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Kurzfasssung

Kurzfasssung

In dieser Arbeitwurde eine detaillierte Untersuchung der nislitalen, polykationischen
Transfektion von ARPHE9-Zellen und primaren humanen-Zllen durchgefihrt. Dabei
kamenzwei unterschiedliche Polykationen zum Einsatz: das kommerziell erhéltliche lineare

[-PEI und ein am Lehrstuhl synthetisierter Nanostern.

Ein erster Untersuchungsschwerpunkt stelie Fahigkeit deverwendeterPolykationen dar,
negativ geladene Polynukiigde wie pDNA oder mRM in einen Polyplex zu bindenDie
Quantifizierung des erforderlichen Mengenverhéltnisses von genetischem Material zu
Polykation(N/P Verhéltnis) um eine vollstandige Komplexierung zu gewahrleisten, edolgt
mittels verschiedener Standardmethoden. Des Weitenamle fir die Optimierung der
Transfektionseffizienz  eine  Vielzahl von  experimentellen  Parametern, wie
Transektionsvolumen, Kontaktzeit zwischen Polyplexen und Zellen sowie die Menge an
zugegebenen Polykationen, veréandert und angepasst. Die Transfektionseffizienz und die
Zellviabilitat werden mittels Durchflusszytometridbestimmt Die Bestimmung der
Transfektionseffizienz erfolgt Gber die Detektion eines exprimierten fluoreszierenden Proteins,

wahrenddie Zellviabilitat mittels Propidiumiodid bestimmiurde

Unsere Ergebnisse zéy, dass flur eine effiziente Kondensation des genetischen Materials mit
dem Nanosterfolykation ein niedrigeres N/Yerhéltnis notwendigwar als fir FPEI.
Verschiedene Analysen, wie das &atardationsassay und EthidiumbrorAigisay, wurden
angewendet und zd&n, dass der Nanostern ab N/P = 1 uR€&Il ab N/P = 3 zuverlassig das

gesamte genetische Material binden konnten.

Die Transfektion von ARPH9-Zellen mit polykationischen Transfektionsagenzien unter
Verwendung kommerziell erhéltlicher Vektoren seellbis heute eine bachtliche
Herausforderung dar. Insbesondere die Nutzung-WRifl | einem weit verbreiteten Polykation,
erwies sich als nicht anwendbar. Im Gegensatz zur konventionellen Methodik, bei der die
Menge ds genetischeMaterialskonstant gehalten und die Menge des Polykations angepasst
wird, um das gewunschte NANRerhaltnis zu erreichen, beflurworten die hier présentierten
Ergebnisse eine andere Strategie. Durch den Einsatz einer gleichbleibenden Menge an
Polykation undAnpassungder Menge an genetischem Material konntentlddn bessere

Resultate erzielt werden.



Kurzfasssung

Es wird angenommen, dass diese Anderung die zytotoxischen Effekte der Transfektion
minimieren kann, da die Menge des zugegebenen Polykations die entscheidende Gro3e dafir
sei. Diese Anderung stellte den ersten Schritt dar, um eine erhebliche Verbesserung der
Transfektionseffizienz sowohl fur das kommerziell erhaltlicR&l als auch fur den Nanostern

zu erzielen. Weitere Modifikationen wie die Reduktion des Transfektionsvolumens auif 0.5

und die Verringerung der Kontaktzeit zwischen Polyplexen und Zell#r2h fihrten zu
weiteren Steigerungen der Transfektionseffizienz bafriedenstellenderZellviabilitat.
Optimale Ergebnisse mitRE| wurden bei 6Qug/1® Zellen fiir die mRNATransfektion und

40 ug/1@ Zellen fiir die pDNATransfektion erzielt, beide beieinemMNWPe r h2 | t ni s v on
Der Nanostern erreichte die besten Ergebnisse bei einervVédiRaltnis von 5 und einer
Polymerdichte von 6Qg/1® Zellen, unabhangig vom verwendegenetischen Material

Fir beide Polykationen waren Transfektionseffizienzen von etwa 70 % bei Verwendung von
pDNA und einer Erholungszeit von #8ach Transfektion erreichbar, wobei die Zellviabilitat

bei etwa 806 gehalten werden konnte. Diese Ergebnisse stellen eine erhebliche Verbesserung
im Vergleich zu friheren Studien mi#PEI dar undbedeuteneinen vielversprechenden
Fortschritt in deipolykationischerTransfektion. Die weitere Nutzung dieser Methodik wurde

fur die Anwendung des CRISPR/CaS9stems getestet. Obwohl kigyt wurde, dass das
etablierteVerfahren transfizierte Zellen liefern konnteurde kein statistisch signifikanter
Unterschied zwischen dem CRISEgstem und der Kontrollgruppe validieter Ersatz von
proprietaren, hausintern synthetisierten Polymeren durch kommerziell erhaltlPtigsin
zukunftigen ARPEL9-Zelltransfektionsstudien konnte die Anwendbarkeit und Zuganglichkeit

von genetisch modifizierteARPE-19 Zellen erweitern

Im Zuge der Fortschritte in Forschung und Entwicklung ridtatler Transfektionsmethoden
bleibt der effiziente Transfer von Nukleinsauren in Primarzellen, insbesondere Immunzellen,
eine schwierige Herausforderung, die eine differenzierte Betrachtundestfdn dieser Studie

wird der Nanostern fir di&ransfektionvon primaren humanen-Bellen benutztDurch die
Optimierung der Interaktion zwischen Polyplexen und Zellen, die Anpassung der Mengen von
Polymer und Plasmid sowie die Feinabstimmung der Kadingungen vor und nach der
Transfektion erreichten wir eine Transfektionseffizienz vor?#ih humanen TonsillaB-

Zellen bei gleichzeitig angemessener Zellviabilitat von etw@7Bine bedeutende Erkenntnis

der hier prasentierten Ergebnisse deutet darauf hin, dass die Komplexitat und Verteilung der B
Zell-Subpopulationen vor und nach der Transfektion giiohtige Rolle im Prozess spielen

kénnen. Insbesondere der Plasma3eibtyp zeigte sich fur die Transfektion von besonderer
2
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Bedeutung, es konnte durch Transfektion und anschliel3ender Antikérperfarbung nachgewiesen
werden, dass dieser Subtypndpraferenziell transfizierte Teil der BZellen darstellt.
Nachfolgende Forschungen sollten sich auf den Einfluss d&lIBSubsetDynamik vor und

nach der Transfektion konzentrieren und €elmansfektionseffizienAbhangigkeit von der
Plasmazellpopulation aufdecken. Zusatzlich wurde eine allgemeine Verbesserung der
Zellviabilitdat untersucht, der bedeutsamste Effekt konnte beobachteternwesrds die
Temperatur wahrend der Transfektianf 4°C reduziert wurde. Diese Verbesserung ist
wahrscheinlich auf Veranderungen in der Fluiditdt der Zellmembran und erhdhte Rigiditat
zuruckzufuhren. Diese Arbeit hat einen neuartigen Ansatz fur dieviretheé Transfektion von
primaren humanen-Bellen entwiclelt. Mehrere kritische Parameter wurden identifiziert, um
den Bedarf an hoher TE und Zellviabilitdt anzusprechen. Zukinftige Studien sollten sich mehr

auf die Transfektion spezifischer Subsets kotrinen
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Abstract

This work evaluateshe nonviral, polycationic transfection of ARRES cells and primary
human Bcells. Two distinct polycations are utilized: the commercially available linB&f |

and a nanostar synthesized at the departrii@etstudy's first focus is the polycations' ability

to bind negatively charged polynucleic acids, such as pDNA or mRNA, into a polyplex.
Quantifying the necessary ratio of genetic material to polycatging various standard
methods to ensure complete complexation. Furthermore, many experimeataégas, such

as transfection volume, contact time between polyplexes and cells, anturiiser of
polycations added, are modified and adjusted to optimize transfection effi¢terimyth cell
types, ARPEL9 and primary Rells Transfection efficiency and cell viabilityeremeasured
using flow cytometry. Transfection efficiency is determined by detecting an expressed
fluorescent protein, while cell viability is determined using propidiodide as the staining

agent

Our results indicate that for efficient condensation of genetic material with the nanostar
polycation, a lower N/P ratio is required compared-REIl. Various analyses, such as gel
retardation assay and ethidium bromide assay, were applied and shovtleel tizaostar could
reliably bind the entire genetic material starting from an N/P ratio of 1-&&l from an

N/P ratio of 3.

