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ABSTRACT

Nanosystems for Gene Editing and Targeted Therapy

Yeh-Hsing Lao

Nanomedicine has emerged in the past decades, and a variety of designs for ddadjigeye
have been reported since the concept of nanomedicine was first demonstrated. However, with the
exception of a few notable successes, the clinical translation of nanomedicine has been slow.
Specificity and delivery efficiency are the major obstsctaly a few nanomedicine systems can
effectively reach and release the therapeutic payload at the target site, thereby limiting the
therapeutic efficacy. To tackle these issues, this work aims to design new strategies to improve
nanomedicine systems &etgene protein and tissuelevels.

We applied CRISPR/Cas9 technology for gene targeting. Delivering CRISPR/Cas9 elements,
including Cas9 endonuclease and a corresponding guide RNA, allows for specific gene
mutagenesis. A conventional gene deliveryieamften has a highly positive charge density for
higher transgene expression, but this may result in unfavorable effects on the Cas9 plasmid
transfection. As a large plasmid, strong interaction between the Cas9 plasmid and the polycation
with high charged ensi ty may hinder the plasmidbés intr
expression usually leads to undesirabletaffet effects. We addressed these two major obstacles
by designing alowc har ged density micell e, conmateds ed of
poly(propylene oxide) and amphiphilic Pluronic F127. We tested this design on a human
papillomavirus (HPVJinduced cervical cancer model to target the HPV oncoggiie Our

micellar carrier enabled effective Cas9 transfection with a transient Qas®sion, which offered



enhanced Cas9 énar get speci ficity. EFmuteagenesis resuited anl Cas

significant inhibition of inWithdndihnvibuced cancero
Although CRISPR/Cas9 technology is a powerful todikitgene manipulation, gene editing

might not be practical for therapeutics in the cancers that develop from endogenous mutations,

which may vary among patients and disease stages. Ptatgating, therefore, may be a more

efficient approach. Aptamer arit$ selection technology, namely SELEX, offer direct evolution

to obtain a nucleic acid ligand that specifically recognizes the protein target. Yet, aptamer

screening remains unsatisfactory, and the success rate of SELEX is limited. We designed two

appro&hes to improve the aptamer screening. We first employed a microarray platform to

deconvolute the aptamer sequence and identified the aptamer functional motif. The resulted

proteintargeting motif with an optimal length and showed enhanced structuraluantiohal

characteristics compared with its pasnsequence. In addition to sequence optimization,

conjunction of two distinct aptamers that recognize different epitopes of the protein target is

another approach to i mpr ongdor araped waypa sareea thiS s a f |

bivalent aptamer pair, we designed a quantum dot (QD)/ Forster resonance energy transfer (FRET)

sensor. Using a thrombin aptamer as a model system, we conjugated-thnoartiin aptamer

with QD and stained the other ométh the intercalation dye, YOY@. If the two aptamers

recognized different epitopes of thrombin, the conformational change of the two aptamers would

take place when interacting with thrombin, and this would induce Y@YOdy e 6s transl o

YOYO-3 would be transferred from the aptamer to QD surface, resulting in a strong FRET signal.

In contrast, if they recognized the same epitope, binding competition between two aptamers would

inhibit dye translocation, thereby giving a minimal FRET signhal. By maagtine FRET signal,

we can verify if the two aptamers may form a bivalent pair.



Lastly, we integrated mesenchymal stem cell (MSC) with a nanomedicine system to achieve
active tissudargeting. MSC is known to migrate toward certain types of cancer cetlsasyng
the chemotaxis release from the cancer cells, but the therapeutic payload that MSC can carry is
limited. Forming an MSC spheroid allowed the loading of the nanomedicine system with another
type of anticancer drug. We therefore designed a hybri@Qvhanomedicine spheroid, which
functioned as an active tumtargeting platform, enabling effective delivery for both cytotoxic
protein and chemotherapeutic drugs. In a heterotopic glioblastoma model, the hybrid spheroid
significantly improved the retemtn of the nanomedicine system at the tumor site, leading to
enhanced tumor inhibitiom vivo.

Collectively, this work demonstrated the effective approaches for gene, protein and tissue
targeting by addressing the issues of lgpecificity and limited delivery efficiency that many
current nanomedicine systems face. Particularly, the results may add to the armamentarium of

cancer therapeutics, which remains largely challenging and intractable.
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Chapter 1 Rationalesand Research Strategies

1.1 Background

Nanomedicinegiming to engineer nanomaterialsdeliver therapeutic payloads for disease
therapy has emerged in the past decades. Since the concept of drug delivery using low
inflammatory polymers was first demdregted[1], the field has been growing exponentially.
Based on a search in PubMed database, there were more ,H0é@npapers with theéerm
A nan o mepmublishedine2018, while onl§29 and less 10 were publishied2010 and2000,
respectively. Particularly, cancer nanomedicine is one of the largediekllamong all the
therapeutic applications in this area; around 50% of the published nanomedicine papers are for
cancer therapeutiqé-igure 1). The main driving force may be theancer is one of the major
leading cause of deatlcurrent therapeutic approaches ath@ drug development remain

unsatisfactory2, 3].

4000

Papers published with the term "nanomedicine"
Papers published with the term "cancer nanomedicine"

»n 3000

c

e

el

8 2000-

o

=

Q- 40004

L] T L] 1
2000 2005 2010 2015
Year

Figure 1. Growth of thepublicationsvithat er m finana@imea@ncéenemanomed.i
1999 to 2018. Data wepmllectedfrom searchsin PubMed database.

ci



According to the lateststimation in 2018, around..7 million new caseand 600 thousand
Americansare expected to be diagnosed aliel of cancerrespectivly [4]. Although overall

survival has been improved since the 1970sstamecancer typessuch ashematopoietic and

lymphoid malignanciescancer therapy against solid and metastasized tumors remains ineffective

[5]. Currentapproaches mainiselyon t h e ¢ o nszefifg-a | TouBing fthe same set of

chemotherapeutic drudsr treamens for all the patientsThis maybe the main reason leading to

a failure of the treatment because most cancers are genetically hasoogeinter and intra

patient heterogeneity is significa]. Moreove, clonal evolution occurs over time, which may

contribute to the resistance against therapy and to the disease reduirdhtiee treatment could
be tailored to patientds genetic profile
improved; thus, precision medicHbased therapeutic approaches hawaeasingly attracted

attention, especially since the CRISPR/ChaSed gene editigystem was reportd@].

The CRISPR/Cas9 systeior gene editingncludes two major element€as9endonuclese
and a corresponding guide RNA (gRNAhe Cas®ndonucleasis originally part of the immune

system that defends against phage infection in certain bacteria, andrgata bluntend double

strandedDNA break underthe gRNA guidance.Since the CRISPR/Cas9 system was first

optimized andested in mammalian cells,haisbeen a wideljused toolkitfor targeted genome
mutagenesigncluding frameshifinutation gene insertion aralteration9]. Compared wittother
gene manipulation techniggiesuch aiRNA interference (RNAIJ10], the CRISPR/Cas9 system
enables more precise gaaegeting wih fewer undesirable cfargeting effectfl1]. For example

recent studies usg CRISPR/Cas&chnologyto revalidatehepotential oncogene targataternal

embryonicleucinezipperkinase(MELK), verifiedthat MELK wasnotnecessary for breast cancer

cell fitness[12] and foundthatthe efficacy of MELK antagonisir RNAI used in clinical trials

and



and the preclinidgipeline wasfrom anoff-targeting mechanisiii3]. Although CRISPR/Cas9 is
a more viable strategy for gene targetimyle to Cas9 endonucleéss  gpartcelarly
Streptococcus pyogen€as9) delivery ofits elements is a main barrieinderingthe translation
of this technologyCurrently, thisrelies mainly on viratransduction, especially using lentivirus
[14], buttheundesired integratiommediated by virusnay lead to a safety concditb]. Besides,
while being efficient, virudased Cas9 transduction alsmlucesstrong offtargeting activity,
which can be attributed to the high and sustained expression of Cas9 dagyme contrast,
non-viral delivery of CRISPR/Cas9 componentdfers a safer alternative but the delivery
efficiency is a majoissue The commerciallyavailableliposomal carriercould only give very
limited efficiency evernon the easyto-transfect cell linesand notablywhen delivering Cas9
plasmid, this carrier showed similar sustained Cas9 expression profile on the transfected cells,
thereby alsanducing significant offtargeting activity[17]. As shown inFigure 2, a better
delivery strategytackling the efficiency and specificity of CRISPR/Cas%@nunmet need for

therapeutic gene editing.
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Figure 2. The Cas9 expression profile when delivered by viral transduction and lipofection.



On the other hand, as aforementioned, cancers are highly heterogenous and often develop from
endogenous mutations, which may make the direct gene targeting relatively difficult because of
the heterogeneity between patients and stages. Targeting a pratker may beinotheriable
strategy Although antibody is the most commdigand used for this applicatioandsomehave
been approved by FDAS8, 19] its intrinsic properties limit thelelivery efficiencyand lower the
specificity The | arge size (mol ecul ar wei glatduptake5 0 k D)
[20], and its Fc domain may reduce the specificity by interacting with other Fc repeggenting
cells in bloodstrearf21, 22] Aptameris anengineereducleic acidhat holds targeting capability
similar to antibody without the aforementioned drawbd@aause of its smaller molecular weight
(3 to 60 kD)and lack of Fc domaif23]. Aptamertargeting streegy maybe therefore more
suitable fordelivery to target cancersRecent studies shed that aptamefunctionalized
nanomedicine systemsould enhancdéumor penetration ability24, 25} and, whenwith the
optimal densityon nanoparticle surfactéhe delivery efficiency could be enhanced from 0.5 to 2.0
% [25]. However thisimprovement omlelivery efficiencymaybenotenough for effective cancer
therapy To date,the aptamerselection methgdknown as systematic evolution of ligands by
exponential enrichment (SELEX}ypically generate specific aptamer with a dissociation
constant (), rangingfrom sub micre to nanemolar[26], which is10- to 10,006fold worse than
at i bodyés typical affinity. Tohsed tarfeted deliverygi v e n

systems might have better tumor penetration capability.

However, br solid tumor, due to the rapid proliferation, the vessel architecture in the tumor is
usuallydisorganizedand immatureAlso, with poor blood supporg population of cancer cells is
undera hypoxia microenvironmenandthe lack of functional lymphatidsirtherleads to a high

interstitial fluid pressure in the microenvironment. These causequowentionand exacerbate



the efficiency of drug delivery27]. Even with the development of nanomedicitige overall
delivery efficiencyhasnot improvedmuch A recent survey, analyzing the cancer nanomedicine
systems in the past 10 years, reedéhat only 0.7 % of administrated nanoparticles coahith
andpenetrate into tumeoindicating that most of the designs were low efficient and with limited
specificity[28]. Under this conditiomith an assumption of a 286 chemodrug loading efficiency
the requirecamountof nanoparticle for treating a cancer patiaiuld be2.4 to 6.7x18&%, which

is impracticalfor cancertherapeuticsStrategieso significantlyimprovethetherapeutic efficacy

by enhancingpecificity as well aghedelivery efficiencyareclearly needed.

Cell-based delivery ian emergingstrategy foractivetumor cell recognitionA certain ¢ass
of stem cells, particularly mesenchymal stem ¢BISC), holds tumor tissuetropic ability.
Because of highly expresseeX=C chemokine receptor type 4 (CXCR4)itscell surface, MSC
is known to migrate towards tumor by tracing the€C motif chemokinel2 (CXCL-12) gradient
created by the cancer ce[R9]. Using this property, MSC has been used to deliver cytotoxic
proteins or zymogens for cancer theragy genetic modification of MS(30]. However,this
MSC-based delivery is limited to protein drugs. For other types of drugs, aretbareering
would be needetb couplewith MSC. For instance, we previously introduced chemodivaged
micronsized graphene oxide flakes (G©O) MSC couplingand found that MSC/G®@hemodrug
complex couldstill specifically migrate and kill the cancer cdB4]. Furthermore, as we reviewed
previously, other engineering approaches have been reported for therapeutic payloadddhding
In light oftheseresults, MSC may be able to further enhance the delivery efficiandgyo, when

associated with nanoparticles.



1.2 Objective and Specific Aims

The overall objective of this studg to explore effectivestrategiedo enhance the delivery
efficiencyof nanomedicine system at the gemeoteinand tissuelevels Three major approaches
are designedo genetically disruptingnoncogengtoe nhance apt ame,andkoi gand®d

actively target tumogFigure 3). To achieve the goals, three specdimsareproposed to:

(1) Design a nosviral CRISPR/Cas8ystemfor effective oncogene mutagenesis

(2)Design screening methods to i mprove aptamer

(3) Design an active delivery platform for combinational delivery to tumor

Approaches to treat cancer in clinical trialnd preclinical pipelineare mainly
chemotherapeutidrugs that target and kill the cancer cells directly. These may be inefficient and
also toxic to normal cells. Rather we proposgdne, protein andcell- specifically recognize the
cancer cells with superior delivery efficiendjhe proposed novel nanotherapeutiasyimprove

the outcome of cancer therapy that remains largely intractable.

Protein-specific
targeting

Figure 3. The proposed targeting strategieshis study



1.3 Research Strategieand Rationales

This study integrates three platform technologies and a@no resolve the issues that
conventionatancer theraploldsi low specificity andunsatisfactory delivery atfiency. In order

to achieve this goakach specific ains designed to strategize

Specific Aim 1. Design a nonviral CRISPR/Cas9 system for effective oncogene mutagenesis

Limited delivery efficiencyand sustained protein expressame the two major issues that the
currentCRISPR/Cas9 delivery systems haeadingto low editing efficacy as well as significant
off-targeting activity Figure 2). To tackle these two obstacles, we designed avirahdelivery
system to enable effective Cas9 transfection and more transient expression, so that we could

maxi mi ze the editing e tdrgetingactyity asnwelHiguie 4).i mi ze Ca

.E A
-~
S
~
S
s
E Viral transduction
3
5 Off-targeting I
&
. B
Lipofection % The carrier
'« proposedin
'S this thesis
‘&
g -

S
Transfection efficiency

Figure 4. The proposechonviral delivery strategyor effective transfection and transient Cas9
expression.



A polycation with a high charge densigytypically used for gene transfection to have better
plasmidprotection and tdnave higher transgene expressjd8g]. We hypothesize that usinga
carrier with a lower charge daetysmay bemorebeneficialfor Cas9 plasmid deliverpstead as
it may give a faster release and could shorten thdifealf the Cas9 plasmidnthe transfected
cells. We thereforedesigned a selissembled micelle, composed of quaterrarymonium
terminated poly(propylene oxide) (PR ez) and amphiphilic Pluronic F127, f@RISPR/Cas9
delivery. We testedthis carrier withon an HPV model to target HPV1&7 oncogene. HPV E7 is
a virusderived oncoproteirknown to degradeetinoblastoma ptein (Rb) via the ubiquitin
proteasome pathway and leads to aberrant cell prolifef@B)nThis may be a suitable target to
demonstrate Cad8ased cancer therapy, because only HIPvf ect ed o cervical
genome is integrated with this viral sequence. The side efféisafene editing could be therefore

minimized.

Specific Am2:Desi gn screening methods to I mprove apt

Currently, there arenore than 900 aptamers generadbgdSELEX for different applications
[23]. To generate a specifaptamer, a nucleic acid libraopmposed ofandom sequens@lus
two primer binding regions is applig@4, 35] yet, the generated aptamer comprises both the
proteinbinding motif and some redundant sequences. When applied to the systemic circulation,
these redundant sequence may affect its affinity and speci@fly As a result, a strategy to
prefect the aptamer 0s avbuidbenecesgarybAjthosge spmeavorkse o0 p t
demonstrated the sequence optimizatiomufgh simple truncation37], there is a lack of a

systematic way for aptamer sequence decartvwl to identify its functional motif. DNA



microarray is a mature technique for gene expression measurement, and we have previously used
that to develop an aptamkased protein sens{88]. Its high-contentfeaturewould allow us to

optimize aptamerdés sequence and find the func

In addtion, multivalent construction of aptamer may be the strategy that could significantly
i mprove aptamero6és affinity, but none of the <c
or multivalent aptamers that recognize different taegébpes. A screening approach is therefore
needed. We previously developedaptameric QD beacon, which dewtthe protein based on
DNA intercalating dye dissociation during the process that aptamenuerter conformational
change in the presence ié$ target[39]. During the development of this beacon system, we
observed that the nespecific interaction betwedpD and DNA intercalatingyeitself could lead
to a FRET effect, properly due to the dye aggregation on QD surface. In other words, QD and the
intercalating dye could act as a FRET pair. Inspired by this, we designed another beacon system
constructed by tey aptamers recognizing different epitopes on the protein target, which enabled a

rapid, signalon screening for bivalent aptamers.

