTCTTAAAGTCGACGCGGGGAGGCGGCCCAAAGGG
AGATCCGACTCGTCTGAGGGCGAAGGCGAAGACGCGGAAGAGGCCGCAGAGCCGG
CAGCAGGCCGCGGGAAGAAGGTCCGCTGGATTGAGGGCCGAAGGGACGTAGCAG
AAGGACGTCCCGCGCAGAATCCAGGTGGCAACACAGGCGAGCAGCCAAGGAAAGG
ACGATGATTTCCCCGACAACACCACGGAATTGTCAGTGCCCAACAGCCGAGCCCCT
GTCCAGCAGCGGGCAAGGCAGGCGGCGATGAGTTCCGCCGTGGCAATAGGGAGGG
GGAAAGCGAAAGTCCCGGAAAGGAGCTGACAGGTGGTGGCAATGCCCCAACAGT
GGGGGTTGCGTCAGCAAACACAGTGCACACCACGCCACGTTGCCTGACAACGGGCC
ACAACTCCTCATAAAGAGACAGCAACCAGGATTTATACAAGGAGGAGAAAATGAAA
GCCATACGGGAAGCAATAGCATGATACAAAGGCATTAAAGCAGCGTATCCACATAG
CGTAAAAGGAGCAACATAGTTAAGAATACCAGTCAATCTTTCACAAATTTTGTAATC
CAGAGGTTGATTGTCGACTTAACGCGTCAGGCACCGGGCTTGCGGGTCATGCACCA
GGTGCGCGGTCCTTCGGGCACCTCGACGTCGGCGGTGACGGTGAAGCCGAGLCCGLCT
CGTAGAAGGGGAGGTTGCGGGGCGCGGAGGTCTCCAGGAAGGCGGGCACCLCCGGL
GCGCTCGGCCGCCTCCACTCCGGGGAGCACGACGGCGCTGCCCAGACCCTTGCCCTG
GTGGTCGGGCGAGACTCCGACGGTGGCCAGGAACCACGCGGGCTCCTTGGGLCCGET