Transfecting ARPEL9 cells with polycationic transfection agents using commercially available
vectorshas remained challenging and feasible Specifically, {PEI, a widely used polycation,
proved to be inapplicable. Unlike conventional methods, where the amount of genetic material
is kept constant and the amount of polycation is adjusted to achieve the desired N/P ratio, the
results presentetiere supporta different strategy. By employing @ntinuousamount of
polycation and adjusting the amount of ggn material, significantly better results were
achieved. This change is believed to minimize the cytotoxic effects of transfection since the
amount of added polycationasie ofthe crucial facta. This revision represented the first step

in significantly improving transfection efficiency for commercially availabiREl and then-

house synthesizedlanostar. Further modifications, suchaagdued transfection volume to

0.5 mL andlowering the contact time between polyplexes and cells to 2 hawsased
transfection efficiency witla maintained robustell viability. Optimal results with-PEI were
achieved at 60 pg/f@ells for mRNA transfection and 40 pgficells for pDNA transfection,
both at an N/P ratio of O 10. The nanostar

C
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polymer density of 60 pg/f@ells, regardless of the polynucleotide used. For both polycations,
transfection efficiencies of about 70% were achievable using pDNA with a recovery time of
48 hours postransfection while maintaining cell viability at about 80%. These results
significantly improve over previous studies wWitREI Further utilization of this methodology

was tested forapplying the CRISPR/Cas9 system. Although it was confirmed that the
established procedure could deliver transfected cellsstastically significant difference
between the CRISPR system and the control group was validated. Replacing proprietary, in
house synthesized polymers with commercially availabREI in future ARPEL9

cell transfection studies could enhance the applicability and accessibility of genetically
modified ARPE19 cells.

As advancements continue in research and development-@inabtransfection methods, the
efficient transfer of nucleic acids into primary cells, particularly immune cells, remains
challenging and requira@s-depthconsideration. This study uses the nanoptdycationto
transfect primary human &ells. By optimizing the interaction between polyplexes and cells,
adjusting the amounts of polymer and plasmid, andtfineng the culture conditions before
and after transfection, a transfection efficienc@¥ was achieved in human tonsillac&ls

while maintaining reasonable cell viability of about 70%.

A significant insight from the presented results suggests that the complexity and distribution of
B cell subpopulations before and after transfecpays a crucial role in the process. The
plasma cell subtype was identified as especially significant for transfection, demonstrated
through transfection and subsequent antibody staining, indicating this subtype as the
preferentially transfected portion of tBecells. Future research should focus on the influence

of B cell subset dynamics before and after transfecidditionally, a general improvement in

cell viability was investigated, with the most significant effect observed when the temperature
during transfection was reduced to 4 °C. This improvement is likely due to changes in cell

membrane fluidity

In summary, this work could significantly enhance the transfection outcomes for both cell types,
primary human Rells and the retinal cell line ARPE, when polycations are used as

transfection agents.



Introduction

1 Introduction

Transport of genetic material, suels plasmiddeoxyribonucleic acidpDNA), mes&nger
ribonucleic acidmRNA), or other nucleic acids, in mammalian cells is a rapidly growing field

of research that has tpeospectivao revolutionize medicine. Gene therapy, in particular, is a
promising application of this research, as it has the potential to cure or alleviate diseases that
currently have no oonly limited treatment optiond! This approach involves delivering
functional copies of genasto cells to replace or supplement missing or malfunctioning genetic
material. Although considerable advancemeittave been made over the last few years
numerous hurdles remain before this technology can be utitimeatlly and effectivelyn

clinical settingd?

Differentmethodsareknownby whichgenetianaterialcanbetransportednto acell; generally
they are distinguishable by thr@nsportation methoagised, viral and norviral vectors?! Viral
vectors utilize the mechanisms developed through millions of years of evolutoieliver
genes to cells efficientl\iral vectorsarefavored because of high transfection efficiency (TE),
the capability to transduce dividing and raimiding cells, and cell specificitthrough capsid
modifications®! However,for a medical applicatiorthey are limited byhe patient's immune
system responsgsained torecognize and eliminateostileviruses®™® Thereforethepatient's
immune systendisrups the transfection process and thsreliminatesall therapeutic effects.
Additionalllimitationslike size restrictionsf the genetic cargand immunogenicityesulted in

a shift of interest in gene therapy research and broughvirainvectors into the center of
attention’’"®! Synthetic vectorbave beeknown since the 1960 which Sperminel Figure

1) was used successfully to transfe@mmaliancells (D98S cell line)*? In addition, oher
materialssuchas bioinspiredmolecules, polymers, lipidgnd inorganic silica nanoparticles
have alsdbeen investigated as potential vecié¥sPolyethyleneimine (PEIR), recognized as
the "gold standard” among polycations, remains a preferred transfectiomadsntvenused
today in clinical application8? Lipids such a8 and theirderivativesexperiencd a surge in
popularity because of their receme in vaccines developed by Modétramd BionTect

against thesevere acute respiratory syndrome coronavirf{RSCoV2)1314

HN T A N o U YGH

n

1 2

Figurel: Selection of possible vectors. Spermitg (-PEI 2), ALC-0315(3), and Adenovirus (schematic).
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Nonviral vectors utilized in gene delivery are required to interact withgdretic cargo
intended for transporfhe negatively charged backbone of ¢fametic materiaiteracts with
the positively charged structure of the synthetic vector, which results in the formation of

differentaggregategFigure?2).

+ + + +
@%%5% * + etk N
) +
Synthetic + 200 + Fa¥a'a
; " + +
materials N + ;Ti? 1+ it +A +

Lipids Polymers Proteins

Genetic
cargo

Products

Lipoplexes Polyplexes Artificial viruses

Figure2: Selection of possible transfection agents and their interaction with genetic nité&fial

The resultingoroductsprotect the genetic material from nucleasedfacilitate the uptakento

the cell Critical parameters, including size, charge, and chemical composition, must fall within
an optimal range to ensure successful delivery and furitimitial interaction between the
resulting aggregatemnd a cell is believed to involve the cell membrane's negatively charged
glucosamine chair$’] However, the precise internalization mechanism into cells remains
unclear, necessitating further research to understand the predominant p&ih\Begpite the
numerous advantageous properties of-wioal vectors, significant efforts are required to
enhance their efficacy, particularly in comparison to viral vectors, which exhibit higher TE and,
to some extent, lower cell mortalityhis thesis aims to provide a comprehensive examination
of transfectionmethodsand offer novel insight$or difficult-to-transfectcells when using

polycationc nonviral vectors
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1.1 Transfection

Transportation ofjeneticmaterialinto amammaliancell by itself is inefficient and virtually

impossibleElectrostatic interaction between the negatively charged phosphate backbone of the

polynucleotideand the negatively charged cell membrane repulse each other and make

internalization unlikely*® Furthermorelarger molecules such as proteins or polynucleotides

cannot penetrate the cell membraf® achieve internalizationspecific active uptake

mechanisms need to bé&lized. In general, transfection can be categorired three different

methods dependenhon themode of transportatior(1) viral transductionwhich exploits the

viral machinery (2) chemical methods, which use lippgptides, or polymersand (3) physical

methods, which utilize high energy densities to create pores in the cell mertfigame3).5!

The optimal method depends on the experimental design and ohjestiaéthe employed

procedures haviheir advantages and disadvantagés.

Optoperforation

\ ]
& Genetic
‘éi Material

Polyfection

plany

Lipofection sop XX

Microinjection

Electroporation

Viral Transduction

Figure3:A selection of transfection method$.

The transfection procesan becompartmentalizeohto cargo preparatigreellular entry, cargo

release, and transgene expresdtamn.nonphysical methodshe genetic material is condensed

in sizeand thereby alsshielded by its vectargainst DNases or RNagés*?l Entry methods

vary depending on its carrievhile viruses can use recepimiediated endocytosis, lipiddow

fusion with the cell membraneor endosom®& and deliver their cargo this way>?®!

8
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Electroporation utilizes atrongelectric fieldthatperforates the cell membrarighis way; field-
driven transport or diffusion casccur, and genetic material can enter the B&#° Releasing

the genetic material to make it bioavailable is necessary fophgsical methoddUnpacking

can be accomplishadla different methodsconformational changes by ptdsponsive moieties

are most commal” The last step igansportinghe bioavailable cargo to its destinatitme
cytosol forRNA and the nucleus for DNA. While viruses have developed a sophisticated
mechanism to achieve their goal of delivering their cargo, chemically mediated methods rely
mainly on inefficient stochastjgrocesse&?!

Once thecargo deliverys successfyltwo differentmodes of actioare knowrby which protein
expression occur-igure 4):stable and transient. Stable transfection reskitgu(e4, A) in
integratinggenetic material into the h@sgenome, leading to loAgrm expressianrransient
transfection Figure 4, B) does notlead to integrationresulting in shorterm transgene
expression which will cease entirely because f#ctors such as cell division arttie

degradation of the genetic mateff&°!