Specific Aim 3: Design an active delivery platform for combinational delivery to tumor

Although the delivery efficiecy of nanoparticle could be enhanced by ligand functionalization,
the improvement is not enough to realize the targeted therapy inljg8lan Based on ot he
our in vitro findings, MSC could actively trace the cancer cells #nu$ enhancd the delivery
efficiency [30, 31] We employed this idea to couple MSC wittrgeted nanoparticleAlso,
learning from our previous work that the 3D spheroid formation could upregulate some certain

proteins of the cultured cells, compared withrmal 2D culture [40], we designed a

9



MSC/nanoparticlehybrid spheroid for this application. To maximize the therapeutic efficacy, we
loaded a chemodrygnitoxantrone (MTX),jn the nanoparticleand genetically modified MSC to
secrete a cytotoxic proteityumor necrosis facterelated apoptosimducing ligand (TRIL). And

we tested this concept and its delivery as well as therapeutics on a gliobtastuogsafted mouse

model.
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Chapter 2 Non-viral CRISPR/Cas9 System for Effective OncogeneM utagenesis

Portions of this section are included in fbkkowing published papers and conference proceedings:
1. Y.-H. Lao*, M. Li*, M.A. Gao, D. Huang, S. Chakraborty, -C. Ho, W. Jiang, HX.
Wang, K.W. LeongAdvanced Scien¢c2018 5, 1700540.
2. R.L. Mintz*, Y.-H. Lao*, C.-W. Chi, M. Li, C.H. Quek, D. Shao, BChen, J Han, S

Wang K.W. Leong Bioengineering & Translational Medicin2019 under review
(*contributed equally)

2.1 Introduction

Gene mutations and allele variations usually contribute to disease heterogeneity, which may
result intreat ment failure; t hus, precision me d i
increasingly attracted attention, especially since the CRISPR/Cas9 system was [8p8}tétie
CRISPR/Cas9 system allows targeted genome editing, including frameshift knockout, gene
insertion, and alteration, under the guidance of a specific gRNA. Since the first system engineered
from Streptococcus pyogen€sas9 endonuclea$él], many Cas9 variants (e.&taphylococcus
aureusCas9[42]), analogues (e.g., CRISPR/Cgfisland FEN 1/ Fokl [@4)sed en
have emerged. To date, delivery of these gene editing systems relies mainly on viral vectors or
electroporationil4]. While being efficient, these methods hold drawbacks that may hinder clinical
translation. Viral transduction may introduce random insertions as well as immunogenicity and
toxicity [15, 45] while electroporation may cause high cell death rates and is not applicable for
systemic delivery46]. Nonviral delivery offers an alternative. Yet, nonviral delivery of these
systems remains a challenge, especially fopthea s mi d based CRI SPR/ Cas?9
published work reports that the commercially available liposomal carrier shows limited
efficiencies in several cell lines with the Cas9 plasfhif]. In addition, this widely used carrier

demonstrates significantiyhl owegehasmadgéansed
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system, which is 1.6 fold to 20 fold | ower t1l
based systems. Therefore, although more studies on nonviral delivery of the CRISPR/Cas9 system
have been published recently, teg r e most |l y based on mRNA based

and did not address the aforementioned issues on Cas9 plasmid déiiveoy.

Conventional thinking of a nonviral carrier design for plasmid delivery is to have a polycation
with a high charge density, so that the carrier can prevent the plasmid frordadegran order
to achieve higher transgene expresgg®). However, this may have a n
based RISPR/Cas9 delivery because of the relatively large size of Cas9 plasmid. Moreover, a
sustained Cas9 expression c ofa7]. dleren) hypothesizngd t o
that a carrier with a lower charge density may be a better choice for Cas9 plasmid delivery, we
designed a ¢ef assembl ed micel | eand anphippilc Lerrdnic #3127, PP O N
optimized for delivering the pl asmFigurebA.sed ge
The composition of the micelle was optimized and tested on a human papillomavirusioiéar)
to tar gEftonkdP\YES e . HPV E7 is a wel/l known onco
protein (Rbviat he wubi quitin proteasome pat hw3Blylnand | ¢
conjunction witha al | in one Cas9 construct (termed p
protein (GFP) andE7tRNdAimiaed micetiesefficientl dMstupted tBF
oncogene in Hela cell's genome, thereby inhibiting the downstream cancerous activity bot
vitro andin vivo. Furthermore, we evaluated the delivery potential of our micellar carrier with
Natronobacterium gregoryArgonaute (NgAgo). NgAgo was first reported as a gene editing
enzymg51]. We initially sought to benchmark these two different gene editing systems using the

same, optimized nonviral carrier. Unfortunately, we observed the same irreproducibility of the

12



NgAgo system in gene editing as reportedsbyeral other groud$2-56]. Learning that NgAgo
may interfere with RNA ratherthahou bl e stranded DNA (B W&NA) i n
subsequently evaluated the gene silencing potential of the NgAgo system on the same HPV model

with the FindicelePPO NMe

2.2 Methods and Materials

Chemicals.Pol y( propyl ene oxi de) bi s (aZragekin 4000p r o p vy |
Pl uronic copolymer F127, PEI, and methanol wer
and used without further purification. Dichloromethane, iodomethane, potassium carlaodate

3 (4,5 di met hyl thiazol 2 yl) 2,5 diphenyl t e

Aesar (Tewksbury, MA).

Synt hesi s 3PIPOPR®MaNMes ynt hesi zed through2 the q
(Figure 5B) . P P @.0N,H.5 mmol) was fitdissolved in dichloromethane/methanol (3/1,

v/v) and then potassium carbonate (1.378 g, 1.0 mmol) was gently added. The mixture was mixed

at room temperature (RT) for 30 min, followed by an addition of iodomethane (9.35 mL, 150
mmol). The resulting mixie was further heated at reflux for 48 h under a dry nitrogen atmosphere.

After cooling to RT, the mixture was filtered, and the solvents were removed by rotary evaporation.

The given oily product was further purified by dialysis against 0.5% NaCl sol(#®i) and

distilled water (72 h). The final product was obtained in the form of an oily liquid after

lyophilization of the dialyzed solutiohtH NMR spectrum of the product was recorded on Bruker
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AV 400 NMR spectr omet e rds WitB iettaineathylsilanaas thdintdrmali n D M

standard.

Preparati on odmicdlld RAZ7/arRl (h@asmiddeere mixed in a desired w/w ratio
by gentle vortexing. Af t e gwa$ added, and the mixiubeaMas o n a

vortexed again, followed by a transfection process or other characterizations.

Size andzeta potential measurementsParticle size and zeta potential were measured using
Zet aSizer NanoZS 90 (Malvern Instruments, Sout
concentration at 1 pg mE For size measurement, the scattering angle was fixed at 90°. To
evaluate the stabilt y o f the complexes in Opti MEM (Th
measurements were conducted at 30 min interva

were performed using a capillary flow cells in water.

Al | ond pCas9constructpreparation Th e al | a#® congiruces wagreCestablished by

following the previously published protoc®8] wi t hou't a significant r e
encoding dsDNAs for cloning were synthesized by IDT (Coralville, IA). The cloned plasmids were
transformed into One Shot Stbldropetent cells (Thermo Fisher) and then purified using
NucleoBond Xtra Midi Plus EF kit (Clontech, Mountain View, CA). The gRNA sequences were

verified by Eton Biosci ebprener. (Uni on, NJ) with

Cell culture, cytotoxicity, andransfectionHelLa cells were maintained in the complete medium,

composed of DMEM (Thermo Fisher, Waltham, MA) with 10% FBS (Atlanta Biologicals,
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Flowery Branch, GA), 100 U mt of penicillini streptomycin (Thermo Fisher), and 1 x MEM
Non Essenti al A msherpat37cC id & hurfidifieccatmosphere containing 5%

COz2.

The cytotoxi ci tsfpCasOfconpléxesimvaseRadated llheMTT assay against
HelLa cell s. Briefly, HelLa cel | $cellwperwel)fori2d st se
h. Thecul t ur e medi um was replaced wit #pCaSpt i ME
complexes, followed by changing the medium back to complete medium after 4 h. After another
24 h incubation, the cells were subjected to the MTT assay. The absorbance of the wakition

measured with BMG Lab tech FLUOStar Opti ma mi

For transfection, the cel |l s *oelsper wed)ormedlayd i n
prior to the transfection. The tet4hancubdtiencthei on w
Opt i MEM was replaced by the complete medi um

was determined using BD LSR Fortessa flow cytometer (San Jose, CA). In general, the transfected
cells were harvested in complete medi@lanCas 9 GFP+ cell s were gated
intensity on the FITC channel of the flow cytometer. The results were analyzed by FlowJo 7.6.1

(FlowJo, LLC, Ashland, OR).

Confocallaserscanningmicroscopy (CLSM)reasurementdelLa cells weretranset ed i n a 2
wel | pl ate by following the transfection prot
cell s were washed three ti mes wi t h phosphat

formaldehyde. Then, the cells were counterstained withéda mhii di no 2 phenyl i nd

15



and Al ex a Fl uor 647 | abel ed phall oi din ( The
respectively, following the manufacturer's instructions, and then visualized under the laser

scanning confocal microscope (ZEISS LSM 80@ri@any).

DownstreanproteasomeassayHe La cel |l s were seeded and trans
After 72 h of incubation, the cells were subjected to proteasome and MTT assays. For the
proteasome assay, the cells were washed once with PBS and then incubated priittedseome

assay bti f er containing the proteasome substrat es:s
i ncubati on, the supernatant was transferred t
detected using BMG Biotech FLUOstar OPTIMA microplate reader with a 490 nth jzss

excitation and 520 nm band pass emission filters. Data were normalized to the fluorescence

intensity of the group treated only with Cas9 plasmid.

Genedisruptionvalidation. To validate the gene disruption, the transfected HelLa cells were sorted

wit h the GFP marker. At 24 h post transfectior
concentration of2 x 10 cells mL'%. In addition, DNase | (10 U per sample; Thermo Fisher) was

added to prevent cell aggregation. Samples were then filtered aed ssihg BD Influx Cell

Sorter under the assistance of the staff in the Flow Cytometry Core Facility, Columbia Center for
Transl|l ati onal | mmunol ogy (CCTI) . GFP+cetlsel | s w

per well) in complete media for furtheulture and validation.

The sorted cells were harvested and | ysed us

Cas9 targeting |l ocus was amplified using 2 st

16



Clontech Terra Polymerase (1.25 U per sanpnd 0.3 x 1¢ M of the primers for 35 cycles.
After amplification, PCR amplicon was purifie

(Clontech). DNA concentration was determined byi W\S.

For the T7 endonuclease | assay, 200 ng of the PCR prodagceannealed in 1 x NEB buffer
2 (New England Biolabs, Ipswich, MA) to form mismatched heterodupleigea temperature
gradient process. The reannealed sample was subsequently incubated with 10 U of T7
endonuclease | (New England Biolabs) for 15 ntiB&°C. Then, HPV oncogene disruption was

verified on an ethidium bromide prestained 2%

For mutation identification, the PCR product was cloned into a pUC19 vector (Clontech) and
transformed to the Clontech Stellar competent cells bBgviiahg manufacturer's protocol. After
overnight culture of the transformed bacteria, the clone was picked up and directly amplified using
the same 2 step PCR for 30 cycles. The PCR pr

sequenced by Eton Biogtice with the primer pUC19 _SEQ F.

HPV E7geneknockdown wittmi ¢ edkliveeed NgAgoNgAgo was first delivered to HelLa cell

with the optimized micelle or Lipofectamine.
transfected with theorresponding gDNAs using the same transfection protocol. After another 48

h incubation, the cells were lysed with Trizol reagent (Thermo Fisher), and the total mMRNAs were
extracted using Zymo Research Dir ectreatment. Mi ni |
The total MRNAs were quantitated by W I S and converted to c¢cDNA wu

cDNA synthesis kit (Hercules, CA).
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To gquant i f ¥E7gene expresBion le8el, the cDNA product was amplified and
monitored real time on a Thermo Fisher StepOng¢
20 ng of the cDNA products, 0.25 x'#M of primers1 | Bi o Rad SsoAdvanc
SYBR Green reage. The reaction was carried out under a thermal cycling process (98 °C for 10
s, 60 AC for 60 s) with an initial heat actiyv
ef fi ci en c yE7genhehegpressiBrvidv@ was obtained by normalizatothne internal
glyceraldehyde 3 phosphate dehydrogenase ( GAD!

to that of the group treated with only NgAgo without gDNA.

In vivo transfection andantitumor effect validation. All the animal studies were perimed

following the protocol approved by the Institutional Animal Care and Use Committee of Columbia
University. Female nude (nu/nu) mice in thieg4veek age range were purchased from Charles
River (Wilmington, MA). To establish the xenograft model, eadbuse was subcutaneously
injected with HelLa cells suspended in PBS. For Cas9 validation, when the tumor size reached
~100 mn¥, PBS = 5) , car ri esgmicele w/@ plasridh® BMe or pCas?9
micelle (w/o gRNA, with gRNA E71 or E72n = 6 for each group) was administered
intratumorally with a dosage equivalent to 5 g of the plasmid every four days for a month. Tumor
volume and body weight of each mouse were recorded éwergays. The tumor volume was
calculated based on the length of its long and short axes: volume = 1/2 x long axis length x (short

axis lengthj.
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After the treatment, the mice were sacrificed, and tumors were extracted. A portion of the
tumor tissue+{25mg) was directly digested in Zymo Research Solid Tissue Buffer supplemented
with protease K (1 mg mt) at 55 °C for overnight, and the genomic DNAs were then extracted
using Zymo Research Quick DNA Mi ninvirorupmtioR|l us ki
identificationgE7l obest amgetsuHB¥g8ently amplif.i
mutations were detected by Sanger sequencing. On the other hand, the rest of tumor tissue and the
major organs (lung, heart, liver, spleen, kidney) weredim 4% paraformaldehyde for 24 h and
dehydrated in 70% ethanol. The tissues were processed by the Molecular Pathology Core of
Herbert Irving Comprehensive Cancer Center at Columbia Medical Center for H&E, HPV18 E7,

and Rb staining.

The NgAgo validation was carried out with the same subcutaneous xenograft setting. When
the tumor reached100 mn¥, the treatment course was given every 4 d for a month. For each
course, all the mice were administered intratumorally with pNg&gG@ F P | rmicelte dirdt,
and two days later, PBS, gDNA E71, or E72 was given using the optimized micelle through the
same local routen(= 5 for each group). Each injection contains either pNgA&ga-P or gDNA
with an equivalent amount of 5 pg. After the treatmpatt of the tumor tissue was extracted, and
the total RNAs were obtaineda direct tissue homogenization in TRIzol reagent. The RNAs were
further purified and quantitated with the aforementioned protocol. Similar to Cas9 validation, the
rest of the tumotissues and major organs were also fixed and processed for histochemical and

immunohistochemical staining
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2.3 Results

Micellar carrier design andoptimization.To condense the plasmids for gene manipulation, we

chose a linear, low charge density PP@ asatches the hydrophobic part of Pluronic family. We
first introduced quaternary asmdgunaermary ammbonumt he t
possesses stronger N [69e61] evithout ircieaind) thb chardei dengity a f f i r
(Figure 5) . The modified product, guat er nlaway a mmo
confirmed with'H NMR (Figure 5; t he peak ;3bhiftedfdowRfieldbedhlte of the
solvent differeaond P& 3Bwhhdpel ePsP;OvaNidSolvedih CDG|

whil e PRv@sNMa ssol ved i ds( DM B aldnywith ssmote pasitive d e

zeta potentialKigure 5). To boost trangfction efficiency and enhance the stability, we added the

FDA approved F127 because of the similar mo |
segment and;sMi=el000),ROwWelNaslies biocompatibility and extensive application

in medicine, picularly drug deliveryin vivo[62, 63]
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Figure 5. Design and optimization of the proposed micellar system for gene manipulation. (A)

HPV oncogene manipulation with the micelle proposed in this study. (B) Synthesis, BJR,

and (D) zetp ot ent i al c h ar a c4 Bata are representad as dverdgd+Cstamddet

error of mean (SEMpn= 3) . Two tailed Student's t test w
significant level is represented ag (p < 0.001). (E) Influence of DNA condsation and F127

blending ratios on micelle's Cas9 transfection efficiency.

The mi xi ng 36127, Bid e plashaid produced micelles formulated through the
hydrophobic and el ectrostatic s ectohdensadicnhetob!| y of
(PPO sNMeasmi d) and the F127 3pWweeenirdportag fagtosst i o  (
determining the transfection efficiency. We systematically screened these two factors and checked

their influence on the micellésize, polydispersityPDI), and zeta potential. We compared the
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transfection efficiency of Cas9 GFP plasmid (

branched polyethylenimine (PEI; 25 kD) and Lipofectamine 2000.

