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Abstract

Glaucoma is a neurodegenerative disease that can lead to a complete loss diismn
retinal ganglion celRGC)deah. Therapies that have the capacitytotect andescue stressed
RGCs remain a critical unmet need in glaucoma managementotrophic factoi(NF) gene
therapy is a promising therapeutic approach taaiaddress this current clinical deficiency by
providingdamaged RGCs withxtrinsicneurotrophic suppods a means gfrotection and repair.
Moreover, a notviral approach tahe delivery of NFencodingplasmid DNA (pDNA)confers
many advantages over a viral approfahits improvedimmunogenicityand mutagenesisisks
patient compliance andrge scale manufacturingostand feasibility In this researchthe main
objectivewas to address the challenges facing +vinal NF gene therapy field for the retina,
through development of thraevitro model systems that aim to facilitate the preclinical screening
and identification of promising NF gene delivery systems. The fiostainsystendeveloped was
a versatile ceculture model thasimulatescellular interactioeb et ween fiheal t hyo an
cells in the retina. Furthermor&roughincorporationof techniques includingnzymelinked
immunosorbet assay ELISA), immunofuorescent imaging, and neurite tracimgo the ce
culture setupthemodel system enables a systematic evaluatitmeaherapeutic potential gene
delivery systera through assessment bfoavailability and bioactivity of therapeutic proteins
producedfrom transfected cells. The second mosigdtem was new potential RGC cell line
termedXFC series of cellghatexpress kelRGC characteristicand suitabldor theevaluationof
RGGC-aimedgene therapie®erived from multipotent retinal stem &RSCs), XFC cells express
multiple RGC markersincluding Map-2, Rbpms and Tubb3 and exhibit RG@ike neurite
extension capacity in responsebi@inderived neurotrophic factor (BDNF), ciliary neurotrophic
factor (CNTF), and rhd&inase inhibitor RKI) Y-27632 activation.The feasibility of the cell

model was further validated in the describeecatiure setums XFC cells were able to validate



the bioactivity of the BDNF proteins released by transfected cHils. third model system
developedwaastemceld er i ved-rZD i mmionicul t ur e senes dietihal (t er mi
neurespherep that containsmultiple retinal cell types and enablas vivolike gene delivery
assessmentDerived from differentiating multipotentRSCs in 3D culture, MiEye retinal
neuraspheres with differentetinal biomarker expressisrcan be generated using different
protocols Moreover by harnessing the tisslike arrangement of retinal cells MiEye retinal
neurspheresit enableghe assessmenf infiltration and transfeatin capacity of gene delivery

systemsn tissuelike structuretowards theestablisiment ofa more representatiwe vitro-in vivo

correlation and prediction @f vivo gene deliveryeasibility.

Concurrentto model systendevelopmentaspectghat focus a the development afon
viral gene delivery systems for the retina were also explored. The first aspelted the
optimization of gemini surfactaniGS) lipid nanoparticle system@L-NPs) physicochemical
properties by evaluating the rolesnoinicircle plasmidMC), sonication processing, and total NP
component concentration (TNPQhrough dynamic light scattering and fluorescent correlation
spectroscopy physicochemical characterizatiahswas found that the size particle size
distribution, and zet potentialcould be effectively optimizethrough sonication processiagd
TNPC. Moreover, the number of pDNA per particle homogeneity can be improved by formulating
GL-NPs with MCs.The second aspect involveah investigationon the application of caripo
nanotubes (CNTsps a gene delivery vehicl® retinal cell types More specifically, GS
functionalized SWNT gene delivery syste@ptSWNT) was developed andemonstrated the
ability to deliver pDNA toaretinal astrocyteell line. The results demonsttie the feasibility of
utilizing &ptSWNT to deliver pDNA to retinal cells and servesasstarting point for futurei-

ptSWNT retinal gene delivery system development.



The development of the three vitro model systems in this thesis collectively airs t
facilitate the preclinical screening and development ofvical NF gene therapies in a synergistic
manner, covering key areas of assessments that are criti¢gal iwo therapeutic success.
Furthermore, concurrent developments in -moal gene delivey systems through GNP
optimization andCNT exploration also advance the knowledge towards the development of better

nonviral gene delivery systems.
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LPL Lipoprotein lipase
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MACS Magneticactivated cell sorting

MC Minicircle plasmid

MMP Matrix metalloproteinases

MRNA Messenger ribonueic acid

ND1 Nadh dehydrogenask

ND4 Nadh dehydrogenask
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NF Neurotrophic factor

NFL Nerve fiber layer

NGF Nerve growth factor
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ONH Optic nerve head
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Chapter 1Introduction

1.1 Genetherapy. status to date

Gene therapy is a novigrm of theraguticapproach thattilizes genetic materia as the
therapeuti@gent, providinghe possility of addressinglisease andconditiors atthe molecular
level throughvarious methods of genetamigmentation, inhibition or deletioAs of July 2018,
there are seven human gene therapyproducts that are approved worldwide(Table 1.1),
demonstrating théeasibility of three main types of gefvased therapeutic approasidirected
for sevendifferent diseaseterventiors.

Gendicin@ and Oncoring were the first two genetherapies that entered the market
globally, throughtheir approval in China by th&hinese Staté&ood and Drug Administration
(CSFDA) in 2003 and 2005, respectively, 2]. Both therapiesare viral-based gene thersgs
indicated for the treatmendf head and neck squamous cell carcinotheough genetic
augmentation of tumor suppressor gene. More specifically,sthiherapies are designed for
intratumoral injection okdenovirues carryingthe p53 gem, a preapoptotic tumor suppressor
gene,aimed toinduce apoptosisin cancer cells througkthe p53mediated pathwawhich is
otherwise suppressg@®]. The p53 gene is a welBtudied anttumor genefor its role in the
induction of preapoptotic cascades, which haveenshown to play a proising role in tumor
suppressionDevelopment of Gendicide and Oncoring carriestwo mgor significance: 1) it
enables a novel treatment option patientswith head and neck squamous cell carcindwengond
existing pharmacological, radiological, and surgical interventicanrsd 2) it demonstrate the
clinical feasibilityof ahumangenetherapyinterventionat the bedsidéor the first time

One of the most uniquadvantage of a genetiebased therapyotherwiseinconceivable

through traditional pharmacolagil or surgical interventiongs the ability totreatgeneticbased



disease conditns by replacing the mutated dysfunctional genefe¥ponsible Currently,
treatment options available for patients suffering from acquired or hereditary genetic diseases
focus on eithesymptom reduction altelaydisease progressi@s there are no efféoe meanof
treaing theroot genetic causative fact@®ecently newhope emergetbr patients suffering from
herediairy lipoprotein lipase deficiencf{LPLD) andLeber Congenital Amaurosis (LCAYith the
approval of Glybera and Luxturndé , two first of its class of therapeutic offeriggp treat these
two herediary monogenic diseasdsy replacingthe causative mutategene with a functional
version.Glybera is the first gene therapy approved by Eneopean Medicines AgencizA)

for the treatment of @re monogenic disease known as LRBichis a hereddrydiseae caused

by a mutation of the lipoprotein lipas@PL) gene thatresuls in the inability to breakdown
triglycerides and leato excessive accumulation of chylomicrons throughout the bidiih
levels of chylomicronsaccumulationead to elevated risk of developirgute pancreatitis and
other complicationsGlybera treatment regimen aims to restore triglyceride metabolism function
through intramuscular injection of the AAV1 virus carryfagctional LP15**"*gene, which would

be taken up by monocytes and subsequently facilitate the productiéti ¢, 5]. On the other
hand, Luxturna is the first directadministered gene therapy prodagproved bythe United
States Food and Drug Administration (FDAdicatedfor the replacement oén inherited
defected gene thatusesision loss. More specifically, thapproved gene therapy is a RPE65
replacement gene therapy, designed for the treatment of a rare form of inherited vision loss known
as the biallelic RPE65 mutatiassociated retinal dystrophy b€A. Patiens who suffer from
such inherited retinal dystpby havre amutated RPEG5 genleatconsequently leads to progressive
loss of vision and eventual blindng¢&s7]. Luxturnd& is formulated using AAVbased viral vector

carryinga functional RPEG5 gene, which is ammstered through subretinal injection to replace



the defective RPEG5 gene in retinal pigment epaheells in the retina. Theparoval of the two
gene therapy prodwugtGlybera& and Luxturna, is significant inmultiple aspects. From gene
therapeutic dvelopment perspective, it marks a major breakthrough in demonstrating the
feasibility of gene therapyor the treatment of monogenic diseastroughreplacement of a
defective gene.From a monogenic diseasananagementperspective, the two products
demongrated the clinical feasibility to treat hereditary dissaseng gene therapy

Anothernovel genetidbased therapeutepproachnvolvesthe integration of cell therapy
and gene therapwheregenetic manipulation of somatic &l performedex vivofor subsequent
reintroduction into thepatient body. While involving numerous sophisticated steps from
harvestingpatient celbto ex vivogenetic manipulation and cellular expansite series oéx vivo
stepsallow for high degree of controlled genetianipulation, maximizing synergistic therapeutic
potentialbetween théwo therapeutic pnciples. Strimvelisi , anex vivohematopoietistem cell
gene therapy approved by EMA in 2016 was the first approved human gene therapy product of its
kind, developedor the treatment of a rare disease known as ademaaminase deficiency
severe combined immunodeficiency (AEZCID) [8]. ADA-SCID is a monogenic
immunodeficiency diseaseaused bythe mutation of the adenosine deaminase (ADA) gene.
Mutation of ADA results in dysfunctional deoxyadenosine clearance, which incurs toxicity
primarily towards monocytes that leads tthe development of sever@anmunodeficiency.
Strimvelisd is composed ofetrovirusescarrying functional ADA geredesigned to treat ADA
deficiency throughheintegration of functional ADA gersanto CD34+hematopoietistem cels
harvested from the patient, which are then intnawsly infused back to the patient upon
successful ADA augmentation of the stem deltsengraftment and restoration of ADA expression

[9]. Successful treatment through this therapy proviagmssibility for sustained longerm



engraftment of ADAexpressing CD34+hematopoieticstem cel, restoring immune system
development through lymphocyte @eating capacity. Theombination cell and gene therapy
approach was also shown to adgromising therapeutic approach in cancer thenafiy the

approval ofKymriahd and Yescari@ by the FDAIn 2017 Both Kymriahd and Yescari@a are
humangene therapy pratttsindicated forcancertherapythrough the mechanism ahimeric

antigen receptor-tells(CAR-T), which is a novel therapeutic approach that utilizes and combines

the patientds own i mmune system and geae ther
More specifically Kymriahd not onlywasthe first approved CAR gene therapybut also the

first gene therapy approved for two indications by the FDA. The dipptroved indication of

Kymriahd wasfor the treatment of a Rell precursor acute lymphastic leukemigALL), an

aggressive type of leukemiaost commoly found in children thatstemmedfrom B-cell

malignancy More recently in May 2018, a second indication of Kyméiialmas approved by the

FDA, for the treatment of relapgy or refractory largeB-cell lymphoma including diffuse large

B-cell lymphoma (DLBCL), high grade -Bell lymphoma and DLBCL ariisg from follicular

lymphoma DLBCL is one of the most common formofrbho d gki né6s | ymphoma t
result of Bcell malignancy{10]. Approval of Kymrial& for the second indications in direct
competitionwith Yescarta@ , another CART gene therapy approveg the FDAto treatDLBCL.

Majority of the Bcell malignantesareassociate with elevated level of CD19 expression, tlitus

is the major receptor target in CARtherapy. CART geneti cal |l y mo-ceisfi es p
to express amMCD19 antigen recejptrs, which act as targeting molecalassisting Fcells in

recognizing CD19 expressing cancerousdlls and terminating the growth of the cancerous B

cells in B-cell ALL and DLBCL Approval of the two CART based gene thenas further

demonstratethe pdential of gene therapy as the neéwrapeutiaradigmforut i | i zi ng pat



own immune system acavengers for cancer cellgfering alternative means of effective cancer
management

The approval of the sevagene therapy products to datemonstrads the feasibility of
bringing gene therapy products to thedsidedespite thehurdles andchallengesMoreover, it
opens newdimensions to disease management the not possible throughraditional

pharmacological, radiological, and surgical intervemgi



Table 1.1 Humangene therapy producépprovedvorldwide as ofJuly 2018

Name Company Agency Ap\r()lrag\;e d Indication T:sgfgzs;'c Adrrhl/:gltit(r)znon Mechanism of Action Gene Vector base
1 Injection ofadene
associated setype 2
o Direct virusescarrying
Luxturna Biallelic RPEBS administration _ RPE65 gene for Adeno
- Spark mutation of AAV-RPE65 Subretinal associated
(voretigene Th : FDA 2017 iated retinal h L replacement of RPEG65 :
neparvoveayzl) erapeutics associated retinal|  gene therapy injection mutated RPEGS in the virus
dystrophy for RPE65 . ] serotype 2
replacement retinal pigmented
epithelium cells
Harvest TFcells from
Cellbazd gene patient, genetically
therapy modify to express
i Anti-
Yescarted . DLBCL non Anti-CD19
(axicabtagene KlﬁeGIiI;gzjma FDA 2017 Hodgkin Anti-CD19+ T "}tr:jz\gig?]us Anti-CD19+T-cells ailtji;gn Retrovirus
ciloleucel) lymphoma _ct_ellsf_or infused back to patient recepto
g:')";g‘fté?ml)lf to eliminateCD19+ B-
cells cells
B-cell precursor
acute
2017 lymphoblastic
leukemia up to 25
First years of age. Harvest TFcells from
indication |  Refractoryor in patient, genetically
Cell-based geneg ’
second or later therapyg modify isolated Fcells _
Kymriahé Rdrela_pse nt to express AntCD19 égtig
ymrial : apsingor . - ntravenous . . -
(tisagenlecleucel) Novartis FDA refractory large B Anti-CD19+ - infusion An“ CD19+T ceIIs. antigen Lentivirus
cell lymphoma _cellsfor infused back to patient| receptor
. . eliminationof to eliminateCD19+ B
2018 including CD19+ B-cells 0 Sumind
DLBCL, high cells
Second grade Bcell
indication lymphoma and
DLBCL arising
from follicular
lymphoma
CD34+ rematopoietic
steniprogenitor cells
are harvested from
patient
Harvested CD34+
(?denpsine Celligased gene cells are transduced
i eaminase erapy with retroviruses
Strimvelis Glaéﬁr?em'th EMA 2016 deficiency severe Init;?l]/;ggus iNGADA ADA Retrovirus
combined ADA gene carrying Qe“e
immunodeficiency| replacement ADA -expressing
CD34+hematopoietic
cells are administered
for bone marrow
engraftnent
Injection ofLPL-
2012 ] carryingadene
(with- Heredt g I?lr_e;:t ] associted serotype 1 Adeno
ereditary administration : : h
Glybera UniQure EMA (1rawn lipoprotein lipase for Int_ra_mu_scular VIrus.esmto musplelo LPLs#7* ass_omated
rom deficiency LPL**™gene injection mediateproduction of virus
renewal replacement LPL proteirsin serotype 1
in 2017)

myoctes




Year P Therapeutic Administration : :
Name Company Agency Approved Indication Approach Method Mechanism of Action Gene Vector base
1 Injection ofp53
carrying conditionally
replicative
Direct adenoviruses tumor Condition
oncoring Shanghai Head and neck | administration | | for selective e ﬁgtive
Sunway CSFDA 2005 squamous cell for S replication within p53 pical
(ONYX-015) . A injection aderovirus
Biotech carcinoma p53 gene cancercellsto express (E1B-55
replacement p53 proteins for deficient)
induction of cancer
cell apoptosis
1 Injection of p53
] carryingadenoviruses
Shenh Head and neck | ad D”_eft ; allow p53transuced 5 o
enzhen ead and nec administration ecombin
gt 8 t
Gendiciné SiBiono CSFDA 2003 squamous cell for Initrr]’fletztimo?]ral ce;gcer (t:e. ? express p53 ant
GeneTech carcinoma p53gene | p pr.o eisior adenovirus
replacement induction of cancer
cell apoptosis
1.1 Non-viral gene therapy hanomedicind&ey component of gene therapy maturation

Approval of multiple human gene therapy produdts recent yearsnarked significant

milestones in genetibased therapeutic development across the glBspite the recent

momentummany important questiorssill need to beénvestigated and properly addressed in order

to bring forth the full therapeutic potential of gene therdpyddiion to the approvedd¢atments

the majority of gene therapiesndergoing prelinical and clinical investigaons are currently
dominated byviral-basedgene therapiesWith the intrinsic ability designed by natute
specifically carry out the task of ge transfer through dedicated transduction machinery on human
host, viratbased gene delivery vecsoderived from various types of viruses such as adeno
associated virusAAV) [11], adenovirus AD) [12], and lentivirus (V) [13] are indisputably
prime candidats for gene delivery applicatien While advantageus for gene delivery
applicatiors, viruses are naturallgn impedimentto the human immune systerawing to the
intrinsic hostimmune responstnat activelyrespong to the presence of viral particles in human

body[14-16]. Innateimmune response mayiminate viral vectors befotbeyarriveat target site



or cells thereby eliminating the viral particles before therapeutic activity could take[fplédcer
limiting therapeutiefficacyat low viraltitre [18]. However,using elevated levebf viral vector
titre may subsequently increadbe risks of systemic immune responsand mutagenesislio
address thee concerns, mmunomodulators, corticosteroids antihistamines such as
methylprechisolone, cyclosporin, mycophenolatmofetil, busulfan and prednisone are
recommended as part dhe prescribing guidelines folpretreatment and pogteatment
conditioning of the immne systemOf note onCAR-T therapytocilizumab is recommended for
managing cytokine release syndrome (CRS), a major risk associated with excessiveell
based therapf20]. Aside from immune responselatedrisk factors, other factors such as viral
mobility and cost of manufacturiraye also important factots be considered/iral mobility is a
major concern wheadministeredviral vectostravel beyondhe intended target due tioerisk of
initiating undesirable immunogenicity or introdiog genetic interventionbeyond the intended
therapeutic regionAs shown in a comparative study betweamoparticle (NPs) and AAVS,
subretinally injected AA¥ were faund to have exédthe eye and travield to parts of the brain,
while NPs remained within the subretinally injected €¢4]. Another refletive point revolves
aroundthe pricing associated with these novel gene therapy prodiictently approvedgene
therapies such a$lyberd®d (990,000 EUR), Strimvel® (594,000 EUR), Yescart®
($373,000 USD)KymriahO ($475000 USD) and Luxturn® ($850,000 USD}ll are associated
with a hefty treatment costNew models of paymeritavebeen proposed to reduce tireancial
burders of the treatmentssuch as the incorporation agk-sharingapproachesand long-term
paymentplans[22]. On the other hand, better pricing mad®ve also been called upon better
assign the value and pricing of gene therapy through finding a common ground between R&D

investment, drug manufacturing costpguany profitability patientaccessibilityand affordability



[23]. Fromthe perspective ajene therapygevelopmentone of the key cost contribugan viral-
based gene thenafies in thehigh cost oflarge scalemanufacturingf viral vectors Since vetors
are a substitutable component in a gene therapy syst#limation of nonviral vectoris a
promising approacfor providinggene therapy treatmexwith higher safety profile anata more
affordable costCollectively,the risks ofvirusassociatédimmunogenicitymutagenicitymobility,
and manufacturing costs are all reasonable grotmdsnsideralternatives to deliver the full
potential of gene therapy

Nonviral gene therapys an alternative approach taral-based gene theraplyat utilizes
nanomaterials for the construction of gexaryingvectorsinstead of packaging therapeutic gene
within a viral capsid24, 25] Using synthetic andchaturally derivechanomaterialgs the basic
building blocks of gene delivery vectithey offer a better safety profilevith lower cost of
production.However, theadvancement of newiral vectors to the bedsids hinderedprimarily
by low gene delivery efficienciedn contrast to viral vectors, neviral vectors are not equipped
with the biological machinery designednitiate gene delivery through transduction mechasism
As a resulthonviral gene delivery systems need to overc@®@eeralmajor barriers to achieve
successful transfectioiCurrently, there are at least 40 lipasal and polymeic genedelivery

systemsat various stages of clinical tre{Tablel.2).