A Stable Transfection B Transient Transfection
DNA

/\/VW Transfection

Cell Cell
Figure4: Schematic for (A) stableand (B) transient transfectidiil
While stable transfection can ensure stable protein produatidns being applied in industry
settings(e.g, production ofmonoclonal antibodiesjransient transfection can be suitafie
understandingome of the cell's metabolic pathways by krotand-out studiesor when only
a short expression duration is desired (accination)3!32

1.1.1 Viral transfection
Viral vectors are modified viruses engineered to deliver genetic material into hostitelist
replicating!®¥ Commonly used viral vectors include adenoviruses, adssociated viruses

(AAVs), retrovirusesand lentiviruse§* These vectors exploit the natural ability of viruses to

infect cells andelease omtegrate their genetic materiato the host cellTheyhave emerged

9
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as powerful tools for gene delivery in transfectiafbeit with somesafety concernsThe
following section will discuss some basic principles, advantegyas$ disadvantages of viral
vectorbased transfection.

One of the most used viral vectors is fkaenovirus?®! While its firstclinical deployment in
the 1990sled to the death of a young patient throwgytstematic inflammtory response,
generational improvements targeted immunogenicity and enbetesttolerability from the
patients immune systed:®! Retroviruses were @nof the first clinicaly employed viral
vectors to combat severe combined immunodeficiency (SCID)Most treatments were
successful, but because of the integrating property of the retrosooee patients developed

leukemial®-36:37]

Some viral vectors have restricted packaging capacity, limiting the size of the genetic cargo that

can be delivere@Table 1). This constraint can behallengingwhentransferringlarge gene
sequences or regulatory eleméfitsSpecific viral vectors, like AAVs and lentiviruses, can
mediate longerm gene expression due to their ability to integrate into the host géiigfié!

This persistent expression is crucial for stable therapeutic effects in gene therapy. Using viral

vectors in a clinical setting can trigger host immune responses, leading to neutralization and

clearance of the viral particles. Registing immunity in paénts can further hinder efficiency,
limiting or even nullifying therapeutic efficaddf:*!l

Tablel: Overview of selected viral vectors and their transfection properties.

Virus Insert Capacity Features

Broad host range
Adenovirus <7.5 kb Transient expression

Strong immunogenicity

Broad host range
AAV <4 kb Transient expression

Strong immunogenicity

Transduces only in dividing cells
Retrovirus 8 kb Long-term expression

Radom integration ithehost genome

low cytotoxicity, integration
Lentivirus 8 kb long-term expression

Broad host range

Viral vectors offer superior transduction efficiency, ensuring a higher percentage of target cells

receive the desired genetic cargo. This high efficiency minimizes the amount of viral particles
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required for successful transfection, reducing the potential for host immune resgonses.

addition, vral vectors can be engineered to target specific cell types by modifying the viral
surface proteingFigure5). This specificity enables precise targeting of diseased or damaged
cells, minimizing offtarget effects and enhancing the therapeutic potential of gene

therapied??*l

@ Binding

Receptor :@:
‘ @ Transgene
translation
Transgenic

protein
@ Endosome J\/\,\,\,\f‘N\’\’\
encapsulation .

\
T ST
\Cj) E.;g:ps:mm @ Transcripﬁon/

@ Uncoating ‘“S)
/

T 0

Figure5:Viral, receptormediated transfectiof!

Viral vectors, such as retroviruses, may pose a risk of insertional mutagenesis, wherein the viral
DNA inserts into critical genomic regions, potentially leading to oncogenesis or disrupting
essential gene functiof8! Furthermore, ectors derived from pathogenic viruses may carry

the risk of reversion to a virulent state, posing safety concerns for both researchers and
patientd*4 Stringent safety measures are necessary to prevent accidental vira) tpmesny

limiting such usen research

Notable applications of viral vectors include the tcargion of primary luman T-cells to
introduce the sealled CARreceptor,which enables Tells to target cancerous human cells
selectively*4546IThis, in combination withraditional chemotherapy, shows great potential for
future application in théreatment of cancer patiedtd The widespread applicatiowas also

introduced with the deployment of the COVID vaccineof AstraZzeneca in 202, which used

11
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a viral vector toinduce protein productiom the body#85% Viral vectors in transfection
represent a powerful tool in gene delivery with numerous advantages, including high
transfectionefficiency and cell-type specificity.However, the potential drawbacks, such as
immunogenicity, risk of insertional mutagenesis, limited packaging capacity, and safety

concerns, must be carefully considered.

1.1.2 Physicalmethods

Physical methods, such as electroporation, microinjectionpptaperforation have gained
prominence due to their high transfection efficiency. These techniipeesly delivernucleic

acids into the cell cytoplasm or nucleus, bypassing the endosmmeather metabolic
pathwayd?%51 One significant advantage of physical methods is their versatility, as they can
be applied to a wide range of cell types, including primary and s Often physical
methods are employed when alternatives, such as chemical vectors, fail to achieve gene transfer
or are accompanied lBxcessive cell deatfihis broad applicability makes physical methods
suitable for various research areas and applications in molecular biSlddgreover, physical
methods offer a newiral approach to transfection, alleviating concerns related to immune
responses, insertional mutagenesis, and other safety issues associated wibhsettal
transfection techniqueblowever, drawback&henusing physical methods in transfectiare

not irrelevantFor instance, these techniques often require specialized equipment and technical
expertise, which limit their accessibility and ease of use, especially for researchers without
specialized trainingAdditionally, physical methods may have limitations concerning the size
of genetic material that can be efficiently delivered into celéshrge polynucleotidepose
challenges for some physical transfection technifdesurthermorenoin-vivo approach can

be accomplishedimiting physical methods tm-vitro experiments.

Electroporation, the widest spread physical transfection metilason a high voltagapplied
to a bufferwherethe cells resandcan create pores on the cell membréfigure6).54 One
significantdisadvantage of this method is the high cell mortality paired thighsubstantial

need for genetic material to accomplish successful transfétfion

12
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Application of a high potential to cells creates holes in the cell memblaa#ows for
diffusion-driven processes or an electrophoretic mobility shift to oandgenetic material to

enter the cell®® Afterwards regeneration of the cells’s plasma cell membtakes place.

Physical methodsffer higher efficiency and greater versatiliggardingapplicable cell types
compared tomther methodsResearchers can leverage these advantages in various research
applicationsHowever, careful consideration of the specific requirements of the experiment is
essential to select the most suitable transfection method that balances efficiency, cell viability,

and ease of use.

1.1.3 Chemicaltransfection

Nonviral transfection vectors offer a safer alternative to viral vectors, which can carry the risk
of immunogenicity and integration into the host gen&fédmong nonviral vectors, lipids

and polycationic vectors are notaldptionsdue to their effectiveness and versatiftfy?®!
Significant attentionto the potential of nowiral delivery of polynucleotides was gathered
because of the deploymeuitthe COVID-19 vaccines of ModerfaandBioNTecH in which

lipids delivered mRNA in human celf¢:#°

To facilitate the delivery of genetic material into a cell, cationic lipids are utilized to form
complexes with polynucleotides. This process involves the interaction between the negatively
charged polynucleotide and the positively charged lipréatinga structure known as a
lipoplex. In initial interactions with the cellular membrane, it is hypothesized that the
internalization of the lipoplex occurs through endocytosis, resulting in its encapsulation within
an endosoméFigure 7). The escape from the endosome is a critical step to facilitate either

transcription or translation of the encapsulated genetic material. It is theorized that endosomal
13
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escape may occur through a fusion process between the lipoplex and the endosomal membrane,
thereby releasing the genetic cargo into the cyté$t.Depending on the cargo used, pDNA

or mRNA, further nuclear entry of the genetic material is necessary to transcrpi2NAeto

MRNA and translate the mRNA to the protein of interest. Because of their simplistic structure,
lipids are easily synthesized at a large scale and exhibit good stability during storage and

transportatior! ¢ Lipoplexes can transfect various cell types, includingdieiding cells!®3!

f‘ Lipoplex

Mermbrane Endocytosis

Fusion

l Endocytosis

Endosomal \

Escape
Endosomal

Escape
\ Translation ‘
Transcription
Polyplex disintegration & 3 ,‘_/

Nuclear Entry

Figure7: Entry of Poly/Lipoplex into a cell with protein expressith.

Similar to the mechanism observed with lipids, polymers that carry a positive charge can
interact with genetic material to form a structure known as a polyplex through electrostatic
interactions.In the first contact with the cell, the polyplex will be encapsulated widmn
endosome and internalized into the c®lhich internalization process being employed
depends on a multitude of parameters, such as size, charge, chemical composition, and the cell
that s beéffig targeted.