When the DNA condensation ratio was at 10 (w/w), the coxmplehout F127 was smaller
than 200 nm in reduced serum medium (Opt.i
(Figure 6), but this yielded a limited Cas9 transfection efficierfeig@re 7A). By contrast, when
the DNA condensation ratio was over 2B, N:ME@as9 became a positively charged complex,

and F127 conferred colloidal stability to the nanocomplégure 6). This can be explained by

the polyethylene glycol (PEG) corona that imparts colloidal stability and reduces nonspecific

proteinadsorptiori64].
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Figure 6. Optimization of micelle formulation. (A) Zeta potential, (B) size and (C) PDIs of the
F127/PPGNMes/pCas9 micelle in different compositions. Data are presented as average + SEM
(n=4).

Increasing the F127 blending ratitid not significantly reduce the size of the complex or
change its zeta potential. However, reduced transfection efficiency was obsegued ), likely
attributed to the undesired blocking effect of the PEG corona on endodgtesés] When the
F127 blending ratio was kept at 1 while the DNA condensation ratio was increased to over 30, the
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micelle was able to transfect HelLa cells with an efficiency of 101.7 to 238.3%, and 60.9 to 121.7%,
compared with the optimized formulation of PEidaLipofectamine 2000, respectivellyigure

5E and Figure 7A). Whereas the transfection efficiency of the micelle plateaued at the DNA
condensation ratio of 50, its cytotoxicity also increased. As a result, we chose the ratios of 40 for
DNA condensation ahl for F127 blending for the subsequent experiments. Under this condition,

the micelle was able to transfect 30.3 N 2.9:
transfection; data obtained from three independent experiments), and was less tdXi tiat

16.5 + 4.21% versus 72.7 £ 0.28% cell death at the same polymer dose ([cationic polymer] = 40
pmgmL% Figure7B) . The micell e was stable in Opti MEI
with 10% fetal bovine serum (FBSkigures 7C and 7D) and coull prevent the Cas9 plasmid

from enzymatic degradation under the physiological DNase | condiigarg 8).

Cas9deliveryus i ng F 1 2 7:p®aE9@iceleMbe cellular uptake and protein expression

profiles of the optimized micelldr or mul at i on 4pEds2=40/R0PLONvVNW were

then examined to characterize the nanocomplex internalization and Cas9 turnover rate. To study
the cellular uptake, a similar Cas9 construct without a GFP tag (Addgene #62934) was used. We
first staired it with TOTOS using our previously established DNA staining protf#38jl and
formed the micelle with fluorescein isothiocy
37 AC, the Hela cells efficiently internalize
be observé in both the cytoplasm and nucleusigure 9A). Furthermore, the uptake was
guantitated using fluorescence activated cell
negligible endocytosis, the micelle delivered the Cas9 plasmid to 91.0 + 6.61%celishefter 4

h incubation Figure 9B and9C).
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Figure 7. Characterization of the optimized micelle. (A) Relative Cas9 transfection efficiencies of
PEI in different polymer/pCas9 ratios. The transfection efficiency was determined using FACS
based on the GFP signal. Relative efficiency was calcwaeatbrmalizaion to the efficiency of

PEI with the polymer/pCas9 ratio of 10/1. Data are presented as average :nSENL (B) In

vitro cytotoxicity of PEl/pCas9, PR@Mes/pCas9 and F127/PPEMes/pCas9 in Hela cells.
Cytotoxicity was determined by MTT assay. Data presented as average + SEM=(3). (C)
Stability of PEIl/pCas9 and F127/PRMMez/pCas9 micelle in OptMEM. (D) Stability of
F127/PPGNMez/pCas9 micelle in complete medium (with 10% FBS). Data are presented as
average = SEMn(= 4).
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Figure 8. Enzymatic degradation evaluation for the pCas®apsulated micell&he naked pCas9
plasmid or pCas@ncapsulated micelle was incubated with DNase | utigerphysiological
conditionfor O, 2, 4, 8 or 24 h. Aftavards,DNase | wa inactivated, and the samples were further
incubated with heparin at 32. The plasmid and its degraded products were visualized on a 1.5%
TAE-agarose gel stained with ethidium bromide.
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Figure 9. Cellular uptake of pCas8ncapslated micelle. (A) Fluorescent images of the HelLa
cells treated with FITG&127/PPONMes/TOTO3pCas9 micelle for 4 h. Scale bar represents 100
mm. (B) Total plasmiehccessible cell % and (C) miceleediated plasmigccessible cell %,
guantified using FACSFor the cellular uptake study, cells were seeded invaelidlate one day

prior to transfection. The Cas9 plasmid (Addgene #62934) was first stained with TOTO3 under a
basepair/dye molar ratio of 10/1 and complexed with PREe3; and FITGF127. Cells wre
treated with the micelle for 4 h in OBMEM and then either fixed for microscope measurement

or harvested for FACS analysis. Cellular uptake rate (TO%O&nd FITC TOTO3 %) are

presented as average = SEM=(3).

Next, we measur ed

10A, 22.5 N 3.05% of

t he

He L a

Cas?9

cel |

GFP pr ot Egun

s started

expre

exXpress

the Cas9 expression level, we normalized the mean fluorescenttyntdrtbie GFP+ cells at each

time point to that at 4 h. The Cas9 expression peaked at 24 h with 32.1% transfection efficiency

(Figures 10A and 10B). Unlike our observation, previous work has shown that Cas9 was

cumulatively expressed in HEK293T cellswhes i ng t

suggests that this micellar
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due to its faster turnover rate. We also measured the protein colocalization by confocal microscopy.
Similartohe cel |l ul ar uptake resul t, Cas9 GFP prot

colocalized in the nucleus because of the nuclear localization signal (Wigire 10C).

Furthermore, compared with Lipofectaeni@as?r ea
GFP positive at 24 h post transfection, show
(Figure 10C).

(A) & (B)

F127/PPO-NMe,/pCas9 209

8
;

1.5
304

1.0

204

Cas9-GFP+ (%)
Relative Cas9 level

10+

control

c .__——lfl\l . . B
0 20 40 60 80 24 48
Time (h) Time (h)

(€)

F127/PPO-NMe,/pCas9
Micelle — — Untreated Hela

Figure 10 Cas 9 transfection usi #ipfasD(Poi40/himeetledd) F1 2 7/ |
Transgene expression kinetics in HeLa c€B. Relative Cas9 expression level in transfected

HelLa cells (data normalized to the Cas9 GFP f

are represented as average +* SEM-=(3). (C) CLSM images oHeLa cells incubated with

F127/ PPOp@BMe9 micelle or pCas9 | oaded LipofecHt

HPVoncogendlisruptionus i ng F 127/ PP @iceNeMeo3 /t paC agseX ondddenel 8
we built the all i n one pCas9 construct, enc

Briefly, we followed the method published by Ratnal,[58]land wused their pSpCe
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GFP plasmid to clone three di f fEoneogene (gRNAses of
E71 and E72and one controligure 11A). Although a nucleotide mismatch was designed at the

5 end of gRNA E71's targeting region, due to
U6 promoter, it should not affect the Cas9 recognition abilitgrasiously reported67]. The

cloned sequences of these gRNAs, as well as the plasmid backbone, were verified by Sange

sequencing techniqué&ifures 11A and12).

To evaluate the potential of our micelle for therapeutic applications, we chose to target HPV18
E7 oncogene as a therapeutic model. HPV E7 is known to promote aberrant cell proliferation and
therefore HPV pathogenesis. In cancerous transformations, E7 protein directly binds to Rb tumor
suppressor, resulting in Rb degradation. Hypothesizing that dmmgdttheE7 oncogene salvages

Rb expression and hence inhibits cancer cell proliferation, we designed two gRNAs targeting the

(

E71l ocus. I n HPV infected celidtshe HWPBI gBEI7TI tni erg plre

pathway. Ubiquitination directly actates proteasome 26S and induces protein degradation.
Additionally, E7 boosts the proteasome's enzymatic activity through interaction with the S4
ATPase subunit domain on proteasome 26S. Thus, we first tested if our nonviral apprBach on
oncogenedisrugtin coul d i nhibit the proteasome activi
proteasome activity reduced by 31.9% and 25.7% on the cells treated with gRNAs E71 and E72,
respectivelyFigure 11B). As Rb is a tumor suppressor, rescuing Rb expressielsleauld result

in inhibition of cell proliferation. As presentedkiigure 11C, both the groups treated with gRNAs

E71 and E72 grew significantly slower, reaching 68.1% and 73.1% cell viability of the Cas9

control.
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We next investigated the mutationimde d by o ur KpCasy rmicelike d-ollbvwwheg
a published protocdb7], we sorted the live, GFP+ HelLa cells andrthreseeded the cells on a
96 wel | plate. We also introduced a gRNA cont
foll owing experiments. The genomic DNA of eacl
After amplification and purificatio, the polymerase chain reaction (PCR) products were
reannealed, and mutations were detected with T7 endonuclease I. The expected PCR product was
551 bp; after T7 endonuclease | digestion, thi
and E72 group were 281 + 270 bp and 303 + 248 bp, respectively. As shoWwigumne 11D,
mutations were indeed detected in the cells treated with Cad®7and ar get i ng gRNAs,
either group with Cas9 only or Cas9 with the control gRNA. In addition, sequademtgied the
mutation; 23 clones from the cells treated with Cas9EBnhdt ar get i ng gRNAs wer
Among these, we observed 52.1% (12/23) and 34.8% (8/23) of the clones mutated in the E71 and
E72 groups, respectively. Sequencing readings acropsithe di ct ed doubl e strani
E71 group showed 2 clones (8.7%) with | arge d
(4. 3%) with | arge inserti &iguresldmhanmdl3A)l Sirqilarly,. 9 %) w
for the E72gr ou p, sequencing reads contained 1 site
| arge del etions, 2 with single base insertion
clones Figures 11E and13B). We also sequenced the cells treated only @ak9 and found that
al |l were wild type FiguredlhEeandl3T). These regulisfcanferded c | o n ¢
again that our micelles could deliver pCas9 and precisely disrupt the E#P®ncogene.
Furthermore, as Lipofectamine was more potent than RElcompared our approach with
Lipofectamine side by side on T7EI assay and

products on both micelle transfected and Li pof
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efficiency (Figure 14A). Neverthelesssequencing data showed that the proposed micelles
induced more disruptions than the Lipofectami

26.1%;Figure 14B).

On the other hand, as aforementioned, t he
NMes/pCas9 micelle is more likely to be transient due to a faster turnoveFrgteg 10B). We
hypot hesized that our micellar carrier might |
the possible off target sit€asoOF bion derg, RNAPS ¢
prediction websit¢68], we also identified potentialbf t ar get sites. With a
2 bp mismatch, one potenti al oFigure15M)rHgvever,si t e \
as shown irFigure 11F, no significant editing occurred in these two groups. Moreover, we tested
different potenth of f t ar get sites directly identifi et
region with the protospacer adjacent motif (PAM). Using the default setting on the NCBI BLAST
website as the criteria, mor e pot &mndtheraHan of f t
gRNA E71. Since gRNA E72 had an increased possibility of recognizing a wrong position, we
further evaluated the off targeting on its to

(Figure 15B). Again, no detectable editing wabserved on these three sitegy(ire 11G).
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Figure 11 HPVE7d i sr upt i on u s idpCqas9 mitelefA) pC&sDcomstvuet design
and gRNAs.(B) Proteasome activity of CrapseSentedraa n s f e c

average t SEMN=3).(C) Cel | viability of Cas9 transfect
cell viability were measured at 72 h ponst tra
= 4). One way ANOVA with Dunnett's multiple c

The significant level is represented?gp < 0.05);2 {p< 0.01).(D) T7EI assay to veriff{E7 gene
disruption.(E ) Sequencing analyesebl 9f MmMIEkI Assayanst
targeting based on the predictionusifg) Ca s 9 OHK® BlA8Te(ior (& thrdugh (G),

the cells were sorted using GFP marker at 2 £
extracted at 96 h post transfection).
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gRNA E71

NNGGAATGCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAGCAATTAAGCGACTCAGGTTTT
AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCAATTCTGCAGACAAATGG
CTCTAGAGGTACCCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACG
TCAATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGT
ACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTGTGCCCA
GTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGC
CCCACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTG
CAGCGATGGGGGCGGEGGEGGEEGGEEEEEGEGGAGGEGEGAGGGAAGGAAAAAGGGGGGCTAAGCCCGGAATG
GGGAAAGGCGGAGGAGGTGCGGGGGGGGCCAATCGCAAGCGGCCCACTCCCAAAGTTTCCTTTTATGGCGAA

gRNA E72

NNAATTCGATTTCTTGGCTTTATATATCTTGTGGAAGGACGAAACACCGAAGAAAACGATGAAATAGAGTTTTAGA
GCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCAATTCTGCAGACAAATGGCTC
TAGAGGTACCCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCA
ATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACA
TCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTGTGCCCAGTA
CATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCCC
ACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCA
GCGATGGGGGCGGEGGGGEGGGEGEGGEEGLGEGGEGGAAAGGGAAGAAAAAAGGGGGGCCCCCCCGGGLCGGE
GGAAAAGGGGGGGTAAAACGGGGGGGGTCCGGCGGGGGGGGGAGGCCCATTGGGGTTTGGGGGGGGGCATG
GGGGGGGEGGGGCCATTTCCGGGTTTGGGGGGAAAGAGGGGGGGGTTTTTGCCTGGCCGCCTTTTTACGTGACC
TCCTGACTATTGGAGCCTCCCGCAGAAAGGGTCCC

gRNA CTRL
NNNAATTTCGATTTCTTGGCTTTATATATCTTGTGGAAGGACGAAACACCGGCGCTTTGAGGATCCAACAGTTTTAG
AGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTGT
TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTTTTAGCGCGTGCGCCAATTCTGCAGACAAATGGCT
CTAGAGGTACCCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTC
AATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTAC
ATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTGTGCCCAGT
ACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTCGAGGTGAGCCC
CACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGC
AGCGATGGGGGLGGGGGEGEGGEGEGGGEEGGCGGGCAGAGAGAAGCAGAACGGGGGGCCCCCCGGGGCCAT
GGGGATAGGGAGAGGTAAAACGGCGGTGTTCGGCGAGGGGGGAAGGAAAATTAGGGTTTTTGGGGGAGGCAA
TGGGGGGGGGGCTTTTTTCCGGATTTGGGGGTATAGGGGGGGGGTTCTGGTATTATTAACCTTTTTTTIT