Table 1.2 Lipid- and polymer based no#viral gene therapsas ofJuly 2013

Phases
Indication Gene Therapy Drug
Phase | Phase I/l Phase Il Phase I/l Phase IlI
Liposome
. SiRNA-EphA2- NCT01591356
Advanced Cancer Solid Tumor DOPC (Active)
AdvancedMetagatic Cancer PbishRNA STMN1 Ng;on]]'g&?é‘)s 3
Advanced Oral Squamous Cell ) NCTO00009841
; DC-Chol liposome
Carcinoma (Complete)
Advanced Pancreatic Cancer Atu027 N(Cczorigl(ﬁg)s 8
Advanced Solid Tumor Atu027 N&Iﬁggﬁg 4
Children with Refractory or Recurren SGT-53 Transferin NCT02354547
; receptostargeted .
Solid Tumor o (Active)
cationic Iposome
F[’gl'i’élﬁsg%gy NCT00789867 | NCT01621867
DMPE/PEG] (Complete) (Complete)
Cystic Fibrosis
pGT-1
DMIRE/DOPE N(CC'I;)Orgol(::gfl
liposome P
Elevated LDI-Cholesterol ALN-PCS02 N(CCTC)O;QI:ZS)S 9
Fibrotic Diseases ND-L02-S20201 N&Bonj;gfegtgf 5
SGT-53 Transferrin
Glioblastoma receptortargeted NC(TAC)C2£/13]156
cationic liposome
SGT-53 Transferrin
Metagatic Pancreatic Cancer receptortargeted NC(TAC:;S/ i?ll?
cationic liposome

1C



Phases

Indication Gene Therapy Drug
Phase | Phase /1l Phase I Phase I/l Phase llI
GNE Lipoplex (DNA
Muscular Dystrophy plasmid/DOTAP/ Unknown
Cholesterol)
Neuroendocrine Tumors, NCT01262235
Adrenocortical Carcinoma TKM-08301 (Complete)
Norn-small Cell Lung Cancer or Smal . NCT00059605 | NCT01455389
Cell Lung Cancer DOTAP:Chotfus1 (Complete) (Active)
SGT-53 Transferrin
Solid Tumor receptostargeted NE:CI)Org‘lEt)g)l 3
cationic liposome p
Stage Il or IV Head and NeckaBcer;
Squamous Cell Carcinoma of the He¢ DOTMA/Cholesterol NCT00006033
(Complete)
and Neck
NCT01148953 NCT01617967
(Complete) (Complete)
. —— Patisiran NCTO01559077 NCT01961921
Transthyretin Amyloidosis ALN-TTRO2 (Complete) (Complete)
NCT0203454
(Complete)
NCT01981837
. (Complete)
Transthyretin Cardiadmyloidosis AES‘_’#?"?S”C N(CéLOr:].SIle ‘:S)S 9
P NCT02292186
(Complete)
Transthyretin mediated Familial Revusiran NCT02319005
Amyloidotic Cardiomyopathy ALN-TTRSC (Complete)
Transthyretin mediated Familial Patisiran NCT01960348
Amyloidotic Polyneuropathy ALN-TTRO2 (Complete)
Polymer
. . CYL-02/ NCT01274455
Advanced Pancreatic Adenocarcinon Polyethyleneimine (Complete)
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Phases
Indication Gene Therapy Drug
Phase | Phase /1l Phase I Phase I/l Phase llI
BC-819/PEI
Bladder Carcinoma BioCarCell NCTO01878188
: (Unknown)
Therapetics
CMV Vaccine for Patient with CMVY
Seropositive and CM\Geronegative ASP0113 NCT02103426
o . (Complete)
Dialysis Patient
EGEN-001 [IL-12
Colorectal Cancer pDNA/PEGPEF NCT01.300858
(Terminated)
Cholesterol]
Cytomegdovirus Vaccine for Patient
under Allogenic Hematopoietic Cell ASP0113 N(Céroorigl(ﬁz)% NC&%SZZGSS
Transplant P
Cytomegdovirus Vaccine for patient
with CMV-seronegative receiving ASPO113 NCT0197£206
kidney transplant from CMV (Active)
seropositive donor
Multiple Myeloma, Bcell Lymphoma, NCT01435720
Plasma Cell Leukemia SNSOXT/pDNA/PEI (Unknown)
EGENOQ01 [IL-12
Ovarian Neoplasma pDNA/PEGPEF N(CC-I;)Orgllgg)M
Cholesterol] P
Persistent Ovarian Epithelial Canceq EGEN-001 [IL-12
Fallopian TubeCancer, or Primary pDNA/PEGPEF ch:Jt-i‘\‘r/Seg)B?l Ngoon::lﬂﬁgfz
Peritoneal Cancer Cholesterol] P
Superficial Bladder Cancer DTA-H19/PEI NCT00595088
(Unknown)
Tetravalent Dengue Vaccine Tetravalen_t Dengue| NCT01503858
Vaccine (Unknown)
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1.2 Gemni Surfactant NP System: APromisingNanomedicine Solution to Gene Therapy

GL-NPs area novel class of gene delivery system ttaild playa significant role in the
development ohonviral gene delivery system&S isanamphphilic surfactant molecule first
described by Menger and Littaronsists of a dimeric structummposeddf two amphiphilic
moieties linked bya modifiable hydrocarbospacer in an-s-m configuration[26]. The structure
offers a diverse possibility of GS variations, which can be achieved through hydrot=argtn
modificatiors of the spaceand alkyl chais. Furtherfunctionalizationof GS can be achieved
through conjugation ofarious functional moieties to either the spacer or the alkyl ¢B@inin
addition to the selassembling amphiphilic properties, another hallmark of GS is thethay
head groug In particular, the family of GS thatontains twopostively-chargedquaternary
nitrogen head growpprovide an importantelectrostatidbasedphysicahemical propertythat
enables the compactionmiicleic acidand initiaton of cellularmembranénteractions, properties
thatare essential igene delivery pplications[28-30]. In the pastl8 yearsof research in this
laboratory,severaladvancement of G&ere made through generation of novel GS compounds
[31-34], andtheirtherapeutic applications fi@also been explordaeavilyin transdermal delivery
[31, 3538]. In some of the moreecent workdevelopmergof GS in the aresof pulmonary{39]
and ocular deliveryhave shownpromise[40, 41] Previouswork by Algawlag and colleagues
demonstrate@L-NPs arethermodyamically stable in thpoderior segment of the eyeapable
of eveny distributing across the nerve fiber layer of the retina upon intravitreal injection
administration. On the other hand, BIPs have also shown to localizethe anterior segments

of the eyeupon topical eye droadministratiori42].
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1.3 Gene therapy in ophthalmology

The eye can greatly benefit from gendimsed therapeutic interventions asjon
degenerativediseases of thenacula,retina, and choroid all have eitheracquired or inheriig
genetic basisAs of July 2018 thereis oneapprovedhuman gene therapy produaidmore than
forty-five ocular geneherapies irclinical trialsfor ocular disease interventis(irable1.3). Gene
therapy ofLCA is in the forefront of ocular gene therapy developmeiih the approval of
Luxturng by the FDAas described in the previous sectimnaddition to LCA Leber Hereditary
Optic Neuropathy (LHON) isinother disase in the forefronvith threephase Il dnical trials
currentlyin progress LHON is arareinherited retinal dystrophy that results in the degeneration
of RGGCs caused bymitochondrial gene mutatiom NADH dehydrogenasé (ND1), NADH
dehydrogenasé (ND4), or NADH dehydrogenasé (ND6) enzyme [43-45]. Previous studies
have showrthata replacement of functional ND4 mrat model of LHON containing G11778A
mutated ND4rotected RGCand prevented associated visual field [d€s 47] GS01Q an AAV
gene therapy system that carries functional ND4 gene is currently in phase lll clinical trials for the
treatment of LHON Concurrently, promising advancement in ocular gene thésatso observed
throughout a spetrum of other ocular diseases such as achromatopsiasrelgeed macular
degeneration (AMD), choroideremia, giant axonal neuropathy, gyrate atrophy, retinitis
pigmentosasStargarddisease, and sinked retinoschisiswhere active clinical trials are cuntéy
taking place for the treatment of these ocular diseds#se 1.3). One of the oculadiseaseshat
has not been mentioned but cogleatly benefit from gene therapy is glaucoBéaucoma is
neurodegenerak diseas@andthe second leadingauseof blindness globallyWhile thereis yet
any gene therapfor glaucoma, substantiaésearch and developmesfforts arein progress

towardsclinical trials

14



Table 1.3 Gene therapies for various ocular dissaserently evaluated irclinical trials as ofluly 2018

Phases
Indication Gengl::']herapy
9 Phase | Phase /1l Phase Il Phase 11/l Phase IlI
NCT03001310
) (Active)
ARV - CNGB3 NCT03278873
(Active)
Achromatopsia AGTC-402 NCT02935517
(Active)
rAAV2tYF-PR1.7 NCT02599922
hCNGB3 (Active)
AAV2-sFLTO1 NCT01024998
(Active)
AAVCAGSCD59 NCT03144999
(Active)
Age-Related
Mecdar | AV NCTOLA94505
Degeneration p
NCT01678872
' (Active)
RetinoStat NCT01301443
(Complete)
NCT03066258
RGX-314 (Active)
NCT02341807
AAV2-hCHM (Active)
NCT02553135
AAV2-REP1 (Active)
Choroideremia AAV -REP1 NCT02.407678
(Active)
NCT02077361
(Active)
rAAV2.REP1 NCTO2671539
(Active)
NCT01461213
(Active)
Giant Axonal SCAAVY/ NCT02362438
Neuropathy JeTFGAN (Active)
Unspecified- Gene NCT00001735
Gyrate Atrophy therapy (Complete)
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AAV OPTIRPE6G5

NCT02946879

(Active)
NCTO02781480
AAV RPE65 (Active)
NCT00516477 NCT01208389 NCT00999609
AAVZ-hRPEBSV2 (Active) (Active) (Active)
QR-110 (RNA NCTO03140969
antisense) (Active)
Leber
Congenital rAAV2/4.hRPE65 NCT01496040
: (Complete)
Amaurosis
rAAV2-CB- NCT00749957
hRPE65 (Active)
rAAV2-CBSB NCT00481546
hRPE65 (Active)
FAAV2-hRPESS NCT00821340
(Unknown)
tgAAGT6 (rAAV
2/2.hRPE65p.hRP NCT006|43747
E65) (Complete)
NCT03293524
(Active)
NCT02064569 NCT02652780
GS010 (Active) (Active)
Leber
Hereditary NCT02652767
Optic (Active)
Neuropathy
NCT03153293
rAAV2-ND4 (Active)
SCAAV2-PIND4v2 NCT02161380
(Active)
AAV2/5-hPDE6B NCT03328130
(Active)
Retinitis NCT03252847
Pigmentosa (Active)
AAV -RPGR
NCT03116113
(Active)
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GS036DP

NCT03326336

(Active)
rAAV2tYF-GRK1- NCTO03316560
RPGR (Active)
rAAV2-VMD2- NCT01482195
hMERTK (Active)
NCT02556736
RST-001 (Active)
Stgrgardt SARA22459 NCT01_736592
Disease (Active)
rAAV2tYF-CB- NCT02416622
hRS1 (Active)
X-Linked NCT02317887
Retinoschisis RSLAAV Vector (Active)
Unspecified- Gene NCT02317354
therapy (Active)
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1.4 Glaucoma
1.4.1 Glaucoma pathophysiology & disease management

From glaukos to gutta serena to glaucoma the evolving nomenclature of the optic
neuropathic disease reflects our progressive understamaing a disease described by the
changing opacity and color of the pwpiln the 8" century BG to a multifactorial
neurodegenerativdisease of theptic nervetoday[48]. Presently, glaucoma is considered the
wor | dos dingcause a blihdeeasgith an estimated11.8 million peopldo beaffected
by the diseasby 2040[49].

Glaucoma can be broadly categorized based oclitiieal presentdon of theiridocorneal
angle the passage between iris dads thatchannelsaqueous humouwutflow from the ciliary
body, into two main typs: openangle and angleclosure A primary openangle glaucoma
(POAG)refersto a glaucomatous eyéth anfioperoiridocornedangle, whickconsists of an open
passage thanablesagueous humouwutflow tosubsequerdrainages ithetrabecular meshwork
and Schl e n{b0p Blowever,acqudous humoudrainageresistance fronthe trabecular
meshworkandS ¢ h | e mm dvasshovento pldy an important role iFOP elevationwhich is
deemed as a majask factor for POAGDespitethis correlation, thepecificmechanisnof IOP-
mediated optic nerve degeneratioemains unclearas patiens can still develop the
pathophysiology of POAG eveén the absence of elevatédP suchasnormal tension glaucoma
(NTG). On the other hand rimary angle-closureglaucomaPACG) refers toglaucomatous eye
with a A c lirnlecarkad anglepbstructing the outflow aheaqueous hume that resulsin
its rapid accumulation and subsequent elevation of[B2P Primary ongenital glaucom@PCG)

is the third major form of glauconthat results frondeficiencies in the development of drainage

canalg52].
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Major risk factorsof glaucomaare found to have high associations vathnicty, family
history, and agfb3]. POAG has the highest prevalence amongst African Ameriaduile PACG
is most pevalent amongst Asiaf49]. Individualswhoare eitheover the age of 60, ka afamily
history of glaucoma, dnave diabeteare also at higher risk of glaucoif]. High IOP remains
the mostmeasurablend treatable risk factoemongst the risk factof§4]. Other possible risk
factors that may contribute to glaucoma development are factors such as neurotrophin deprivation,
glutamate exdotoxicity, oxidative stress, and hypoX&b].

Early detection @ys a key role ithe success of glaucoma managenasihe onset of
visual field losssymptomsignifying a significantlevel of optic nervedamagehas already been
triggeredand taken placeSeveralassessmentare important in the diagnosis of glaucoma:
tonometry, ophthalmoscopy, perimetry, gonioscopy and pachynidteydiagnosi®f glaucoma
is mainly based on the combination of optic nerve fiber layer assessment of-tiectatioand
visual field test. Cualisk ratio is a clinical feature that meessi optic nerve health through the
comparison of the ratio between the diameters of optic cup and optibajse7] An enlarged
cup-disc ratig as a consequence of incredsupping, is the manifestation aptic nerve head
widening and posteriomovementowards the lamina cribo$a8]. Cuppingandthickening ofthe
prelaminar tissues suggests increasing degeneratitme oferve fiber layer andhcreaseghe
likelihood of glaucomadevelopmen{58]. Corneal thickness has also been suggested tom be a
indicator of POAG developmer(69]. Currentglaucoma management consists of IOP redu€tion
focused therapeutic regimenaith topical eye drops that facilitate the drainage of the aqueous
fluid such agprostaglandinmitotics, epinephrine, betalocker, and carbonic anhydrase inhibitors.
Surgically,laser trabeculoplasty and laser iridotomy are common surgical procedures for POAG

and PACG, respectively.
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Oxidative stresss implicated as one ahe factors that contribute to glaucoma disease
development and the death of the RGE&Y. Oxidative stress is a state of intracellular imbalance
wherehigh levels ofeactive oxygen species (ROS) are predasttoinsufficient intrinsic cellular
ROS scavenging. Moderate levels of ROS are routinelgrgéed and removed through redox
modificatiors in essential metabolic processes from signal transduction to ATP production in the
mitochondria [61]. However, excessively high ROS levetan result from mitochondrial
dysfunction and insufficient ROS removalstressed cellular staeConsequently, it can further
inflict cellular damaggsuch as lipid peroxidation, mitochondrial membrane damage, and protein
oxidation that would subsequently trigger various pathways of cell f&@jth

While current glaucoma management can effectivetiucel OP, many patientsontinue
to experiencegrogressivevisual field loss.Furthermore JOP reduction has limited thegpeutic
benefit to patierstwith normaltension glacoma[62]. More importantly,IOP reductionalone
does not address thealth of RGCs as damage@&Csmay continue to degenerate even after IOP
reduction RGGCs arethe main cell types of the retimasponsible for the visual communication
between the eye and the bralihus, a therapeutic approach that aims to improve the hexdlth

RGCsis an important unmet need in glaucomanagement.

1.4.2 Retinal ganglion cdl death: role of neurotrophin deprivation theory

Composed omore thar80 different subtypethat distributeacross the ganglion cell layer
of the retina, the axons of RG@xtend and convergeform the optt nerve[63]. The optic nerve
extends from the retina to the brain, most of which innervatdatdral geniculate nucle(sGN),
with somethat innervatesuperior colliculug64]. The fineurotrophin deprivatiomhypothesiss
one of the main theories thaitempts to explaithe death oRGCs [65].The hypothesis suggsst

thataxonal transport obstruction@glaucomacauses insufficienetrograded transpaof collicular
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derived neurotrophins to the ganglion celtly, resulting in cellular stress and triggering cell death
mechanisra [65]. Neurotrophins, also known as neurotrophic factors, ai@maly of growth
factas that are responsible for neurorgdvelopment, growth, maintenance, and surviGél.
Examples of NFs includ@erve growth factor (NGF), BDNF, neurotrophin 3 @), and
neurotrophin 4/5 (N#/5).Furthermore, NFa/ereshown tahave antiapoptotic effects in neurons
[67, 68] Evidently, NFs play an important role in the pathogenesis of glaucdmaarticular,
BDNF has shown protectiveffect of RGCsin multiple studiesDirect BDNF proteininjection
into the retinahaveshown to enhance RGGurvival in various experimental glaucoma models
such aptic nerve crusmodelin cat[69], spontaneous glaucoma modeDBA2/J mousg70],
acute ocular hypertension modelrat [71], andoptic nerve crush and transectionGnl:CD1
mousemodel[72]. Combination injectiosmof BDNF proteinat sites of superior colliculus and
retina resulted ifurther enlancement oRGC survival aftepptic nerve crush in catompared to
single site injection, which further demonstrhtee therapeutic value that can be achieved with
BDNF [73]. BDNF-mediated RGC rescugasachievedthrough various gene based therapeutic
approachesusing AAV vector [74, 75] AD vector [76, 77] and electroporatiorf78] in
experimental rat glaucoma moddtsirthermore, a study utilizingtransgenic rmusemodel Thy
1-CreER2:BDNF®°Pcontaining Crerecombinase inducible system upstream of Bs&shown
that induced BDNF overexpression was able to provide protectigpeatdic type of RGC after
optic nerve crush imouse[79]. Recent studies havalso suggestedhat there isdifferential
toleranceto glaucomatoustressand responsivene$s BDNF treatment between different RGC
sultypes.For example, brn3aRGCswere more susceptible to acute hypertensi@uiated cell
death comparednelanopsin+ RGC#& an acute hypertension rat modél]. In addition,the

survival of both RGC subtypes were improweih BDNF protein injection71]. In a separate
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study usingransgenianouse it was shown that SM32+ RGG wereless susceptibléo optic

nerve cruskand more responsive to BDNF overexpression mediated rescue compared-to large
soma RGC4d79]. Altogether, research to dashows thatBDNF is an important therapeutic
moleculein the overall objective of protection and rescu®R&Cs andsubtypespecific efficacy
remaingto beelucidated to harness its maximum therapeutic potential.
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Figure 1.1 NF gene therapy for the protection RGCsin the retina. (A) lllustration of the two anatomical sites for
gene therapy administration: retina and superior colliculus. (B) Superior colliculus, the site at which retinal ganglion
cell axonsinnervate in the brain. (C) Schematic drawing describing the ration&l& géne therapy and the role of

retinal cells and superior collicular cells play in the cellular level
1.5 Threedimensional cell culture: enrichinghe value of in vitro culture models

In vitro cell culture model$iave beeran integral part o$cientific researclior decades
contributing to discoveries frorhasic cellular mechanism to dragvelopmentDespitetheir

pivotal roles, the lack of in vivo-relevart resultsderived fromin vitro models remaing major



hindrancefor efficient clinical translation of scientific discoverp potential solution to this
obstaclds to bypas# vitro screening andirectly performscreeing in vivousing animal models
instead While possible direct animal modelscreeningapproachis an expensiveand complex
option for screening libraries of candidate compounds and elucidating complex molecular
pathways Evidently, a solution that bridges the gap betweevitro andin vivois needed80].
Thelack ofin vivorelevance is attributed to the inabilftyr in vitro modelto yieldresults that are
representativand reproducible ianin vivoenvironmen{81]. Cellsfoundin vivoexhibitdiverse
cellular interactios with the extracellulamatrices as wellwith the neighboringcells from
multiple directiors. However, cells cultured iBD plastic surfaceare forced a reside on a flat
planein monolayer, thus cellular contacse only limited to cells to their sides. Thissue of
limited cellular interactions under 2D culture particularly restraunslevel of understanding in
disease modelsmvolving complex celluar crosstalkand extracellular matrixnteractions in the
microenvironment

Threedimensional 8D) cell culture is a novel method that was designed to overcome the
limitations presenin traditional 2D culture methods by allowing cells to be cultunedtro, yet
still able tobegrown in a microenvironment representativaro¥ivoconditions Unlike traditional
2D culture where cells are grovam flat plastic surfacen monolayes, cells in 3Dculture are
grown in multilayersin multicellular spheroid or scaffolddependent multilayer arrangement
The goal of 3D cell culture is featen vitro microenvironmenthat are representative iofvivo
cellular architecture and topology facilitate cells tagrow anddifferentiatein a morein vivo-
relevantcondition Functional differencem cellularstructure482], gene expression profil¢83],
receptor presentatig84], growth factor secretiof85] and stimuli mediated respond&§] have

all beenreportedto have closer resemblaniein vivousing3D cultures.
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1.5.1 Structural composition of threedimensional culture system

Rapid advacemerdin 3D culture systemdevelopmenhavegenerated diversityof three
dimensional cell culture metho@$able 1.4). 3D culture systems can liwoadlyclassified into
two majortypesbased otthe presence @nchos available focellular attachment intscaffoldles
andscaffoldbasedsystems

Scaffold-based systemsare typically establishedusing naturally derivedoroteins or
syntheticmaterials foiscaffoldconstructionThe saffold acts as an architecturat enablscells
to adhere and growither d@ove, beneathwithin or surroundinghe scaffold Naturally deived
scaffolds are typically composed &CM proteinssuch agollagen, laninin, and proteoglycaria
the form of hydrogal[87, 88] On the other handynthetic scaffolslare typically prefabricated
using synthetic materisith defined shape and architectuBoth naturally derivecdindsynthetic
scaffoldmethod utilize similar principle as thg both provie cells witha third dimensiorthat
resemblesn vivo architecture Naturally derived scaffolduch as Matrigél is an example of
complex ECM proteirhydrogel systemsolated from Engelbrethlolm-Swarm mouse sarcoma
cells consistingof mainly collagen IVand laminin [89]. Othernaturally derived systemasith a
more defined protein conteate also availablsuch as purifiedollagen[90, 91]or fibrin extract
[92-94]. Naturallyderived proteiafrom planssuch as algina{®5, 96} agaros¢97], andchitosan
[98, 99]are also compatible biomaterial candidagsithetic scaffoklaretypically prefabricated
porous structuieof a set shape and size, in whiohlls could enter thenatricesand establish
multicellular arrangementsvith shage and size determined by the scaffadchitecture
constructed using synthetic polymeric materials saglpolystyreng¢100], polyethylene glycol