Contrary to lipids, polymers lack the capability to interact with the endosomal membrane for
fusion and subsequent cargo release. Instead, an alternative mechanism, known as the proton
sponge effect (PSE), is theorizecetmablepolyplex escape. This mechanism relies on the high
proton buffer capacity of the polymer, which induces osmotic swelling of the endosome,

ultimately leading to its rupture and the release of the encapsulated nucleic(Rigdese
8)_[67,68]
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Figure8: Mechanism of the PSE,gradual increase of the® concentration results in swelling of the endosome
and eventualupturewith polyplexreleasénto the cytosolt!

Thisprocesss consideregbarticularly relevant for polymers like polyethyleneimine, which can
capture protons and buffer the endosomal pH, thus facilitating the escape [Sfbeessever,

the validity of the proton sponge hypothesis has been a subject of debate within the scientific
community, with various conflicting reports and nmified onclusion reached®” 7%
Alternative theories have been proposed, such as the direct interaction of cationic polyplexes
or free polymer with the endosomal membrane, causing destabilization, increased permeability,
or polymersupported nanoscale hole formatlv!! These alternatey endosomal escape
mechanisms are considered more closely related tomediated escape methods thha

proton sponge effect. Despite the ongoing debate and research into the exact mechanisms, it is
clear that the efficient escape from edgleosomal compartments is@nificantbarrier in gene
therapy, and understanding these mechanisms is crucial for improving the efficacyofhon

vectors in therapeutic applications.

Lipid- andpolymerbasedransfection vectors hold promise for gene delivery in research and
clinical applications. Lipiebased vectors offer low immunogenicity, scalability, and broad cell
type compatibility, while polycationic vectors excel in nucleic acid binding, endosoosgdess

high transfection efficiency, and prolonged gene expresSoms research advances,
optimizing these vectors will enhance their safety and efficacy, expanding their utility in gene

therapy and other biomedical applications.

The next chapter will provide a more detailed overview of polycations in transfection.
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1.2 Polymers in transfection

Over the years, numerous polymers have lsgathesized anfbundto be useds transfection
agentd’®! An ionizable functional group, mostly nitrogen or sulfur, is a common motif in their
structure®” Depending on the incorporation and density of these groups, a highlyeahkrg

polymer can be synthesiz@gigure9).

o o Bl L

L

2 0
H cr
NI S
4 5 NH> 6

Figure9: Structures of-PEI 2), poly-2-(Dimethylamino)ethyl methacrylaigpDMAEMA, 4), poly-Lysine (5),
poly-(2-(methacryloyloxy)ethyl)dimethylsulfonium chloridé)(

As the gold standarfdr polycationictransfection|-PEI 2) seems thebvious choice to modify
further andenhancehetransfection capabilitiesf the polymerHowever,drawback like high
cytotoxicity challenges to alter the structuaed poor transfection results in hdodtransfect
cells render futuremprovementshard to justify because of infent problemsand more
promising alternative$* Branching out to acrylates seems beneficial because of their wide
range ofstructural and functional varigtwhich, at the same timean be easily modified pest
polymerization.As such pDMAEMA (4) or derivativeswith different struairal motifshave
shown high transfection effiaiey in the pasteven in hareo-transfect cell$’> 8 Structural
changesby elongating the distance betwe#re electronwithdrawing and electrordonor
grow, changing the electredonor affinity, and altering the steric hindranpeofoundly

influencel polyplex stability and transfection efficien@yigure10).[%!

NH,
9 10

Polyplex stability

Figurel0: Possible changes pDMAEMA (4) derivatives and their influence on polyplex stability.
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Beyond internal charges, the architecture of polymers plays a fundamental role in influencing
their transfection capabilities. The structuralchitecture of polymers, including their
branching, size, shape, and molecular weight, significantly affects their ability to condense
genetic material, interact with cell membranes, and facilitate endosomal escape, ultimately
impactinggene delivery efficienc®?82 As highlighted in the review bRINKENAUER et al.,

there is a discernible correlation between the transfection efficiency and the structural geometry
of the polymer, which can be adjusted through synthetic metfb@ite morphological forms

of the polymer can be broadly categorized into three disfjectnetriesstarshaped, comb
shaped, and lineahaped Figure11). Additionally, it is possible tdurthersubdivide each of

these categories farmore detailed analysis

. Monomer A
. Monomer B
Star Comb Linear

Figurel1l: Polymer achitecture archetypes

Other characteristics, such as charge density or hydrophobic interaction with the genetic
material, can be adjusted depending on the polymer's chosen geofeajeneraltrend
observed seems tiavor more complex structures to enhance transfeatapabilitiesand

stronger polyplex formatioff®!

The positive z- potential of polyplexes is a crucial factor for their internalization by cells.
However, the presence of negatively charged proteins in the growth mefdietiscan impede
transfection efficiency by promoting aggregation of polyplexes and neutralizing their positive
charge. To circumvent this issue, the use of polymers such as polyethylene glycol (REG
poly-2-(2-Methoxyethoxyjethytmethacrylat§pDEGMA, 12), or poly(2-oxazoline)pOx, 13)

as charge shielding agetisvebeen proposegFigure12).8384These polymers can effectively
protectthe positive charge of polyplexes, thereby reducing the likelihood of aggregation with
negatively charged proteins and increasing the efficiency of polyplex internalization by

cells 85861
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Figure12: Structures of PEGLL), pPDEGMA (12) PMeOx (3).
1.21 Synthesis of polymerdor transfection

A critical condtion in polymeric transfectiothat ensureseliable andrepraducibleresultsis
the polydispersity index(PDI), defined by M/Mn[7 Traditionally used methods for
polymerization like radical polymeration, deliver an extensive range of polymewvgth
variouschainlengthsand molecular weights$n thelast few decags, multiple new or modified
concepts were developeddontrol the PDJlensuringa narrow distribution of polymer chains.
Controlled living radical polymerization is onmethod that can be further subdivided
depending on whateagentsare employed atom transfer radical polymerization (ATRB)
reversibleadditionfragmentation chairansfer polymerizatio(RAFT).[8 %0 A more detailed
look at ATRP is provided in the following.

ATRP can be utilized to synthesizemplex structures under mild conditions and with excellent
control of the PDI®Y It involves the initiation of polymerization by a transition metal complex,
typically copper, which acts as both a catalyst and a reducing agent. The process proceeds
through a series of steps, including initiation, propagation, and termination. Dutiagani

the transition metal complex generates a radical species, which then reacts with the monomer
to form a growing polymer chain. The propagation step involves the transfer of the radical
species from the transition metal complex to the growing petyamain, allowing for the
addition of monomer units to the chaifihe decisivedifferenceto conventional radical
polymeriation is a reversible deactivation of the active chamwisich significartly hinders the
diffusiondominated process of chain deactivation and, subsequently, poor control of the PDI

within the reactior{Equationl).
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kact

PX+ ML ~—= Pp+X-M*IL

Kdeact @ \Q
kp Pn'Pn

Equationl: General mechanism of ATRP. WhereXis the dormant alkyl halideX is the halideMY is a
transition metalL is a ligand, R active radicglandMo is an additional monomer

In order to utilize the ATRP method, several key parameters must be taken into account. These
include the use of an alkyl halide @) and a transition metal catalyst, which are necessary

for the initiation of the radical polymerization reacti(quation2, (1)). The active radical

reacts with thehosen monmer, which startsthe chain growth reactiofiEquation2, (11)). At

this momenttermination of the reaction is possible, but because of the controlled manner of
ATRP, it isunlikely. Radical deactivation in ATRP often occurs through the reformation of the
alkyl halide species, which is in equilibrium with the transition metal catalyst utilized in the

polymerization procesg&quation2, (I11)) .