GCGGCGCCAGGAGGCCTTCCATCTGTTGCTGCGCGGCCAGCCGGGAACCGCTCAAC
TCGGCCATGCGCGGGCCGATCTCGGCGAACACCGCCCCCGCTTCGACGLTCTCCGGC
GTGGTCCAGACCGCCACGGCGGCGCCGTCGTCCGCGACCCACACCTTGCCGATGTCG
AGCCCGACGCGCGTGAGGAAGAGTTCTTGCAGCTCGGTGACCCGCTCGATGTGGCG
GTCCGGATCGACGGTGTGGCGCGTGGCGGGGTACGGCGAACGCGGLCGGLCGAGGG
TGCGTACGGCCCTGGGGACGTCGTCGCGGGTGGCGAGGCGCACCGTGGGCTTGTAC
TCGGTCATGGTGGCCGTACGTCACGACACCTGAAATGGAAGAAAAAAACTTTGAAC
CACTGTCTGAGGCTTGAGAATGAACCAAGATCCAAACTCAAAAAGGGCAAATTCCA
AGGAGAATTACATCAAGTGCCAAGCTGGCCTAACTTCAGTCTCCACCCACTCAGTGT
GGGGAAACTCCATCGCATAAAACCCCTCCCCCCAACCTAAAGACGACGTACTCCAA
AAGCTCGAGAACTAATCGAGGTGCCTGGACGGCGCCCGGTACTCCGTGGAGTCACA
TGAAGCGACGGCTGAGGACGGAAAGGCCCTTTTCCTTTGTGTGGGTGACTCACCCGC
CCGCTCTCCCGAGCGCCGCGTCCTCCATTTTGAGCTCCCTGCAGCAGGGCCGGGAAG
CGGCCATCTTTCCGCTCACGCAACTGGTGCCGACCGEEAGCCTTGCCGCCCAGGG
CGGGGCGATACACGGCGGCGCGAGGCCAGGCACCAGAGCAGGCCGGCCAGCTTGA
GACTACCCCCGTCCGATTCTCGGTGGCCGCGCTCGCAGGCCCCGCCTCGCCGAACAT
GTGCGCTGGGACGCACGGGCCCCGTCGCCGCCCGCGGCCCCAAAAACCGAAATACC
AGTGTGCAGATCTTGGCCCGCATTTACAAGACTATCTTGCCAGAAAAAAAGCGTCGC
AGCAGGTCATCAAAAATTTTAAATGGCTAGAGACTTATCGAAAGCAGCGAGACAGG
CGCGAAGGTGCCACCAGATTCGCACGCGGCGGCCCCAGCGCCCAGGCCAGGLCCTCA
ACTCAAGCACGAGGCGAAGGGGCTCCTTAAGCGCAAGGCCTCGAACTCTCCCACCC
ACTTCCAACCCGAAGCTCGGGATCAAGAATCACGTACTGCAGCCAGGTGGAAGTAA
TTCAAGGCACGCAAGGGCCATAACCCGTAAAGAGGCCAGGCCCGGGGAACCACAC
ACGGCACTTACCTGTGTTCTGGCGGCAAACCCGTTGCGAAAAAGAACGTTCACGGC
GACTACTGCACTTATATACGGTTCTCCCCCACCCTCGGGAAAAAGGCGGAGCCAGTA
CACGACATCACTTTCCCAGTTTACCCCGCGCCACCTTCTCTAGGCACCGGATCAATT
GCCGACCCCTCCCCCCAACTTCTCGGGGACTGTGGGCGATGTGCGCTCTGCCCACTG
ACGGGCACCGGAGCCAATCCCACTCCTTTCAAGACCTAGAAGGTCCATTAGCTGCA
AAGATTCCTCTCTGTTTAAAACTTTATCCATCTTTGCACCCGGGCCCCCTCGAGCCGG
CGCCAAAGTGGATCTCTGCTGTCCCTGTAATAAACCCGAAAATTTTGAATTTTTGTA
ATTTGTTTTTGTAATTCTTTAGTTTGTATGTCTGTTGCTATTATGTCTACTATTCTTTCC
CCTGCACTGTACCCCCCAATCCCCCCTTTTCTTTTAAAATGTGGATGAATACTGCCA
TTTGTCTCAAGATCTAGTTACGCCAAGCTTAAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAGA
GACGTACAAAAAAGAGCAAGAAGCTAAAAAAGATTTAAAAATTATTTTTAGCGCAG
TTAATGGAACAGGAACTAAATTTACCCCAAAAATATTACGTGAATCAGGATATAAC
GTTATTGAGGTTGAAGAGCATGCATTTGAAGATGAAACATTTAAAAATGTTGTAAAT
CCAAATCCAGAATTTGATCCTGCATGAAAAATACCGCTTGAATATGGTATTAAACAT
GATGCAGATATTATTATTATGAATGACCCAGATGCTGACAGATTTGGAATGGCAATA
AAACATGATGGTCATTTTGTAAGATTAGATGGAAATCAAACAGGACCAATTTTAATT
GATTGAAAATTATCAAATCTAAAACGCTTAAATAGCATTC CAAAAAATCCGGCTCTA
TATTCAAGTTTTGTAACAAGTGATTTGGGTGATAGAATCGCTCATGAAAAATATGGA
GTTAATATTGTAAAAACTTTAACTGGATTTAAATGAATGGGTAGAGAAATTGCTAAA
GAAGAAGATAACGGATTAAATTTTGTTTTTGCTTATGAAGAAAGTTATGGATATGTA
ATTGATGACTCAGCTAGAGATAAAGATGGAATACAAGCTTCTATATTAATAGCAGA
GGCTGCTTGATITTATAAAAAACAAAATAAAACATTAGTAGACTATTTAGAAGATTT
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ATTTAAAGAAATGGGTGCATATTACACTTTCACTTTAAACTTGAATTTTAAACCAGA
AGAAAAGAAATTAAAAATTGAACCATTAATGAAATCATTGAGAGCAACACCCTTAA
CTCAAATTGCTGGACTTAAAGTTGTTAATGTTGAAGACTACATCGATGGAATGTATA
ATATGCCAGGACAAGACTTACTAAAATTTTATTTAGAAGAT AAGTCATGATTTGCTG
TTCGCCCAAGTGGAACTGAACCTAAACTAAAAATTTATTTTATAGGTGTTGGTGAAT
CTGTTCAAAACGCTAAAGTTAAAGTAGACGAAATTATTAAAGAATTAAAATTAAAA
ATGAATATATAGGAGAAAAAATGAAACTAAACAAATATATAGATCACACATTATTA
AAACAAGATGCTACGAAAGCTGAAATTAAACAATTATGTGATGAAGCAATTGAATT
TGATTTTGCAACAGTTTGTGTTAATTCATATTGAACAAGCTATTGTAAAGAATTATTA
AAAGGCACAAATGTAGGAATAACAAATGTTGTAGGTTTTCCTCTAGGTGCATGCACA
ACAGCTACAAAAGCATTCGAAGTTTCTGAAGCAATTAAAGATGGTGCAACAGAAAT
TGATATGGTATTAAATATTGGTGCATTAAAAGACAAAAATTATGAATTAGTTTTAGA
AGACATGAAAGCTGTAAAAAAAGCAGCTGGATCACATGTTGTTAAATGTATTATGG
AAAATTGTTTATTAACAAAAGAAGAAATCATGAAAGCTTGTGAAATAGCTGTTGAA
GCTGGATTAGAATTTGTTAAAACATCAACAGGATTTTCAAAATCAGGTGCAACATTT
GAAGATGTTAAACTAATGAAGTCAGTTGTTAAAGACAATGCTTTAGTTAAAGCAGCT
GGTGGAGTTAGAACATTTGAAGATGCTCAAAAAATGATTGAAGCAGGAGCTGACCG
CTTAGGAACAAGTGGTGGAGTAGCTATTATTAAAGGTGAAGAAAACAACGCGAGTT
ACTAAAACTAGCGTTTTTTTATTTTGCTCATTTTTATTAAAAGTTTGCAAAAAGGAAC
ATAAAAATTCTAATTATTGATACTAAAGTTATTAAAAAGAAGATTTTGGTTGATTTT
ATAAAGGTCATAGAATATAATATTTTAGCATGTGTATTTTGTGTGCTCATTTACAACC
GTCTCCGGTGTTTCGTCCTTTCCACAAGATATATAAAGCCAAGAATCGAAATACTT
TCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACATAATTTTAAAACTGCAAA
CTACCCAAGAAATTATTACTTTCTACGTCACGTATTTTGTACTAATATCTTTGTGTTT
ACAGTCAAATTAATTCTAATTATCTCTCTAACAGCCTTGTATCGTATATGCAAATATG
AAGGAATCATGGGAAATAGGCCCTCTCTGGGTCCCCTCGGGGTTGGGAGGTGGGTC
TGAAACGAT