Figure 12. Sequence verification of the pCas9 constructs used in this study. The gRNA sequences
are colored red, and the 20mer targeting region of each gRNA is underlined. Three plasmids were
purified using Machereilagel Nucle®@ond® Xtra Midi Plus EF plasmid purification kit
(Germany), and the sequences were identified by Eton Bioscience (Union, NJ).
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(A) gRNA E71 large deletion
€7 gene (57-146) TOAAATTCCOOTTOACCTICTA TAAGCOAC T TAATCATCAACATTT _ R, JO
Largedeletion  TGAAATTCCGOTTGACCTTCTATE GATGAAATAGATGGAGTTAATCATCAACATTT 8 123 GGG R AT CNG
TOAAATTCCOGTTOACCTTCTATG TRRAATARR TGGAGTTAATCATCAACATTT -14 1/23
SingleInsertion  TGAAATTCCGGTTGACCTTETATGTCA] TTAAGCGAC TIEAGh TOAAATAGATGGAGTTAATCATCAACATTT o1 8/23
TGAAATTCCOOTTOACCTTCTAT, T @ TGAAATAGATGGAGTTAATCATCAACATIT 1 1/23
Largeinsertion  TGAAATTCCGOTTOACCTTCTATG t1accoac ik TOAAATAGATOGAGTTAATCATCAACATTT N /23
Wild-type TGAAATTCCGGTTGACCTTCTATE TTAAGCGAC T TGAAATAGATGGAGTTAATCATCAACATTT WI 1123
RNA_E71 GAGCAATTAAGCOAC TACA(\
o single insertion v
P GAGCAAT A TTCAG
Sample 14 T
(+221bp) CTACAACEAGE 16C
* originally from the plasmid backbone (sites 1197-1252; 1845-2009 on the plasmid backbone; 99% identical)
(B) gRNA E72
TTCTATGT TTAAGCOACT @ oAAAT EBATOOARITTAATCATCAACATTTACCAGCCCOACGAGE -1 123
TTCTATOT TTAAGCOACT! TAEEE AGATGOAGTTAATCATCAACATTTACCAGCCCOACOAGE 3 1/23
TTCTATGT TTAAGCGACT ABBATOANTETEEATOOAGT TAATCATCAACATTTACCAGCCCOACOAGE 3 1/23
TTeTATGT TTAAGCOACT ST OATOGAGTTAATCATCAACATTTACCAGCCCOACOAGE -5 1/23
TTCTATGT TTAAGCOACT E munﬁagmcmvuncArcAAcnruccAoccancmnc oy
TTCTATGT TTAAGCOACTCAG, ToAAATIRGATGGAGTTAATCATCAACATT TACCAGCCCGACGAGE N 2/23 single insertion
wistpe  TTCTATOT TTAAGCOAGT TOAAAT AGATOGAGTTAATCATCAACATTTACCAGGCCOACOAGS 18723 b g
RNA_E72 GAAGAAAACGATOARAT AGA
Theoretical D58 site
targeinsertion [ =
Sample 49 Ter Ter TGTCGTCCACCT TerTcceTcTos
(+339bp) ccaGe
ACCTTGAATTTC CIGTACTICTTGTCGGCTGCTS
* originally from the plasmid backbone (sites 1364-1702 on the plasmid backbone; 99% identical)
Sample #16 Ter A
(+344bp) T
ACCTTGAATITTTTTGCTGGGGCACT Tocr
* originally from the plasmid backbone (sites 1364-1702 on the plasmid backbone; 96% identical)
(C) w/o gRNA
E71-targeting region
€7gene (57-145) TOAAATTCCOOTTOACCTTCTATO TTAAGCOACT TOAAATAGATOOAGTTAATCATCAACATTT
somplewt  TGAAATTCCOOTTOACCTTCTATOTCACPAGCAATTAAGCOACTCAGH TGAAATAGATGOAOTTAATCATCAACATTT WY 10/10(100%)
samplewz  TGAAATTCCGOTTOACCTTCTATOT TTAAGCOACT TGAAATAGATGOAGTTAATCATCAACATTT wide-type -
Samplews  TOAAATTCCGOTTGACCTTCTATOT TTAAGCOACT! TGAAATAGATGOAGTTAATCATCAACATTT
sampless  TOAAATTCCOOTTOACCTTCTATOTCACOATEAATTARGEGACT TGAAATAGATGOAGTTAATCATCAACATTT GAGCAATTAAGCGACTCAG
Sumple#s  TGAAATTCCOOTTOACCTTCTATGT TTAAGCOACT BT GAAATAGATGOAGTTAATCATCAACATTT
Sample#s  TGAAATTCCGGTTGACCTTCTATGT TTAAGCOACT TGAAAT TTAATCATCAACATTT 0
somplew?  TGAAATTCCGOTTGACCTTCTATGT TTAAGCGACT TGAAATAGATGGAGTTAATCATCAACATTT
Sample 88 TGAAATTCCOGTTGACCTTCTATOT TTAAGCGACT, TGAAATAGATGOAGTTAATCATCAACATTT
Sample #3 TGAAATTCCOGTTOACCTTCTATOT TTAAGCOACT TOAAATAGATGGAGTTAATCATCAACATTT
sample #10 TGAAATTCCOGTTOACCTTCTATGT TTAAGCGACT! TGAAATAGATGOAGTTAATCATCAACHTTT
SRNAETL GAGCAATTAAGCOACTCAG
Theoretical 0SB site
E72-targeting region
£7gana (72:161) CCTTCTATOT TTAAGCOAC TOAAATAGATGOAGTTAATCATCAACATTTACCAGCCCOACGAGE
semple#l  CCTTCTATGT TTAAGCOACT BAAGAARACGATGARATAGA GOAGT TAATCATCAACATTTACCAGCCCOACEAGE WT 10/100100%)
Sample 12 CCTTCTATOT TTAAGCOACT TGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCOACGAGT
sample 53 CCTTCTATOTY TTAAGCOACT TGAAATAGATOOAGTTAATCATCAACATTTACCAGCCCOACOAGE
sample 34 CCTTCTATGT {ThAATTARGCOACT TGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCOACGASC
Sample #5 CCTTCTATGT TTAAGCGACT GBITGAAATAGATGGAGTTAATCATEAACATTTACCAGCCCOACGAGE
sample 56 CCTTCTATGT TTAAGCGACT TGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCOACGAGE
sample 7 CCTTCTATGT TTAAGCOACT TGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCOACGAGE
samale 58 CCTTCTATOT TTAAGCOACT TGAAATAGATOOAGTTAATCATCAACATTTACCAGCCCOACOAGE
Sample #9 CCTTCTATGT: TTAAGCOACT TOAAATAGATOGAGTTAATCATCAACATTTACCAGCCCGACGAGE
sampledlo  corrorATOT TTAAGCOACT TOAAATAGATOGAGTTAATCATCAAGEIT TTACCAOCCCOACOABE
BANA_E72 GAAGAAAACGATOAAATAGA
Theoretical D38 site

Figure 13. Sequencing validation of the micellielivered CRISPR/Cas9. Sequence alignments of

the verified sequences from the HelLa cells transfected with (A) gRNA,EB) gRNA E72
encoded pCas9 and (C) pCas9 w/o gRNA. Sequencing was done by Eton Bioscience with the
primer pUC19 SEQ _F. (insets: representative sequencing results)
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(A)

w/o T7 endonuclease | w/ T7 endonuclease |

M CTRL micelle Lipo2k M CTRL micelle Lipo2k M

—— — | —

— — -
SO0 | —— i w— ——

— —r —
300 —| w— — *  —
200 —| -

E7gene(74-161) TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAAT AGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGE

Large deletion TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAAT AESITGGAGTTAATCATCAACATTTACCAGCCCGACGAGE -2 1/23 large deletio
e deletion
TTCTATGTCACGAGCAATTAAGCOACTCAGAGGAAGAAAACGATGARSS SBATGGAGTTAATCATCAACATTTACCAGCCCGACGAGE 4 1/23 (17.4%)

TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGE -2 It AGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC -6 1/23

single insertion
(8.7%)

TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGAT EEEETEEEaak ARl TAATCATCAACATTTACCAGCCCGACGAGE 7 1/23

Singleinsertion  TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATIIRGATGGAGTTAATCATCAACATTTACCAGCCCOACGAGE +1 2/23

Wild-type TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAAT AGATGGAGTTAATCATCAACATTTACCAGCCCOACGAGE 17/23

BRNA_E72 GAAGAAAACGATGAAAT AGA

Theoretical DS8 site Lipofectamine with gRNA E72

Figure 14. HPV18E7 knockout using Lipofectamine 2000. (A) Gene editing efficiency
comparison using T7El assay (CTRL: w/o any transfection; micelle: micahefected; Lipo2k:
Lipofectamine 200@ransfected). (B) Sequencing validation of Lipofectae-delivered
CRISPR/Cas9. (Sequencing was done by Eton Bioscience with the primer pUC19 _SEQ _F).

(A} (B)

E71 OT1 (determined by Cas9-OFFinder) E72 OT2 (determined using BLAST)
164023470  GGAGCAAGTAAGGGACTCAGTGG 164023492 199101936  GIGTGAAACGAGGAAATAGATGG 199101914
pUC19_OF_E71F h pUCL9_OF_E71R pUC19_OTA_ch2R pUC19_OTA _ch2F
= chromosome 3 chromosome 2
164023096 164023739 199102350 199101558
E72 OT1 (determined by Cas9-OFFinder) E72 OT3 (determined using BLAST)
115363081  GAAGAAAAAGATGAAAGAGAAGG 115363059 117125537  TATGAAAACGATGAATTAGATGG 117125515
pUC1S_OF_E72R pUC19_OF_E72F pUC18_OTA_chER pUC19_OTA_ch6F
= — chromosome 5 - = chromosome 6
115363393 115362788 117125923 117125049

E72 OT4 (determined using BLAST)
90596324  TAAGAAAATGAGGAAATAGATGG 90596302

pUC19_OTA_ch10R pUC19_OTA_ch10F

90596669 90595881

chromosome 10

Figure 15. Potential offtarget sites of the gRNAs used in this study. Thearfjet sites predicted

using (A) Cas9OFFinder andB) BLAST. Mismatched bases and the PAM motif were colored

red and underlined, respectively. The numbers represent the locations of each locus and its
corresponding primer pair; these correspond to the locations in the chromosomes of GRCh38.p7
Primary Asembly. Primers were designed using NCBI Primer BLAST.
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HPV E7 mRNAknockdownus i ng F 1 2 7:pNgRgomidelMd eAlthough CRISPR/Cas9
system is a power ful t ool for genome editing,
endonuclease limits itsfficacy and target selectigh4]. More studies on improving the fidelity

and finding an alternative have been repof®ed 3]. To broaden the applicability of our delivery

system, we explored other gene editing alternatives. NgAgo was originegiyted as one

alternative that could achieve higher fidelity because of no target sequence prefdigénce
However, like other groups reported previoUyslg-56], we failed in demonstrating gene editing

with NgAgo, even using the virally transduced NgAgith NLS signaling peptides (FLAG
NgAgoiNLS) on our HelLa model . With the two NgAgoQo
modified from gRNAs E71 and E72, there was no detectable gene mutation caused by FLAG

NgAgaoi NLS on T7EI assayHigure 16).

In trying to understand the reasons for the failure of NgAgo in gene editing, we checked the
NgAgo protein sequence using Protein BLAST and found a PIWI domain on this protein, implying
that it may have a function similar to RNasgM)]. To prove this, again with the virally transduced
NgAgaoi NLS, we found a reduction da7 mRNA expression level with the two gDNABi§ure
17). This is in agreement with the recentlyreppe d r esult demonstrating
guided ribonucleag®7]. As an RNA effector, NgAgo witanNLS motif might reduce its efficacy.

Thus, we built a nonviral NgAd@enhanced GFP (EGFP) construct without NbSgAga EGFP)

for gene knockdown applicationkigure 18). This construct could be condensed and formed a
mi cell e when i nc wldtFEd Wihi thehprevidEsIy oftivized condition
(F127/ Pi#plasmiiMed0/40/1), pPNgAgde GF P e n c a p dlaiheld the size and c e

zeta potenti al similar t o Figureol8A). We tlso ollservedni c e | |
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similar shape and size between the micelles carrying pNg&@6P and pCas9 under
transmission electron microscopy measuremeigiufe 19B). Furthermore, the encapsulation of
pNgAga EGFP did not affect the micelle's cellular uptake kinetics, and the micelle carrying
pNgAga EGFP could be internalized by the cell efficiently during the transfection process

(Figure 20).

(A) DAPI FLAG-NgAgo-NLS Merged

- DOX

efficiency: 97"8 +3.5 %
-9
o

HelA.FLAG-NgAgo-NLS

+DOX

- »

(B)

w/ T7 endonuclease |

micelle Lipofectamine
gDNA - E71 E72 GFP E71 E72 GFP
1000 —| s— —_—
GO0 —| w— — — — —— — — —
100—

w/o T7 endonuclease |

micelle Lipofectamine
gDNA - E71 E72 GFP E71 E72 GFP

1000 —| = —

500 —| ¥

100—

Figure 16. Validation on FLAGNgAQo-NLS expressing Hela cell line generation and HPV18
E7 oncogene knockout. (A) Immunofluorescent staining of FER@Ago-NLS stable line. The
transduction efficiency was calculated from 20 individual ima¢@s.T7EI validation on the
HPV18E7 knockout. Virallytransduced HelLa cells were transfected with the gDNAs (E71, E72
or GFRtargeting) using either the optimized micelle or Lipofectamine 2000. At 48 Fypd¢A
transfection, genomic DNAs were extractadd the T7ElI enzyme was used to detect NgAgo
induced mutations.
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E7 mRNA level (%)

gDNA - E71 E72 GFP

Figure 17. HPV18E7 knockdown in the FLAGNgAQo-NLS expressing HelLa cell. Virally
transduced Hela cells were transfected with the gDNAs (E71, EX@F&argeting) using

Li pofectamine RNAIi Max by f ol | owigDNA transfattiod, act ur
total mMRNAs were extracted, and RPCR was carried out with the protocol mentioned in the
Experimental Section. Data are presented as averé&®feM ( = 3). Oneway ANOVA with

Dunnett's multiple comparison test was used fealpie calculation. The significant level is
represented as(p < 0.05).

Codon-optimized NgAgo CDS

ACCGTGATCGACCTGGACAGCACCACCACCGCCGACGAGCTGACCAGCGGCCACACCTACGACATCAGCGTGACCCTGACCGGCGTGTACGACAACACCGACGAGCAGCA
CCCCCGCATGAGCCTGGCCTTCGAGCAGGACAACGGCGAGCGCCGCTACATCACCCTGTGGAAGAACACCACCCCCAAGGACGTGTTCACCTACGACTACGCCACCGGCAG
CACCTACATCTTCACCAACATCGACTACGAGGTGAAGGACGGCTACGAGAACCTGACCGCCACCTACCAGACCACCGTGGAGAACGCCACCGLCCAGGAGGTGGGCACCA
CCGACGAGGACGAGACCTTCGCCGGCGGLGAGCCCCTGGACCACCACCTGGACGACGCCCTGAACGAGACCCCCGACGACGCLGAGACCGAGAGCGACAGCGGLCACG
TGATGACCAGCTTCGCCAGCCGCGACCAGCTGCCCGAGTGGACCCTGCACACCTACACCCTGACCGCCACCGACGGCGCCAAGACCGACACCGAGTACGCCCGCCGCACCT
TGGLCCTACACCGTGCGCCAGGAGCTGTACACCGACCACGACGCCGCCCCCGTGGLCACCGACGGLCTGATGLTGCTGACCCCCGAGCCCCTGGGLGAGACCCCCCTGGAC
CTGGACTGCGGCETGLGCGTGGAGGCCGACGAGACCCGCACCCTGGACTACACCACCGCCAAGGACCGCCTECTGGCCCGLGAGCTGGTGGAGGAGGGCCTGAAGLGT
AGCCTGTGGGACGACTACCTGGTGCGLCGGLATCGACGAGGTGCTGAGCAAGGAGCCCGTGCTGACCTGCGACGAGTTCGACCTGCACGAGCGCTACGACCTGAGCGTGG
AGGTGGGCCACAGCGGCCGCGCCTACCTGCACATCAACTTCCGCCACCGCTTCGTGLCCAAGCTGACCCTGGCCGACATCGACGACGACAACATCTACCCCGGCCTGLGLG
TGAAGACCACCTACCGCCCCCGLCGCGGCCACATCGTGTGGGGCCTGLGCGACGAGTGCGCCACCGACAGCCTGAACACCCTGGGCAACCAGAGCGTGGTGGCCTACCAC
CGCAACAACCAGACCCCCATCAACACCGACCTGCTGGACGCCATCGAGGCCGCCGACCGCCGCGTGGTGGAGACCCGCCGCCAGGGCCACGGCGACGACGCCGTGAGCT
TCCCCCAGGAGLTGLTGGCCGTGGAGCCCAACACCCACCAGATCAAGCAGTTCGLCAGLGACGGLTTCCACCAGCAGGLCCGCAGCAAGACCCGLCTGAGLGLCAGLLGT
TGCAGCGAGAAGGCCCAGGCCTTCGLCGAGCGCCTGGACCCCGTGLGLCTGAACGGLAGCACCGTGGAGTTCAGCAGCGAGTTCTTCACCGGCAACAACGAGCAGCAGC
TGCGCCTGCTGTACGAGAACGGLCGAGAGCGTGCTGACCTTCCGCGACGGLGLCCGCGGLGCCCACCCCGACGAGACCTTCAGCAAGGGCATCGTGAACCCCCCCGAGAG
CTTCGAGGTGGCCGTGGTGLTGCCCGAGCAGLAGGLCGACACCTGCAAGGLCCAGTGGGACACCATGGCCGACCTGCTGAACCAGGLCGGCGCCCCCCCCACCCGLAGL
GAGACCGTGCAGTACGACGCCTTCAGCAGCCCCGAGAGCATCAGCCTGAACGTGGCCGGCGCCATCGACCCCAGCGAGGTGGACGCCGCCTTCGTGGTGLTGOCCCCCGA
CCAGGAGGGCTTCGCCGACCTGGCCAGCCCCACCGAGACCTACGACGAGCTGAAGAAGGCCCTGGCCAACATGGGCATCTACAGCCAGATGGCCTACTTCGACCGCTTCC
GCGACGCCAAGATCTTCTACACCCGCAACGTGGLCCTGGGLCTGLTGGLCGLIGLLGECGGLGTGGCCTTCACCACCGAGLACGLCATGLCCGGLGACGCCGACATGTTCA
TCGGCATCGACGTGAGCCGLAGCTACCCCGAGGACGGLGLCAGLGGCCAGATCAACATCGCCGCCACCGCCACCGCCGTGTACAAGGACGGCACCATCCTGGGCCACAGC
AGCACCCGCCCCCAGCTGGGLGAGAAGCTGCAGAGCACCGACGTGCGCGACATCATGAAGAACGCCATCCTGGGCTACCAGCAGGTGACCGGCGAGAGCCCCACCCACAT
CGTGATCCACCECOACGGLTTCATGAACGAGGACCTGGACCCCGLCACCGAGTTLCTGAACGAGCAGGGLGTGGAGTACGACATCGTGGAGATCCGCAAGCAGCCCCAGA
| CCCGCCTGCTEGCCGTGAGCGACGTGCAGTACGACACCCCCGTGAAGAGCATCGCCGCLATCAACCAGAACGAGCCCCGCGCCACCETGGCCACCTTCGGLECCCCCGAG
V4D prameater TACCTGGCCACCCGLGACGGLGGLGGLCTGCCCCGCCCCATCCAGATCGAGCGLGTGGCCGGLGAGACCGACATCGAGACCCTGACCCGCCAGGTGTACCTGCTGAGCCA
GAGCCACATCCAGGTGCACAACAGCACCGCCCGCCTGCOCATCACCACCGCCTACGLUGACCAGGCCAGCACCCACGCCACCAAGGGCTACCTGGTGCAGACCGGLGLCTT
CGAGAGCAACGTGGGCTTCCTG