Poa-X  + MYL —Bdel . p o X-MYHIL 0]

activation

* H * N .
P + radical termination +
n-1 Mo propagation Py > PPy Prem (D)

P, X-MYYL B PLX MYIL (D)

deactivation
|—> return to step |

Equation2: Detailedmechanism of ATRPWhere R.1-X is the dormant alkyl halide, X is the halideY M a
transition metal, lis a ligand,andP,.1" is anactive radical

The reactivity of the alkyl halide is a critical determinant ofeffiiency of the initiation step

in ATRP. Alkyl halides with a tertiary carbon atom in proximity to the halide group exhibit the
highest reactivity. Secondary and primary alkyl halides follow in decreasing order of reactivity.
This reactivity trendirectly results fronthe relative stability of the radical species formed
from the alkyl halidegFigurel3).
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Figure13: Selection ofATRP initiatorssorted for their reactivityith CUX/PMDETA (X = Br or Cl) in MeCN
at 35 °Ccl
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Depending on the reactivity of this moleculee rest of the reaction conditions can be chosen.
Another critical parts theligand chosen for the complexation of the metal iGme group of
MATYJASZWSKI went to great lengths to determine the reactivity of the most common ligands
for ATRP (Figurel4).

oo JO@EO OJO

_CsH, °N \l\ll/\/N\/\lTl/

M,
L )4
v

Reactivity

Figure14: Selection ofATRP ligandssorted for their reactivityith EtBriB in the presence of (Br in MeCN
at 35°Cl¥

When carefully chosen and controlled, both parametams help ensure successful
polymerization and aarrowPDI, even for multiblock polymersAdditional factors such as
solvent polarity and temperature can also play a role in polymerization, but they may have a
lesser impacthan previously mentioned parametefie effect of these factors can vary

depending on the specific polymerization process and the type of monomers beifig) used

1.3 Polyplex characterization

A polyplex is a complex formed between a malfronand a nucleic acid, such as DNA or RNA.
Polyplexes are of particular interest in the field of gene therapy, as they can be used to deliver
genetic material to cells innaefficient manner.The characterization of polyplexes is a
fundamental step in elucidating the mechanisms underlying transfection. Critical attributes of
pol ypl exes, i ncl ud-potegtialXahdedhydrodysamic fadius @h),qpitoade g e

essential insights.
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Figure15: Overview of various analytical metho@$.

The internalizatiordepends on these parameters, with a posstiveace charge necessary for
electrostatic interaction with the negatively charged cell memb¥8rkhe most commonly
employed method to establish the desired charge of a polyplex involves adjusting the ratio of
polycation to polynucleotide mixed. This parameter is referred to as the N/P ratio, where "N"
denotes the nitrogetontaining, positively charge polycation, and "P" represents the
negatively charged polynucleotide phosphate backbone. The N/P ratio is afeiticedf the
polyplex's physicochemical properties, including its size, charge, stability,udtimately,
transfection efficiency.Two prevalent techniques are utilized for this purpose: The first
approach involves using a fixed quantity of genetic material to achieve a designated N/P ratio.
In contrast, the second method maintains a constant quantity of polycation, allowing for
variations in the amount of genetic material. These distinct approaches are instrumental in
modulating the physical and chemical properties of polyplexes, thereby impacting their cellular
uptake and overall transfection efficienttyadditionto surface charg@plyplex size is equally
important It is believed thatt20 nmis the maximum sizeto beinternalized via clathrin
mediated endocytost®! Exceedinghis threshold can limit thgolyplex uptake and hinder the
transfection's efficacyvarious other size limits apply to different internalization pathways
smaller size generallyeems beneficial for internalizati&f. Many established methogdsuch

as dynamic light scattering (DLS) and zeta potential measurements, are used to elucidate these
characteristicsNext to thoseconventionakechniquesmore sizedeterminingproceduresan

be usedsuch asmall-angle Xray scatteringSAXS) andatomic forcemicroscopy(AFM).B7

100l Theseprocedurs could delivera more detailed insight into sel00 nm structures in a

polyplex solution. This way, other interesting parameters such as free, not bound to genetic
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material polymer could be identifiedThe methodology employed in polyplex formation
significantly influences the polyplexes' characteristics, which in turn affectsrttezimalization

mechanism

1.4 Mammalian cells

Understanding the cellular side essential for gene delivery and efficient transfection
However, ot allmammaliarcells respond equally to transfection methods, leading to varying
levels of success. This discrepancy arises from inherent cellular characteristics and unique
cellular functions that either facilitate drinder the uptake and integration of genetic
material®®7° Cells exhibit remarkable diversity in origin, structure, and function. Different cell
types may originate from distinct tissues, organs, or organisms, leadingri&tions in

membrane properties and internal machinery

Consequently, the physicochemical properties of the cellular membrane, such as surface charge
and lipid composition, can significantigfluence tansfection efficiencyVarious transfection
techniques exist, such as chemical, physical, andwiealiated methods. Each method has its
strengths and limitations, with some being more suitablsdecificcell types than others. For
instance, lipofection, a chemielahsed method, is effective for many adherent cells but might

not work as well for certain suspension cell lines. Similarly, electroporation, a physical
transfection approach, is advantageousdelivering nucleic acids into difficutb-transfect

primary cells btumay not yield optimal results in immortalized cell lines.

Cells have evolved intricate defense mechanisms to protect themselves from foreign entities,
including nucleic acids, that could disrupt cellular homeostasis or promote harmful effects. For
example, the presence of nucleases can degrade exogenous getestal tpefore it has a
chance tde transcribed dranslated Additionally, endocytosis, a cellular uptake mechanism,

can internalize and degrade foreign nucleic acids before they reach the cell's nucleus, rendering
them ineffective in altering gene ergsion.The cell's state in the cell cycle and its level of
differentiation can impact transfection efficiency. Cells in spec#itcycle phasesuch as S

phase, may exhibit increasadcessibilityto transfection due to their heightened metabolic and
replicative activity. Additionally, less differentiated or stéike cells often display increased

transfection efficiency due to their greater plasticity and more accessible chromatin structure.

Despite the challenges posed by varying cell types, the rationality of transfecting different cells
lies in its potential to uncover crucial biological insights and applicati@ng&n the distinct

roles ofvariouscell typesin bodily functions, elucidating the genetimctionsis necessaryor
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advancing biomedical research and therapeutic interventions. Specifically, the targeted
transfection of select cell types is crucial fievelopinggene therapieso correct genetic
anomalies and treatellular diseases. Moreover, transfection techniques are instrumental in
bioprocessing applications, where cells are genetically engineered to augment protein

production, showcasing the technique's versatility in both research and therapeutic contexts.

1.4.1 ARPE-19 cells

The outermost layer of the retina, the retinal pigment epithelium (RPE), has been shown to play
a critical role in the physiology of the underlying photoreceptbtsAge-related macular
degeneration (AMD) is one of the most common causes of irreversible blindness in the
elderly02193 Approximately 200 million people worldwide are affected by one form of
AMD. 2% Generally, AMD can be categorized into eariptermediate and late stages. The

latter is further subdivided into tHery" and "wet' forms of the illnes&%?1%4 The "wet"
condition is treated by injecting a VEGF inhibitor into the eye monthly, while no known therapy
is applicable for thédry" form, which makes up about 90% of all kstage AMDg!02:104.105]

Therefore, aneed for new and reliable treatment methods is in high dentare promising
approach rééson gene therapy, which has become one of the most impactful research topics
of our time. In the context of AMD, this kind of cataninvolve genetically modified RPE

cells, which constantly express various proteins that ensure tleesceltival and retain their
functionality. The first steps for this kind of treatment must be done on adequate model cells to
ensure feasible genetic modification. One potential gh@lthe ARPEL9 cell line, derived
postmortem from a male human donor. It still carries many properties of primary RPE cells,
such as their growth behavior (monolayer), morphology (cobblestone), and selective RPE
makers (CRALBP}% Furthermore, replacing primary RPE cells in animals with ARBE

cells showed functional compatibility and strengthened their role as potential modéfeells.
ARPE-19 cells are known to be challenging to transfect and need additional optimization of the
transfection parameters combined with a suitable v€€&1% Although various groups have
successfully transfected ARPI® cells, no commercially available vector could achieve
transfection efficiencies 58%[1%1121 physical methods such as nucleofection used by
THUMANN et al. achieved the best results wittransfection efficiencyf & 80% but with no
information on cell viability (CV}*'3 Polymeric vectors were used ISyNSHINE et al. and

could reach a TE of 44% while maintaining a CV of 7% Sun et al. could achieve 80% TE

and high CV with a polyméipid formulation that could transfect ARPE cells in a serum

containing mediunt!* While these results areoteworthy the transfection agents were
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specially prepared thouse and are not as easily replicated, which makes application outside
the lab difficult[t08:115]

Despite the challenges, the immortalized cell line ARPES a viable alternative fgrimary
human cellsfor research applicationgGiven this,refining the transfection approach by

incorporating a readily available transfection agent becomes crucial

1.4.2 B cells

B-lymphocytesalso known as Bells,are a critical component of the adaptive immune system,
playing multifaceted roles in immune defense, regulation, and homeostasis. These cells are
primarily recognized for their capacity to produce antibodidsch arecrucial for neutralizing
pathogens and facilitating their clearance by other immune 2§ Beyond antibody
production B cellsexert regulatory functions through cytokine secretion, antigen presentation,
and the modulation of -€ell responses, thereby influencing both innate and adaptive
immunity 18129 Gjven the diverse functions Bfcellswithin the human body, it is anticipated

that differentiation occurs during their maturation pro¢éggure16). This differentiation can
bereplicatedn-vitro by culturingB cellsin a medium supplemented with & ligand (CD

40L).
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Figure16: Differentiation pathway oB cells*¢:121]

Through this proces® cellsdifferentiate into multiple subclasses, namely naiagemory,
germinal center(GC), and plasmaells (PC) which can be discriminated by their clusters of
differentiation (CD)1?212% All B cells express CBL9 and can thereby be unmistakably
classified as sucf?¥ Other CDmarkers include CE20, CD-27, and CB38, which can be used
to further classifyB cellsinto thesubclasses mentioned abd¥@ble2). Immunophenotyping

makes itpossible to distinguish various @Darkers irflow cytometricmeasurements.
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Table2: B cell subclasses and their respective-@Brker differentiation.