(PEG), and poly(lactico-glycolic acid) (PLGA)[101].
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Scaffoldess systemare the othermain type of 3D culture systesrthat rely on cellsd
intrinsic intercellularadhesion properties in the absence of ECM support. The two types of
scaffoldlessculture systems arrcedfloating and hangingdrop methods.The forcedfloating
methodenables the establishmentrotilticellular spheroidahrchitecture by prohibiting cellular
attachment to the plastic surfdcectionalized withultra-low adhesive or micropatterngOn the
other handthe hangingdrop methodrelies on thédormation of multicellular architecture in a cell
suspensiondroplet where cellscollects at the bottom of the droplet to form multicellular

spheroidal structued102, 103].
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Table 1.4 Commercially available 3D cell culture systems

Method of 3D construction Material 3D Culture System Company
Scaffoldless
. S . Perfecta 3@ (Di tinued 3D Biomatrix
Hanging Drop Cellular intrinsic adhesion eriecta - ( |sc?n inued) -
Gravity Plug inSphero
SCIVAX 3D Nanoculture Plate Infinite Bio
CYTOOchips Cytoo
Micropatterned Surface - P L
. Elplasia Kuraray
ForcedFloating — —
3D Petri Dista Microtissue
Costar UltraLow Adhesion Plate Corning
Sumitomo Bakelite

Low-Adhesion Surface

Prime Surface

Naturally -derived Scaffold

Alginate

Algimatrixa

Life Technologies

Laminin, Collagen IV, Entactin,

Extracted from Engelbreth
Holm-Swarm (EHS) Mouse
Sacroma

Growth Fator

Culturexa

Trevigen

CD-Link (Polyethylene glycol

RGD-Dextran

and matrix metalloprotease
cleavable peptides)

3D Life Biomimetic

Cellendes

Naturally-derived material

Laminin, Collagen 1V, Entactin,

Extracted from Engelbreth
Holm-Swarm (EHS) Mouse
Sacroma

Growth Factor

MatrigelF

BD

RAFTa (Real Architecture for 3D

TAP Biosystems
(Sartorius Stedium)

Collagen Tissue)
PEGbased molecule QGel QGel Blo
Arginine-Alanine-Aspartic Acid
Alanine monomer repeating PuraMatrix Puramatrix
amino acid
Alginate
RGD-Alginate Novamatrix D'TJMC():I‘II
Hyaluronan p
Synthetic Scaffold
. Reinnervate
Polystyrene scaffold Alvetexa (Reprocell)
Syntheticmaterial Polystyrene,
Polycarorolactone, 3D Biotela 3D Biotek
Poly(DL-lactideco-glycolide)
Hybrid
Hamilton Company

Hybrid anchor
dependent/independent

Magnetic saffold and magnetic
ECM coupled with levitation

Bio Levitato&a

(Global Cell Solutions)

Gold, iron oxide, poly}-lysine to
magnetize cells; for levitation

BioAssembler Systeén

Nano 3D Biosciences
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Chapter 2 Researchrocus

2.1 Rationaleand objective

Current glaucoma managemetibcuses onlOP-reduction using pharmacological and
surgical therapeutic interventiondNhile effective in loweringlOP-mediated risk factorand
delaying glaucoma disease progressdrectextrinsic support tiRGCsto improve RGC health
is lacking Evidently, therapesthat can provide extrinsic support to protect and regeinaged
RGCGsis an unmet clinical need in glaucoma disease managextegéne therapy is a therapeutic
approach thahas the potential to address suchichhdeficiency by providing RGCs witNF
support Moreover, using aonviral approactof genedelively improvementsompared to viral
systems may be achievsdch as low risk of immunogenicity and mutagenesis, coupled with better
patient compliance andrguuction cost.In this researchthe objective wado facilitate the
preclinical screening and identification of promising NF gene delivery systénosigh
developments afetinal 3D in vitro modelmethodologies and neviral gene delivery systems for

theretina

2.2 Hypothesis
Main hypothesis:
1 A nonviral gene delivery approach can deliver BDBikcodingopDNA to retinal cel$ for
NF gene therapin threedimensional culture.
Sub hypothesis:
I.  Subhypothesis #1An in vitro co-culture modality utilizingBDNF-responsive neuronal
cells canserve toevaluatebioactivity of BDNF protein secreted frolP-transfected

retinal cells.
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Correspondingfindings: Developeda neurite outgrowth functional assay to assess the
bioavailabilityandbioactivity of BDNF protein prodoed and secreted from retinal sell
transfected by N&carrying BDNF encoding pDNAChapter 3

Subhypothesis #2A multipotent stem celtlerived RGGlike cell can be isolated and
characterized for future scr@ag of nonviral gene delivery systesn

Corresponding finding Generated and characterized R{B® cells derived from
differentiated multipotent retinal stem ceall The newly isolated cellexpress RGC
biomarkers and exhibit neurite extensemdcan ®rve as a model cell line fan vitro
screening of nowiral gene delivery systesn(Chapter 4

Subhypothesis #3A multipotentstem ceHlderived 3D retinaheurospherenodelcan be
used tamprove thein vitro T in vivocorrelations of gene delivery system evaluation.
Corresponding finding Dev el opreedt ian afdomn8obisphere modsttat
can be utilizeds a tool foevaluatingransfectability, targeting, and infiltration capacity
of gene delivey systems(Chapter

Subhypothesis #4GL-NP physicochemical properties can be improvhtbugh the
replacement of regular plasmid vector withinicircle plasmid and manufacturing
considerations

Correspondig findings: Minicircle plasmid, sonication and formulati@@ncentration
can result in generation of GWPs with smaller size and higheparticle size
homogeneity(Chapter §

Subhypothesis #5SWNTs can complg pDNA and be utilized as gene delivery vehicle
for ocular delivery applicatian

Corresponding findingsSWNTs can complex with pDNA andbe utilized asgene

delivery carrier for thelelivery of pDNA to A7 retinal astrocytes vitro. (Chapter
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Chapter 3Development of am vitro bioassay to evaluate tledfect of
BDNF expressednd secretelly nonvirally transfected retinal cells

Majority of this chapter are reflective of an original manuscript published in thegbubrug
Delivery and Translational Research and a book chapter published in Springer Protocols Retinal
Gene Therapy Methods and Protocols.

Chen, D.W. and Foldvari, M., 2018n vitro bioassay model for screening rainal neurotrophic

factor gene delivgr systems for glaucoma treatmedtug Delivery and Translational
Research6(6), pp.676685.

Author contributiors: DWC and MFdeveloped the concept and designed the experini2We
performed the experiments. DWC and MF analyzed the data and prepansahtleript.

Chen D.W, Pauloff K., and Foldvari M., 2018hreedimensional ceculture bioassay for
screening of retinal gene delivery systeMsthods in Molecular Biology (MiMB) series; In:
ARetinal Gene Ther apsed:Wiields B(Spdnger)b7bh5d798B.r ot oc ol s 0

Author contributiors: DWC, KP, and MF developed the concepid designed methodologies.
DWC and MFprepared the manuscript.

3.1 Rationaleand objective

One ofthepreclinicalhurdlesin thedevelopment oBDNF gene therapy systena iRGC
is the lack of representativenodel for efficient and effectivim vitro screeningTo addresshis
issug anin vitro3D cocul t ur e model t hat simul ates the #
interactionsn vivo, which can be utilized using déffent combination of cellular candidateas
developed Furthermore, by incorporating ELISA, immunofluorescent imaging, and neurite
tracing techniques into the methodology, the therapgutict e nt i a l of setrdted f me d

BDNF can be assessed basadts bioavailability and bioactivity.

3.2 Background

Gene therapy usingFsis a novel therapeutic approach that could revolutionize glaucoma
therapy and provide a meanisdisease management that beyond risk factor redudiilbs are a

class of proteins thatre known to play an important role in the development, maintenance and
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survival of neurons in both the central nervous system (CNS) and the peripheral nervous system
(PNS)[65, 104] In particular, BDNFhas showrio be a potenNF based on results from several

in vivo studies, thus is a suitable candidate for gene therapy applications by supporting both
protective and regenerative functidi®, 74, 105]

Local support ofRGCs within the retina with BDNF could provide neuroprotection if
challenges such as maintenance of BDNF levels in the retina for a prolonged period and needle
free administration of the therapeutic plasmid can be safely and effectively addressedul@his co
be achieved usindiPs carrying BDNFencoding plasmids to the retina, where the expressed
BDNF protein could rescue RGCs that are damaged from glaucomatous stress. There are several
candidate cells within the retina that could serve as BDNF produoetsding nordamaged
RGCs, astrocytgd.06], Miler glial cells [76], or retinal pigment epithelial cells (RPE). Astroglial
cells, located mostly in the innermost retinal layers, are prime candidates because of their close
proximity to RGCs within the rata nerve fiber layer (NFL) and optic nerve head (ONH), and
their role in structural, metabolic and neurotrophic support, and in sensing hypoxia, immunological
damage and neurogenefio7].

Screening of nowiral gene delivery system carryim@PNA involves the assessment of
nucleic acid delivery and protein production efficiency, however, the biological effect of the
expressed protein is not typically evatled. To develop aim vitro system that would allow the
measurement of the bioactivity of the expressed proteincaltare model consisting of two cell
populationswas utilized. @Il layer 1represents the cells to be transfected-vicaly with NPs
carrying the therapeutic gene of interest, wioidl layer 2represents the cells responding to the
therapeutic protein. In the context of the retina, cell layer 1 represents the potential retinal target

cell population (eg. healthy RGCs, astrocytedviik ler cells) and cell layer 2 represents the
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neuronallike test cells for neurite outgrowth measuent As an initial model, an astrocyte cell
linewas selected o0 ser ve as 0 mevidlt@ansfecdoh predacingand seareting o n
BDNF and SHSY5Y neuroblastoma cells, routinely used in high throughput neurite outgrowth
assays, as BDNFesponsive cells and suitable for the evaluation of BDNF bioactiv@].

Moreover, SHSY5Y neuroblastoma cells, exposed to hydrogen peroxide, provide \&tro

oxidative stress disease model representing one of the major glaucomatous stresses that contributes
to the disease pathogenesis.

Using the described etulture modelit wasdemanstrated that transfected astrocytes were
able to secretenoughbioactive BDNF and induced neurite outgrowth and extension in both
untreated and oxidatively stressed -SM5Y cells. The twdayer coculture model could
potentially be used as a versatilstgyn to test the transfectability and protein production of several
retinal target cell types. The modality described Bamvsthe feasibility of the approach for rapid
screening of nowviral gene delivery systems for retinal gene therapy and providead-qf-
concept that astrocytes can be genetically transformed into BDNF producing cells usirg a non
viral transfection method and the level of BDNF produced is sufficient to stimulate neurite

outgrowth in a standard SHY5Y neuroblastoma cell model.

3.3 Materials and methods
3.3.1 Plasmid construct andNP formulation

The pDNA was prepared by cloning the BDNF (transcript variant 1) sequghcel
Reference Sequence: NM_170738jo pCMV6E-Entry expression vector (Origene, Rockville,
MD, USA) with 50 a®gfI30( BCGATEARAE)GCGT). TAG st
downstream of the BDNF construct, upstream of the -MiK, to prohibit the expression of

BDNF-Myc-DDK fusion protein. De novo gene synthesis, construct cloning and DNA purification
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was performed by Blue Hen Biotech (Bothell, WA, USA)NPs (NPs) were formulated by
complexing either BDNfencoding plasmid or g\/\ﬁzGFP (green fluorescence protein) reporter
plasmid (Aldevron, Fargo, ND, USA) with R2ransfection agent (Biontex Laboratories GmBH,
Minchen, Germay) at ratios of either 2 L of K2 per 1 pg of pDNA (Formulation #1) or 4 |L

of K2® transfection reagent per 1 g pDNA (Formulation #2). Size and zeta potential ofK2
NPs were characterized WYLS using Zetasizer Nano ZS (Malvern Instruments, Malvern,
Worcestershire, United Kingdom). T®Bmluliplierur s

were added into the culturing medium of A7 astrocytes followed bNR&.

3.3.2 Genetically modified BDNFexpressing astrocyte caulture model

Co-culture was establed using a combination of 0.4 pn polyester (PET) membrane
transwell 12well inserts (Corning) and glass bottom-d2ll plates (MatTek Corporation,
Ashland, MA, USA). Each well of the glabsttom plates were pieoated using recombinant
human laminin (EMDMillipore, Billerica, MA, USA) at 0.625 g/crhiovernight at 4€C, followed
by seeding 100,000 A7 cells into each transwell insert and 200,0@8XSM cells into each well
of the plates. Oxidative stress was induced iIRSFY cells with 100 pM of hydrogeperoxide
for 24 hours prior to ceulturing. A total of four conditions were evaluated, all in triplicates, with
two conditions containing newirally transfected astrocytes trA7/oxS$¥5Y and trA7/SH
SY5Y; along with two controls such as oxidatively stexsneuroblastoma only (oxSHY5Y),
and nonrtransfected A7 astrocyte -@mltured with oxidativelystressed neuroblastoma cells

(A7/0XSHSY5Y).

3.3.3 Oxidative stress SHSY5Y model

SH-SY5Y neuroblastoma cells (CR2266, ATCC, Manassas, VA, USA) were cultured in

in 1:1 ratio of Eagl eds Minimum Essenti al
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F12 medium (Thermo Fisher Scientifaltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin antibiotics (Pen/Strep). Cellsoutteed in a 37

€ incubator with 95% air/5% carbon dioxide. To establish the oxidatively stressef YN
modality, 20,000 SKFBY5Y cells were seeded into each well of black cleatom 96well
microplates (Corning, Corning, NY, USA) and hydrogen pemxtconcentrations of 50, 100,

150 or 200vM was added for 24 hours, each in triplicates. The viability was measured using Presto
Blue® viability assay (Thermo Fisher Scientific) at 24 hours with SpectraMax M5 microplate

reader (Molecular Devices, Sunnj@aCA, USA).

3.3.4 Transfection of A7 astrocytes

A7 rat astrocytes (a gift from Dr Jeremy Sivak, University of Torofit09, 110) were
cultured in DMEM/high glucose medigdyclone, GE Healthcare Life Sciences, Logan, Utah,
USA) supplemented with 10% FBS and 1% Pen/Strep at 37 € in a 95% air/5% carbon dioxide.
K2-NPs were first evaluated and optimized in monolayer cultures of A7 astrocytes. Cells at 25,000,
50,000 and 100@/well (n=3 each) were seeded into clearvgdll culture plates (Grenier Bio
One, Monore, NC, USA) and transfected usingM®s carrying gWi% GFP. Thetransfection
efficiency (TE) was assessed based on the percentage of cells expressing GFP andbaability
on MitoTrackeP Deep Red (Thermo Fisher Scientific) staining using Attune Flow Cytometer

(Thermo Fisher Scientific).

3.3.5 BDNF protein production and neurite outgrowth bioassay

BDNF production in A7 astrocyte supernatants was assayed at 24, 48 anats2si0g
a human BDNF ELISA kit (R&D Systems, Minneapolis, MN, USA). Standards were prepared
according to the manufacturerdés protocol and s

Logistic (4PL) NonLinear Regression Model with ad of 0.997.Neurite counts and length
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measurements were performed by first fixing-SM5Y cells with 4% paraformaldehydPFA)

in phosphate buffered saline (PBE7 mM NacCl, 2.7mM KCI, 10 mM NaHPQ;, 1.8 mM
KH2PQy) containing InM of CaCb and 0.5 mM MgGifor 20 minutes at room temperature. Cells
were then blocked using PBS containing 10% FBS, 0.1% Tritd@0§ and 1% bovine serum
albumin at 37C for 40 minutes. Posblocking, 1X NorthernLight‘% 493 (NL493)conjugated
mouse monoclonal aatieuronspecificb-11l tubulin antibody (R&D Systems) in PBS was added
and incubated for 4 hours at 37€. After immunostaining, cells were counterstained yih 1
SYTOF 61 (Thermo Fisher) for 20 minutes at 37C. Cells were imaged using Zeiss LSM710
confocal laser scanningicroscope (Carl Zeiss AG, Oberkochen, Bati¢i) Germany) with 63x

oil immersion objective. Ten fields of 2048x2048 images were captured from each replicate of
each experimental condition with approximately 100 cells per field using Zen 2009 softwéare (Car
Zeiss AG). Acquired images were evaluated for neurite counts and length by tracing the neurites
using the Simple Neurite Tracer ptugfrom Fiji software(ImageJ, National Institute of Health,
Bethesda, MD, USAJ111]. Neurite length was determined by converting the number of pixels in

each of the traced neurites to micrometer using a predetermined pixels/micron ratio

3.3.6 Statistical analysis

The statiical analysis was performed using the Graph Pad Prism software (GraphPad
Software, La Jolla, CA, USA). Ongay ANOVA and tweway ANOVA in conjunctions Tukey
post hoc test were used to analyze neurite distribution foreswvayiiable and mulvariable

analysis, respectively. A-yalue of less than 0.05 was considered as statistically significant.
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3.4 Results

3.4.1 Astrocyte-neuroblastoma threedimensional coeculture model for neurite extension
evaluation

A simple contactndependentwo-layer (threedimensional) neuronal eculture modeivas

developedo test the effect of BDNF, produced by adgrally transfected A7 astrocytes, by
evaluating the neurite growth stimulation of a second cell population representing oxidatively
damagedetinal cells. The transfected A7 astrocytes were seeded into transwell inserts, while the

SH-SY5Y neuroblastoma cells cultured as a monolayer in the bottom of thee(iglire3.1)

Co-culture layer: Used in this study:  Alternative candidates:
Cell layer 1: * A7 Astrocytes * Miller glial cells
Cells to be * Photoreceptor cells
transfected * Retinal pigmented

(Potential retinal epithelial cells
target cells) Secreted

BDNF
Cell layer 2: i ; «  SH-SYSY + Primary retinal
Cells responding to { Neuroblastoma ganglion cell
the therapeutic cells + Stem cell-derived

(Neuronal-like test retinal ganglion cell

cell for neurite
outgrowth
measurement)

Figure 3.1 Schematic drawing of the twlayer, contacindependent 3D astrocy@&H-SY5Y co-culture model. SH

SY5Y cells were cultured on lamintoated glass bottom plates and astrocytes were cultured in transwell inserts that
were posibned in the same wedkeparated by the culture medium and membiigReransfected astrocytes carrying
BDNF-encoding plasmid express BDNF, stimulating-SM5Y cells. The bioactivity and therapeutic potential of the
secreted BDNF are evaluated by compathmy neurite counts and the neurite lengths of BEEMposed SESY5Y

versus the SEBY5Y presented in BDNabsent controls

To estimate the LD50, oxidative stress was titrated in separa&YSM cultures with 50,
100, 150, and 200M hydrogen peroxide. Theorresponding cell viabilities were 52.0413.5%,
54.145.1%, 12.34#.9%, and 1.942.0% after 24 hours of exposure, respectively. The 100uM
concentration was chosen for generating oxidative stress in-tdtooe modelfigure3.2), due

to robustness and lower variability compared tq@0
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Figure 3.2 Viability of SH-SY5Y cells 24 hours after hydrogen peroxide exposure at concentrations of 50, 100, 150,
and 200uM. Viability was measured based on Presto BlassayValues expresseagsmean *s.d., n=3Statistical
significance was compared to the untreated conditipr0.05; ** p<0.01; *** p<0.001; **** p<0.0001

3.4.2 Efficient and safe nonviral gene delivery system forastrocyte delivery

K2-NPs are highly cationitNPs with a mean hydrodynamic diameter ot.®1.1 and
83.940.4 nm, with a polydispersity index (PDI) of 0.22#.01 and 0.1740.01, and an average zeta
potential of +59.641.6 mV and +57.3122.8 mV with DNA:K2 rataf 1 ng: 2L (Formulation 1)
and 1ng: 4nL (Formulation 2), respectivelyf@ble3.1). TheTE of A7 astrocytes was optimized
using two different compositions of K2Ps and three different cell seeding densitié& TIE was
17.35.8%, 15.84#2.6%, and 14.315.2% Rormulation 1)and 39.5#4.6%, 31.3#1.6%, and
29.9#1.8% (Formulation 2) after 48 hours with seeding densities of 25,000, 50,000 and 100,000
cells/well, respectively Rigure 3.3). The viability of A7 cells after transfection were
71.40415.52%, 76.2#1.7%, 86.3#.4% (Formulation 1), and 72.6%2.3%, 44.842.2%, and

54.943.9% (Formulation 2) at the indicated cell densities, respectitreyre3.3).
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Table 3.1 Size (hydrodynamic diameter), polydispersity index and zeta potential of théPKXormulagéd with
different DNA:K2 ratiosValues expresseasmean +s.d., n=3

NP Formulation Size(nm) PDI Zeta Potential (mV)

DNA:K2 (1g:2 W)

(Formulation #1) 96.94.1 0.22#.01 +50.641.6

DNA: K2 (1g:4 )

(Formulation #2) 83.940.3 0.17#.01 +57.32.8

EEE DNA:K2(18y:20L) Wmm DNA:K2(10g:201)

DNA: K2 (10g: 40L) DNA: K2 (10g: 40L)
S 7 1001 -
S T ok —
3 40- ok Jok [
% 40 [ | — 804 -
) T X
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c = -
oS 201 2 40+
g S
2 20
o
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A) Seeding Density (number of cells) B) Seeding Density (number of cells)

Figure 3.3 Optimization of KR-NPs for optimal transfection condition using two different formulations and three
different seeding densities of 25,000, 50,000 and 100,000 A7 astreeytedB) TE was measured based on GFP
expression and the viability was evaluated by MitoTratkegep Red using flow cytometryalues expresseds
mean £s.d., n=3* p<0.05; ** p<0.01; *** p<0.001; **** p<0.000

3.4.3 BDNF-transfected astrocytes can produce and secrete BDNF protein

BDNF was detected in ecultures containing newirally transfected astrotgs in
increasing concentrations with time. More specifically, 3,750.82251.1 ng/mL, 9,052.6#1391.2
ng/mL, and 10,367.14390.8 ng/mL were detected in trA7/06&¥bY co-culture conditions at
24, 48, and 72 hours, respectivefygure3.4). Similarly, BDNF was also detected in the culture
medium of trA7/SHSYS5Y co-cultures at concentrations of 3,836.94595.5 ng/mL, 8,816.849911.6

ng/mL, and 11,585.3#902.5 ng/mL at 24, 48, and 72 hours, respectively. BDNF protein was not
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detectable in control experimental conditions such as e88BY and A7/oxSHSY5Y, where

BDNF-transfected astrocytes were not present in theuttare.