€MV enhancer,

pNgAgu-EGFP
7428 o

Figure 18. Plasmid map and NgAgo CDS of the pNgAGGFP construct.
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Figure 19. Physicochemical characterization of pNgAg&GFRencapsulated micelle. (A) Size
and zeta potential of F127/PRMVes/pNgAgo micelle (40/40/1). Data are presented as average
+ SEM (= 24). (B) Representative TEM images of pNgAgad pCas9encapsulated micelles.
Micelles were marked in each image. Scale bar represembs 1

A
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YOYO3-pNgAgo

Treated w/
micelle

(B)

treated for 4 h in Opti-MEM treated for 4 h in Opti-MEM

1004 100

804
604
2
1]__,__1-
0

YOYO3-pNgAgo - + + YOYO3-pNgAgo
FITC-micelle - - + FITC-micelle - - +

-3
=]

YOYO3* (%)
FITC* YOYO3" (%)

oawn 3

+
+

Figure 20. Cellular uptake of pNgAgencapsulated micelle. (A) Fluorescent imagiethe HelLa

cells treated with FITE&127/PPGNMes/YOYO3-pNgAgo micelle for 4 h. Scale bar represents
100mm. (B) Total plasmieaccessible cell % and (C) miceheediated plasmidccessible cell %,
quantified using FACS. For the cellular uptake studysae#ire seeded in a-24ell plate one day

prior to transfection. The NgAgo plasmid (Addgene #78253) was first stained with YOYO3 and
complexed with PP@IMes and FITGF127. Cells were treated with the micelle for 4 h in Opti
MEM and then either fixed for mioascope measurement or harvested for FACS analysis. Cellular
uptake rate (YOYO3%0 and FITC YOYO3' %) are presented as average + SEM Q).
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For validation, we first transfected the HelLa cell using the optimized micelle with pNgAgo
EGFP. At 2 4gfection, theo gDNAstwera then introduced using the same optimized
micel |l e. After culturing for another 48 h, t
reverse transcription quantitati FigureRIBBRhe( RT qP
H P V IEB mRNA expression levels in the cells treated with gDNAs E71 and E72 were reduced
by 34.3 £ 4.93% and 42.7 + 2.62% compared with the control without gRNA transfection,
respectivel y. When treat edE7wRNAhexpeessignDNdsgot cont r
significantly i nhi bited. I n addition, NgAgo
dependent. Even at a low dosage of 10 ng with the potent gDNA (E72), our micellar platform still
i nhi bi t &dexpkeBsi\od 8 22.9 + 3.63%iQure 21A). Toavoidfa se positive r
we also validated the RT gPCR quantitf@a,i on wi
and tested the mRNA inhibition using Lipofectamine 2000. With another primer pair, we obtained
similar results with less than 3% variations (2.7% for the E71 group, 0.9% for the E72 group, and
0.1% for the L control;Figure 22). Lipofectamine also gave a similar, but less efficient, result
for NgAgo medi at FRgdre B)NiAdicating thatlour micetdan platform is more
effective for both Cas9 and NgAgooutakpoockddawo at i on
of H FEV @n8ogene inhibited both proteasome and cell proliferation as well. Nonvirally
delivered NgAgo reduced the proteasome activity by 36.1 + 2.89% and 51.2 + 8.37% with the
gDNAs E71 and E72, respectivelfFigure 21B). A similar result was observed for cell
proliferation inhibition; the cells treated wi
NgAgo transfection (73.5% and 73.3%igure 21C). However, in the absence of NgAgo
transfection, micellar delivgrof gDNA alone could mediate gene knockdown at the highest

dosage of 500 ng={gure 21D), although this phenomenon was not observed in the other study
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using a Zebrafish modgb4]. We must allow for the possibility that the gDNA acts like an

antisense oligonucleotide to interfere with the mRNA level.

(A) (B) (9] (D)
o 120 wio NgAgo transfection|
B —_
< 100- __ 100- =6
2 S =
% 804 ...; 80 B xar i % 804
@ = 2
g 60+ 5 60 < 60
3 b4
Q 404 = 404 l‘é 404
3 S ~
g 20 20- o 204
a
5 0- 0- o
gDNA - 500 10 100 300 500 500 (ng) gDNA - E71 E72 gDNA - E71 ET72 gDNA - 500 10 100 300 500 (ng)
E71 E72 Luc E71 E72

Figure 2L HPVE7Tk nockdown wusing the optimized micell e

ETmMRNA expression | evel i n NgAgo transfected H
are presented asaverage+tSEM( 3) . B) Proteasome activity of
Data are presented as average +tSEM( 4) . C) Cel | wviability of Ng

Data are presented as average + SEM®). Proteasome activity and cell viability were measured

at 72 h post ND)AgldPEZ in@BNA expressidnilesehin the cells transfected
withgDNAonly(h= 4) . One way ANOVA with Dunnett's mu
p value calcul ation. Thez(ps@)izfp<@i)iz z (pev e | i s
0.001).

2.0

1.54 a"

10%— .....

Result variation
®
||
[ |
’
'b

0.0

E71 E72 Luc
Result group

Figure 22. Validation on reatime PCR result variation. The result variation was defined as the
ratio of the mRNA expression level determined using the previously reported primers
(QPCR_E7_PB/R?2) to that using the primers used in this study (QPCR_E7_F1/R1). For each group,
the variation was calculated from at least 10 individual results. Data are presented as average *
SEM.
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48 h post-gDNATF 24 h post-gDNA TF

Figure 23. HPV18E7 gene knockdown with Lipofectaminéelivered NgAgo. NgAgo and
corresponding gDNAs were delivered using Lipofectamine 2000. Transfection and gene
knockdown validation were carried out with the protocol mentioned in the Experimental section.
Data are presented awerage + SEMn = 3). Oneway ANOVA with Dunnett's multiple
comparison test was used fowalue calculation. The significant level is represented & <

0.01). (abbreviation used in the figure: TF, transfection)

TumorsuppressionWe further exanmed these systems vivo. We tested the Cas9 system on a
subcutaneous HeLa xenograft model. Elet ar get i ng pCas9 | oaded mic
dosage = 5 pg per mouse) was administered intratumorally every four days for a month, in
comparison withblank micelle and micelle carrying control Cas9 construct (w/o gRNA). As

shown inFigure 24A, mi cel | e delE7 vtearregde t @ ansg9 gvwRiINtAh ef f i ci
tumor growth, while the group treated with either the carrier or the Cas9 control gildomotiny
significant tumor inhibitong< 0. 05; One way ANOVA). By day 31
E72 groups only reached 38.2 + 3.99 and 36.2 = 9.42% of the tumor volume of the Cas9 control
group Figure 24B). Additionally, we did not observe signifint weight loss and organ toxicity

on the treated micd-(gures 24C and?25). Histological results correlated with the result of tumor

growth measurement. The tumor tissues extracted from the control groups showed strong E7
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expression, whereas tumors frorcentreated witie7 t ar get i ng pCas9 ( gRNA E
reduced E7 expressioRiQure 24D). Furthermore, compared with the controls, we also observed

the Rb restoration and increased coagulative necrosis in both E71 and E72 ggunes (4E

and 24F). In addition to qualitative histological measurements, we also sequenced the tumor

ti ssues extracted from E72 and Cas9 control g
induced mutations from randomly selected 36 colonkegufe 24G). By contrast all of the
selected colonies from the t umoFigurd26)eNntabdyd wi t h
we detected an A to G substitutional mutation at the target 10 nucleotide upstream of the PAM
motif in E72 group and the controls from bathvitro andin vivoexperimentsKigures 13B, 13C

and 26), which may be due to the heterogenicity of HelLa itself, so we excluded those from the

calculation.
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Figure 25. H&E staining for the major organs extracted from the p@ag®lletreated mice.
Scale bar represents 1000.

E7gene(74-161) TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC

TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACdEhGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC WT  12/12(100%)
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
TTCTATGTCACGAGCAATTAAGCGACTCAGAGGAAGAAAACGATGAAATAGATGGAGTTAATCATCAACATTTACCAGCCCGACGAGC
8RNA_E72 GAAGAAAACGATGAAATAGA

Theoretical DSB site

Figure 26. Sequencing validation of the extracted tumor from the Cas9 control group. Sequencing
was done by Eton Bioscience with the primer puC19_SEQ_F.



We next tested if the treatment of micelle d
outcome. The malle carrying NgAgo or the corresponding gDNA was administered locally in a
similar fashion. The treatment course included two injections, and each course was given every
four days for a month as well. The pNighgoded oa
micelle given two days later. Each injection contained equivalent amounts of 5 pg DNA for each
mouse. Similar to Cas9 treatment, no significant changes on body weight and organ toxicity were
observed for NgAgo treatmentFigures 27A and 27B). However , from a mo
measurement, although micelle delivered NgAgo
difference between groups was not significafiggres 27A and 28). Also, only <10% E7
inhibition was observed in the group treated wibth pNgAgoande7 t ar get i ng gDNA (
8.7% for the E71 and E72 groups, respectivElgure 27B). We also did not detect any notable
E7 reduction nor Rb restoration from the histological analy=gsies 27C and27D). Moreover,
when compared with ghcontrol, no obvious necrosis was found in the tumors treated with both

NgAgoande7 t ar get iFQwes@B)NA (
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Figure 28. In vivoevaluation of micellalelivered NgAgo. (A) Changes in body weight throughout

the whole treatment course. (B) Tumor volume comparison on the day when mice were sacrificed
(Day 31). Data are presented as average + SEMJ. Oneway ANOVA with Dunnett's naltiple
comparison test was used fewalue calculation. The significant level is represented as n.s. (no
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micelletreated mice. Scale bar represents md0
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2.4 Discussion

Although nonviral gene delivery is considerably mature for certain applications after almost
three decades of devel opment , it still encou
specificity for the delivery of genome editing systems.eEspi al |y f or t he p |
CRISPR/Cas9 system, for example with the commonly used liposomal transfection reagent, a
previously reported work has shown | imited ef/
such as U20S and A549, and relatMelp w gene targeting speciificit
15)17. In this work, based on the hypothesis th
those systems better with |l ess off targeting,
guaternary amnMmO u P Paoahdl Bheplaptiile F127Fgure 5A). The
guaternary ammonium modificatiorFiQures 5Bi D) benefits the DNA binding as well as
enhances the cell penetration capability, wit
the other hand, the Pluronic family has been widely usedigitio andin vivoto transfect genes,
to enhance the tnafection efficiency of polycations, or to stabilize DNA/polycation complexes
[71-74]. Similarly here, Fl1273ceomabeki zas tthiee sBNA/
condition and improves the transfection efficiency. Forithétro HPV model with pCas9, this
approach holds superior transfection efficiency compared with both PEI and Lipofectamine 2000

(Figure 5E).

In addition to the efficiency, our micellar platform enables a faster protein turnover rate
(Figure 10). The transientGa9 expr essi on does not affect the
is able to inhibit E7 oncoprotein's downstream proteasome pathway and thus slows down cervical
cell proliferation Figures 11B and 11C). Both T7EI and Sanger sequencing results confirm

H P V IEBoncogene disruption and a higher gene disruption rate compared with Lipofectamine
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2000 indicates that our micellar carrier is more advantag&ogisrés 11D and14). Interestingly,

we found large insertions in both the groups treated with gRNAsalBd E72, and the inserted
sequences were from the pCas9 backbone iSiglfifes 11E, 13A and13B). Because there is no
sequence homology between pCas9 backbone ariirthecogene region, and the insertion was

not found on the group treated witipofectamine, our carrier might play a role in boosting gene
insertion. The mechanism behind this is unclear, and a detailed study is in progress to gain a better

understanding.

On the other hand, the transient Cas9 expression profile énth2 7 / P P:pCabBivhécelle

|l eads to a reduced off target effect. Earlier
Although Conget al reported highly specific gRNA targeting and abolished gRNA function,

caused by mismatches at the last &1sbe s on t he 20 [#if subseqaentgverk i ng r
indicated that any mismatches on the 20 mer t
targeting75]. Wit h the optimized micelle, no signifi
sitesient i fied by both Cas OFf0hgdresdlF andldG).BhisAST ( o
establishes that our micelle has | ower off tal

and the high gene (tCRIBRRECAsBsygiemspeci ficity of th

While the findings with pCas9 suggest the proposed micelle's potential for genome editing
applications, the intrinsic sequence preference of Cas9 limits the fidelity of this therapeutic
approach. Streptococcus pyogenes Cas9 preferstgangth a PAM motif of NGG, which is
di fficult f or AT][41].iAkhbughssevgral EasTvariantsaave bedenidavajoped
to tackle this issue, for examplsgidaminococcuss@ V3L C Cpf 1 can target t}

as its PAM moitif preference of TTTV (V = A, C, or §)3], the field is still looking for a mer

48



universal solution. Prokaryotic Argonaute proteins are potential options because they have much
lower sequence preferenddermus thermophilusrgonaute is one example, but it only functions

at a relatively high temperature (75 9€¥]. NgAgo was the first reported Argonaute system that

could digest dsDNA at 37 °{51]. Inspired by the report that NgAgo could perform gene editing
functions guided by DNA, we therefore explored the possibility to deliver NgAgo, which may
allow for higher flexibility on gene targeting, using our micelle. However, aftefle@&studies in

our lab and reported by other groyp2-56], we could not reprodudbe gene editing function of

NgAgo. Instead, it may function as an RNA effed&f]. The optimized micelle is able to deliver
NgAgo and i nt er f Eferpgession in HeLatcdlle Cormpaxed B8ith the typical

siRNA actonNgAgo acts as a single component, mu | t
involved in any intrinsic RNAI pathway. Theoretically, this system may be more efficient on gene
silencing. In this study, we observed an effective knockdown of 22.9% efficanaygDNA
dosage as |l ow as 10 ng (1.4 Ppignel2lA). BhisgehieB h pc
knockdown also consequently affects the downstream proteasome activity and cell proliferation
rate fFigures 21A and21C). However, because of the gene knamkd observed with gDNA

alone at the high dosage of 500 ng, we cannot be certain that NgAgo possesses the RNA
interference effect. It suggests that gDNA alone may affect the gene expression under the antisense

oligonucleotide mechanisnfrigure 21D).

In thein vivo setting, our micelle was able to transfect the HeLa xenografted tumoEWith
targeting pCas9 and delayed the tumor growth without affecting the physiological conditions of
the mice Figures 24A1 24C and26). The histological analysis confisithe observation on tumor
inhibition. E7 oncoprotein expression was reduced, and the downstream tumor suppressor Rb was

rescued by theE/mi aed éeihggrésidDe2dMH drdm the Sanger

49



sequencing analysis, out of 36 randomly setéctdonies obtained from the tumor tissue treated

with micelle delivered Cas9 and gRNAFdare?2, we
24G). Although the editing efficiencin vivo (4/36, 11.1%) is lower than the vitro efficiency

(87 23, 34. 8%) , our micelle stildl shows at | €
nonvirally delivered Cas9, when compared with the recently reported Cas9 plasmid delivery

system demonstrating 3% gene disruption [farg.

By contrastmi cel | e deli vered NgAgo did not show s
(Figures 27A and28C), but only slight reduction in E7 expression in the extracted tumor tissues
(Figures 27B). Moreover, unlike Cas9 treatment, no obvious differelpesveen groups was
detected on the histological sampl es Figures h E7 ¢
27Ci 27E). The reason causing the discrepancy between the two systems could be their different
gene manipulation mechanisms. Further studieald be needed to clarify the mechanism of
NgAgo's RNA interference and the interaction between NGGBNA complex and the RNA
target . Il n addition, ot her similar RAAandgui ded
Csm, were recently reported for RNA silencing application. Those enzymes including NgAgo may
serve as potential alternatives to RNAI, but more studies, especiallynrmave characterization,

would be needed.