Subclasses Classificationt
CD20'*CD27CD38 " Naive
CD20*CD27'CD38 Memory
CD20*CD27'CD38" GC
CD20 CD27+*CD38™ Plasma

L Classification according tdckson et allt25:126]
For ransfection purposes, it is advantageous for the transfected cell to plardecguantities
of protein consistently, irrespective of the cell type. PC, also known as anpbadiycing cells
(APC), are particularly welbuited for this role. Within the organism, these cells are tasked with
synthesizingantibodies, indicating that they are already equipped withetinpgiredmachinery
for efficient protein production. Consequently, genetically modified plasma cells represent
optimal candidates fgroducingdesired proteingytilizing their intrinsic capabilities for high

level protein synthesis.

15 CRISPR/Cas

The discovery and development of thlistered regularly interspaced short palindromic
repeats (CRISPRJRISPR/Cas systelmsushered in a new era of genome editing and genetic
researcht?’ Based on bacteria's natural immune defense mechanisms, this techasdgen
harnessed as a powerful tool for precise and efficient genome editing in various organisms,
including human§21291Of the various CRISPR/Cas systems discovered, the CRISPR/Cas9
system has emerged as the most widely used genome editing due to its simplicity and versatility.
The Cas9 protein acts as a molecular scalpel that can precisely cut DNA at specific locations
guided by a synthetic RNA molecule known as sirgyié@de RNA (sgRNA). The sgRNA is
designed to be complementary to the target DNA sequence, directing Cas9 to the desired
genomic location. Once the Cas9 protein locates the target, it generatessii@rudoeaks

(DSBs) in the DNA, triggering the cell's repair machin@figure17).1*3%

In transfection studies, researchers utilize the CRISPR/Cas9 system to introduce specific
genetic alterations into the genome of target cells. This process involves the delivery of the
CRISPR/Cas9 components into the céllace inside the cell, the CRISPR/Cas9 system guides
the Cas9 protein to the target DNA sequence, where it introduces DSBs. The cell's natural DNA
repair mechanisms, namely nRbomologous end joining (NHEJ) and homoledjyected repair
(HDR), are then actated to fixthe damagand intraluce the genetic cargo directly into the

doublestrand

25



Current state of research

A Cas9
B C
I I M I
X X
| T T
}
I T

Figure17:(A) CRISPR/Cas9 mecham, (B) NHEJ, (C) HDR[®

NHEJ is the primary repair mechanism for DSBs and involves directly ligating the broken ends
back together. While this process is efpoone and can result in small insertions or deletions
(indels) at theepair siteit is highly efficient However, HDRrelies on a DNA template, often

a donor DNA molecule, to guide repairis process can be harnessed to introduce precise
genetic changes, such as specific base substitutions or the insertion of new segoerees,

HDR occurs at a lower frequentyanNHEJ. [131:132]
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16 Objective of this work

A profound understanding of cells is indispensable for addressing the growing demands of
medical and biotechnological applications. Transfection serves as a fundamental tool in
manipulating cellular processes successfuly employed, it enables themanagementof
metabolic pathways through molecules like siRNAn@orporatingnovel gene sequences via
CRISPRCas9. Nonetheless, uniform transfection efficiency isguatranteedicross all cell
typesd primary cells, in particular, present challenges, necessitating meticulous optimization
for reliable outcomedvany parameterssuch aghe polycation dose ocontact time between

cells and polyplexesnustbe evaluated to improve transfection outcolffégure18).
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Figure18: Various parareters influencing transfection outcorfig.

This study ains to enhance our understanding of the transfection process in primary human
B cellsand the ARPEL9 cell line. Both cell types amnsideredhardto transfect, particularly
when utilizing polycationsA multiparametric approach will be employedéachieve higher

than previously reported transfection efficiencidsle ensuring satisfactory cell viability.
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2 Materials & Methods

2.1 Materials

If not otherwise indicated, Greiner B@ne (Frickenhausen, Germanygs use@s the supplier

for cell culture materials and Siga#ddrich (Taufkirchen, Germanygschemicals. Linear PEI
(I-PEI, 25 kDa) was from Polysciences (Polysciences Europe GmbH, Eppenheim, Germany).
The"nanostdlwas kindly provided by Dr. C.V. Synatschke (Max Planck Institute for Polymer
Research, Mainz, Germany). This transfection agent is not commercially available but can be
synthesized following a published proto€df! Fetal calf serum (FCS) was from Biochrom
(Biochrom AG, Berlin, Germany). DulbecsoModified Eagles Medium (DMEM) was from

VWR (Ismaning, Germany). Dulbecsophosphatéuffered saline (DPBS) without €aand

Mg?*, Trypsin/EDTA, and penicillin/streptomycin were from Lonza (Visp, Switzerland).
Amphotericin B was from Corning (NY, USA).-Glutamine was from Gibco (Fisher
Scientific, Schwerte, Germany). HBG buffer (20 mM Hepe®it % glucose, ptb.5) was
prepared irhouse and sterilized by filtration (Chrom&filCA-20/25(S), 0.2um; VWR,
Ismaning, Germany). BTI-MEM culture medium supplemented with GlutaMAX was from
ThermoFisher Sentific (Dreieich, Germany). The staining dye peqGREEN was from VWR
(Ismaning, Germany)Primers for cDNA synthesis were from Microsynth AG (Balgach,
Switzerland). Sterile ultrpaure PCR water was from Sigrdddrich (Taufkirchen, Germany).

For preequilibration, media were incubated for 1 h in a standard mammalian cell culture
incubator (37C, 5%CO;, 95% humidity).For induction of the B cell proliferatigrthe
foll owing medium wasellgsewt hr mbdi uend : t 88 &8s | ™
10% human ABserum, Cyclosporin A (CsA, 1 L) all from SigmaAldrich (Taufkirchen,
Germany), 1% Ultraglutamine (200 mM, Lonza, Visp, Switzerland),-Gr§100x,
ThermoFisher, Dreieich, Germany), InterleuldirirhiL-4, 10 ngmL), Interleukin21 (rhiL-21,

20 ngdmL), B cell activating factor (rhBAFF, 4 mglL), rhCD40L (400 ngnL) all from
Miltenyi Biotec (Gladbach, Germany). Tonsillar tissue as the source for the B cells was
obtained during routine tonsillectomy (complete removal of the tonsillar tissue)
(Gemeinschaftgjpxis Gollner, Kulmbach, Germany). Written consent for the intended
utilization was obtained, after verbal and written information on research goals, as approved by
the ethical review committee from the University of Bayreuth, Germany (written approval #0O
1305/:GB, 2018).
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2.2 Methods
2.2.1 Cell culture
ARPE-19 cells

The ARPE19 cell line(immortalized retinal pigmented epithelial cells (RPEJ),TC, CRL-

2302) was cultured in DMEMsupplemented with 10% (v/v) FCS,mM L-Glutamine,

100U/mL penicillin/streptomycin,and 26g/ mL amphotericin B. This
as D10Thecellswere passaged twiger weekor cell maintenanceith a starting cell density

of 50,000cells/mL. The cells were collected by trypsinizatiom{f incubation time, 37C,

5% COp, 95% humidity).