EE 24 Hours
48 Hours
s 72Hours

~

15000

10000+

5000+

BDNF Concentration (pg/mL

Figure 3.4 Quantification of the secreted BDNF proteising ELISA in the four different experimental citions at
24, 48, and 72 hour¥alues expressealsmean +s.d., n=3n.d.= not detectablé¢ p<0.05; ** p<0.01; *** p<0.001;
**+* 0<0.0001

3.4.4 BDNF secreted from nonvirally transfected astrocyte are bioactve and sufficient to
induce neurite extension in neuroblastoma

The increased number of neurites with higher neurite lengths confirmed the bioactivity of
BDNF secreted from the transfected A7 astrocytes over 72 hbigsré 3.5). Neurite count
comparison showed that both trA7/ox&Y5Y and trA7/SHSY5Y consistently produced higher
neurite counts compared to A7/0xS8Y5Y and oxSHSY5Y only experimental conditions
(Figure 3.6). Statistical analysis using omay ANOVA shows that trA7/oxSEBYS5Y
consistently showed higher neurite count compared to €85l and A7/oxSHSYS5Y at 24, 48,

and 72 hours withpalues of at least <0.001. In addition, trA7/SM5Y also demonstrated to
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have consistently higher number of neurite counts compared to-&&EY and A7/0xSHSY5Y,
the differences peaked at 48 and 72 hours withlpe of at least <0.001.

N O0xSH-SY5Y
A7/oxSH-SY5Y
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Figure 3.5 Evaluation of BDNFmediated effct on total neurite count at 24, 48, and 72 hours0:@b; ** p<0.01;
% <0.001; *** p<0.0001

Neurite length distribution profile was generated to compare the number of neurites in
different length categories: <I¥ m, bet weeemlOR@aoweh. 2Based on t h
distribution profile, it was shown that trA7/oxSElY5Y and trA7/SHSY5Y consistently had
hi gher number of neurites that-SY&&am Al/oaSHger t h
SYS5Y over 72 hoursHigure3.7). The most significant increase in the number of neurites that was
l onger than 20 em was o0bser vS¥aY wastsho@mtohave 8.2 72 h ¢
times and 7.5 times more neurites longerthad & m ¢ o mp ar eabsent contolhad BDNF

oxSHSY5Y and A7/oxSHSY5Y at 24 hours with a-palue of <0.001.
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Figure 3.6 SH-SY5Y cells neurite length distribution profile under various experimental ¢onsliat 24 hours (A),
48 hours (B) and 72 hours (C). Each condition was performed in triplicates, and 10 frames were measured for each
replicate * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001

Furthermore, trA7/oxSKEeY5Y was also shown to have 10.8 tireesd 10.4 times the
number of neurites with | ondaosentcantiola of oXSMYS5E m ¢ 0 my
and A7/oxSHSY5Y at 72 hours, respectively. Whereas, the extent of neurite extension longer
than 20 & m i-8Y5Yaels tecukused iehdBDISHtransfected A7 (trA7/SKEBYS5Y

was 22.4 and 21.6 times greater compared to e85l and A7/oxSHSY5Y at 72 hours,

respectively.
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Figure 3.7 Total number of SFBY5Y neurites in each length categsriéess than 10 um, between -P0 um, or
greater than 20 pym over 24 hours (E), 48 hours (F), and 72 hours (G). Each condition was performed in triplicates,

and 10 frames were measured for each repli¢gte0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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3.5 Discussion

The specific modalities for newiral gene therapy usindlFs to support regenerative
functions of the retina are currently under intensive investigations. Several specific aspects of a
neuroprotective and neuroregenerative treatment, includendekign of notwviral gene delivery
systems, best candidate cell types to productlEhand delivery methods require elucidation.

In this studythe usefulness of a twtayer astrocyteneuroblastoma coulture system to
test the BDNF production efficiegmf nonvirally transfected astrocytes and neurite outgrowth
stimulation by the secreted BDNF proteras demonstrateddditionally, the effect of astrocyte
secreted BDNF on oxidatively damaged-SM5Y cells as a potentiah vitro disease model
systemwas also evaluatedrhis aspect of the etulture system is useful since it can model
oxidative stress in the gene therapy recipient cell line wiiaimplicated to be one of the major
contributors to RGC death in glaucog8)].

The results show that BDNF expressed by trA7 cells increased neurite outgrowth response
in both SHSY5Y and oxSHSY5Y cells over 72 hours. BDNmediated neurite extension
increase included both the neurite counts and tbeagotion of neurites that were longer than 20
em i n neur obompaed to cells thateré mosexposed to BDNF. However, more
detailed investigation on the dedependency of BDNnediated neurite extension will be
needed. Furthermore, assesstr@ntotal neurite count alone is insufficient in determining the
bioactivity and neurite outgrowth potential, and instead, the profiling and comparing of neurite
lengths abundancy is a more accurate indicator.

In case of a therapy that aims to rescueaéganglion cells in glaucoma, astrocytes appear
to be one of the most promising candidates for neurotrophin supplementation gene therapy

approach given their distribution in strategic areas of the eye such as in the matrices of lamina
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cribrosa, which istrongly associated with the pathogenesis of glaudad. By targeting the
astrocytes in the eye for gene delivery, transfeatedt r ocyt es can be trans/
cell so6 and tbeeicno nper otdhuec tpiroon oO0f act ori es o, parti
cribrosa to provide the retinal ganglion cells willirs for rescue and potential regeneration
capacity.

In terms of the selection of MF for gene therapy, BDNF continues to be aeuole of
interest for therapeutic applications in glaucoma. Findings within the past decade have revealed
the increasing importance of BDNF on the health of RGCs. In glaucoma, although BDNF is
expressed locally in the retina, it is only expressed at émel$ while most of the BDNF is
retrogradely transported from the SC, which is blocked in the event of elevated intraocular pressure
[113]. BDNF appears to have multiple effects on RGESsit directly corrects the problem
associated with bidirectional transport of NFs, and at the same time indirectly influence other
retinal cells in the guidance of damaged axons. For instance, neurotrophin deprivation due to
bidirectional axonal transpodbstruction within RGCsvas shown to result in axonal damage
[114]. Orthograde flow at the optic nerve head prevents proteins made by RGCs from reaching
their axonal extensions and perturbed retrograde transport of NFs produced in the SC in the brain
to reach the RGC sonjial5]. BDNF also appears to support axonal path finding to the [drhé)
117]. Given the results in this study shogithat transfected astrocyte can produce bioactive
BDNF, further research in the development of targeted astrocyte delivery would be advantageous.
In this study, BDNFmediated neurite extension resulted in increased neurite counts and the
proportionofex ended neuri tes ( >2 0comparkdto cells thaewernotb | a st ¢
exposed to BDNF at 24 and 72 hours, suggesting that BDNF gene therapy is promising for optic

nerve repair and regeneration.
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Throughout the decades of glaucoma research, disagiobstacle was the lack of a true
representative RGC line fam vitro research. The RGSE virally transformedand known at the
time as a rat RGCell line provided a much needed model for close to a d§¢éa8¢ However,
recent investigations confirmed that RGG s in factamouse photoreceptor cell line, rather than
a ratRGCline as it was claimed to §&19]. There is currently no RGC line available, apart from
primary RGCs. Indeed, primary RGCs would be the most ideal cells to use, however, RGCs are
present in low abundan@e vivo, which makes it costly tsolate high cell populations for rapid
and largescale drug screenings. Furthermore, primary RGCs undergo spontaneous degeneration
upon isolation, which makes it difficult to recreate representative glaucomatous stressnmodel
vitro given it is alreadyndergoing degeneration as soon as it is isolated. As a r@sinditial
model was described in the study for rapid screening of -uwal BDNF gene therapy with
astrocytesThe model presented in this study is flexible in terms of the two cell laysgending
on the target Amedic cell 0 of i nterest, vari

evaluation, such adiler glial cells orhealthy RGCs.

3.6 Conclusion

Overall, our results show that the neurite outgrowth quantitation of astnoeytmal coe
culture model described in this study can be used to evaluat@mbgene delivery systems for
retinal gene therapy by determining the bioactivity of the secreted BRNEhematic describing
the systematic flow of bioassayilisistratedin Figure3.8. Furthermore, it also demonstrates that
K2® NPs can efficiently deliver BDN#encodingpDNA into A7 astrocytes to produce functional
BDNF and initiate neurite extension in cell layer 2. Lastly, BDNF suppi¢atien gene therapy

using a norviral gene delivery vector could be a promising approach for the rescue of
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glaucomatoustressed retinal ganglion cells using astrocytes as gene

delivery targets with the

added possibility of needleee topical administraan of NPs in the future.
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Chapter 4 Characterizationof RGClike cells derivedfrom retinal
multipotent stem cells

4.1 Rationaleand objective

Protection and rescue of RGCs is a pivotal aspect in glaucoma managemedatk of a
representative RGC cell modi&l assess RGEpecific responses of candidate therapeutics is
currently a mpor hindrance to therapeutic discovery of new candidate compounds and delivery
systems for downstream developmdrd.address this issumultipotent retinal stem cetlerived
RGCs was generatetbrmed XFCcells, which can be utilized for preclinical seneng of RGC
aimed therapeutics. Multiplexed gene expression profiling and stmadiated neurite extension
assessment showed that one of the isolated cell population;3X¢ells, express key RGC
biomarkersMap-2, Rbpms andTubb3 and exhibitneurite &tension upon activation bBDNF,
CNTF, and ¥27632 The application of XFE3 cells in therapeutic discovery was demonstrated
in the co-culture bioassay modelescribed in previous chaptir screeningNF gene therapy
systems. By using ELISA, immunoflu@@ent imaging and neurite tracing techniques, the
bioavailability and bioactivity of BDNF secreted from XRCcells transfected by various
nanoparticles were evaluatdd.summary, this study showed the generation of sterdeeled
XFC-3 cells that exmss key RGC characteristics that have potential as an RGC cell model for

preclinical screening and therapeutic discovery applications.

4.2 Background

Degeneration of RGCs is a key aspect of glaucoma pathogenesis that ultimately results in
continued loss of vien despite the current standard of treatment. Gene therapy with NF is a
promising approach for neuroprotection of the retina by supporting the functions of damaged

RGCs. In order to develop effective gene delivery systems, a reliable and represent@tivellRG
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model is needed. In light of the misidentification of the R&€Cell line[119], used extensively

by many research groups for years, currently no cell model is available that can be utilined for

vitro preclinical screening of promising therapeutic candidates. While the utilization of primary
RGCs as a source of RGCs is a possible optiomfaitro investigations, their use is limited due

to low abundancin vivo, poor isolation efficiency, and spontaneous degeneration upon isolation.

Stem cels areunique cell typscharacterizetby theirintrinsic ability to selfrenewandto
differentiateinto multiple different cell typesproviding opportunity for generating specific cell
types of interest for broad biomedical and research applicatiopsarticular, multipotent retinal
stem cekb (RSCs) are promising for generating most retinal cell typesnd colleagues hav
described successful isolation 6D1-4 multipotentRSGs from CD-1 mouseretina that can
differentiate into multiple retinal cell types including rod photoreceptor cells, cone photoreceptor
cells, Muller glial cells, bipolar cells, amame cells, horizontal cells, and RG({%21].
Furthermore,they showed tht the photoreceptor cells isolated from differentiated retinal
populations were able to restore the functionality of the photoreceptoinstoreceptedeficient
rd1 mutantmouseafter transplantatiofil21].

In this study, we show the isolation and characterization of Rk&ells from the mixed
retinal cell population diérentiated from CD# RSCs. Amongst the cells isolated, one of the
isolate termed XFE& was determined to be RAiRe, expressing key RGC biomarkédviap-2,
RbpmsandTubb3.Moreover, XFC3 cells exhibit neuronal morphology with neurites that can be
exterded in response to stimuli such as BDNF, CNTR27632 RKI, and their combinations.

Isolated XFG3 cells were incorporated into the 3D-calture bioassay model developed
previously in our laboratory for screening retinal gene delivery syqt2@% This 3D ceculture

model has two layers of cells whegell layer 1represents the transfected cells aetl layer 2
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representshie cells responding to the expressed therapeutic psateich as NFThe choice of

cells in each layer can reflect the particular research question asked. In the model the-astrocyte
neuroblastoma cell combination represented a healthy transfected setlsr(@ c yt e s ) or
cell so producing and s e c-5¥Y neargpladiobddells dautthelyt h e
used in high throughput neurite outgrowth assays) as Bi2ijponsive cells and suitable for the
evaluation of BDNF bioactivity. In the currestudy, the use of XF@ cells allow direct evaluation

of the transfectability and gene expression by Ri&E cells, both healthy and stressed thereby
providing an opportunity [122b Odesml, the resplts describads a
in this paper demonstrate the generation and characterization ofiRGsells that may serve as

a cell model for the preclinicat vitro development and screening of candidate RGC therapeutics.

4.3 Materials andmethods
4.3.1 CD1-4 RSCculture

CD1-4 RSCs were kindly gifted by Dr. Ting Xie from the Stower Institute for Medical
Research and University of Kansas. GDRSCs were isolated frothe neuroretina, excluding
retinal pigmented epithelium (RPE), ciliary body, and posterior tissue surrounding the optic nerve
head, of 48 weeks old CBL mouse as described in publishiédrature[121]. Purified CD14
RSCs were cultured in 2®ell plates coated with 0.2% gelatin for Ane at 37 € and maintained
in advancedDMEM/F12 media (1:1) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
containing 1.0 g/L glucose (Sigasddrich, St. Louis, MO, USA), 1.0 g/L lactose (Sigma
Aldrich), 1.0 g/L BSA (Sigma&Aldrich), 0.045 g/L proline (Sigm&ldrich), 2 mM nicotinamide
(SigmaAldrich), 2 mM L-glutamate (Gibco), 1% penicillin/streptomycin (Hyclone, GE

Healthcare Life Sciences, Logan, Utah, USA), 1% insulnsferrinsupplement (Gibco), 5%
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knockout serum replacement (Gibco), 20 ng/mL EGF (Gibco), and 20 ng/mL bFGF (@bls).

were cultured in humidified incubator at 37€C with 5% €0

4.3.2 Differentiation of CD1-4 RSCsinto retinal cell types

CD1-4 RSCs were differentiated in 24ell glassbottom plates (MatTek Corporation,
Ashland, MA, USA) coated with 0.015 mg/mL pdlyornithine (EMD Millipore, Billerica, MA,
USA) overnight at room temperature, followed by subsequent coating of 23tgorimin (EMD
Millipore) overnight at 4 €. 100,000 cells per well were seeded for differentiation, with
differentiation medium containing DM&F12 (1:1) (Gibco), B27 supplement (1:50) (Gibco), 2
mM L-glutamate (base differentiation medium) in addition to 10 ng/mL bFGF for the first 2 days.
For the next 4 days, differeation medium was replaced witldheanced DMEM/F12 media
(Gibco) containing,2% B-27 supplement (Gibco), 1% -R supplement (Gibco), 2 mM-L
glutamate (Gibco), and 10 ng/mL bFGF (Gibco). Isol2X& cells were cultured in laminin
coated éwell glassbottom plates (MatTek Corporation) using advanced DMEM/F12 (Gibco)
media containing..0 g/L glucose (Sigmaldrich), 1.0 g/L lactose (SigmaAldrich), 1.0 g/L BSA
(SigmaAldrich), 0.045 g/L proline (Sigm&ldrich), 2 mM nicotinamide (Sigmaldrich), 2 mM
L-glutamate (Gibco), 1% penicillin/streptomycin (Hyclone), 1% instrmsferrinsuplement
(Gibco), and 10% FBS (Thermo Fisher Scientific). These cells were named XFC cells representing
the new differentiated RG{ike cells, with five different cell line variants of XFC were isolated

(XFC-2, XFG3, XFCn-2, XFGn-4, and XFGacs1).

4.3.3 NP genedelivery systens preparation

Three different types of neviral gene delivery systems were formel GL-NP system
were prepared by complexation of-IBH-18 GS (synthesized-housg123]) with gWizE GFP

plasmid (Aldevron, Fargo, ND, USA) at desired charge ratios for 15 minutes at room temperature,
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followed by addition of 1,2lioleoylsnglycerc3-phosphoethanolamine (DOPE) neutral lipid at

desired GS/lipid ratios. SWNT system were prepargdirst noncovalently functionalizing
PureTubeE SWNT (pt SWNT) wi t[h24]. BBefly,aSWNITe s cr i b «
(Nanolintegris Inc., Boisbriand, QC, Canadadre dispersed in 1 mg/mL 4212 GS solution at

10 /mL, and sonicated using Branson bath sonicator at 40 kHz frequency (Branson Ultrasonics
Corporation, Danbury, CT, USA) for 1h at temperature not exceeding 40C. The functionalized

pt SWN TpsSWNKTA were then complexed with g\/\ﬁzGFP pDNA (Aldevron) at specified

rati os for -PIEWNET-p2NIA | complexes fThe dhird transfection agent, the
commercially available K2 lipopolyaminebased proprietary transfection reagdBiontex
Laboratories GmBH, Nhchen, Germany)was used. K2NPs were formulated by the
complexation of K& transfection reagent with either g\/'?/iZBFP (Aldevron) or BDNF (Blue
Heron) pDNA at desired ratios accoréd(BFﬁ’gr to th
BDNF pDNA was usedlepending on the specific goal of the evaluation. A pDNA dose of 1

g/well was used in each transfection.

4.3.4 Magnetic-activated magneticcell separation

Immunopanning separation was performed usim@RGC isolation kit (Milteny Biotec
Auburn, CA, USA with mouse antiThyl.2 microbeadsstead of antifhyl.1 microbeads for
mouseRGC isolation Briefly, differentiated stem cells were dissociated using Accmzal|
detachment solutiofinnovative Cell Technologie§an Diego, CAUSA) and pelleted at 300 x g
for 5 minutes. Cellsverethen resuspended with 50 of Thy-1.2 microbead$1:10, Miltenyi
Bioteg andbiotinylateddepletion antibody (1:5Miltenyi Biotec)in 0.5%BSA-containing PBS
(with calcium and magnesium) for 15 minutes at room temperatures @k then pelleted at

130 x g for 5 minutes and stained with amitinylated antibody (1:3Miltenyi Biotec)diluted in
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500 1L of 0.5% BSA-containing PBS (with calcium and magnesium) for 15 minutes. Endothelial
and microglial cellsveredepleted usinghe MACSIMAG separatofMiltenyi Bitoec)and Thyl

positive cellsvereselected with MACs separator using MS colufiutiitenyi Biotec).

4.3.5 Fluorescentactivated cell sorting

The dfferentiated retinal cell populatiowas blocked with blocking media (10% serum
and 1% in PBS) for 15 minutes at room temperature. Cells were then stainemhtwithyl.2
FITC antibody(1:250 (Miltenyi Biotec) for one hour on iceéStained cells wersorted using BD
FACSAria FusiorCell Sortemwith automateccell depositionunit (BD Biosciences, San Jose, CA,
USA). Cells were sorted intadvanced MEM/F12 medium(Gibco) supplemented wittD% FBS
(Thermo Fisher Scientifi¢c)2% B-27 supplement(Gibco), 1% L-glutamine (Gibco), and 1%

penicillin/streptomycin(Hyclone)

4.3.6 Gene expression pfiling analysis

RNA samples were isolated using PicoPURNA Isolation Kit (Arcturus, Thermo Fisher
Scientific, Waltham, MA, USA based on the manufacturer s
biomarker gene expression profiling using NanoString nCotimaalysis System, through
guantification of mMRNA targets in the custom retinal biomarker codeset (NanoString, Seattle,
Washington, USA). The panel of target gemetuded biomarkers representing major retinal cell
types:ISL-1, Map2, NefH, Pou4fl, Rbms, Sncg, Th{.2, and Tubb3as representative RGC
biomarkers Agp4, Prdx6andSlicla3as representative astrocyte biomarkéitssa8a aldlal, and
Vim as representative Miler glia biomarkers; aNd andRom1las representative photoreceptor
biomarkersRpe5, Calb2, PrkcaandLim?2 each individually represent RPE, amacrine, bipolar
and horizontal cell biomarkers, respectivelyach reaction was performed with 100 ng of RNA

in a 5L loading volume, mixed with capture and reporter probes.
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4.3.7 BDNF, CNTF, and Y-27632treatment

Five thousandcells were seeded into each well of\2dll glassbottom plate§MatTek
Corporation)and allowed for incubation for 24 hours prior to the addition of the stimuli with a
media volume of 500L. BDNF (PeproTech, Montreal, QC, Gada), CNTF (Peprotech), and Y
27632 GigmaAldrich) proteins were prepared by dissolving the lyophilized proteins in sterile

water. Protein treatments were added directly into the appropriate wells at desired concentration.