In summary, we designed and optimizeB 4 2 7/ PP:tni Ndé | e for pl asmid
and NgAgo delivery. This micelle enables a more transient protein expression, which reduces
potential Cas9 off targeting. Compared with ot
is colloidally moe stable, less toxic, and more potent in both Cas9 and NgAgo deliveries. For both

in vitro andin vivoHPV models, this micelle efficiently delivered Cas9 plasmid and disrupted the
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H P V IEBoncogene to suppress the cancer progression. In addition to €lias®yd the micelle

was also capable of delivering NgAgo for gene manipulation. However, no signification E7
inhibition was observeth vivo, although the micelle deB7i vered
expression and regulated its downstream pathwaatro. Nevertheless, these findings suggest

the promi se of zmitellascarfelf@rhérdpulc gdhdmanipulation.
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Chapter 3 ScreeningM ethods tolmprove Aptamer Li g a nAffiditg

Portions of this section are included in fbkkowing published papers and conference proceedings:
1. Y.-H. Lao* C.-W. Chi*, S.M. Friedrich, K. Peck, TH. Wang, K.W. Leong, L-C. Chen,
ACS Applied Materials & Interface2016 8, 12048 12055.
2. Y.-H. Lao, K.K.L. Phua and K.W. LeongACS Nanp2015 9, 2235 2254.
3. Y.-H. Lao, C-W. Chi, H-Y. Chiang, K. Peck, L.C. Chen and K.W. Leondiophysical

Journal 2015 108,328a
(*contributed equally)

3.1 Introduction

The concept of SELEX was independently demol
the 1990s[35, 79] Aptamer is screened from a nucleic acid library composed ‘6ftd QL0
different candidates, and each candidate comprise®03@ndom nucleotides between two fixed
primers. Due to sequence differences, candidates fold into different segosad tertiary
structures. When candidates are incubated with the target, only those that bind with high affinity
against the target can be eluted from the taogetdidate complex. The targgtecific candidates
are amplified either by polymerase chagaction (PCR). Subsequently, enriched candidates are
activated by singkstrand isolation (DNA aptamer) or vitro transcription (RNA aptamer) for the
next selection round. Through roubg-round selection, the dissociation constant)(kf the
candidatp ool can be i mproved from micromol ar (& M)
(pM) range. Candidates will eventually converge to several representative aptamers that recognize
the target with high affinities and specificities. This iterative procesgirmies until the best
performing aptamer is obtained from the SELEX process and the resulting aptamer is capable of
target recognition. Howevethe generated aptamer candidates may contain some redundant

sequences that may affect its affinity and spetyf and thus, additional optimization is usually
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necessary to maxi mi B& 37a8dltBacause odlg fewptertiarly structsa n ¢ e
of aptamer have been reported, there is no precise prediction available that could determine the
binding or functional motif of the aptamer. Conventional secondary structure prediction for a DNA
or RNA sometimesfails n apt amer 6 s.Theefore, therepsramekd to gystematically
study aptamer structure. We previously optimized microarray platform to design aptsedr
protein sensdiB8] and to screen aptamer candid§8$s 80] Here wefurtherdemonstrate a high
throughput, microarrapased method to identify the major proteangeting motif of an aptamer.
An aptamer microarray with 12,000 features was created to deconvolstgtience information
of six antiprothrombin aptamers.

In addition to the microarray platform for aptamer sequence optimization to maximize the
aptamer performance. Our previous aptamer avidity coi@8pand the intercalation dyleased
FRET beacoi39] may also help to find a bivalent aptamer pair, which may further improve the
affinity. To do so, we chosgOYO-3 (quinolinium, 1,8[1,3-propanediylbis[(dimethyliminip
3,1-propanediyl]] bis[4-[3-(3-methyl2(3H)-benzoxazolylidene)l-propenyl]}tetraiodide) a
cyanine dye that intercalates a DNA duplex backbone with a corresponding increaseaintitexqu
yield [81]. This property has been exploited widely for nucleic acid detef@r83] In addition
to DNA, cyanine dyeseg(g, carbocyanine and indolenine cyanine families) are known to interact
with nanomaterials sudhs tin dioxide nanocrystalli@4], gold nanoparticl¢85], and QD[86].
In this study, we report a unigue interaction between YEBvahd carboxylQD, which leads to a
similar interaction with DNA, changing YOY@ 6 s guantum yield and t
fluorescence response-30Isf eQBb6 < ad mMioNnsisprcamda VO

induces a FREEffectbetween them. Hypothesizing that it can be used asdmué for sensing
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applications, we have designed a beacon cons

conformational change and the translocation of YG¥ketween the aptamer and the QD.

As a highly specific ligand, aptamer is an attractive adijbalternative for diagnostics
because of its small size, chemical and thermal stability, and easy modification and immobilization
[23, 87] It has been applied in many formats of immunoag&8/90]. Moreover, a certain group
of aptamers such as atiirombin, aniPDGF (platelederived growth factor), and artocaine
aptamers exhibit a targetduced conformational chaeff1-94]. This stuctural property inspires
another dimension of specificity in target recognition: the conformational change as a subsidiary
signal of the binding event. Herein, as illustrated-igure 29, we use this property to store
YOYO-3 onto the backbone of the apt@rrecognizing thrombin exosite Il (HTDQZ87]) so
that there is no YOYE& on the QD surfaceand no FRET emission in the absence of thrombin. In
the presence of thrombin, HTDQ29 and the other aptamer on QD surface (HTQ37; the exosite |
binding aptamer, HTQ3795]) bind to the two distinct motifs of thrombin and change their
conformationsAs aresult the dye is expelled from the HTDQ29 backbone and translocates onto

the QD surface, which leads to a sigoalFRET response.

To date, the vast majority of Q&ptamer beacons rely on DNA stragidplacement for target
protein detectiofi96-102], which may require laborious optimizatifit01]; otherwise, undesired
strand interetions €.g, when the interaction within the beacon is stronger than the higaotein
interaction) would reduce the sensitivity. In contrast, this method provides a simple and rapid
approach for protein sensing. Using thrombin as a model protein, we demongtrapeitating

principle of this beacon design. We also propose that this design may be useful for the screening
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of two distinct aptamers binding to the same target protein, a feature that no other agfdineric

beacons can off¢B9, 96105].

YOYO3-bearing 365nm
HTDQ29 excitationqj‘

Aa a
R 4
> QDs6s (i

\‘\7‘ AL
human thrombin "j \71\

QD 565

)5 YOYO-3
emission emission
Qpses =) — FRET “on”
e 365nm
- conjugate excitatiuﬂql Ak

- > QD565 ——O

X . “

QD 565
emission

FRET “off”

Figure 29. Beaconcomprises a QD568ptamerconjugate and aonconjugatedptamerstained
with YOYO-3. The recognition ofthrombin target causesstructural folding and sandwich
association otwo aptamers. YOY@3 is thentransferred from thaonconjugateadptamer to the
Q D dusblockedsurfaceto yield a FRETsignal.

3.2 Methods and Materials

Aptamers.Two reported artthrombin DNA aptamers, HTQ3B5] (CCOGG TTGGT GTGGT

TGGAT TGATC GTAGG TACAA CC; an aptamer derived from eg@adruplex aptamer HTQ15

[34]) and HTDQ2937] (AGTCC GTGGT AGGGC AGGTT GGGGT GACT), were synthesized

and investigated i n this study. HTQ376s paren
sequence) and its complimentary sequence werthasized as well in this study. HTQ37 was

modi fied with an amlifoncouplgwith carboxyeQ@D. Qut previdtugwotk 6
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and another published work have already shown that the modification with an amino C6 linker
does not significantlynfluence the affinity of antihrombin aptamer$38, 106] All of the
oligonucleotides were obtained from either Purigo Biotech, (haipei, Taiwan) or Integrated
DNA Technologies (Coralville, 1A). The lengths of aptamer probes were confirmed by either urea

PAGE or ESIMS.

Aptamer microarray and functional motif verificatioln prothrombinaptamer microarray with

12,000 features vgacreatedising our previous methdd8]. All the features comprised truncated

probes with 23 to 35 nucleotides, which representeehsutifs of six antiprothrombin aptamers

screened from conventional SELEX These were dmbangredhbfta &Bbas
in situsynthesized on the microarray. The major pretamgeting motifs and the optimal lengths

for the aptamers were accordingly determined through this microarray platfoaddition, a
previouslyreported antprothrombin aptamer, namely FI607], was also synthesized as a

control on the microarray to validate this methodAlso, the structural and functional
characteristics ieveen the optimized aptamers and their parent sequences were compared in

support of the microarray approach.

Preparation of QDHTQ37 conjugate. We slightly modified the protocol for Q@ptamer
conjugation from our previous work39]. Through EDC/sulféNHS chemistry, QD was
conjugated with aptamer probe. First, 0.5 nmol carb@®I(Qdot 565 ITK®; Invitrogen) was
activated by an EDC/sulfdlHS mixture in PBS buffer (10 mM phosphate, pH 7.4, 137 mM NaCl

and 3 mM KCI) for 15 minutes. Subsequently, 5 nmol amioelified HTQ37 was added to the
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activated mixture and incubated for 2 hours.-@iamer reporter was purified with50 kDa
molecular weight cubff centrifugal filter (Amicon Ultra0.5, Milipore Corp., Billeria, MA). Prior

to use, QBHTQ37 reporters were quantitated by WS and stored at°C in the dark.

Determination of the conjugation efficiency and ta&o of free to conjugated HTQ37%he
conjugation efficiency and free to conjugated HTQ37 ratio were determined by gel electrophoresis.
TOTO-3 (Invitrogen) was used to stain free and conjugated HTQ37s because the excitation (peak
at 642 nm) and emissiqpeak at 660 nm) spectra of TO330do not overlap with QD565. To
calculate the conjugation efficiency, unpurified $I¥Q37 samples were directly stained with

500 nM of TOTQG3 and subsequently loaded on a 0.5 % agaf@&ke gel. The gel was run and

then visalized by Typhoon 9410 (GE Healthcare) with a 633 nm excitation laser and a 670
bandpass filter for TOT@ signal detection. The conjugation efficiency was determined using

Image J with the equation 1:

6 ¢ ¢ 00 NHOMWONO BQE o (1)

where F represents the fluorescent intensity at 670 nm. The ratio of free to conjugated HTQ37s
was determined with a similar fashion. The QD/HTQ37 conjugation mixturds) @&fter the fist

through the fifth purification were sampled and stained with TEGT®00 nM). Free and
conjugated HTQ37 was also visualized on the 0.5 % agdi®Eegel and detected by Typhoon
9410. The ratio was therefore determined by the signal of free HTQ37 dibidedat of

conjugated HTQ37.

Detection of protein analyteBefore detection of protein analytes, 40 bpaged polyTA duplex,

HTDQ29 or HTQ37 (200 nM) was stained by 500 nM YO8@yes for 1 hour. The QBETQ37
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reporter (15 nM) and humamrthrombin (H&matologic Technologies Inc.s&ex Junction, VT)

were incubated with YOYQORS8tained aptamers for an additional 1 hour. The fluorescent changes
were measured by SpectraMax Gemini EM (with 365 nm excitation); the signal was normalized
and presented as a 1@ signal compared to the signal intensity at the emission peak of QD (565
nm). In addition, to evaluate the specificity of this system, the confirmation espemific binding

was carried out using 500 nM of BSA (SigiAkdrich) as analyte, and the thmbin detection was

also testedn the presence of 0.1 % and 1 % of Or22-filtered human serum (Sigr@drich).

Each measurement was performed in triplicate to determine the standard errors of this sensing

format.

Dye translocation measurement on the Si@atform via free solution hydrodynamic separations.
Free solution hydrodynamic separations were performed in a fused silica microcapillary
(Polymicro, Molex) with a nominal inner diameter ofi® and a length of@cm. A tcm section

of the polyimide cating was burned away from the capillary to create a viewing window of low
background fluorescence approximately 40 cm from the capillary inlet. The elution buffer used for

all separations was PBS with 0.5% polyvinylpyrrolidone (PVP).

For the samples uden the CICS platform, HTDQ29 or HTQ37 (1.8W) was first stained
with TOTO-3 for 30 minutes at RT (dy®-DNA molar ratio = 1:1), and subsequently incubated
with 500 nM of thrombin and 15 nM of QETQ37 conjugate for an additional &finutes. To
perfom a separation, the capillary was first filled with the elution buffer. A short sample plug was

loaded into the capillary for 10 seconds at 200 psi. The sample was driven down the length of the
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capillary by pressure driven flow of the elution buffer at $8D The capillary was flushed for at

least 20 minutes at 450 psi with elution buffer before injecting a new sample for analysis.

The separated fluorescent species were detected using the CICS platform described elsewhere.
The center of the capillary viewing window was aligned within the 1mmn7CICS observation
volume. A HeNe laser with a power of 3 mW served as the excitabarce, and fluorescence
was detected with an avalanche photodiode. Photon counts were collected in 0.1 ms bins using a
custom LabVIEW program. The raw fluorescence data were corrected for chromatic inefficiency

and rebinned in 1sec intervals for plotting.

3.3 Results and Discussion

Aptamer microarray for function motif optimizatiolh.representative image of the microarray is
shown inFigure 30A. All the features were in uniform sizes with higlgnatto-noise ratios
(SNR9. The assay reproducibility wasalyzed by a comparison of two individual experiments,
and the results were highly correlated (Slope = 0.989 with R = 0.8§)ré 30B), which
indicated the high reproducibility of this deconvolution appro&¢h.collected the positives by
defining the data witbothhigh SNRs (SNR>3) and hidgluorescence intensiti€gtensity higher
thanat leastone standard deviation from the mean). After the analysis, the previepsisted
aptamer F1§107] and the aptamer RA1 gave the mpesitive hits. And tlese two aptamers
shaed some similarity in their sequenc@&sgure 31A). We then further deconvoluted and mapped
the major binding motif of RA1. The major binding motif was observed from the tenth base
position of RA1 Figures 31B and31C). Five RA1 motifs with fulllength RA1 were evaluated in

the prothrombin activityassayFull-length RA1 slightly inhibited the prothrombin activity, and
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the RA1.29.10 motif further improved this antagonistic activiiiggre 32A). In addition,we
characterizedhe structures oéachRA1 motif and the its parental sequesasing thecircular

dichroismtechnique and the RAR9 was structurally conserved from the parental sequence,

compared with other truncated motifSgure 32B).
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Figure 30. (A) Therepresentative image and (B) the reproducibility analysis of this approach
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Figure 31 (A) The cluster of the positive hits analyzed from the aptamer microarray results. (B)
Fluorescencentensity mapping of all the truncated RAL probes. (8¢ Binding motif maping

of the aptamer RAL.
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Figure 32. (A) Functional and (B) structural analyses of RA1 analogues

Interactions of YOY@ on QD and dy&anslocationIn this work, we report a new protein sensing
approach based on the conformational change of aptamers induced by target recognition,
facilitated by a protein that has two distinct aptatmading epitopes. In this proaff-concept

study, hunan thrombin binds to HTQ37 which is immobilized on the surface of a QD, as well as
HTDQ29 in solution and stained with YO¥& When a HTQ3Captured thrombin molecule
interacts with HTDQ29 in solution, the conformational change of the latter expels th®-80Y

and deposits the dye on the QD surfdégyre 29). YOYO-3 interacts with the carbox@D

surface to yield a significant FRET outp&idgure 33). Therefore, this can be used as a readout.

To maximize this effect, different concentration ratios of QIY@YO-3 were first tested. We
incubated YOY@3 in various concentrations (from 100 to 500 nM) with a fixed amount of
unconjugated and unblocked QD (15, 20, or 25 nM) for 1 hour. The FRET response (F619/F565)
was proportional to the concentration of YOYMut inversely proportional to the concentration

of QD (Figure 34). Theoretically, YOYG3 shows very low quantum yield in the absence of

doublestranded DNA (< 0.01)108]; yet, we have observed that YOYinteracted with the
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unblocked carboxyQD surface and responded to energy transfer from the QD. Presumably, it is
due to theelectrostatic interaction. Unblocked QD surface provides additional negative charges to
attract the dimeric cyanine dye, although this interaction should be different from the known
DNA:YOYO-3 interaction. Similar interactions have been observed on QDthécyaning86]

and QD with Ru complex (Ru(bp@dppzf") [105]. However, the underlying mechanism is

unclear, and it warrants further investigation.
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Figure 33. Fluorescent spectra of QD and YOY3=absorbed QD. Carbox@®D (15 nM) was
incubated with or without 100 nM of YOYQ in PBS for 1 hour at RT. The mixture was
transferred to a 9@ell opaque plate. The emission from 541 to 649 nm was recorded with an
excitdion at 365 nm.
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Figure 34. Relative dye emission signal (excitation at 365 nm) as a function of dye concentration
with respect to a given amount of QD565 in PBS after 1 hour of incubation. Inset. the FRET
spectra in the case &6 nM QD. Data are represented as mean + SEM3)).