B-Lymphocytes

B cells were isolated as previously descriB&dBr i epy , after removal b
tissue was immediately transferred into an-dotd buffer (HBSS containing 100 U ML

penicillin, 100 pgmL  streptomycin, 2.5 gL amphotericin B, 2mM
Ethylenediaminetetraacetic acid (EDTA), and 0.5% (w/v) bovine serum albumin (BSA)) and
placed on ice for the transpotipon receiving the tonsillar tissue in the laboratory, it was
transferredo RPMI1640 culture medium and segmented into fine sections. These sections were
thenappliedto a 70 um cell straineidreiner BieOne, Frickenhausen, Germany) positioned

atop a 50 mL centrifuge tube. The tissue fragments Weecedthrough the strainer's mesh

using a syringe plunger for assistan@®e remaining erythrocytes werecubatedin an

Erylysis buffer (1x) for 5 min. According to the supplier's instructions, cell dedmis any

remaining red cells were removed by density gradient centrifugation (Ficoll LSM 1077; PAA
Laboratories GmbH, Pasching, Austria). Mononuclear cells were collected and resuspended in
HBSScontaining 10% (v/iv) hedt nact i vat e & CEOS . ( MHB3 S fcafls m of -
in 4 mL HBSSFCS were filled into a sterilized 20 mL syringe column (B. Braun, Melsungen,
Germany) packed with g sterile nylon wool (Polysciences Inc., Hirschberg an der Bergstrasse,
Germany) and incubated upright for 1 h in the cell culture iatuk37 °C, 95% humidity, 5%

CQO,). Afterward, the notbound cells (mainly T cells) were eluted by gently rinsing the wool

twice with one column volume of HBSSCS. TheBcellswer col | ect ecbluhny y I | i
with fresh HBSSFCS, followed by mechanical agitation to detach the cells. Subsequently, the
wool was squeezed by pushing down the syring
repeated twice. B cells were recovered by centrifugation @08>min) and resuspended in
cryo-medium (90% FC4.0% DMSO)beforecryopreservation. For the experiments, cells were
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thawed, and 1 mL of the obtained B cell suspension was washed with 9 mL DPBS. The cells
were recovered by centrifugation (4@)»x.0 min), the supernatant was discarded, and the cell
pellet was resuspended Bhcell growth medium. The cells were then seeded at a cell density
of 10° cells mL into tissue culture plates (10 dPetridish) for expansion. Before transfection,

the B cells were incubatgB87 °C, 95% humidity, 5% Cg¢) in theB cell growth medium with
medium change every 4 days for u@Btdays toinduce proliferation

2.2.2 Polynucleotides
Plasmids

Plasmid pEGFMN1 (4.7 kip) was used for polyplex formation I§§lontech Laboratories, Inc.
(Mountain View, CA, USA). The plasmid encodes for an enhanced Green Fluorescent Protein
(referred to as GFP) and was amplifiedEstherichia colusing standard laboratory techniques

(LB medium supplemented with 30 fnglL. kanamycin). The EndoFree Plasmid Kit (Giga
Prep/Maxi Prep) from QIAGEN (Hilden, Germany) was used for plasmid preparation (quality
control: >80% supercoiled topology (agarose gel) asdAsoO 1. 8) . Puri fi ed

solubilized in sterile ultrapure PGRater (SigmaAldrich, Taufkirchen, Germany).

Plasmid pAAVS1 (5.4 kbp)vas used for polyplex formation ByectorBuilder GmbHNeuw
Isenburg, GermanyThe plasmid encodes for an enhanced Green Fluorescent Protein (referred
to asEGFP) a lefthomology arm (EHA), and a righthomology arm (RHA) in analogy to the
AAVS1 locusand was amplified iEscherichia colusing standard laboratory techniques (LB
medium supplemented witB0 pg mLU'! ampicillin). The EndoFree Plasmid Kit (Giga
Prep/Maxi Prep) fronQIAGEN (Hilden, Germany) was used for plasmid preparation (quality
control: >80% supercoiled topology (agarose gel) andAcs0O 1. 8) . Puri fi ed
solubilized in sterile ultrapure PGRater (SigmaAldrich, Taufkirchen, Germany).

MRNA

EGFP mRNA was synthesized from complementary DNA (cDNA) produced via PCR using
PEGFRN1 asatemplate and primers adapted from Hettal.l*>¥ Briefly, 100ng pEGFPN1

was mixed with 1QuM of each primer (eGRé: 506
GAAATTAATACGACTCACTATAGGGATCCATCGCCACCATGGTGAGCAAGG,

5Int, Tm: 73°C; eGFR.: -BSGTATGGCTGATTATGATCTAGAGTCG!, 28nt,

Tm: 67 °C), as well as Q5® Higkidelity 2X Master Mix (New England Biolabs GmbH,
Frankfurt am Main, Germany) in a total volume of 8Q and pulsespun in a microfuge at
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2000g. Afterward, the PCR program was run in a Thermocycler (Thermo Scientific Hybaid
PX2 thermal cycler, Cotarmer® GmbH, Wertheim, Germany). The PCR conditions were
(1) initial denaturation cycle at 9& for 30s, (2) denaturation cycle at 98 for 10s, (3)
annealing cycle at 7TC for 30s, (4) elongation cycle at 7Z for 2min and (5) final elongation

cycle at 72C for 2min. Steps (2) to (4) were repeated 35 times. Amplification was checked
by agarose gel electrophoresis of the PCR produelyzng 15uL of PCR mixture with

6X Orange Loading Dye (Fermentas, Waltham, MA, USA). The 1% agarose gel was run at
90V/60 min in 1X TrisacetateEDTA (TAE) buffer. The PCR product was purified via ethanol
precipitation by adding AL 3 M sodium acetateand 150uL ice-cold ethanol absolute to
precipitate the cDNA at20°C for at least 1&. The DNA was centrifuged (3€in., 4°C,
16.060g) (Heraeus Biofuge Pico, Heraeus, Hanau, Germany) and the pellet was washed twice
in ice-cold 70%ethanol (10min., 4°C, 16.06Qy). Afterward, the pellet was resuspended in
sterile ultrapure PCR water. The quality of the cDNA was analyzed via spectrophotometry
(A26028001.8) using a NanoDrdf§ 2000 (Thermo Fisher Scientific, Dreieich, Germany).

mRNA was prepared from the cDNA using the HiSdEb&7 ARCA mRNA Kit (New
England Biolabs GmbH, Frankfurt am Main, Germany). Wghtly modified the
manufacturer's protocbly carrying out all incubation steps at 37 and 300pm. Precipitation
was performed overnight (29 at-20°C. mRNA quality was analyzed by 1% agarose gel
electrophoresis (9Min., 65V) in 1X Tris-acetateEDTA (TAE) buffer and spectrophotometry
(A260128002.0, Apsorzzo= 2.3-2.4).

CleanCap Cas9 mRNAvas purchased frontebubio GmbH(Offenbach, Germany)The
MRNA encodes a variant of the Cas9 protein from Streptococcus pyogenes SF370, known as
CRISPR Associated Protein 9.

SgRNA

The sgRNA was from Thermo Fish¢TrueGuid& sgRNA Positive Control, AAVS1
(human))with amatching AAVS1 sequence (GCCAGUAGCCAGCCCCGUCC)
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2.2.4 Transfection

Polycationic transfection agents

Besides the-PEI from Polysciences, a walkfined staisshaped polymer (referred to as
nanostar) synthesized-hrouse via atortransfer radical polymerization (ATRP) of DMAEMA

was used aa polycationic transfection agent. Synthesis and characterization of the nanostar
have been described previouBf?! An average nanostar consists of an inorganic core
decorated with 24 polycationic PDMAEMA arms, each with an average length of 230
monomeric unitssee structure below. Theonstruct's average molecular weight,, Mas
755kDa, and the polydispersity (WMn) was <1.21.

24

Polymer stock solutions were prepared in sterile ultrapure -W&RBr (SigmaAldrich,
Taufkirchen, Germany) as 1.25 my. (I-PEI) and1.82 mgmL (nanostar) and diluted for use
asindicated.LEhv al ues whniLferl-RR 1 1a . dnLHOn@nostagas previously
determined by a standard MTT assay using L929 E&iis*!