4.3.8 Immunofluorescentstaining for flow cytometry analysis

Cells were fixed with 49%°FA (Alfa Aesar, Tewksbury, MA, USA) for 15 minutes at room
temperature and blocked with 10% bovine serum (Thermo Fisher Scientific) and 0.3% ¥Friton X
100 for 45 minutes at room temperature. Cells were #gtained with one of the following
antibodies: mouse aflestin conjugated with Alexa FlU®#88 (1:250, EMD Millipore), mouse
anti-betalll tubulin conjugated with Alexa Flu6r488 (1:250, EMD Millipore), mouse artlap-

2 conjugated with Alexa FluBr488 (1:250, EMD Millipore), or mouse arfihy.1.2 conjugated
to FITC (1:250, Miltenyi Biotec) for one hour at room temperature. Stained cells were then
analyzed using Attune Flow Cytometer (Applied Biosystems, Thermo Fisher Scientific, Waltham,

MA, USA).

4.3.9 Immunofluorescent staining for confocalmicroscopy andneurite tracing

After 24 hours of incubation, equal volumes of B%A (Alfa Aesar) were added directly
into the media for 2 minutes at room temperature. After 2 minutes, media were removed and 200
I of 4% PFA (Alfa Aesar) were added into each well and incubated for 13 minutes at room
temperature. After fixation, PFA was removed and each well was washed twice with 200 L of
Wash Buffer (0.1% BSA in PBS), and blocked with 2001L of Blocking Buffer (10% FB3%

Triton in PBS) for 45 minutes at room temperature. Beta Tubulin 1l conjugated with Alex& Fluor
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647 (BioLegend, San Diego, CA, USA) staining buffer was prepared in Dilution Buffer (1% FBS
+ 1% BSA + 0.03% Triton + 0.01% sodium azide) at 1 pg/mfter 45 minutes of blocking, 200

L of the antibody was added into each well and incubated overnigh atCkells were washed

with cold PBS (137 mM NaCl, 2.7 mM KCI, 10 mM N&PQ;, 1.8 mM KHPQ;) and
counterstained with fluorescent nucleic acid stain, sy 16 ( Ther mo Fi sher
nM concentration prior to imaging. Each well was imaged using a Zeiss LSM710 laser scanning
confocal microscope (Carl Zeiss AG, Oberkochen, Ballein Germany) with a 20x objective.

For each well, nine images withrasolution of 1024x1024 were captured using the tile scan
function in the Zen 2009 software (Carl Zeiss AG). Captured images were traced using Simple
Neurite Tracer plugin in Fiji software (ImageJ). Neurite length changes were quantified and

analyzed usig GraphPad Prism softwaf@raphPad Software, La Jolla, CA, USA)

4.4 Results

4.4.1 Differentiated CD1-4 RSC population expressesbiomarkers indicative of retinal
ganglion cell

Immunofluorescence results showed that thalaixdifferentiated CD# RSC population
consi sted of c e-tububn it (h5816.9%, xMap2e(37s” 5.90), and Thyl
(3.9°0.5%), suggesting the presence of RGCs within the differentiated cell population. Stem cell
biomarker nestin was also evaluated, and it was found that 56.9% offférerdiated cell

population showed this stem cblbmarker expressio(Table4.1).
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Table 4.1 Biomarker characterizatiorf differentiatedRSCafter6 daysof differentiation Values expressed as mean
+s.d., n=3

Biomarker Fluorophore % of Cells ExpressingBiomarker
Nestin AlexaFluor® 488 56.948.3
B-IIl Tubulin AlexaFluor® 488 15.846.9
Map-2 AlexaFluor® 488 377459
Thy-1 FITC 3.940.5

4.4.2 Isolation and cultivation of XFC cellsin vitro

Three types of stem cellerivedRGClike cells(XFC, XFCn, andXFCiacs) Were generated
usingdifferentcombinations of differentiatioprotocols and ThylL positive cell isolation methods.
More specifically XFC cell serieqFigure4.1) are stem celtlerivedRGClike cellsisolated from
6-day differentiatedtem cell ppulationusing MACS isolation metho&FCy cell series are stem
cell-derived RGClike cells isolated from a 14lay differentiated stem cell populationusing
MACS isolation methodXFCiacs cell series are stem celerivedRGClike cellsisolated from a

6-daydifferentiatedstemcell populatiorusingFACSisolation method.

Figure 4.1 Thy-1 positive cell isolated from differentiatdRISC cultured on laminircoated surfacevertime: A) 2

daysafterisolation; B) 3 daysfterisolation; and C) daysafterisolation.Images were captured with 10x objective

using light microscopy
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4.4.3 XFC cells express multiple RGhiomarkers

XFC, XFGny, and XFGacsWere characterized using multiplexed gene expression profiling
technique, NanoString nCounter® technology, to characterize the cells based on their retinal cell
biomarker mRNA expressionrgfile. The nCounter® technology utilizes a mRNA multiplex
platform, which can quantify the lewsdf MRNA expression of the desired gene targets. For this
evaluation, we have designed a multiplex gene panel that includes biomarkers representing major
cell types found in the retina including RGCs, astrocytes, Miler glia, photoreceptor, RPE,
amacrine, bipolar, and horizontal cellSL-1, Map2, NefH, Pou4fl, Rbpms, Sncg, Fhy, and
Tubb3 are representative RGC markefqp4, Prdx6and Sicla3 are repres#ative astrocyte
markers;Abca8a ald1lal, andVim are representative Miler glia markers; aNd andRom1lare
representative photoreceptor markeRpe65, Calb2, Prkcaand Lim2 each individually
representative markers for RPE, amacrine, bipolar, angambal cells, respectively.

The XFCseries of cells consist of XFE and XFG3 cells, which were isolated from
independent @lay differentiated RSC cell populations using MACS. Similarly, the XE€ries
cells consist of XF&-2 and XFG-4 cells, which wee isolated from independent -ty
differentiated RSC cell populations using MACS. An alternative method of isolation using FACS
was also evaluated onday differentiated RSCs for comparison, which resulted in¢k€2lIls.
Gene expression was profiléy quantifying target gene mRNA copies expressed from target
cells, and a threshold of 20 MRNA copies was considered as positive mMRNA expression with high

confidence.

54



A. XFC-2 P#1

Hit(s) (Count)

N Ao} 42 >
& 8 e

& D
K\ N
C & F <

&

Gene Target

ISLEL  MAP2  Nef$H Poudfl Rbpms Sncg Thysl.2 Tubb3 Agp4 Prdx6 Sicla3 Abca8a aldhlal Vim Nrl Roml Rpe65 Calb2 Prkca Lim2
7 22 0 1 533 6 1 301 1 15 522 14 33 31865 3 23 17 4 318 1

B. XFC-3 P#1

Hit(s) (Count)

> N Q
% 0,525” & &S
N S

>

Gene Target

ISLEL  MAP2  Nef$H Poudfl Rbpms Sncg Thy®l.2 Tubb3 Aqp4 Prdx6 Sicla3 Abca8a aldhlal Vim Nrl Roml Rpe65 Calb2 Prkca Lim2
11 24 0 1 559 8 1 316 2 13 862 9 42 30422 4 29 14 3 288 0

C. XFC. -1 P#1

facs

Hit(s) (Count)

N
o & & ® & 6&9 \\;\,'4‘/ Ssa"’ & & ag?’ & Q\/& & S L \}&
\Qéqoqp &R ?‘Q\?p’&b KL O R
Gene Target
ISLE MAP2 Nef$#H Poudfl Rbpms Sncg Thy®l.2 Tubb3 Agp4 Prdx6 Sicla3 Abca8a aldhlal Vim Nrl Roml Rpe65 Calb2 Prkca Lim2

6 9 2 4 496 4 2 479 2 15 466 7 235 17007 2 14 9 6 160 1

Figure 4.2 Retinal biomarker mRNA expssion profile of XF& (A), XFC-3 (B), and XFG&cs1 (C) cellsHorizontal

dotted line represents threshold level where n>20 indicates positive gene expression
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Six-day differentiated and isolated XFC cells demonstrated multiple retinal biomarker gene
expression, including RGC biomarkefdure4.2). Amongsttwentydifferentretinalbiomarkers
in this panel, XF& cells were found to positively expressight biomarkersMap-2, Rbpms,
Tubb3 Slcla3 Aldhlal Vim, Roml, and Prkca threeof which arerepresentative of RGC#&n
additionalfive other biomarkersletectedn low threshold copy numbeverelsl-1, Sncg Prdx6,
Abca8a andRpe65 XFC-3 cells weredso found to havehighly similarexpression profile, with
minor differences in copy numbecempared to XFE cells. XFCracs cells yielded similar gene
expression profile with a few differences compared to XE{ls XFCacs1 cells werefound to
positively expressix biomarkerdrom the panel includinbpmsTubb3 Slcla3 Aldhlal Vim,
andPrkca An aditionalsevenbiomarkersveredetected buin low levels andthat didnot meet

threshold copy numlbe
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Figure 4.3 Retinal biomarker mRNA gene expression peodf XFCy-2 (A) and XFG:-4 (B) cells.Horizontal dotted
line represents threshold lewethere n>20 indicates positive gene expression

RGClike cells isolated froma 14-day differentiatedstem cellpopulation XFCn-2 and
XFCm-4 cells alsoexpressedRGC biomarkers Figure4.3). Expressiorprofile for XFCmn-2 cells
showedthe expression dfix retinal biomarker®kbpms, Tubb3, Sicla3, Aldhlal, Vim, and Prkca
two of whichwererepresentative of RGCAdditionalfive biomarkers detecteatlow levels were
Map-2, Prdx6 Abca8a Roml andRpe65 XFCn-4 was abiological replicate of XF&-2 cellsand

showedasimilar level ofgene expression profile.
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The XFC andXFCn cells hadsimilar gene expression profdevith slightfluctuations in
the copy number over three passa(fégure4.4). For example,in the third passage fFC-3
cells RGC biomarkes Map-2 showed a4-fold increase irmRNA copy numberwhile Tubb3
expression exhib#d a slight decrease by 0-88d compared to the first passagelditional retinal
biomarkers such &lcla3andAldhlalexhibited an increase of 0-8dld and8.71-fold, while Vim
and Prkca exhibited a decrease of 0-43d and 0.2%old compared to thdirst passage
respectivelyFor XFGy-2 cells RGChiomarkerMap-2 was found taexhibit a 2.92Zold increase
compared to the first passagebiomarker that wasot expressed at a highaugh level inthe
first passageo be considered as a positive expr@s Expression of the two other RGC
biomarkersRbpmsand Tubb3both exhibited an increasef 1.09-fold and 2.5%fold compared to
the first passageespectivelyAdditional retinal biomarkersuch as/im, andPrkcaall exhibited

a0.26fold and0.25fold increasecompared to the first passagespectively.
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Figure 4.4 Comparative analysis &®FC-3 cells(A) and XFGy-2 cells(B) retinal biomarkemRNA gene expression
profile at passage dnd pasage3. Horizontal dottedihe represents threshold lewghere n>20 indicates positive
gene expression

To gain a better understanding of the gene expression profile ofrceile and to serve
as controlsthe gene expression profile of retina and primary m&G€s isolated using MACS

were analyzedFigure4.5). Primary mouse RGC expresses all the Riginarkers in the panel,

but also expredsiomarkers representing other retinal cell types
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Figure 4.5 Comparative analysis of retinal biomarker mRNA gene expression profile of mouse primargpells:
retina (A) and isolated primary RGCs (Biorizontal dotted line represents threshold level where n>20 indicates

positivegene expression

4.4.4 XFC-3neurites can be extended upon stimuli activation

From thevariousXFC, XFGn and XFGacscells generatedXFC-3 cellswereselected for
further validationfor neuronal characteristics and R@Ke stimuli-dependenheurite extension
responsgusingNF andRKI such as BDNF, CNTF, 27632 and their combinations, as follows:
20 ng of BDNF protein alone; 26g of CNTF protein alone; 16M of Y-27632RKI alone;

combination of 20ng of BDNF protein with 10mM of Y-27632 RKI (BDNF+Y¥-27632);
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combination of 20ng of CNTF protein with 10rM of Y-27632 RKI (CNTF+Y27632); or

combination of 2(hg of BDNF protein with 2tg of CNTF protein and 10M of Y-27632 RKI

(BDNF+CNTF+Y-27632).

A

B.C
IE.F

Figure 4.6 XFC-3 cells after 24 hours of stimuli exposure. Cells were stained with Retalin AF647 (purple) and
SytdF 16 nuclei stain (blue). Imagenverecaptured using 20x objective withtile scanfunction (area 3x3). XFG
cellstreated with A)untreated; B) BDNF mtein (20ng); C) BDNF protein (20ig) and ¥27632 (10riM); D) CNTF
(20 ng); E) CNTF (20ng) + Y-27632 (10nmM; F) Y-27632 (10nM); and G) BDNF (2(ng) + CNTF (20ng) + Y-
27632 (10mM)
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Analysis of XFC-3 cells treated withBDNF, CNTF, Y-27632, and their anbinations
showedthatthe cellshaveneurites thatan be extendeextend upon activatiorgvident by the
elongatedcheurites seen iRigure4.6. Further neurite length distribution profiling wearried out
by neurite length tracing and quantitati@@gure4.7), which showedhcreased number of neurites

with longer neurite lengthia XFC-3 cellstreatedwith stimuli compared tantreatedXFC-3 cells
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Figure 4.7 Total neurite length distribution profiling of XF& cellsin response to BDNF, CNTF, and-7632
activation. Values expressadmean *s.d., n=3. ** p<0.01; *** p<0.001; **** p<0.0001

Further neurite length aagorization(Figure 4.8) showed that XFC-3 cells treated with

BDNF+Y-27632 and BDNF+CNTF+¥27632 demonstratedhe highest degree of neurite

extensios (p<0.0001), followed by ¥27632 alone (p<0.001) and CNTF2763 (p<0.01).

XFC-3 cells treated with BDNF+CNTF+¥27632 and BDNF+¥27632, where XF& cells
exhibit 38 and 43.7 times more neurites thvate 100 mm compared to untreated XFcells

XFC-3 cellstreated with either 27632 alon®r CNTF+Y-27632 were bothlde to induce 21.7
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times more neurites with length greater thand®0compared to untreatedndition XFC-3 cells
treated with either BDNF or CNT&lonealso demonstrated evidence of neurite extension as the
number of neurites with length greater tha frth were 4.7 and 4 timdsghercompared to the

untreated control.
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Figure 4.8 Neurite length category analysis of Xf8Zellsin response to BDNF, CNTF, and27632 activation.
Values expresseasmean 1s.d., n=3. *<0.05; ** p<0.01*** p<0.0001; n.s. = not significant

4.4.5 Integration of XFC-3 cellsinto the 3D co-culture bioassay

As XFC3 cells have shown to exhibit neurite extension in response to activation, in
particular BDNF protein, XF&3 cells wee integrated into the 3D emulture bioassay for NF gene
delivery system evaluation established in the previous study to demonstrate the application of the

cell model[122]. Using XFG3 cells as BDNFesponsive retinal cellgn A7-XFC-3 co-culture
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setupwasstructuredFigure4.9). Two main ceculture conditions werestablished to eWate the
suitability of XFG3 cells as BDNFesponsive cell candidate in the 3D-adture bioassay
system 1) untransfected\7 cellsco-cultured with XFG3 cells (A7/XFC-3; Top:A7 / BotXFC-
3), and 2) BDNRransfected A7 cells (trA7) ecultured wih XFC-3 cells(trA7/XFC-3; ToptrA7
/ Bot:XFC-3). Examination of the tracecheanneurite length and length distribution showex
significant differencebetween the two conditions Heey exhibited highly similar neuritelength
distribution profiles. As XFG3 cells were shown to exhibit low levslof neurite extension in
response to 28g/mL of BDNF protein it is perhapghatthe amount of BDNF secreted A7
in 24 hoursvasinsufficientto induce neurite extension on XBZells

The second approaevalugedwas b determine whether-27632pretreatedKFC-3 cells
would be more responsive to BDNF detect{iirC-3-rki) in the coculture setupThus,two co
culture conditions were evaluatel) untransfected\7 cells cocultured withY-27632pretreated
XFC-3 cells (A7/XFC-3-rki; Top:A7 / Bot:XFG3-rki); and 2) BDNFtransfected A7 cells eo
cultured with Y-27632pretreatedXFC-3 cells (trA7/XFC-3-rki; Top:trA7 / Bot:XFG3-rki).
Examinations of neurite length distribution profiles showed -3 cells in trA7KFC-3-rki
exhibited overall 2.78 times more neurites compared to A7/XB-&ki. Moreover,the numberof
neuriteslonger than 50 pm intrA7/XFC-3-rki wasfound to beon average.3 timeshigher than
that of A7/XFG3rki. Thesefindings suggest that perhap&27632pretreatedXFC-3 cells may
have an elevated BDNF sensitivity comgiito untreated XF@ cells a characteristic thahay

beemployedfor BDNF bioactivity evaluation application the A7/XFG3-rki co-culture setup
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Figure 4.9 Neurite length distribution profile of XFC exulture with BDNFtransfected A7 cells auntransfected
cells after 24 hours. XFC cells cultured at the bottom layer were either untreated or treate®@ wWeB2Yki.Values
expressed as mean *s.d., n=3p<0.05;**** p<0.0001; n.s. = not significant

4.4.6 XFC-3 celkas gene deliverytarget

An aspect of gene therapigvelopment involves the identification afepresentative cell
line for gene delivery systetransfectiorevaluationsHence XFC-3 cellswereevaluated for their
transfectability using nowiral gene delivery systems. Three different types of-vicad gene
delivery systems were evaluated in this stddy7NH-18 GL-NP, &-ptSWNT-pDNA, and K2NP

(Figure4.10).
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Figure 4.10 Transfection efficiency (A) and viability (B) evaluation of XFCcells transfected with three nwiral
gene delivery systems: KRP, GLN P,  gptS\WNTHpDNA. Two different formulations of each neriral system

were tested. Values expressed as mean ts.d., n=3. ** p<0.01; *** p<0.001; **** p<0.0001; n.s. = not significant

66



K2-NPs showed the highest level BE at 63.F 1.4% with 2rL:1ng K2:DNA ratio, and
62.91.9% wih 4ni:1ng K2:DNA ratio and the highest cell viability at 94Q14% and
79.7 3.4%, respectivelyThe &-ptSWNT-pDNA complexesvere able to transfect XF8cellsat
relatively low levels with &E of 6.7° 1.0% withthe1:1w/w CNT:DNA ratio, and 9.30.2% with
the 0.5:1w/w CNT:DNA ratio. The &-ptSWNT-pDNA complexalsoinduceda relatively high
level of toxicity that resulted irviability of 28.84.17% and 55.25.0%, respectivelyThe 18
7NH-18 GL-NPs were also able to transfect XBCellsandshoweda TE of 2.25° 0.36%using
G:P/G:L ratios of 2.5:1/1;0and 1®°0.7% with G:P/G:L ratios of 2.5:1/1:0.5. Cell viability
remained high witl®7.3° 0.4% and 94.51.2% for the two formulations dBL-NPs.