We subsequently confirmed that the dye translocation would occur during the target
recognition of antthrombin aptamers, which is directly related to the DNA structural selectivity
of YOYO-3. If thedye did not show affinity difference toward different aptamer conformations,
YOYO-3 would not be released from the folded HTD29 aptamer. To investigate this, we used
HTQ376s parental aptamer HT @4asé paadngs aad fotdedat r o |
pure Gquadruplex (GQ) structure with the assistance of potassiunfiGtbn82] Here, the duplex
and GQ structure of HTQ15 were formed through a tempergtadient annealing in the presence
of its complementary sequence and in the presence of potassium ion, respectively. As shown in
Figure 35, YOYO-3 bound to the DNA wablex with high nanemolar affinity. The dissociation
constant against the duplex structure is 280.6 n\Msfblehigher than that against a GQ structure.

This indicates that YOYE dissociates from the aptamer during the du@€X transition. Both
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HTDQ29[109] and HTQ15 familyj92] have been reported to fold into GiRe structures when
they bind to thrombin, so this result justifies the basic principle of our approach: Y340 be
stored on the HTDQ29 backbone and be released when the aptamer interacts with thrombin and

undergoes a conformational change.
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Figure 35. Comparison between the fluorescence intensity of a YO¥t@®ed duplex (formed

by HTQ15 and its antisense sequence) and that of a ¥®%ined quadruplex (obtained by
annealing of HTQ15 in TrisiCl buffer with KCI) DNA structires. Data are fitted by the total
binding assay model, and the dissociation constant of YQY&yainst HTQ15 duplex is

determined to be 280.6 nM. Data are represented as mean f1SEB).

QD-HTQ37 preparation.To maximize the sensitivity of this syste in addition to HTDQ29,
another antthrombin aptamer HTQ37 was conjugated onto QD surface, which helped to localize
the YOYO3 near QD surface. For the HTQ37 conjugation, shlftS was used to enhance the
efficiency, and the ratio between sulfiHS andEDC was optimized. The QBEITQ37 conjugates

obtained under different ratios of sulfHS to EDC were visualized through 0.5 % agarose gel
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with TOTO-3 staining. The conjugation efficiency of QD and HTQ37 was determined to be 11.7
+ 1.99 % at the sulttNHS/EDC ratio of 0.1, which could be improved to 26.8 + 0.88 % as the
ratio of sulfeNHS to EDC was increased to OFidure 36A). When the ratio was greater than

0.5, no significant enhancement in @I Q conjugation was observed. Under this optimal
condition, he mean aptameo-QD ratio was determined to be 2.68, which is close to the value
obtained by analyzing the unconjugated aptamer in the reaction mixture (3.20 £ 0.80). In addition,
after the QD was decorated with HTQ37s, we could observe a mobility chaqge under gel
electrophoresis analysi§igure 36B) although the zeta potential of QD was not significantly
changed Figure 36C). This may be because HTQ37 itself is also negatigkfrged. We thus
expect that the interaction between negatiotigrgedQD and YOYQ3 would remain after the

aptamer conjugation.

On the other hand, if there was free HTQ37 in solution, it may interfere with the capture of
YOYO-3 on the QD surface and reduce the detection sensitivity. To minimize this potential
interference, we used a molecular weightoff column to purify the QEHTQ37 conjugates and
to remove free HTQ37 from the conjugation mixture. For complete removal of free HTQ37, we
carried out five rounds of purification, and the products were sampled and analyzed after each
purification. As shown irfrigure 36D, the freeto-conjugated HTQ37 ratio was reduced from 2.16

+ 0.08 to 0.65 + 0.15 after five rounds of purification.
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Figure 36. (A) Comparison of QEaptamer conjugation efficiency in different ratios of stNidS

to EDC. (B) A gel image andC( zeta potentials of unconjugated QD and-BDQ37 conjugates.
(D) Investigation on postonjugation purification. Conjugation efficiency and free/conjugated
HTQ37 ratio were determined by ImageJ. Data are represented as mean &t SEM (

Protein detectionFor protein detection, HTDQ29 (200 nM) was first stained with 500 nM of
YOYO-3. The secondary structure of HTDQ29 comprises only five-pass (bp) (predicted

using IDT® OligoAnalyzer 3.1), so we used a-tbpdye ratio of 2. We assumddat in this
condition there would be minimal excess free dye after staining because the minimum binding site
for YOYO family is 3.2 £ 0.6 bp per dyj@10], which is close to the ratio used in this study. As
shown inFigure 37A, before target recognition, tl@D and the YOY@3 are apart from each

other, and this results in no FRET response (FRET off). When thrombin is present, HTDQ29 and
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HTQ37 associate with thrombin together by binding to different epitopes. As a result, a sandwich
complex of QBDHTQ37: thrombin: HTDQ?29 is formed, and both aptamers become folded, which
then induces the dye translocation and turns on the beacon (FRETFigaje 37B shows the
stability as well as the responsive rate of this beacon system. When thrombin was introduced, the
dye translocatiortriggered FRET signal reached the saturation at once and was maintained for at
least one hour. Less than 10 % signal decay was observed during one hour of continuous
measurement. Compared with conventional immunoassays, this beacon designtegaibus for

on-site and rapid diagnosis.

Protein detection using our QBTQ37/HTDQ29 FRET system is shownhigure 38. The
FRET signal indeed increases with thrombin concentrdtianclear signabn feature. Our bi
aptameric QD beacon was abledietect thrombin ranging from 10 to 500 nM. This satisfies the
need to monitor thrombin generation at the clotting initiation phase for thrombosis diagnostics
[111, 112] The previous work demonstrating €Ru(bpyy(dppzf* interaction was also designed
for thrombin detectiorjl05]. However, in that design, the aptamer was used to compete with
Ru(bpyx(dppzf* from QD surface to trigger dyeR((bpyy(dppzf*) translocation. Compared
with that study, our design enhances the LOD of dye translocation sensing approach. On the other
hand, testing bovine serum albumin (BSA, 500 nM) astacoget analyte, we observed that the
target signal at the santoncentration was significantly higher than that of BE@§ure 39), but
BSA also contributed to a notable signal, which may be caused by aégjave response. To
further evaluate the source of the fategative response, we first tested our desigfmthrombin
spiked human serum. We could detect thrombin from the protein complexes, but the detection

encountered interference with a high level of serum proteins (>1 %), resulting in a significant

67



signal decreasd-{gure 40). In addition, we used a 4fp doublestranded polyTA to investigate
another possible falsgegative response to thrombin, which was generated from this nonfunctional,
dummy DNA. As shown inFigure 38B, the falsenegative response to thrombin was not
significantly higher than thbackground signal; we can therefore exclude the possibility that the
response is from the napecific interaction between thrombin and any types of Dix
conclude that the specificity of this system is primarily based on the selectivity of Y3YO
brearng aptamer. Although the falp®sitive response restricts this dye translocation approach to

a detection scenario only with a low concentration of background proteins, compared with other
QD-aptamer beacons, the system presented in this work still offargarable performance with

a rapid readout and a logrm stability for protein sensing in pure buffer condition. More
importantly, this strategy does not rely on reporter strand displacement, so it can be more easily

adapted for other targsensing apations[39, 96105].
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Figure 37. (A) FRET spectra of the beacon system, which comprises Y-3¥€aring HTDQ29

and QDHTQ37 reporter, before and after incubation with 500 nivhasmbin. (B) FRET signal
stability of the beacon system. Relative signal (%) is obtained by normalizing the FRET
florescence at each time point to that at t = 0. Data are represented as meannt=SEM (
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Figure 38. (A) Detection of thrombin in PBS using the sigoal QD-apt FRET beacon composed
of QD-HTQ37 and HTDQ29YOYO-3. (B) The investigation of false negative response to
thrombin using a dummy DNA (poly TA; 40bp). Samples were in@d&r 1 hour at room
temperature prior to detection. Data are represented as mean mnSEB). (Two-tailed Student
T-test was used forpalue calculation. The significant level is represented as<*(q.05), *** (p
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Figure 39. FRET spectrum of QEIHTQ37+YOYO-3:HTDQ29 in response to 500 nM of thrombin

or BSA.
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Figure 40. Thrombin detection in the presence of human serum. The signal was normalized as
percentage (%) of the signal with 500 nM thrombin in PBS. Data are represented as mean + SEM
(n=3).

RecognitiormechanismWe have demonstrated that theabtameric QD FRET beacon featuring
targetinduced dye translocation can be used for proteinctiete To confirm the mechanism
behind this detection approach, we used CICS coupled to free solution hydrodynamic separation
(FSHS) to verify if thrombin led to a dye translocation or not. The CICS platform creates a highly
uniform observation volume thapans the cross section of a microchannel for enhanced mass
sensitivity of fluid scanning. This technology has been used to analyze circulating DNA integrity
[113] and to determine the DNA loading level of polypl@44]. Moreover, integration of this

modified confocal spectroscopy technique with presduren flow through a long

characterization of DNA molecules based on their length and confornfibtishh Herein, we used
this integrated separation and spectroscopy platform to separate {@®dy@nplexes from free
HTDQ29 and free dye. HTDQ29 was first stained with TG3,Gollowed by incubation with
thrombin and QBEHTQ37. HTDQ29 or QD-bound TOTG3 was deteed using a 633 nm

excitation laser and a 670/40 nm bgasbs filter. In the presence of thrombin and-BDQ37,
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TOTO-3 was released from HTDQ29, which resulted in a significant TQBW@nal decrease at
the free HTDQ29 peak(gure 41), and it translocatednto QDHTQ37 (Figure 41inset). In the
absence of thrombin, this phenomenon was not obsdriguaré 42). These results confirmed the

working principle of this proteksensing approach.
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Figure 41. Dye translocation measured by CICS. HTDQ29 (B was first stained with 1.67

nM of TOTO-3, and then incubated with thrombin (500 nM) and-BQDQ37 (15 nM) or without

both thrombin and QEHTQ37 for 30 min at RT. The sample wsaparatedand theTOTO-3

signal was measured on the CICS platform. Background subtraction was performed on each data
set. The background was calculated as the average fluorescent intensity of the first 5 seconds of
minute 15 and was subtracted from the total fluorescence intémsthefull -time trace.
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Figure 42. Dye translocation between HTQ29 and -®DQ37 in the absence and presence of
thrombin. HTDQ29 (1.6'//M) was first stained with 1.6@M of TOTO-3, and then incubated
with 15 nM of QD-HTQ37 with or without thrombin (500 nM) for 30 min at RT. Subsequently,
the sample was separated, and the T&TsIgnal was measured on the CICS platform.
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We propose two possible recognition mechanisms to explain how our beacon works. (i)
Thrombin is first captured by QBITQ37 and then HTDQ29:YOY@ docks on the other exosite
of thrombin. In this case, the dye is directly transferred from the folded HTDQ29 to the vacant QD
surface. (ii) The recognition sequence is reversed and based -@tepvdye translocation. The
dye is transferred from the folded HTDQ29 to unfolded HTQ37 first, and then the subsequent
folding of HTQ37 push the dye to the vacant QD surface. It has been reported that HTDQ29 holds
sub nanemolar affinity against thrombinxesite I, but the affinity of exositeldinding aptamer
(HTQ family) is nearly ten times weakf37]. As a result, we speculate that mechanism (ii) is
likely predominant Figure 43). The dye is transferred from the folded HTDQ29 to unfolded
HTQ37 on the QD surface, which causes the first stage of dye translocation. Second stage of dye
translocatioroccurs when HTQ37 interacts with thrombin, and the dye is subsequently localized

on the carboxyQD surface.

First stage of dye translocation Second stage of dye translocation

s Q
QA 0 Qp p.»: Q. 0 o) 2

QD Thrombin * QD —> F5(QD :D —_ mQD :
»
R és - b. : 6 %)
. 9+ -’
Dye released from Dye captured by HTQ37 Dye released from Dye transferred
folded HTQ29 folded HTDQ37 onto QD surface

Figure 43. Possible mechanism for the targeduced dye translocation: Thrombin is first
captured by HTDQZ29, and YYID-3 is released due to the conformational change of HTDQ29.
The dye is accordingly transferred from the folded HTDQ29 to unfolded HTQ37, and then the
subsequent folding of HTQ37 pushes the dye to the negatihalged carboxyQD surface.
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Potential use for bivalent aptamer screenifg.date, only a few protein targets have more than

two distinct aptamers for different binding site recogni{i®n, 116] Most screening techniques

do not allow for bi or multiplevalent aptamer identificatiof23]. To take advantage of the

working principle of the proposed beacon system, we also explored the possibility of using this
beacon for aptamer screening in addition to protelen s i ng. We tested both
thrombin pair (YOYQ3-bearing HTQ37 with QEIHT Q37 conj ugat e) and a
(HTD29+QDHTQ37) of aptamers to study on their protein detection performance and dye
translocation. Although the identical pair watsle to detect thrombin, sensitivity was reduced by

36 % f < 0.001;Figure 44). Moreover, the CICS result confirmed that there was only subtle
translocation happening between YO¥BQtained HTQ37 and QEITQ37 conjugate. As a result,

the avidityeffect afforded by two distinct aptamers would show better sensitivity. Owing to the
signal difference between two synergistic and competitive aptamers, we believe this system can
be useful for posSELEX aptamer screening to assess whether two aptantidatss recognize

the same epitope of the target protein, which cannot be done by other aptameric QD beacons.
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Figure 44. Emission signals at 619 nm for the beacons with a distinct aptamer pair (QD
HTQ37+YOYO3:HTDQ29) or an idemtal pair (QDHTQ37+YOYO-3:HTDQ37) recognition.
Data are represented as mean + SEM @). Twotailed Student Fest was used for-palue
calculation. The significant level is represented as p%(0.001).
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3.4 Conclusions

A unique interaction betweayanine dye and carbox@)D analogous to that of cyanhiENA
interaction is used to design a beacon for protein sensing. We report a rapid and stabba signal
QD biaptameric beacon composed of a YOS ®earing HTDQ29 and a QHTQ37 conjugate
for thrombin detection. When thrombin is sandwiched between HTDQ29 and HTQ37, the
conformational change of HTDQ29 releases YO¥@nd transfers the dye to the HTQ37 or QD
surface to generate a FRET signal. Two characteristics have been validated to support thee rational
of this beacon design. First, YOY¥®selectively binds to duplex DNA rather than a GQ structure
to allow for the dye translocation as confirmed by CICS spectroscopy. Second, an unblocked
carboxytQD spontaneously associates with the translocated YQY®yield a stable FRET
signal. This sensing format does not require a reporter strand optimization, rendering it readily
adaptable to other protein detection. As a pafedoncept, this beacon can instantaneously detect
submicromolar to nanomolar thrombifihe signal is highly stable, with less than a 10% FRET
signal decay over 1 h of measurement. In addition, this dye translocation approach may allow a

postSELEX screening for two distinct aptamers.
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Chapter 4 Active Delivery Platform for Combinational Delivery to Tumor

Portions of this section are included in the following published papers and conference proceedings:
1. S. Suryaprakash*/.-H. Lao*, H.-Y. Cha*, M. Li, H.Y. Ji, D. Shao, H. Hu, C.H. Quek,
D. Huang, R.L. Mintz, J.R. Bagd, S.D. Hingtgen;B&.Lee, K.W. LeongNano Letters
2019 in press
2. Y.-H. Lao, S. Suryaprakash, K.K.L. Phua and K.W. LeoRmpntiers in Bioengineering

and Biotechnology2016, DOI: 10.3389/conf.FBIOE.2016.01.02880
(*contributed equally)

4.1. Introduction

Certain types of stem cells, including MSC, neural stem cell, and hematopoietic stem cell,
show tumothoming capability. They pursue the chemotaxis gradient, such-XsCQanoif
chemokine 12, generated by cancer dé 117] With genetic modification, engineered stem
cells could act as drug carriers homing to tumor and repressing tumor giawhb secretion of
cytotoxic proteing118]. Especially for glioblastoma (GBMpreclinical studies have shown that
treating GBMbearing animals with engineered stem cells improves the therapeutic outcome. The
phase | clinical trials, administering stem cells at the resection cavity after tumor removal, confirm

the safety of this #rapeutic strategjl 19].