Supplemental Figure A.S2 The second ISD library of larger P&inplified dsDNA (A) Gel
Electrophoresis of PGBmplified dsDNA. The NEB 1 kb DNA Ladder was used for reference.
(B) Sequences for each P&@Rplified dsDNA molecules. Primers used for each PCR
amplification were determined using the NCBI Primer Blast tool website,
ncbi.nlm.nih.gov/tools/primeblast/and ae highlighted in yellow for the forward primers and in
red for the reverse primers.
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Supplemental FigureA.S3- Effects of N/P Charge RatifA) Agarose gel image. Lanes comprise

1 ug DNA mixed with the indicatedmount of BPDB. The Tracklt 1 Kb Plus DNA Ladder

was used for reference. P@Rplified 10,006BP dsDNA / BPDB at varying N/P charge ratios
was tested for DNA loadingB) RAW-Dual reporter cell assay of P&inplified 5000BP
dsDNA / D-PDB at varying NP charge ratios(C) DLS analysis of PCRmplified 5006BP
dsDNA / D-PDB at varying N/P charge ratios. Frequency indicates the ntioalsed particle size
distribution. Hydrodynamic size indicates the particle diameter in nm. N/P = 0.5 was not
colloidally gable to collect an accurate size measurement.
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Supplemental Figure A.$4- DLS analysis of the synthetic, phosphorothiecapped dsDNA
library. (A) Synthetic, phosphorothioatapped dsDNA library complexed to-PDB at an N/P
charge ratio of 4. Data presented as nunrflased particle size distribution. Malvern Zetasizer
used for quantificationB) Synthetic, phosphorothioatapped ISD library compked to BPDB

at an N/P charge ratio of 4. Data presented as nubdsed particle size distribution. DLS using
an Anton Paar Litesizer was used as a second form of particle size analysis.
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Supplemental Figure A.%- DLS analysis of th®CRamplified dsDNA library. PCRamplified
dsDNA library complexed to 8?DB at an N/P charge ratio of 4. Data presented as both number
based particle size distribution (blue) and intenbiged particle size distribution (red).
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A

RAW-Dual Dose Response:

Treatment Maximum Efficacy (RLU) | ECso Values (nM)
95-BP / D-PDB 396,233 22.4
70-BP / D-PDB 385,838 31.3
45-BP / D-PDB 240,839 43.5
20-BP / D-PDB 84,923 112.9

95-BP 449 N/A
D-PDB 20,651 442.3
cGAMP 522,049 31,579.1
B
THP1-Dual DoseResponse:

Treatment Maximum Efficacy (RLU) | ECso Values (nM)
95-BP / D-PDB 1,648,495 141
70-BP / D-PDB 1,089,124 21.8
45-BP / D-PDB 684,302 37.2
20-BP / D-PDB 493,610 115.1