As XFC-3 cellswere found tdbe transfectabldy nonviral gene ddivery systemsthey
were alsevaluated fotheirabilitytos er ve as gene delivery fAimedi co
BDNF proteirs to induce neurite extensiom the receivingKFC-3 cells. To achieve thisXFC-
3/XFC-3 coculturewas establishetly integrationof XSFC-3 cel I s i nto the fithe
produci ngo |caltyre bioasealy mdaddFmgurecet.ol). Thus, four conditions were
evaluated1) untransfectecKFC-3 cellsco-cultured with XFCG3 cells (XFC-3/XFC-3; Top:XFG
3 / Bot:XFG3); 2) BDNFtransfected XFE cells (trXFG3) co-cultured with XFG3 cells
(trXFC-3/XFC-3; ToptrXFC-3 / XFC-3); 3)untransfecteXXFC-3 cellsco-cultured withY-27632
pretreated XFC-3 cells (XFC-3/XFC-3-rki; Top:XFC-3 / Bot:XFC-3-rki); and 4) BDNF
transfected XFE3 cells cecultured withY-27632pretreatedXFC-3 cells (trXFG3/XFC-3-rki;
Top:trXFG-3 / Bot:XFG 3-rki). A comparisorof the neurite length distribution profdef the four
co-culture conditions shoed that thee were little differences imeurite counts andength

distributionbetween XFE3/XFC-3 and trXFG3/XFC-3 co-cultures
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Figure 4.11 Neurite length distribution profile of XFG cells ceculture with BDNFtransfected XFE3 cells and
untransfecteaells after 24 hours. XFG cells cultured at the bottom layer were either untreated or treated with Y
27632 rki. Values expressed as meandt, n=3. ** p<0.01; n.s. = not significant

Similarly, a comparison athe twoY-27632pretreatedXFC-3 cellsco-culture conditios
(XFC-3/XFC-3-rki and trXFG3/XFC-3rki) showed thatthe number oheuritesshorter than 90
pm wassimilar amongst the two conditionsut the number oheuriteslonger than 90 pmwas
approximately? timeshigherin XFC-3/XFC-3-rki compared to trXFE3/XFC-3-rki. The results
suggesthat while XFG3 cells can be transfected with nainal gene delivery systems, thavel
of subsequent protein production efficiency may perhaps be lower in3Xégllsand requres

further characterizatioan the secreted proteihioavailability.
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45 Discussion

In this investigation, we have developed stem-detived RGGlike cells with key
molecular and physiological characteristics resembling that of RGCs. More splgcifeca
particular cell isolate, XF@ cells, expressed three key RGC biomarkéep-2, Rbpms and
Tubb3 and exhibited neurite extension upon activation by BDNF, CNTB7&32, and their
combinations. Given these molecular and physiological charactetisicsFG3 cells displayed,
we have integrated XFG3 cells into the 3D caulture model as BDN¥Fesponsive cells, towards
the generation of an astrocy®&C caoculture model. Furthermore, the-calture setup A7/XFE
3-rki have demonstrated that XFCcells in A7/XFG3rki conditions were able to confirm the
bioactivity of BDNF proteins secreted from trA7 by exhibiting neurite extension. Together, these
finding demonstrated the potential of XBBells as model RGCs for preclinical development of
ganglion cé# therapeutics. Moreover, the applicability of XFCcells in the A7/XFE3-rki co-
culture model demonstrated their potential in screening applications, such as a tool for NF gene
delivery systems screening.

Utilizing stem cells to generate difficetib-culture cellsin vitro is a promising avenue to
create useful cell models that can fuel the process of therapeutic discovery. The use of multipotent
stem cells has an advantage in the application of differentiating target tissue specific cell types, as
their differentiation diversity is limited to the predetermined cellular lineage. In the application of
RGCs generatigrRSC is one of the most promisisggm celicandidats. Mammalian RSCs were
first described by Tropepe et al. in 200ere it was shown th#he RSCs isolatefiiom ciliary
epithelium(CE) of the mouse eye expressteim cell characteristi@ad was able tdifferentiate
into multiple retinal cell typegl25]. The work was then followed by the finding of Coles et al.,

who identified human RSCs from the CE of human ¢¥28]. The RSCs used in this study were
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isolated from the retina in the absence of CE as described by L{E2Hl. The high expression
of Mler glia biomarkers such agimandaldhlalin undifferentiated CD#4 cells and XFC cells
suggesthat these cells may have a Miler glial origin as Miler glial cells have been shown in
various studies to possess stem cell character[4#235129]. Moreover, it was demonstrated in
different studies that thegould differentiate into RGC$130-132]. Bhatia et al. have further
suggested that Miller glia has spontaneous proliferative and neuronal marker expression capacity
that fulfills the characteristics of a true steatl [133]. On the other hand, while there were reports
of stem cellderived RGCs derived from other stem cell types such as embryonic stefi®&lls
137] and induced pluripotent stem ce]ls36, 138141]. While primary RGCs remain a possible
RGC cell source fon vitro investigations, the low abundance of RGCs in commonly used mouse
strains for glaucoma research such as C57/BL6 and DBA2 peaks at roughly 80,000 cells per eye
at 9 monhs old rodent§l42]. Coupled with the low efficiency of RGC isolation and spoeous
degenerabn once isolated, the combination of factors Istite versatility of primary RGCs for
in vitro investigations.

Characterization of neurite extension capacity provides further sujgpdhte similarities
betweenXFC-3 cellsand primary RGCs. Stimuli such as BDNR43-146], CNTF [143, 147]
and Y-27632[147] have shown in various studies for their ability to promote neurite extension in
RGC:s. In this paper, we hashown that XFE3 cells also exhibit neurite extension in response to
the same stimuli, thus demonstrated neurite response similarities to RGCs.

The development of XFG cells has the potential to enhance the cellular aspects of the 3D
co-culture model axXFC-3 cells express key RGC biomarkers and neurite extension ability in
response to BDNF. The resultant A7/XBCco-culture demonstrated feasibility for assessing

BDNF bioactivity as 2.3 timesoreneuriteslonger than 50 ym were detected in XFECcells in
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trA7/XFC-3-rki compared to XFE3 cells in A7/XFG3-rki condition. Y-27632pretreated XFE3
cells exhibited enhanced sensitivity to BDNF, which could be explained by the rolekihdase
inhibitors where factors that limit neurite extension were supgdess a resufi48].

In addition to utilization of XFE3 cells as BNF-responsive cells, XFG cells were also
investigated as BDNproducing cells in the 3D eculture system. The results showed that XFC
3 cells in either XFE3/XFC-3-rki or XFC-3/XFC-3 conditions did not result in overall higher or
longer neurite distribtion profile compared to the controls. This observation may perhaps be
attributed to the level of bioavailability of BDNF secreted from trX¥€ells, and this will require
further characterization.

A number of RGC biomarkers have been used for ideatifin and characterization of
RGCs, such aghy1 (CD90)[149], Ropmg[150], ISL-1 [151], NefH, Map-2, Brn3b[152], o-
synuclein (Sncg)153], and 6-tubulin-1ll (Tubb3)[154]. However,the proportion of RGCs that
expresses Sncg+ or 8+ can vary{155]. Moreover,Sncgwas shown to be downregulated with
decreased retrograded transport of fluorogold from the superior colliculus to #&GO®sult of
retrograded transport obstructifib6]. Thy-1 is a surface glycoprotein that was identified as a
key biomarker of RGCEL49]. However, it was suggested that thismarker was also expsed
amongst other retinal cell typg$57, 158] Furthermore, thé'hy-1 marker was found tde
expressed dynamically as its expression was downregulated after optic nervinduogsid 10P
elevation[159, 160] Collectively, these findings suggested that the expression of biomarkers is
dynamic and complex, and these considerations needdonsé&leredn the characterization of
RGCs since it is arguable that a RGCs could be lacking a partR@Cbiomarker (i.e.Thy-1)
but possessreBRGC identity depending on the cellular state and condition. Beyond the dynamic

expression of biomarkers, further considerations in RGC characterization are required. For
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example, is the presence of a single rooler biomarker sufficient for identification of RGCs?

Given the number of different RG@omarkers described in the literature, is one biomarker more
representative or important than the other biomarkers? Another aspect of biomarker expression is
whethet her e shoul d be a defined | evel of thresh:
expression.

The misidentification of RG& cell line was a major setback in R@&€&ated biomedical
research{118, 119] With more than 200 publications generated using the cell line in the time
between the original discovef¥61] and the realizon of the misidentificationthe urgent need
for an RGC cell model is apparent in the field. The stemdezived XFC3 cells described in this
paper serve as a promising cell model to bridge the gap in the field ofr@@&€d therapeutic

discovery.

4.6 Conclusion

The lack of representative RGC models to facilitate effective and effinigiito screening
remains an important obstacle that needs to be addressed. In this paper, we described the
development of an RGC cell model, X8 that expresses key RQflomarkers and neurite
extension capacity. Furthermore, we have demonstrated its applicationtsimpyeviously
describedco-culture model suitable for bioactivity and bioavailability assays of NFs. Overall,
XFC-3 cells hold great promise as a useful elofbr preclinical screening and therapeutic

discovery applications.
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Chapter 5Development of retinal multipotent stem cellderived
fiMiEye0 3 D nearbospheranbdel

Majority of this chapter are reflective of an original manuscript published in the journal Precision
Nanomedicine.
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NanomedicineJuly;1(2):106123 DOI:10.29016/180711.1

Author Contribution: DWC and MF developed the concept and designed the experiments. DWC
performed the experimen®WC and MF analyzed the data and prepared the manuscript.

5.1 Rationaleand objective

In a nonviral approach of delivering therapeutic nucleic acids for glaucoma management, a
significant challenge lies in efficiently delivering genes into target retink. ddhjority of non
viral gene delivery systems that have shown highly effective gene transfer capacity in 2D
monolayer transfection have failed to translate to comparable levels of gene delivery effitiency
vivo. The gap, in part, is a consequence ef [tk of correlation of the results generated from
current standardsf TE screening tan vivof easi bi | i ty. Recogni zing s
retinao neurosphere model compos ed-dmehsiomabh j or r
tissuelike architectureaimed to bridgen vitro-in vivo gap was developed’he MiEye retinal
neurospheres aim to serve agtinal model for the rapid screening of transfection capacity of NP

systems to retinal cells, towards the generation witro results with ligherin vivotranslatability.

5.2 Background

Glaucoma is a neurodegenerative disease of the retina characterized by multifactorial
pathophysiology that ultimately results in the loss of retinal ganglion cells (RG6&]s)A gene
therapy approach such &8~ gene therap has the potential to provide extrinsic neurotrophic

support that can rescue and protect glaucomatous stressed BEC63] Non-viral approaches
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to deliver therapeutic genes to the retinal cells to carry out therapeutic action for stressed RGCs
provides many advantages compared to viral appreasieh as lower risk of immunogenicity
and mutagenesis, as well as better patient compliance anestaigemanufacturing feasibility
[104]. Despite the large number of NP systems that have demonstrated higlofié\in vitro,
very few demonstrated effectivenesss/ivo. An aspect of this is disconnect betwéenitro and
in vivoTE screeningsuggesting that current standardsofitro models do not sufficiently predict
in vivo performance and feasibility of NPs. Therrent standards af vitro NP gene delivery
evaluation rely on the assessment of TE in cells cultured in 2D monolayec$, wtlude two
major pitfalls in cellular modeling from a gene delivery perspective: 1) a lack of multicellular
tissue spatial architecture; and 2) suboptimal representation of NP biodistribution and kinetics.

In retinal degenerative diseases such as glaac celicell interactions play an important
role in the pathogenesis through various mechanical and molecular factors near the trabecular
meshwork and optic nerve he@thb4-167]. Thus, tissue models such as ogpic explant
cultures could greatly benefit the understanding of glaucoma pathogenesis and facilitate gene
therapy development using representative madels/o. Organotypic explants of the retinaere
explored by various groups to study pathogenesisdaug developmerapplicationg168-170].
However, preparation of retinal explant culture is difficult. While cultivatable for up to two weeks
ex vivq retinal explants spontaneously undergo degeneration upatiaeo 3D retinal models
generated from stem cells can yield various retinal cell types along with cellular arrangements
similar to the retindl71, 172] The ability of stem cells to differentiate autonomouslg form
the optic cup structure in 3D culture model was first demonstrated by Eiraku et al. using mouse

embryonic stem celld. 73, 174] Following that, there have also been various attempts to generate

74



retinal orgaotypic culture$175-177]. Maekawa et al. have generated retinal organotypic cultures
from mouse embryonic stem cells utilizing mouse and human embryonic stefd t&}ls

Another approach in the construction of 3D models explored using bioprinting
technologies, in which cellsereprinted based othe desired cellular arrangement. Lorber et al.
have demonstrated that RGCs and glial cells of the retina can be printed using 3D printing
technology while maintaining viability and neurite outgrowth capacity for both cell {763
More recently, a study conducted by Kador et al. demonstrated that by combining 3D printing with
radial electrospun scaffolds, they were able to 3D gRGICs onto electrospun surfaces with
precise distribution and positioning of RGCs as found in the r¢fiB8]. From a spatial
arrangement standpoint, 3D printibgsed techniques theoretically possess a comparative
advantages they allow for more control in dictating cellular location on a titikeearrangement
by fAprintingo specific cells at specific | ocat
in 3D culture is either dependent on the resultant confasmdtom selfaggregation or the
conformation dictated by the scaffold onto which the cells adhere. While these various
advancements in different tissue modeling approaches are pivotal in developing-like
models for many biological and physiologisalidies, a relatively simpler 3D model is needed for
rapid and more predictive screening of naral gene delivery systems.

The mouse multipotent retinal stem cells (EDRSCs) used in this project have previously
been described to differentiate intd milajor retinal cell types in 2D monolaydis21]. In this
paperwe desci be t he engineering of 3D spheroi ds,
conditions using the CD4 RSCs. The RSCs can be seeded intw8b plates and differentiated
into multiple retinal cell types while forming spheroids providing an easily sealabbel for

retinal gene delivery assessment.
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5.3 Materials and methods
5.3.1 CD1-4 RSC culture

CD1-4 RSCs isolated from-8 weeks old CEL mousewere kindly gifted by Dr. Ting Xie,
Stower Institute for Medical Research and University of Kansas. The purifietd@&SCs were
cultured in 12well plates coated with 0.2% gelatin for 3 hours at 37C and maintained in RSCCM
media. Culturing medium for CB4 (RSCCM) was composed of advanced DMEM/F12 (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) media with additiorL &f g/L glucose (Sigma
Aldrich, St. Louis, MO, USA), 1.0 g/L lactose (Sigrddrich), 1.0 g/L BSA (Sigm&ldrich),

0.045 g/L proline (Sigm&ldrich), 2 mM nicotinamide (Sigmaldrich), 2 mM L-glutamate
(Gibco), 1% penicillin/streptomycin (Hyclone), 1% utig-transferrinsupplement (Gibco), 5%
knockout serum replacement (Gibco), 20 ng/mL EGF (Gibco), and 20 ng/mL bFGF protein
(Gibco). Differentiation medium (RSCDM) was composed of advanced DMEM/F12 (Gibco)
with 2% B-27 supplement (Gibco), 1% Glutaming(Gibco) and 10 ng/mL bFGF protein (Gibco).
RSCDM1 containing 1% N2 supplement (Gibco) was named RSCRMMaturation medium
was formulated with 2 mM {Glutamine (Gibco), 2% B7 supplement (Gibco), 1% -Rl
supplement (Gibco), 10 ng/mL bFGF protein (Gibem)] 100 ng/mL BDNF protein (Peprotech),
10 ng/mL gliatderived neurotrophic factor protein (Gibco), and 10 ng/mL insulin growth factor
protein (Gibco) in advanced DMEM/F12, with (RGCMBJ or without (RGCMM4), 2% fetal
bovine serum (Thermo Fisher Scieiafjf

CD1-4 RSCs were cultured on 0.2% gelatin (Sightdrich) coated 12wvell tissueculture
treated plate for 3 hours at 37 €. For maturation of retinal neurospheres, culture surfaces were
coated with either Matrig%I(Corning Incorporated, Corning, NY,S4A), or combination of poly

L-ornithine (PLO) (EMD Millipore, Billerica, MA, USA) and laminin (EMD Millipore). For PLO
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laminin coating, 0.015 mg/mL of PLO were prepared in sterile water and applied on to the glass
bottom surface of mukivell plates overmght at room temperature. PLO was remqweu laminin
wascoated at a concentration of 2 pg/€overnight at 4 €. For Matrig@ coating, 7.6 mg/mlof
MatrigelE (Corning)wascoated on the culture surface at 100 pLfarolume, and allowed for gel

formationfor an hour at 37C.

5.3.2 Generation of MiEye retinal neurospheres

The retinal neurospheres model was established through differentiation ef BBCs in
commercially available fore#oating threedimensional 96éwell ultralow adhesive (ULA)
microplates (Cming). For differentiation of CD# RSCs, 15,000 cells (best seeding density
compared to 5,000 and 10,000 cells/well) were seeded into each well of the ULA microplate, and
differentiation was carried out using various protocols consisting of differenbinations of
media, schedules, or surface coating, resulting in the generation of 11 different retinal neurosphere
types termed MiEye (11) with 24 spheres for each. MiEyedlwere 24day differentiated retinal
neurospheres, first initiated through diffatiation in RSCDML media for 3 days, which was then
switched into RSCDM media for 7 more days. Following 10 days of differentiation, spheres
were transferred onto either PH@minin- or MatrigeF-coated surface for maturation using
either RGCMM3 or RGCMM-4 media. MiEye5 was an dday differentiated retinal neurosphere,
first initiated through differentiation in RSCD¥ media for the first 4 days, followed by
differentiation in RSCDM2 for 14 more days. MiEye7 retinal neurosphere was generated by
further maturating the 18ay differentiated spheres on Pil@minin-coated surface for 3 days in
RGCMM-4. MiEye8 retinal neurospheres wergdy differentiated spheres, which were initiated

by differentiating in RSCDML for 2 days. After 2 days of differentiati, the differentiated
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spheres were changed to RSCRNhedia for 4 more days. MiEyel0 was generated by subjecting

MiEye8 to further maturation on PLOaminin for 4 days in RGCMM} media.

5.3.3 NanoString Analysis

RNA was isolated using a commercially availablea columnbased RNA isolation Kit,
PicoPur@ RNA lIsolation Kit (Arcturus, Thermo Fisher Scientifd/altham, MA, USA, based
on the manufacturerds suggested protocol. I
profiling for retinal cell biomarkers usy the NanoString nCounter Analysis system, a highly
sensitive and reproducible multiplexed mRNA gene expression quantitation method (NanoString,
Seattle, Washington, USA). The technology enables direct hybridization of mRNA to its sequence
specific targe reporter and capture probe, which allows for the quantitation of mRNA copy
number for multiple (up to 800) mMRNA sequences simultaneously with high sensitivity for the
generation of a gene expression profile. Retinal biomarker gene expression analgsisavared
using a custom code set containing 25 target genes representative of most retinal cell types and
housekeeping genes as controls. The panel of targetigehates biomarkers representing major
retinal cell types.ISL-1, Map2, NefH, Pou4fl, Rpms, Sncg, Th$%.2, and Tubb3 are
representative RGC biomarkersyp4, Prdx6andSlicla3are representative astrocyte biomarkers;
Abca8a aldlal, andVim are representative Miler glia biomarkers; ahiifl and Romlare
representative photoreceptor biomarkeRpe65, Calb2, Prkcaand Lim2 each individually
represent RPE, amacrine, bipolar and horizontal cell biomarkers, respecheely.reaction was
analyzed with 100 ng of RNA in a 5/ loading volume, mixed with capture probe and reporter
probe. The genergfiling experiment was carried out at the Princess Margaret Genomics Centre

(Toronto, Ontario, Canada).

78



5.3.4 Preparation of K2-NPs

K2-NPs were formulated by complexing the ®KZpopolyaminebased proprietary
transfection reagent (Biontex Laboratories GmBthchen, Germany) with gWiz GFP plasmid
(Aldevron, Fargo, ND, USA) at various ratios for 30 minutes prior to transfecticidN& v/w
ratios from 1:1 to 10:1, DNA dose ranged from 1 tog.@vere formulated and evaluated for TE
on the retinal neurospherdgansfection was carried out by first adding 25 of KRlultiplier
into each well for 2 hours. After 2 hours, complexed¥2s were added into wells. Nine different
K2-NPs formulations (FF9) composed of various combinations offansfection reagerind

DNA concentrations were prepared for transfection evaluafiabl€5.1).

Table 5.1 K2-NPs formulated for transfection in MiEye8 retinal neurosphere model

Formulation K2:DNA ratio Empirical K2:DNA ratio K2® reagent (L) DNA (o)
(L 19) (W 1)
F1 1:1 1:1 1 1
F2 2:1 2:1 2 1
F3 4:1 4:1 4 1
F4 10:1 10:1 10 1
F5 20:2.5 8:1 20 25
F6 30:5 6:1 30 5
F7 10:2 5:1 10 2
F8 205 4:1 20 5
F9 30:10 31 30 10

5.3.5 Confocal laser scanning microscopy

Retinal neurospheres were counterstained with either SHVﬁSQ/Zmuclear stain (Thermo
Fisher Scientific, Waltham, MA, USA) or 5pM DRAG5Nuclear stain (Thermo Fisher Scientific)
for 30 minutes at 37C prior to imaging. Neospheres were imaged using a Zeiss LSM710

confocal laser scanning microscope (Carl Zeiss AG, Oberkochen, Béid&ermany) with 20x
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objective. Threadimensional images of the spheres were captured usinggteek functionality

in the Zen 2009 softwareach constituting 20 optical slices of images through the observable
thickness of the retinal neurospheres. Transfection was measured by the detection of GFP
expression in the retinal neurospheres. Combined mean fluorescence intensity (cMFI) ofahe retin
neurospheres were obtained by calculating the average of all individual MFI of optical sections of

the neurospheres captured usirggack. The cMFI of transfected neurospheres was normalized to

the MFI of the untreated control neurosphere (backgrduondescence). Giocalization between

GFP expression and nucl ei staining were also

(MOC) for each optical slice.