However, cell retention is a major obstacle limiting the efficacy of engineered stelbased
therapy. For example, a recent study in the preclinical mouse GBM model showed that >90% of
the stem cells that were locally administered at the tuesection site were lost within 7 days,
and rapid GBM relapse was consequently obse[t@@] Limited payload option is another
obstacle. Transduced stem cells can only biosynthesize pratelmpeptidébased drgs, which

may not be sufficient to treat GBM. For example, the tumor necrosis fatéded apoptosis
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inducing ligand (TRAIL), a protein drug that can initiate the formation of diealinrcing signaling
complexvia the interaction with its receptors andsaquently induces cell apoptosis, is used to
treat GBM in clinical trials and the preclinical pipelifi21, 122] However, itshowed limited

efficacy for treating certain types of the GBM cells such as U87MG and LN229

4.2 Methods and Materials

Cell culture.MSC used in this study was obtained from Institute for Regenerative Medicine at
Texas A&M Health Science Center. MSC in passagen@és used and cultured in alpha Minimum
Essential Medium Eagle (Thermo Fisher, Waltham, MA) supplemented with 20% fetakbovi
serum (FBS; Atlanta Biologicals, Flowery Branch, GA) and 100 U/mL penidtlieptomycin

(Thermo Fisher). The cancer cells (US7MG, T98G, LN229 and LN18) were cultured using
Dul beccods Modified Eaglebds Medi um (ndchlie-r mo Fi
streptomycin. The GBM8 cell was cultured in Neurobasal medium (Thermo Fisher) supplemented
with 2 mM L-Glutamine, B27, N2, heparin, fibroblast growth factor, epidermal growth factor and

100 U/mL penicillinstreptomycin. All the cells were cultureti 37°C with 5% CQ atmosphere.

Drug response evaluatiofhe cancer cell (U87MG, T98G, LN229 or LN18) was seeded at a
density of 10,000 cells/well in a 96 well plate. At 24 h mestding, the cells were treated with
MTX (SigmaAldrich, St. Louis, MO) TRAIL protein (Thermo Fisher) or a combination of MTX
with TRAIL for 24 h. Subsequently, the cell viability was determined using Promega CellTiter

Gl oE Luminescent Cel | Viability Assay Kit ( Fi

76



instruction. Thduminescent intensity was measured using a BMG Fluostar Optima plate reader

(Germany).

Microfluidic device fabricationThe PDMS chips were prepared using our previously established
design and protocd¥0]. The PDMS prepolymer and the curing agent were mixed at a weight
ratio of 10:1 (Sylgard 184 Silicon Elastomer Kit, Dow Corning, Midland, MI). The mixture was
thoroughly mixed, and the generated bubbles wameved under vacuum. The prepolymer was
added to the silicon wafer and cured at@@or 45 min. The inlet and the outlet of the microfluidic
chips were punched, and the chips were bonded to a cover slide using oxygen plasma for 40 s with
a power of 20 WPIlasma Asher, Quorom Technologies, UK). To create a hydrophilic surface on
the microfluidic chip surface, we used a tatep solgel coating procedure. The sgl solution

was prepared by mixing tetrathylorthosilicate, methyltriethoxysilane, (heptadeweil 1,2,2
tetrahydrodecy#riethoxysilane, trifluoroethanol and(&imethoxysilyl}propylmethacrylate at a
volume ratio of 2:1:4:1. Subsequently, the-gel mixture, methanol, trifloroethanol and
hydrochloric acid solution (pH 5.2) were mixed aatia of 5:9:9:1 and heated at &5 for 2 min.

The device was then filled with the activated solution using a pipette and heated’@tfb8@

min. A mixture of deionized water (50A.), acrylic acid (200rL), ammonium persulfate (10 wt%)

and tetramethylethylenediamine ({i6) was injected into the device at 20/min, and the device

was then heated at 8G.

Spheroid generationThe MSCs were resuspended in the complete media containing 0.3%
Pluronic F127 (SigmaAldrich) and 0.7% alginate (Pronova SLG 100) at MSC input

concentration of 1, 2 or 3 x16ells/mL. This cell solution was used as the inner layer. The middle

77



oil layer was prepared using oil phasased surfactant (1% Sphere Fluidics Fsca r f The .

outer layer was made from 2.5% Pluronid /. First, the watein-oil droplet was generated in

the first chipwithaflowf ocusi ng design, and its channel wi
respectively. The flow rate for the cells and the oil wei@ and 815 € L/ mi n, respe
controlled by Harvard Apparatus PHD 2000 Syringe Pump (Holliston, MA). The generated water

in-oil droplets with cells were transferred into the second chip, where the Plurddi¢ was

introduced at a flow rate of 26 e L/ mi n t o -infoib-in-waterwdauble emulsions,
encapsulating the MSC in the inner layer. At 24 h after the generation of spheroids, the double
emulsions were transferred to a cell strainer with a pore size-6fB0 ¢ m t o br eak t he

and tte filters were then inverted to collect the MSC spheroids.

MSC viability measurement in spheroZell spheroids were generated with different MSC input
concentrations (1, 2 and 3 ¥1€ells/mL). The collected spheroids were stained with propidium
iodide (PI) (Thermo Fisher) and Calcein (Thermo Fisher) to measure the cell viability. Using
Image J, the area of live cell (Calcein+) was divided by the total area of the spheroids (Pl+ plus

Calcein+) to determine the ratio of the live cell area in the sptseroid

In vitro migration assayThein vitro migration assay was performed using the-thkamber cell

culture insert (ibidi, Germany). The U87MG and the spheimichulated MSC were plated in the
adjacent chamber with a 0.5 mm gap of the cell culture irzdeat seeding density of 7,500
cells/well. The cells were incubated overnight, and cell culture insert was then removed to create
a welldefined gap. The movement of the cells was captured every hour using a live cell imaging

system (Zeiss, Germany). Imageds used to track each cell and analyze the migration parameters.
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For CXCR4 inhibition, MSCs were first treated with the CXCR4 antagonist, AMD3100
(SigmaAldrich), according to the literature (2&/mL) for 72 h[123]. Afterwards, the migration

assay was carried out ugithe same protocol with U87MG cells.

CXCR4 expression measuremdrdtal mRNAs were extracted from the spheroids using Qiagen
RNeasy Mini Kit (Germany). The corresponding cDNAs were then synthesized ushkiRpBio
iScript cDNA Synthesis Kit (Hercule§A) and quantitated by UWIS. The expression level of
CXCR4 was determined and normalized to the GAPDH control using quantitative PCR. The
primers used for CXCR4 amplification are: TCAGTGGCTGACCTCCTCTT (forward) and
CTTGGCCTTTGACTGTTGGT (reverse). The mers for the GAPDH internal control are
GGAAGGTGAAGGTCGGAGTCA (forward) and GTCATTGATGGCAACAATATCCACT

(reverse).

DNA-template synthesis and the nanocomposite generdt@aminefunctionalized PEGylated

DNA templates were synthesized using Click chemistimilar to what we reported previously

[77]. The reaction mixtu, composed ofthesingiet r anded DNA -REGd&ride(28) , a mi
€ M) rascdrbic acid (10 mM) and copperfMBTA compl ex (500 ¢&M), w
trithylamiimum buffer containing 50% dimethyl sulfoxide. The Click reaction was carried out in

an argoratmosphere overnight at RT. & product was then purified by revergathse HPLC and
lyophilized. The antiL13Ra2 peptide ligand124] with an acetamidomethyl (Acm) protection

group (peptide sequence: C(Acm)GEMGWVRC) was synthesized by Peptide 2.0 Inc. (Chantilly,

VA). For the ligand conjgation, amingunctionalized PEGylated DNA templates were first
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activated by 1dold of sulfosuccininidyl 4-(N-maleimidomethyl)cyclohexang&carboxylate in

PBS at RT for 2 h. Excess crosslinkers were removed by a 10 kD moleatdéfr (MWCO)
ultracentrifugation column, and the activated templates were subsequently incubated with the
peptide overnight at °C. Afterwards, the conjugated products were purified again by the MWCO
column to remove unreacted peptide. Prior to the drug loading, the conjugated template was
deprotected and further purified. MTX was subsequently loaded onto the DNA template
(contaning 25 % of liganePEGDNA and 75% of unconjugatddEG-DNA) through a gradient
annealing process. The drlmpded nanocomposites were formed by mixing with &' Ca
containing TrisEDTA buffer (pH 7.6). In order to remove the®Cans in the solution foMSC
spheroid generation, the nhanocomposites were then faxidianged twice using Sephade&

columns (Thermo Fisher) and stored in sterile 0.9 % saline solution (Bilgirieh).

IL13Ra2 expression level determinatioBne million of the cancer cellJB7MG, LN18 and

GBMB8) were first blocked with 2.5g Fc blocker (BD Biosciences, San Jose, CA) for 5 min at

RT and subsequently incubated with FHiabeled antiL13Ra2 antibody (R&D Systems,
Minneapolis, MN) for 30 min at RT. After staining, the cellsgvevashed with FACS staining

buffer (R&D Systems) to remove unbound antibodies prior to FACS analysis. The samples were
analyzed using a BD Fortessa FACS machine, and at least 10,000 cells were collected for analysis

using the FSC/SSC gating.

MSC/DNAtempated nanocomposite hybrid spheroid generatidime hybrid spheroid was
generated using the aforementioned microfluidic method without significant changes. Briefly,

MSCs (input density = 2xI@ells/mL) were first mixed with DNAemplated nanocomposites
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(t ot al DNA] = 9.4 &M) i n a solution containi:t
mixture was loaded onto the microfluidic device to generate spheroids encapsulating the
nanocomposite. The first hydrophobic chip was run with a flow rate8of 6e L Anch46n € L/ mi n

for the oil layer and for the inner cell layer, respectively. The flow rate on the second chip was 20
eL/ min with 2.5% Pluronic F127 as the outer f
and nanocomposites, were cultured for 22 B7°C. Following this, the spheroids were released

from the double emulsion using a cell strainer, as aforementioned.

Confocal microscopy measuremehRtr confocal imaging, the MSC membrane and the BNA
templated nanocomposite were first labeled wikHB7 (SigmaAldrich) and Alexa Fluor 647
(Thermo Fisher), respectively. After forming the hybrid spheroids, the spheroids were cultured for
24 h and then released. The hybrid spheroids were subsequently visualized using Nikon AIRMP

Multiphoton Confocal Micoscope (Japan).

Nanocomposite uptake and distribution measurem@iat. verify if the DNAtemplated
nanocomposite was internalized by MSC, we labeled both the DNA (inner part of the
nanocomposite) and the PEG (outer part of the nanocomposite) partsDdiAheemplate with

FAM and Alexa Fluor 647, respectively. When the PBESAs formed nanocomposites, the FAM
fluorescence was quenched due to the-qpadinching effect taking place inside. If the MSC
internalized the nanocomposite, nanocomposite degradatidnSIC would restore the FAM
fluorescence because of the DNA release. In this case, both FAM and Alexa Fluor 647 signals
could be observed. In contrast, if the nanocomposite was only associated on MSC membrane or in

ECM, intact nanocomposites would not eF&M signal, and only Alexa Fluor 647 signal could
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be detected. This cell uptake assay was carried out both in the spheroid formulation and in the 2D
culture. The spheroid generation was followed the aforementioned microfluidic method. For the
uptake assain the 2D culture, the MSCs were incubated with the same number of the labeled
nanocomposites for overnight. Afterwards, the cells were trypsinized and collected for FACS. At

least 10,000 cells were collected on BD Fortessa FACS machine using the FS@agC

In vitro cell kill assayThe hybrid spheroids were prepared using TRMECs and MTXloaded
nanocomposites ([equivalent MTX] = 6 €M) UuUsSi n¢
the formation of the spheroids, the double emulsions wetehr and the spheroid was released
using the cell strainer. The hybri d-EBPARmer oi d
a ratio of 1:1 (v/v) and incubated at 7 for 5 min. The solution was vigorously pipetted up and
down to break the spher@idThe number of cells was counted using a hemocytometer. The
spheroids were seeded in a 24 well plate at different densities (5, 103 MSC8/well). After a

24-h culture, Luciferasexpressing cancer cells (U87MG, LN18 and GBM8) were seeded{5x10
cells/well) and cecultured with the MSCs for additional 24 h. Afterwards, the Stdaldy
substrate (Promega) was added to quantify the Luciferase signal from cancer cells. The amount of
cell death was then calculated by assuming 100% viability in treeafasancer cells incubated

with wild-type MSCs (not expressing TRAIL nor carrying nanocomposites).

In vivo migration and tumor inhibition validatiofihe animal study was approved and supervised
by the Institutional Animal Care and Use Committees at &atgrhe US7MG cells were first
injected subcutaneously (0.5%¥1¢ells/mouse) into the Nu/J nude mouse (Jackson Laboratory),

and the tumor formed within two weeks. For migration validation, Lucifezapeessing MSCs
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and Alexa Fluor 680abeled nanocompdss were used to form the hybrid spheroids. Following

the formation, the hybrid spheroids were then administered into the mice at the edge of the tumor
(each mouse received ~2.5%1RISCs). The single MSCs mixed with the equal number of
nanocomposites weedso given to the mice. Ain vivoimaging system (PerkinElmer, Waltham,

MA) was used to track MSCs and nanocomposites on days 0 (right after the administration), 1, 8
and 22. To visualize the MSCs, RediJedtixiferin Bioluminescent Substrate (PerkinEhneas

injected intraperitoneally before imaging. For nanocomposite visualization, the Alexa Fluor 680

signal was detected using the Cy 5.5 excitation and emission filters.

For tumor inhibition validatiomn vivo, the mCherryexpressing U87MG tumor xenograft was
generated using the same subcutaneous approach on Nu/J nude mice. The hybrid spheroids were
produced also using the aforementioned microfluidic method with TR&fressing MSCs and
MTX-loaded nanocomposits. The mice were given at the edge of the tumor with either hybrid
spheroids, single MSCs mixed with Mildaded nanocomposites or PBS on days 0 and 2. The
tumor was measured using caliper for three weeks, and the volume was determined as V (tumor
volume)= /6 I L (length of the Il ong axis) I W (
tumor). The mice were sacrificed on day 21, and the major organs (liver, spleen and kidney) were
extracted for histological analysis. The tissues and H&E staining precessed by Columbia

University Medical Center Molecular Pathology Core Facility.

4.3 Results and Discussion

A combinational approach with another snmalblecule drug may improve the therapeutic

efficacy. A previously published study found that mitoxane (MTX) could sensitize the
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response of TRAIL in the GBM cell ling$25]. On one hand, we found that cotreating the GBM

cells (UB7MG, LN229, T98G, and LN18) with both TRAIL and MTX could enhance the efficacy

in vitro, resulting in more than ormwderof-magnitude improvement of the IC50sidure 45).

However, the lack of an efficient delivery method for both TRAIL and MTX is an issue. Although

some works have demonstrated the possibility of loading MSC with other types of drugs and
targeted drugr el ease t hrough MS C 6[526-128h oF ausing tacsarface / e X 0 ¢
modification approacB1, 129] the efficiency of these delivery approaches is still a concern. For
exampl e, for the endocytosi s/ exics¢sizd, chargesandappr o
shape) would affect its loading and relefsg0]. On the other hand, the surface modification
appro&h may need special engineering on MSC cell memU&dje To tackle these issuese

instead propose a hybrid MSC/nanomedicine spheroid system, which incorporates- TRAIL

engineered MSC and MT)aded nanocomposite, for enhanced cancer theFagyre 46A).
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Figure 45. In vitro anti-cancer inhibition enhanced by the combination of TRAIL and MTX. (A)
TRAIL response in the GBM cell I i nes. (B) GBM
combination of MTX and TRAIL. Each cell line was treated with TRAIL, MTX, or MTX/TRAIL
combination (MTX + 7.65 nM TRAIL) for 24 h. Cell viability was determined using Promega
CellTiter-G| o E ki t, and the viability was normali zec
as average £ SEME 4).
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Figure 46. Design and properties of MSC/DNi#&mplated nanocomposite hybrid spheroid for
GBM therapy. (A) Schematic illustration of the hybrid spheroid system. (B) Comparisoniof the
vitro tumor homing property between single and sphefmichulated MSCs(C) Representative
confocal images of the hybrid spheroids. ([DYitro tumor homing of the hybrid spheroids. Scale
bar = 50mm.

To generate the hybrid MSC/nanomedicine spheroid, we chose the microfhadied
approach that has beempoeted to enable more uniform and faster spheroid generation over other
approaches by us and other groy#8, 77, 131, 132]Following our previously published
microfluidics method40], we first optmized the cell input density for the spheroid generation.
Similar to what was observed in the other stfic2], the spheroid size was a function of the input
density, and it reacheéd1 50 em in di ameter when the ‘input
cells/mL Figure47A). Yet, increasing the input densityto3X&0e | | s/ mL compr omi S ¢
viability (Figure 47B), only reaching 80% of that with lower densitips<(0.01), so we chose the
two lower densities for the following experiments. Next, we verified whether the spheroid
formation could enhance MSCOH sFiguradéBoan arineitnoi ng pr
migration assay chamber withzzb 0 0 & m gea the MSE tanddJ87MG cells, spheroid
formulated MSCs migrated toward the U87MG side at a faster rate compared with the single MSCs.

Quantitatively, the spheroid formulation improved byi 2%0ld in speed as well as distance in
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