95-BP 1,197 N/A
D-PDB 208,907 537.8
cGAMP 2,514,642 27,759.1
C
A549-Dual Dose Response:

Treatment Maximum Efficacy (RLU) | ECso Values (nM)
95-BP / D-PDB 1,983,308 19.1
70-BP / D-PDB 1,424,241 24.7
45-BP / D-PDB 749,267 45.0
20-BP / D-PDB 698,816 113.4

95-BP 0 N/A
D-PDB 652,675 535.6
cGAMP 1,695,993 38,503.3

Supplemental Figure A.%- Maximum efficacy and EC50 values
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Supplemental Figure A.S7 Activity of the PCRamplified dsDNA library with BPDB. (A)
RAW-Dual IFN-I reporter cell assay of PC&mplified dsDNA library complexed to-BDB at an

N/P charge ratio of 4B) RAW-Lucia ISGKO-cGASIFN-I reporter cell assay of PC&nplified

dsDNA library complexed to B’PDB at an N/P charge ratio of 4. The dosgponse curve for free
D-PDB is positioned along theaxis in terms of the molar amount of polymer chains rather than
molar amount of loaded dsDNA, and each dose response that utilized the polymer was
administered using equivalentDB concentrations.
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RAW Dual Dose Response
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Supplementary FigureA.S8- Analysis of NFe B p a t h w a(%) RAW-Dualvepdrter cell
assay forrelatveN®@ B acti vity of wvarious indi-fBBasd
indicated.(B) RAW-Dual reporter cell assay for relative IHNctivity of various indicated DNA
molecules with or without BPDB as indicted.(C) RAW-Dual reporter cell assay for relative
NF-a B act i v-aniphfied®®00BP GsRNA and CpG DNAi. ODN 1826) over a larger
concentration range.

19¢

DNA



10000.0

1000.0
4
H
-
S 1000
3
s
3
) .
1.0
Estimated 5 Estimated 10 Estimated 30 Estimated 50 Estimated 70
dG Tail dG Tail dG Tail dG Tail dG Tail
B
THP1-Dual Cells
300000097 —e~ 5,000-BP (Tailed) / D-PDB
- -~ 5,00-BP (PCR)/ D-PDB
'§ == NanolSD
=
g5 20000004 T SOAME
-
2
&3
=&
2 <~ 1000000
s
3
&
0+
102 107 10° 10 10% 10° 104 10° 106
Concentration (nM )
RAW-Dual Cells
600000y —e~ 5,000-BP (Tailed) / D-PDB
. ==~ 5000-BP (PCR) / D-PDB
~§ %= NanolSD
S ¢GAMP
'E 5‘ 400000+
=z
0
£z
=&
2~ 2000004
s
=3
&
0
102 10! 10° 10! 10% 10° 104 10° 108

Concentration (nM )

Supplementary FigureA.S9- Characterization of Large ISD Tailed widxidized Guanine.

(A) ELISA for oxidized guanine was used to confirm successful addition of oxidized gu@)ine.
THP1-Dual reporter cell assay for relative IHNhctivity of variouscompoundsas indicated(C)
RAW-Dual reporter cell assay for relative IHMctivity of variouscompoundss indicated
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Supplemental Figure A.2.0- Activity of the synthetic ISD library with BPDB or D-B as carriers

THP1-Dual IFN-I reporter cells were treated with 1.5 pg/mL DNA using an N/P charge ratio of 5.

A two-way ANOVA with Sidak test was used for statistical analysis.

Nanoparticle | Zeta Potential (mV
D-PDB +16.27
20-BP / D-PDB +9.49
45BP / D-PDB +15.50
70-BP / D-PDB +13.10
95-BP / D-PDB + 14.87

Supplemental Figure AS11- Zeta potential of EPDB and the synthetic ISD library with-BDB.
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B16.F10 IFN-LUC Cells
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Supplemental Figure A.SP- Activity of the synthetic ISD library with BPDB in B16.F10 IFN

LUC cells. B16.F10 IFNLUC reporter cell assay of synthetic, variatdagth ISD library
complexed to BPDB at an N/P charge ratio of 4. &@alues for 98BP / D-PDB, 70BP / D-

PDB, 45BP / D-PDB, 26BP / D-PDB, and BDPDB are 11 nM, 15 nM, 25 nM, 52 nM, an8%

nM, respectively. The dose response curve for fré@B is positioned along theaxis in terms

of the molar amount of polymer chains rather than molar amount of loaded dsDNA, and each dose
response that utilized the polymer was administered usingadgoi D-PDB concentrations.



Supplemental Figure A.SB- Flow cytometry gating strategy for myeloid cell panel
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