5.4 Results
5.4.1 Generation andcharacterization of MiEye retinal neurospheres

The initial studies showetiat undifferentiated CD4 RSCs themselves were able to form
stem cell spheres in 3D culture conditions when seeded at cell densities of 5,000, 10,000 and
15,000 cells in ULA spheroid plates. Spheroids were formed within 24 hours and their morphology

was naintained for at least 12 daffsigure5.1).
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Figure 5.1 UndifferentiatedRSC derivedretinal neurosphereulturedin ultralow adhesive spheroid plag day 3

and12.Images were captured with 10x objective using light microscopy

Using a similar approach, retinal neurospheres were initiated by seeding GSCs
suspended in differentiation medium in ULA plates. Eleven different MiEye retinal neurospheres
were peparedusing various protocolsA representative workflow of differentiation and
matution is illustrated inFigure5.2A-B. After culturing of the RSCs for-60 days, the formed
differentiated neurospheres wettbawed to mature on the coated surface (i.e. Rlaminin) to
evaluate the possibility of inducing the formation of morphological features such as neurite
extensions. The effect of various combinations of parameters such as retinal neurosphere
population (5000, 10,000, and 15,000 cells per sphere), maturation medium (serum / no serum),
and surface coating (PI:Daminin/MatrigefE) were evaluated on the structural integofythe
spheresFirst, a decrease in seeding cell density from 15,000 cells to 5,080eseilted in a
decrease in retinal neurosphere structural stability &telays of maturationF{gure 5.3\).
Furthermore, the decreased structural stability was more obvious in the presence ofEMatrigeI
coating and serum. A decrease in structural abivas evident from size reduction and
deformation of the spheres, along with increased monolayer cell attachment on the coated surface

surrounding the sphere. Retinal neurospheres were least structurally stable when maturation was
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taking place in serurrontaining maturation media, coupled with Matr’?gebated surface, where
retinal neurospheres were completely deformed by d&igére 5.8). Seeding density played an
important role in the sphere structural stability as retinal neurospheres constiticigay 5,000
cells exhibited complete structural deformation across all culturing conditions by day 6. The retinal
neurospheres made with 10,000 cells matured in seomtaining medium on either PLO
Laminin or Matrigerf-coated surface also showed sfigaint deformation. However, retinal
neurospheres matured in medium without serum on eitherlRib@nin- or MatrigefE -coated
surface showed greater structusthbility. The retinal neurospheres made with 15,000 cells
maintained the highest structural igtiey after 6 days of maturation on various coated surface and
media.

MatrigelE - and PLGLaminin-coated surfaces produced significantly different effect on
retinal neurosphere integrity profile over 6 days. Maturation on Maﬁrigﬂjulted in four out of
six retinal neurospheres showing significant structussbility decline with significant
deformation and size reduction after 2 days. By day 6, five out of six maturation conditions resulted
in nearcomplete deformation of retinal neurospheres. On therdtand, PLGLaminin-coated
surfaces support retinal neurosphere structatabilization with all six retinal neurosphere

maturation conditions showing no sign of structaiedtabilizatiorafter 2 days.
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Figure 5.2 Representative differentiation and maturation process of RSCs towards the generation of differentiated
retinal neurosphere on Matri§el(A) and PLGLaminin-coated surfacéB). Images were captured with 10x objective
usinglight microscopy
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Figure 5.3 Effect of neurosphere size on the maintenance of structural integrity during the imatpratess ¢
PLO-Laminin- and Matrigef -coated surfaces, with or without serum for 2 days (A) and 6 days (B). Image

captured with 10x objective using light miscopy
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Furthermore, four of the six maturation conditions showed minimal structural de
stabilization after 6 days. As it was determined that retinal neurospheres with 15,000 cells were
able to provide the highest morphological iniggidownstream experimentations and evaluations
were carried out using 15,000 cell seeding density, and eight MiEye retinal neurospheres (MiEyel,
MiEye2, MiEye3, MiEye4, MiEye5, MiEye7, MiEye8, MiEye10) were considered viable from the

various combinationsf differentiation ad maturation conditionsr@ble5.2).

Table 5.2 Overview of MiEye retinal neurosphere differentiation and maturation parameters

Name Descrintion Differentiation Maturation
P Days Media Days Media Surface
24-day
. . NS RSCDM1 (D0-3) -
MiEyel differentiationi 10 RSCDM2 (D3-10) 12 RGCMM-3 PLO-Laminin
protocol#2
24-day
. . NS RSCDM1 (D0-3) -
MiEye2 differentiationi 10 RSCDM-2 (D3-10) 12 RGCMM-4 PLO-Laminin
protocol#2
24-day
. . NS RSCDM1 (D0-3) e
MiEye3 differentiationi 10 RSCDM-2 (D3-10) 12 RGCMM-3 MatrigeF
protocol#2
24-day
_ . NS RSCDM1 (D0-3) e
MiEye4 differentiationi 10 RSCDM2 (D3-10) 12 RGCMM-4 MatrigeF
protocol#2
18-day
_ . N RSCIM-1 (D0-4)
MiEye5 differentiationi 18 RSCDM?2 (D418) -
protocol#3
21-day
_ . A RSCDM1 (D0-4) -
MiEye6 differentiationi 18 RSCDM-2 (D418) 3 RGCMM-3 PLO-Laminin
protocol #3
21-day
_ . A RSCDM1 (D0-4) -
MiEye7 differentiationi 18 RSCDM?2 (D418) 3 RGCMM-4 PLO-Laminin
protocol #3
6-day
. . o RSCDM1 (D0-2)
MiEye8 differentiationi 6 RSCDM-2 (D2-6) -
protocol #4
6-day
MiEye9 differentiationi 6 RSCDM2 (D0-6) -
protocol #5
10-day
MiEyel0 differentiationi 6 Egggm% ggggg 4 RGCMM-4 PLO-Laminin
protocol#4
10-day
MiEyell differentiatoni 6 RSCDM2 (D0-6) 4 RGCMM-4 PLO-Laminin
protocol #5
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Based on biomarker mRNA gene expression profiling, retinal neurospheEs®l,
MiEye2, MiEye3 and Mige4, positively expressed multiple biomarkers that represent seven
different retinal cell type (Table5.3). Several target genes were expressed across the four retinal
neurospheres such RbpmsSiclad, Aldhlal Vim, Rom andPrkca Selective biomarker such
asTubb3was also positively expressedhEye 1 (Figure5.4A) and MiEye3 Figure5.4C), but
not in MiEye2 Figure 5.4B) and MiEye4 Figure5.4D). Abca8awas positively expressed in
MiEyel, MiEye3 and MiEye4, but not in MiEyeRpe65 and Prdx@yere detected to be expressed
at low levels but did not meet the 20 copies thresholds in MiEyel, MiEye2, MiEye3, MiEye4,
respectively. All fouretinal neurospheres positively expressed eight different markers including
Rbpms, Tubb3®Based on the gene expression profile results, these four differentiated populations
expressed the markers for most of the retinal cell types such as RGC, astrdiigteglid,
photoreceptor, RPE, amacrine and bipolar cells, suggesting the possibility that the retinal
neurospheres contained all these major retinal cell types.

MiEye5 (Figure 5.4E) was an l1&lay differentiatedretinal neurosphere, and MiEye7
(Figure5.4F) was differentiated with the iday differentiation protocol with an additionalday
protocol on PLGLaminin surface. Both retinal neurospheres showed very differgmession
profiles. MiEye5 positively expressed six gene targets with differential mMRNA copkispoifs,
Slcla3, Abca8a, Aldhlal, ViandPrkca On the other hand, MiEye7 positively expressed only
four gene targetfbpmsSlicla3 Vim, andPrkca with relatvely lower copy numbers.

MiEye8 (Figure5.4G) was a &day differentiated retinal neurosphere, and MiEyé&igure
5.4H) was generated from the samel®y differentiation mtocol with an additional 4 days of

maturation process on PECaminin surface. MiEye8 positively expressed six target gébess
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Slcla3 Abca8aAldhlal Vim, andPrkca On the other hand, MiEyel0 positively expressed only

three target geneRbpms, Sltta3,andVim, at relatively lower expression levels.

Table 5.3 Retinal biomarker mRNA expression profile summary for MiEye retinal neurospheres. Heat map
categorizes gene expression into three major catsgoneexpression (n<5; blue), sepasitive expression (5<n<20;

pink), and positive expression (n>20; red)

Gene Gene _ G-days . . . . . ) . .
Specificity Name Dlﬁgrgg_tllated MiEyel | MiEye2 | MiEye3 | MiEye4 | MikEye5 | MiEye7 | MiEye8 | MiEyel0
RGC CD48 5 7 2 1 3 2 4 5 2
ISL-1 6 3 8 1 9 5 3 7 2
MAP2 2 4 1 2 8 0 0 0 0
Nef-H 0 1 0 3 1 1 0 4 1
Pou4fl 2 2 5 2 1 0 2 7 2
Rbpms 527 675 620 606 855 362 120 601 120
Sncg 3 0 2 3 5 2 0 2 1
Thy-1.2 2 3 0 1 0 1 0 1 0
Tubb3 40 25 17 61 10 1 3 4 4
Astrocyte Aqp4 1 1 0 3 2 3 2 1 2
Prdx6 4 9 12 11 10 7 1 11 8
Slc1a3 272 925 762 734 724 162 24 268 54
Miler Abca8a 7 36 15 41 34 28 1 31 4
aldhlal 31 204 166 157 200 44 9 40 12
Vim 16544 14115 16081 16150 18974 3865 2583 3860 1519
Photoreceptor Nrl 1 0 2 1 3 0 0 0 0
Roml 30 23 25 29 33 13 2 17 4
RPE Rpe65 9 8 5 10 11 14 10 8 9
Amacrine Calb2 5 5 5 3 5 5 3 1 3
Bipolar Prkca 104 140 152 120 151 32 32 53 14
Horizontal Lim2 0 0 0 2 0 0 0 5 1
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Figure 5.4 Retinalbiomarker mRNA gene expression profiles of retinal neurospheres MiEyel (A), MiEye2 (B),
MiEye3 (C), MiEye4 (D), Mikye5 (E), MiEye7 (F), MiEye8 (G), and MiEye10 (H). Threshold indicator (dotted lines)
at n=20 is indicative of the threshold for positive egsion

Amongst the retinal neurospheres generated, MiEye8 retinal neurosphere was chosen as a
model retinal neurosphere to demonstrate the proof of concept for transfection studies as it showed

similarities in differentiated retinal cell type compositia@mnpared to the-Bay differentiated

CD1-4 RSCs in monolayers that was described in previously published @2if. From
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biomarker expression profile perspective, botthe§ differentiated CD4 cells in monolayer and
6-day differentiated CD4 in 3D (MiEye8) showed they consists of multiple target cell types such
as astrocy, Miler glial, RGC, and bipolar cells as they both expresses retinal targetRlepes
Sicla3 aldhlal Vim, andPrkca at similar levels Figure 5.5). Tubb3 Rom1,genes,Abca8a
biomarkers were expressed afeliént levels between 2D and neurosphere, witfold) 1.8fold,

and 4.4fold differences, respectively.

6-day Differentiated CD1-4
Hm MiEye8 retinal neurosphere

Hit(s) (Count)
» O
o o
o o
|
]

©
x
ke
=
o

[92] 4] —
© [e¢] @©
— (o] —
s g =

©
(%)) < =

Target Gene

Figure 5.5 Comparative mRNA gene expression profile analysis -dfay differentiated CD# stem ceB in

monolayers and MiEye8 retinal neurospheres

5.4.2 Transfection screening of K2NP non-viral gene delivery systems in MiEye retinal
neurospheres

Transfection of MiEye8 retinal neurospheres was carried out usiAlgR&2 a norviral
gene delivery system showmhave highTE in astrocytes and RGCs cultured in monolayer in our
previous studiegl22]. Nine formulations of KINPs were pepared and screened in the MiEye8
retinal neurospheres. Amongst the different treatments, neurospheres transfected with F3 (4:1 viw

K2:DNA ratio) and F4 (10:1 v/iw K2:DNA Ratio) KRIPs were able to transfect the neurospheres
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as demonstrated by confocal muiscopic observations of GFP expressiorable 5.4).
Transfection was further assessed by quantitative evaluation of MFI captured in the GFP channel

throughout the thickness of retinal neurospheres.

Table 5.4 Transfection screening of a panel of-KP formulations in MiEye8 retinal neurospheCD14 derived

RGC monolayeand A7 astrocyte monolayer

Retinal Cell Models

s Realtewospnere | CPL4 GO L ore,
cMFI of GFP _ _
Formulation | (rormalzedto | oty | Eficiencyw | Colviaviiy | GEIERAT el viabily
baseline)
F1 - + n/a n/a - n/a
F2 - + 63.1#.4% 94.440.4 15.842.6% 76.24.7
F3 36.0455.7 + 62.941.9% 79.783.3 31.34.5% 44.812.2
F4 91.9430.5 ++ n/a n/a n/a n/a
F5 - ++ n/a n/a n/a n/a
F6 - ++ n/a n/a n/a n/a
F7 - +++ n/a n/a n/a n/a
F8 - +++ n/a n/a n/a n/a
F9 - +++ n/a n/a n/a n/a

Transfection efficiency evaluations:

* combined (c)MFI = average of the individual MFI df aptical sections of the neurospheres (%9 number of
sections vary depending on the exact size of each sphere)

** data from flow cytometry measurements (mean s.d.; n=®) transfection

Observed toxicity evaluations:

+ low toxicity level with minmal debri

++ medium toxicity level with some debri near neurosphere

+++ significant toxicity level with lots of debri and noticeable disintegration of neurosphere
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In untreated retinal neurospheres, all cells remained intact and no detached cells or cell
aggregates were found outside of the neurospheres. Following treatment wiRsK@sing
increasing concentrations of RPeagent, increasing number of detached cells and cell debris were
present around neurospheres, which we have interpreted as ingreasits of toxicity Table
5.4).

In the MiEye8 retinal neurosphere transfected with F3, localized gene expression was
observed in the superficial lags of the neurosphergigure5.6A). This was also evident through
analysis of zstack optical slicedgure5.6B), where GFP expression was visible between optical
slices 4 to 9. The MFI profile for specific regions of interesshamsvn inFigure5.6C-D, illustrates
presence of GFBxpressing cells. Quantitative analysis of optical slic&siddicated that the
cMFI of F3transfected neurosphere were up-fold higher compared to the cootneurosphere
(Figure 5.6E). The cMFI throughout the thickness of the-tR@hsfected neurosphere was
36.0455.7.

Retinal neurospheres transfected with F4 (10:1 v/iw K2:DNA ratio) showed a widely
scattered GFP exprEen pattern on the surface betretinal neurosphergigure5.7A). Analysis
of z-stack optical slices show that GFP expressions was observed scattered across the sphere in
optical slices 4 to 11Hgure5.7B). MFI analysis showed that the neurosphere transfected with F4
consistently have higher MFI (up to 1:-fdld) compared to untreated control. The cMFI
throughout the thickness of the neurosphere was 91.9430.5. SynNaHl profiling in a selected
region of interest shows peaks corresponding to GFP expressing cells along thiguires(7C-

D).
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Figure 5.6 Z-stack analysis ofiEye8 retinal neurosphere at 120 hours post treatment with FSFKL:110).

MiEye8 retinal neurosphere was counterstained witli 5f DRAQ5" nuclei stain (red). Successful transfection is
indicated by GFP expression (green). A) 3D reconstructioneoMiicye8 retinal neurosphere demonstrating GFP
expression in the neurosphere surface layer. B}&@ck optical slices captured across the observable thickness of
the retinal neurosphere showing visible GFP expression in slices 4 to 9. C) Represélo&itation MFI analysis

on GFP and nuclei stain channels through a region of interest (red arrow) on an optical section (slice 6) of the
neurosphere. Blunt end of the arrow marks the start of the path (O pm) and the tip of the arrow marks the end of the
path (111 pm). The corresponding GFP (green) and nuclei stain (red) channel MFI through the path of interest is
shown in (D). E) Normalized average GFP channel MFI of the neurosphere in each optical section throughout the z

stack.
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Figure 5.7 Z-stack analysis of MiEye8 retinal neurosphere at 120 hours post treatment withN#2 @DL:1L0).

MiEye8 retinal neurosphereagcounterstained withrBV of SytdF 62 nuclei stain (red). Successful transfection is
indicated by GFP expression (green). A) 3D reconstruction of the MiEye8 retinal neurosphere demonstrating GFP
expression on neurosphere surface. B)-86azk optical slices captured across the observable thickness of the retinal
neurosphere showing visible BExpression in slices 4 to 9. C) Representative illustration MFI analysis on GFP and
nuclei stain channels through the region of interest (red arrow) on an optical section (slice 7) of neurosphere. Blunt
end of the arrow marks the start of the path (O pmdl the tip of the arrow marks the end of the path (96 pm). The

corresponding GFP (green) and nuclei stain (red) channel MFI through the path of interest is shown in (D). E)

Normalized average GFP channel MFI of the neurosphere in each optical seciimntiut the stack.
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5.5 Discussion

Eight retinal neurospheres with distinct retinal gene expression profiles were generated
using various differentiation procedures. Through gene expression profiling, it was evident that
CD1-4 RSCs were able to differentain 3D culture, generating retinal neurospheres composed
of various retinal cell types including RGCs, astrocytes, Miler glial and photoreceptor cells,
depending on the differentiation procedure. Of particular interest-dag @ifferentiated CD4
RSGs in either 2D or 3D showed similar diversity of cells through gene expression profiles as both
expresses key biomarkers for astrocytes, Miler glial, astrocyte, and bipolar cells at similar levels.
The presence of mixed cell types in retinal neurospheitires may allow for versatile
downstream gene delivery system assessment options such as transfection, infiltration, and
targeting efficiencies. Using the MiEye8, ad@y differentiated retinal neurosphere expressing
markers of RGC, astrocyte, Miler @li, photoreceptor and bipolar cells, #Ps with various
compositions were screened. The-KP system was a highly effective gene delivery reagent in
2D monolayers as demonstrated in our previous work, whef@Kfrmulation with K2:DNA
ratio of 4:1 at Ing pDNA per dose showed 60% TE in monolayerCXfetinal ganglion cells
(Table5.4) [122]. In MiEye8, K2ZNPs with the same K2:DNA ratios of 4:1 atry pDNA per
dose (F3) showed lower TE and the transfection was localized to the surface cellular layers of the
neurosphere. KRIP formulation (F4) with K2:DNA ratios of 10:1 atrig pDNA perdose also
showed lower transfection compared to cells in monolayers, but with a more uniformly scattered
pattern across the surface of the neurosphere. In both cases, transfected cells were localized on the
surface of the sphere with very limited signsgehe expression in the interior of the spheres.
Increasing the K2:DNA ratio and DNA per dose did not improve the TE, however, toxicity

increased. More specifically, higher concentrations ¢t #&nsfection reagent resulted in higher
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toxicity, as observelly the increasing amounts of cellular debris around the spheres. Differences
in NP toxicity profile was also observed between 3D neurosphere and 2D cell monolayers as
neurospheres appears to have higher resistance to NP toxicity compared to cells ioukDred
monolayers. For examplen the case of F3 KRIP transfection, CD# derived RGCs and A7

cells culture in 2D monolayer were more susceptible to toxicity compared to MiEye8 neurosphere.

Assessment of the gene delivery capacity of NPs through ewauati the cMFI of
neurospheres is an alternative approach to flow cytometry of individual cells from 2D cultures as
it measures the relative level of a reporter protein that is produced by transfected cells. Utilizing
fluorescence intensity and cMFI as aans of evaluating neurospheres in this paper has allowed
the characterization of transfection by -KPs. Such evaluation of TE analysis could also be
applied in other forms of tisstlike cultures andh vivoto approximate TEwvhere dissociation of
tisste structure into individual cells for singtell transfection analysis is inefficient and
challenging.

As expected, TE of cells in 3D were significantly lower (~2~4%) compared to cell 2D
monolayer (1563%) in cells transfected with the same NP systenigiwtould be attributed to
several factors. One of the major differences in a 3D culiased assay is the architectural and
spatial properties. From a celano exposure perspective, traditional 2D monolayer culture allows
for higher cellnano exposurayhere cell populations are distributed across the culture surface and
can be exposed to NPs more uniformly. In 3D culture, on the other hand, lowearoekxposure
can be attributed to the tisslike cellular arrangement, where the outermost cell ajave the
highest celinano contact with gradual decrease with increasing depth towards the center of the
sphere. Aside from architectural and spatial factors, cell proliferation factors could also influence

transfection. Majority of the commonly usedld&les forin vitro studieswereimmortalized cell
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lines that proliferate at a high rate in cell culture, while primary cells and cells ifouna either

do not proliferate or typically proliferate at a much lower rate. Various studies over theamars h
shown that cell cycle plays a role in gene delivery, particularly forumah based NPs that lack

the efficient transduction machinery unlike virusg$81]. Moreover, the difficult part of
transfection is not necessarily cellular entry, but rather translocation of pDNA to the fu8Hus
Delivery of pDNA before mitosigzassuggested to increase the level of transgene exprg¢s8@n

183], andwassuggeted that transfection during cell division results in significantly higher level

of expression in part due to nuclear envelope split, thus assisting pDNA in nucleqt &htrAs

cells in MiEye8 constitute tisstlike multicellular arrangement coupled with limited proliferation
capacity compared to immortalized cell lines that divide indefinitely, it therefore captures key
characteristics of celli® vivo, in anin vitro modality. Altogether, the combinations @ériousin

vivo relevant structural and cellular properties, retinal neurospheres such as MiEye8 have the
potential to serve as a tool for predictimgvivo performance of NPs. It is recognized that a 3D
retinal model that consists of a complete repredimt of the retinal cell type diversity,
arrangements, and functions of the retina could be an important tool for the understanding of retinal
biology and retinal therapeutic discovery. The significance of the MiEye retinal model described
in this papers twofold: 1) the model is an important first step towards the generation of a
complete retina model; and 2) the model demonstrates the potential towards the generation of a

morein vivotranslatable preclinical screening model for-iBdiated gene deling
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5.6 Conclusion

In summary, in this paper the development of a 3D retinal neurosphere model was
demonstrated. Among neurospheres grown in eleven different culture conditiordaya 6
di fferentiated neur ospher e; eMilikayaeokl thatltcantaies s h o w
the major retinal cell types and can be used towards aimene-relevant screeningf nonviral

gene delivery systems.
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Chapter 6 Gemini surfactantNP system physicochemical property
optimization

6.1 Rationaleandobjective

Previous work utilized regular plasm{&P) as thevectorto encoc therapeutic protein
sequenceandfor GL-NP systems constructiotdowever MC offers significant advantagsuch
as longer transgene expression and lower risk of inflammagsppnse resulting from the absence
of bacterial sequensaormallyfoundin RPvector backbondn this study,the effectof pDNA
construct size has on tiplysicochemicaproperties of NPswas investigatedsing RP and MC
pDNA. Furthermorepptimization of NPphysicochemicaproperties wasalso explored through

incorporation of sonication and TNPCthre manufacturing process

6.2 Background

A pDNA vector consists of two major componerdszector backboe and a transgene
expression cassetti a traditional RPsignificantportion of thevector backbonare encoded
with bacterial sequences and antibiotic resistance(gemsedin the production and selection of
pDNA in prokaryotic manufacturing sigsn, butsuch sequencesenonessential and undesirable
in mammalian cellsThe presence of bacterial sequensash as CpGn pDNA was shownto
contribute to inflammatorymmune reponsa, whereasCpGfree pDNA was shownto have
significantly reducd inflammatory riskqd185]. Furthermorebacterial sequensdavealso been
shownto shorten theduration of gene expression in mammalian cells as a consequence of
transcription silencing associated with histone modification mechafil@®&k MC is a novel type
of pDNA construct thaits freeof nonessentiabacterial sequensén thevector backbonewhich
can effectively reduceonstruct size while maintaining the target sequence expnesapacity

[187]. Studies have shown that MC have a significant role in pDNA gene therapy as it results in
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longer andpersistent transgene expression in various gene transfer qtl@8eE91]. Elevated

levels of transgene expresssaesulted fromMC compared tRP have been suggested due to
improved active chromatin and trangtion activity compared to RA.92]. In this chapte the

main objective was to evaluate whether MC can also improve the physicochemical properties of
NP systems formulated with MC. In additiomhether the incorporation of sonication andPC

in the manufacturing process can further improve the physioacheproperties of NP systems.

6.3 Materials andmethods
6.3.1 RP and MC pDNA constructs production

Different nucleic acid constructs were used as model RPs such aBpRFIRES-GFP,
pPEFX:TNFR-IRES-GFP, pCMVTNFR-IRES-GFP, and gWi% GFP. pEFIBDNF-IRESGFP,
PEFLTNFR-IRES-GFP, and pCMVTNFR-IRES GFP constructs were prepared through cloning
of either BDNF or tumor necrosis factor receptor (TNFR) sequences into MNB3OAMN501A
vector (System Biosciences, Palo Alto, CA, US®Rich serve as parent plasmidsr MC
production.A commercially available construgtWizE GFP reporter vector wadsa used as a
model RP constructAldevron, Fargo, ND, USA). MC constructs mcEBDNF-IRES-GFP,
MCEFXTNFR-IRES-GFP, and mcCMVINFR-IRES-GFP were produced by first transiing
the respected cloned parent plasmids pBENF-IRES-GFP, pEFITNFR-IRES-GFP, and
pCMV-TNFR-IRES-GFP into ZYCY10P352TE.coli. TransformedE.coli were grown until
desired optical densi ty aloitaton df M@ groducbm imiteen u f a c t
transformecE.coliwas activatedhrougharabinoseactivatedendonuclease activity for 5 hours at
30€. MCs were extracted at the end of the arabinose induction oeRtasmid design,
construction, and scalgp were performed by Dr Nafiseh Nafis& commercially available vector

pUMVCL1 reporter plasmi@Aldevron) was used asmodel MC in selective studies
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6.3.2 Cy®5 labeling of RP and MC

pPDNA used in FCS were labelled using Labe? ITy®5 nucleic acid labeling kit (Mirus
Bio LCC, Madison, WI, USA)accor ding to manuf acpgDNAseveré s pr o
purified by ethanol precipitation followed by membrane filtration using Amicon 3kDa centrifugal
filters (EMD Millipore, Billerica, MA, USA). Labeling density was calculated using biase:dye

following formula:

5wy . 6 z-

The extinction coefficient of nucleic acid bound dygdj for Cy®5 used is 250,000. The extinction

coefficient of nucleic acidiasd for double stranded DNA is 6,600.

6.3.3 NP preparation

K2-NP was prepared accor di ng Briefly, K2-MPewerena nu f a
formulated by complexing one of the RP or N\dONA with K2® transfection agent (Biontex
Laboratories GmBH, Minchen, Germany) at ratios of 2 |L of%@er 1 g of pDNA.GL-NPs
wereprepared by a twestep formulation process. First, gempiDNA (GP) complex was formed
by combining GS and pDNA at 10:1 charge ratiand incubatedor 15 minutes at room
temperaturg followed by addition of desired ratios of 1;Dioleoyl-snglycerc3-
phosphoethanolamine (DOPRBvanti Polar Lipids, Alabaster, AL, USA)esicles forming the
final GL-NPs upon incubation of 30 minutes at room temperalM@RE vesicle wereprepared
by first dissolving 1mM DOPE in 9.25% w/v sucrose solufjpH 9) with brief bath sonication
followed by processingf DOPE solution througlthe LV1 Microfluidizer (Microfluidics Inc.,

Newton, MA, USA) forthreepasses.
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6.3.4 Dynamic light scattering

Size distribution analysiwasperformed using Zetasizer Nano ZS (Malvern Instnotsie
United Kingdom)Three separate measurements were takgg50 L samples. Size disbution
was recordedand the zaverage was taken as average sigh 10 runs per measurement. Zeta
potential analysis was performed by a combination method cfephrnalysis light scattering
(PALS) and a patented mixedode measurement technique (M3) using Zetasizer Nano ZS
(Malvern Instruments). Each sample was diluted usitrgpurewater at a 1:2@v/v) ratio and

measured using capillary cell.

6.3.5 Fluorescent corelation spectroscopy

FCS measurements were performed on a Zeiss LSM 710 confocal laser scanning
microscope with Confocor 3 systentSafl Zeiss AG. NPs were prepared with &labeled
gWizE GFP and pUMVC1 pDNA. Free €% or Cy®5-labelled pDNA was exaitd using 633nm
He-Ne laser and reflected by a dichroic beam splitter (488/6@3ich isfocused 200 pm into the
sample through Apochromat NA 1.2 watermersion 40x objective lenEmission spectra were
collected through a 580 nm lomass filter and reecded by an avateche photodiode detector.
FCS measurementgereperformedn 200 (L volumesof GL-NPsin aCELLview 4-well chamber
with glassbottom coversligGrenierBio One, Frickenhausen, DE). All samples were measured
in triplicates.StokesEinstein guationwasused in particle size calculation:

'O T’QUY
' ¢ O
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6.4 Results

6.4.1 Effects of pDNA size and particle physicochemical properties: a case study using
commercial NP system

A systematic study to evaluate the effect of pDNA construct IsiogtiNP properties/ere
initially investigatedusing K2® nanoparticle system formulatedith seven different pDNA
constructsThe constructall into three major sizes categories: sméld( 4.7kb), medium§&.4
i 8.5kb), and large (>14kk{Jable6.1), whereMCsfit intothefi s ma | | 0 whila RRsfijso r vy ,
into thefimediunbcategory a n d eonsiructavithglékbs/asincorporated focomparison
Each MC used in this study was derived from its corresponding RP (i.e-BBRE-IRESGFP

is the RP of mcEFBDNF-IRES-GFP).

Table 6.1 Physicochemical properties of K¥P formulated with seven different plasmid constructs that varies in

construct size. Values expressed as mean £s.d., n=3

Size Category Construct Size kbp) | Z-average (nm) | PDI | Zeta Potential (mV)
mcEF1BDNF-IRES-GFP 4.7 86.2 £0.5 0.19 53.3+0.4
Small McEFETNFR-IRES-GFP 4.5 78.6 £0.6 0.19 48.5+0.4
mcCMV-TNFR-IRES-GFP 4.4 83.2+1.8 0.16 52.2+1.8
pEF1BDNF-IRES-GFP 8.7 102.5+1.0 0.18 52.9 4.8
Medium PEFLTNFR-IRESGFP 8.5 109.6 +3.2 0.25 45.3 +2.9
pCMV-TNFR-IRES-GFP 8.4 93.9+1.0 0.16 51.6 £1.3
Large phTERT 14.0 122.4 +6.4 0.28 53.8 +3.2

The results showed a positive correlation between nucleic acid construct size and particle
size of K2ZNPs systemsHigure 6.1). K2-NPs constructed with three different MQncEFL
BDNF-IRES-GFP, mcEFAITNFR-IRESGFP, and mcCMVINFR-IRES-GFP) resulted in
particles with an averagazeof 82.7 3.47nm. In comparisonK2-NP formulated with the three
corresponding RPs (pEFADNF-IRES GFP, pEFITNFR-IRES GFP, and pCMVITNFR-IRES
GFP)resulted in particles with an average si€l02.0 7.0 nm. Particls formulated with the

14kb phTERT construcesulted inparticle size ofi22.4 6.4nm.
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Figure 6.1 Effect of construct size have on tparticlesize of K2ZNP. Construct size falls in three main size ranges:
small, medium, and large. Values expressed as mean n=3

Particle size comparison shedthat NPs formulated with the MC version of the same

expression cassette also consistergbulted insmaller NPs compared to its RP counterparts in

K2-NP systen(Figure6.2).
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Figure 6.2 Particle size comparison between-KPs formulated with either R¥or its correspondinyICs. Values

expressed as mean +s.d., n=3

6.4.2 Effect of pPDNA construct sizz on GL-NP physicochemicalproperties

To evaluge theimpact MGs have orthe physicochemicapropertiesof GL-NPs, two sets
of GL-NPs wereconstructed for evaluatiod8-3-18 and 163-16 GL-NPs formulated witheither
RP @WizE GFPR, 5.7kb or with MC (pUMVC1; 4.0kb). 18-3-18 GL-NPs formulated with eigr
RP or MC botlresulted insimilar particle sizeof 140.441.1nm and 151.3#).81m, respectively
(Figure 6.3). Similarly, 163-16 GL-NPs formulated with either RP or Mf@sulted insimilar
particle size of 136.31.3 nm and 143.6+1.1nm, respectivelyParticle size uniformity amongst
the particlesvere consistentlizigh amongst the GP complexes andiRs, and largely remagal
highly similar between RP and MC counterpavith the exceptiorf 16-3-16 GL-NPs, wher a

larger difference of PDWere observed betwe&P and MCcontaining NPswith values of 0.025

and 0.25, respectively.
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Figure 6.3 Particle size and PDI analysis1$-3-16 and 183-18 GL-NPs formulatedwith either RP or MC plasmids.

Values expressed as meend., n=3

6.4.3 Assessment of pDNA in GENPs using fluorescence correlation spectroscopy

GL-NPs formulated with either R®or MCs were further characterized foumber of
pDNA copy numberper particle  FCS between the types of GNPs. As FCS utilizes a
fluorescere-based spectroscopy technigtiee pDNAused in the construction of GUPsin this
set of experiment were substituted witi®5-labelled RP (gWiGFRCy5) and MC (pUMVC1
Cy5). A comparison of RP-containing and Me&ontaining GP complers and GL-NPs
demonstrated differences in autocorrelation curves (AEgure 6.4). More specifically,the
ACC of MC-containingl6-3-16 GL-NPsindicated a downward shifelative toRP-containing 16
3-16 GL-NPs suggsting higher number of fluorophores per particlere present in MG

containingGL-NPs compared to REontainingGL-NPs On the other handhe ACC for MC-
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and RPcontainingl8-3-18 GL-NPsindicated no shiftingof the curve, suggestirtgatdifferences

in thenumber of fluorophores per particere notdetectable
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Figure 6.4 Autocorrelation curve analysis &P- and MGcontaining16-3-16 and 183-18 GP complex@ and Gk

NPs
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An analysis ofcounts per particle (kHaneasurements for free €y andCy®5-labelled
RP- and MGcontainingGL-NPsindicatel that 16-3-16 GL-NPs contaired 1-8 copies of RBor
1-6 copies oMCs (Table6.2). On the other hand, 4818 GL-NPs contaired1-10 copies of RP
and 19 copies of MG. A further analysis bthe distribution oplasmid copy number per particle
of GL-NPs showedthat specificGL-NPssuch asViC-containingGL-NPsmay result in paitles
with more honogenous pDNA copy number per partidempared taRP-containingGL-NPs
(Figure 6.5). For example84% of MC-containing18-3-18 GL-NPscontaired 1 to 3 copies of
MCs per particle, and only 16% pfrticles contaiedmore than 3 copies of Mgper particle On
the other hand, only 51% of Rf®ntainingl8-3-18 GL-NPs contaird between 1 to 3 copies of

RPs, and 49% of particles cont@dmore than 3 copies &Ps.

Table 6.2 Estimation of the number gfDNA per GL-NPs from FCS dataAverages are expresseds mean *s.d.,
n=3

16-3-16 GL-NP 16-3-16 GL-NP 18-3-18 GL-NP 18-3-18 GL-NP
gWizt GFP-Cy®5 (RP) | pUMVC1-Cy®5 (MC) | gWizE GFP-Cy®5 (RP) | pUMVC1-Cy®5 (MC)
Minimum 1 1 1 1
Plasmid
copy per Maximum 7 6 10 9
particle
Average 2.33#.35 1.6140.88 3.772.05 2.2341.54
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Using GL:-NP diffusion time and diffusion coefficierib derive particle sizéhrough
StokesEinstein equatiorhydrodynamic radius fdRP- and MGcontainingl8-3-18 GL-NPswere
estimated to b878.0nm and 495.7im, respectivelyTable6.3). Thehydrodynamic radiusf RP-
and MGcontainingl6-3-16 GL-NPswere832.9nm and 377.hm, respectivelyinterestinglythe
calcubted hydrodynamic radius showed tha&-édntaining16-3-16 and 183-18 GL-NP were
consistently larger than tHdC-containing16-3-16 and 183-18 GL-NP, which correlatg with
the larger number of RFfound in GL-NPs. The FCSderived hydrodynamic radiugor these

particleswerelarger than the actual measure particle sizes by zetasizer.

Table 6.3 16-3-16 and 183-18 GL-NPs particle size calculati@xtrapolated fronrCSmeasuremestusing Stokes
Einsteinequaton

Nanoparticle Diffus(ié;\ time Mean dl(f{%?lo; ch:g)efficient HydrodyFnanr?)ic radius
16-3-16 GL-NP gWizX GFRCy®5 5330.109 2.93E12 8329
16-3-16 GL-NP puMVC1-Cy®5 2417.128 6.46E12 3777
18-3-18 GL-NP gWizX GFRCy®5 5619.077 2.78E12 878.0
18-3-18 GL-NP pUMVC1-Cy®5 3172.176 4.93E12 4957

6.4.4 GL-NP formulation optimization by sonication

The currently usedGL-NP formulation protocols in our laboratory (see sectb8.3
yieldsNPs withaverag particle sizeand PDs, in ranges 0100-500nmand 0.20.6, respectively,
depending on compositionHowever, improvement of size distribution and reduction of
aggregation still would be usefidence sonication and highressure homogenizatiavere teted
to determinewhether better particle uniformity can be achiev&rious sonication and
homogenizatiorconditionswere evaluatetb determine th@ptimumconditions.Using 123-12

GL-NPs agshemodel GL-NP system, &th sonication for 15, 30, and 60rmates, or higfpressure



homogenizationdne or two-passes) were evaluat@edgure6.6). Based on the ressjtl5-minutes
sonication was the optimabnicationtime as itreducel 12-3-12 GL-NP patrticle size by 6%,
from 415.64220.2nm to 167.1+1.21m, compared to nesonicated particled'he homogeneity of
particle sizadistributionhas also improved after Xinutes of sonication @Dl was reduced by
about 40%from 0.364.05 to 0.224#).01compared to nesonicatedparticles.While extending
the durationsanto 30- or 60-minutessonication periodstill resulied in smaller particle sizes
compared to nosonicatedGL-NPs, the particle sizeand particle size heterogeneibave
increasecdompared t@articlessonicateddr 15 minutesSonication for 30 or 60 minutes resulted
in particle sizeof 194.4#.9 nm and 226.546.5hm, whichwas 16 % and 36% larger than the
particle sizeof GL-NPssonicated for 15 minuteBDI also increased from 0.2240.01 to 0.33#.03
and 0.37#.01for 30- and 6Gminutessonicaed particlesvhichincreased byapproximately 49%
and 71%compared to IBninutessonicated particles

High-pressure homogenization had little benefitniprove particle size and particle size
homogeneityas onepass and twass homogenization resultedoarticle sizeof 348.6+13.0nm
and 30300+251.7 nm, respectivelyCorresponding PDI values also increased from 0.3610.05 to
0.38#.02 and 0.43#).18 aftavne passandtwo-passhigh-pressure homogenizatioespectively.
The results demonstrated that particle size heterogeneity increased afteprdsghre

homogenization.
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Figure 6.6 12-3-12 GL-NP treated with either sonication or higinessure microfluidic homogenizatidrhour post
self-assembly Values expressed as mean £s.d., n=3

An analysis on theapticle sizepolydispersity indeXFigure 6.7) showedthe change in
GL-NP populationsize distribution after sonication and homogenizatiénor to any further
processing, selissembledL-NPs showedimodal population distribution with peaks at 601.2
nm (83%) and 140.4m (16%). Upon 15 minutes sonication the bimodal distributionesulted
in unimodal distribution with @ingle peakpresenedat 224.9 nmwhich demonstrated rather
homogenous population. Further induction of sonication for a total of 30 minutes resulted in a shift
of the unimalal distribution towards bimodal distribution withe rise of a secondary peak, with
a new distribution profile of two peaks at 232.7 nm (95%) and 97 (5%).Sonicationfor a

total duration of 6dninutesresulted inthe bimodal distribution profilevith similar proportions
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compared to @minutes snication.Collectively, it was evident that5-minutes sonicated?2-3-
12 GL-NPswas the most optimal condition to generate optipeticle size and particle size

homogeneityamongst the conditions tested.
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Figure 6.7 Particle size distribution profile for 3212 GL-NPs after sonication or homogenization
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6.4.5 GL-NP optimization by TNPC

The effectof TNPCper unit volume ofMNP physicochemicgbropertiesvas alsevaluated
as different concentrations of NP formulagomre often neededto accommodate the
administration volume limitatiothat arespecific tothe route of administrationFurthermore, it
also allows for the determination of optimal NP concentratithad can be utilized in the
manufacturing process to generate-BRs with optimal physicochemical properties through
concentration adjustments. In order &valuate the effectof TNPC have on the NP
physicochemical propertie®P- and MGcontaining12-3-12 and 163-16 GL-NPs with two
different GL-NP concentrationg1X [= routinely used concentrationy @X [= two timesthe
routinely usedstarting concentration of all componentskre formulated. Thus, resulting 11X-
TNPCand 2XTNPCparticles for eacbf thefollowing GL-NPs:RP-containingl2-3-12 GL-NPs,
MC-containing12-3-12 GL-NPs, RPcontaining16-3-16 GL-NPs, and M&containingl16-3-16
GL-NPs.

Based on the resg|tGL-NPs formulated with2X-TNPC consistentlygenerated smaller
12-3-12 GL-NPsand 163-16 GL-NPs (Figure6.8). For example both2X-TNPC RP-containing
12-3-12 GL-NPsand16-3-16 GL-NPsresulted irsmaller particle size comparedii¥-TNPCRP-
containing 12-3-12 GL-NPs and 16-3-16 GL-NPs with differences of 33.3% and 63.0%
respectivelySimilarly, 2X-TNPCMC-containingl2-3-12 GL-NPsand 163-16 GL-NPsresulted
in smaller particle size comparedi¥-TNPCMC-containingl2-3-12 GL-NPsand16-3-16 GL-
NPs, with averagdifferences of 20.4% and 22%, respetively. Theparticle size distributiofor
2X- and1X- TNPCGL-NPsresulted in similatevels of homogenougatrticle sizedistribution as
described byunimodalparticle size distribution Eigure 6.9) and PDI rangel between 0.20 and

0.28.
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In terms of particle surface chargmta potential measuremestsowed increase izeta
potential inGL-NPs constructed aPX-TNPC compared taGL-NPs constructed atX-TNPC.
More specifically,2X-TNPC RP-containing12-3-12 GL-NPs and 163-16 GL-NPs resulted in
higher zetgotentialcompared td X-TNPCRP-containingl2-3-12 GL-NPsand 5-3-16 GL-NPs
with differencesof 19.5% and 12.8%respectivelySimilarly, 2X-TNPC RP-containing16-3-16
GL-NPs and 2XTNPCMC-containingl6-3-16 G_-NPsresulted in higheparticle surface charge
compared totheir respectedlX-TNPC counterparts Altogether, thee findings showedthat
changes in GINP concentratiogouldresult in changes in the physicochemical properties of GL
NPs. Furthermore, 2XNPC GL-NPs could result in the generation of GNPs with smaller

particle size and higher surface chaaggongstdifferent GL-NP systems.

114



Figure 6.8 Physicochemical characterization of-322 (A-C) and 163-16 (D-F) GL-NPs formulatedat 1X-TNPC
or 2X-TNPCwith eitherRP orMC. Values expressed as meas.d., n=3
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