N/P-Ratio Calculation

N/P-ratios were calculated according to:

., ANE 0 O®o KIédd 6 dUQE ¢
Ax) 00 on

Equation3: With N = concentration (mM) of nitrogen residues in the transfection agentandples phosphate
in genetic material. Notet pug of DNA and mRNA containing Bmoles and 3.1hmoles of anionic phosphate,
respectively
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Transfection Protocols
Adherent cells

For transfection, cells were harvested by trypsinizaseeded at the desired concentration in
the plate (6 or 12well), and incubated for 24 h in the cell culture incubakan: polyplexes
preparation, the N/P ratio was set either by using a constant amount of polynucleotide while
adjusting the polymer concentration or by using a constant amount of polymer while adjusting
the polynucleotide concentration. On the day of trastigfe, polyplex was prepared by first
diluting a suitable amount of genetic t@aal in HBG buffer. The mixture was vortexed for
approximately ksec before the required amount of transfection agent was added in a single
drop. Immediately after, the polyplex solution (3€l0for transfection in évell plates; 50rL

for transfection in 12vell plates) was vortexed for precisely 4€c at 2200pm. The mixture

was incubated at room temperatureZdmin, followed by the addition of OpMEM (450

per 50uL of polyplex solution). This was followed by another rhfh incubation at room
temperatureAfter that cells were washed twice with DPB&nd the polyplex solution was
added. Polyplexes were spread by gentle mixing before placing the plates in the cell culture
incubator (37C, 95% humidity, 5% Cg) for up to 4h. After the indicated period, the polyplex
solution was discarded and replaced by 1 mL-wW&l plate) or 2 mL (6well plate) D10
mediun before placing the cells back into the cell culture incubatof@3®5% humidity,

5% CQO,) for up to 48n. As a negative control, the cells were also put through a mock
transfection'(Mock"), i.e.,solely incubated with the complexation buffer. For analysis by flow
cytometry, the cells were harvested by trypsinizatiad centrifugatio(300>g, 5 min) and
resuspended in DPBS supplemented with propidium iodide (PI, 1 ug/mL) to counterstain dead
cells.

Polyplex addition

e

Removal of growth ) e ' Removal of Polyplex;
medium . Addition of growth medium

Figurel9: Platetransfection procedure.
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Suspensiorcells

Before transfectionB cells were cultivated in growth medium to indude proliferation
Usually, 3 to 6 days were necessary to produce a sufficient number of cells for transfection. On
the day of transfection, the cells were collected by centrifugation ¢4A@min) and washed

twice with 10 mL DPBS. After resuspension in OiiiEM, cell count and viability were
determined with a LUNAFLE Dual Fluorescence Cell Counter (Logos Biosystems,
Gyeonggido, South Korea). Thereafter, the cells were transfected vital lor nanostars

according to the procedures described below.
Well plate transfection protocol

1 mL of the cell suspension (2 x°ellYmL in OPTFMEM) was transferred into a well of a
6-well plate and incubated (3T, 95% humidity, 5 % Cg) while the polyplexes were being
prepared. For polyplex preparation, the first 3 pg of pDNA was mixed with-Hif&r unless
otherwise mentioned. The mixture was vortexed for approximatedg hegore the amount of
polymer needed for the intended N/P ratio was added in a single drop. Immediately after, the
mixture (200 pL) was vortexed fgorecisédy 10 sec at2200 rpm and incubated at room
temperature. After 20 min of incubation, 800 uL oPTO-MEM was added per 200 pL of
polyplex solutionfollowed by incubation for 10 additional min at room temperature. 1 mL of
the polyplex solution was added to the cell suspension inwedl(late (total volume per well
then: 2 mL) and incubated (3T, 95% humidity, 5% Cg¢) for 240 min. Afterward, the
cell/polyplex mixture was transferred tavdacro-tube and the cells were separated from the
supernatant by centrifugation (4@x1L0 min). The supernatant was discardatj the cell
pellet was suspended in 500 pL of growth medium by gently pipettingndpdown and
transferred to the well of a 24ell plate. The tube was then rinsed with 500 pL growth medium,
which was added to the corresponding watlta] cultivation volume: 1 mL). The plate was
placed in the cell culture incubat@®7 °C, 95% humidity, 5% C¢) for up to 48 h.

34



Materials& Methods

sss | 2

N > N ]
\ g Removal of growth N Polyplex removal;
-~ // > medium U Growth medium addition

Figure20: Well plate protocol

Tube transfection protocol

1 mL of the cell suspension (2 x*idellgmL in OPTFMEM) was transferred intomicro-tube
and stored on ice while the polyplexes werepared. In this protocothe N/P ratio was
adjusted by varying the amount of pDNA while keeping the polyameount constant. For
polyplex preparatioran HBG buffer was firshdded, followed by auitable amount of pDNA
needed for the intended N/P ratio. The mixture was vort@xeapproximately 1 sec before the
required amount of transfection agent was added Bingle drop. Immediately after, the
polyplex solution (50 pL) was vortexed fprecisdy 10 cat 2200 rpm. The mixture was
incubated at ram temperature for 20 min, followed Itge addition of 450 uL of OptMEM
per 50 pL of polyplex solution. This was followed lbyother 10 min incubation at room
temperatureThe cells stored on ice were recovered by ceninfy{400>g, 10 min), and the
supernatant was discarded. The cell pellet was mechanically disldusftee adding the
polyplex/CPTI-MEM mixture. Cells and polyplexes were gently mixed before platiagube
upright in the cell culture incubator (3T, 95% humidity, 5% C¢) for up to90 min. After the
indicated time span, the cells were recovered by centrifugation400:xmin), the supernatant
was discarded, and the cell pellet was resuspended in 500guavath medium. After mixing
in by gently pipetting up and down, the cell suspensiontreasferred into the well of a 24
well plate. The tube was then rinsed with 500 pL growmsédium, which was added to the
corresponding well (total cultivation volume: 1 mL). Tplate was placed in the cell culture
incubator(37 °C, 95% humidity5% CQ) for up to 48 h.To investigate the influence of the

transfection procedure per se, aliquots of the eadl® always put through a mock transfection

(referred to as qnduatdd wijh the compexation bufer.e s ol el y
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Figure21: Tubetransfection procedure.

2.2.5 Analytics

Determination of cell number and viability

A LUNA-FLE Dual Fluorescence Cell Counter (Logos Biosystems, GyeatmgBouth
Korea) was used to determine the number and viability of the cells. For this purpose, the cells
were stained with an Acridine Orange (AO, staining all cells)/Propidium lodide (Pl ngfaini
dead cells) solution (Logos Biosystems, GyeordygiSouth Korea) according to the suppdier

instructions.
Determination of the transfection efficiency EGFP fluorescence) and survival rate

The transfection efficiency (TE) was assessed vieEtBEP fluorescence by flow cytometry
(Cytomics FC500; dual laser (48&, 635nm); Beckman Coulter, Krefeld, Germany).
Forward scatter (FSC), side scatter (SSC), green fluorescence (GFP, em)52&d red
fluorescence (Pl, em 620n) were recorded. Negagévcontrols, i.e., moeckansfected cells,

were used to set the measurement parameters. Data were collected from at least 30,000 events.
Cells were initially evaluated by scatter properties (FSC/SSC) to seledpirepriate
population (Gate!'ARPE19' or i L y mp h 9 angd toeexctude aggregates and apoptotic
cells. The relativeeGFP fluorescence of the gated cells was measured, allowing a statistical
guantification of the percentage of transfected c#ilansfection efficieng', TE) in the
appropriate population. We definedEGFPRexpressing cells as cells having hagher
fluorescence thathe mocktransfected cells (i.e., autofluorescence of the cellgjs cell
population was consequentinalyzed for red fluorescence intensity (PI) to determine cell
viahility. Histogram plots of the respective fluorescence intensities (log scale) were used to
estimate the percentage of transfected cells and the expression level distribution according to:
low producergLow), fluorescence intensity between®u and 16a u.; middle producers
(Middle), fluorescence intensity between*18 u and 1® a u.; high producers (High),
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fluorescence intensity >%@ u., in the gate"ARPE-19". The gating strategy for analyzing the
transfected ARPHO cells is presented Figure22. Flow cytometry data were evaluated using
FlowJo software v 10.1 (Tree Star, Stanford University, Stanford, CA, USA, 2016).

w Transfected and alive
‘ @ Transfected and dead
~s= Not transfected and dead

Not transfected and alive

SSC
EGFP

Mock

/////

FSC Pl —>

Normalized To Mode

SSsC

Transfection

EGFP

FSC

Figure22: Gating strategy for ARREI cells.

B cellssubclasses

For phenotyping Rell subsets, the cell surface markers CD19, CD20, CD27, and CD38 were
evaluated utilizing flow cytometryQytomics FC500; dual laser (488, 635nm); Beckman
Coulter, Krefeld, GermanyThis assessment was conducted following the cell staining process
with murine antibodies specific to each CD marker (@Ril9-APC, catalog #302212; anti
CD20-PE, catalog #302306; ar@iD27-PE-Cy7, catalog #356412; aniiID38-FITC, catalog
#356610; all surced from BioLegend, San Diego, California, USAlhering to the guidelines
provided by the manufacturdriefly, 0.5 x 16 cellswerewashedwice using 1 mL of PBS

(400 g, 5 min) and resuspened in 100 uL of PBS. This was followed by a -&finute
incubation period with the antibodies at 0°C. After the incubation, the cells underwent two
additional washes with 1 mL of PB800g, 5 min) and were then resuspended in 500 pL of

PBS for flow cytometry analysis. The floeytometer settings were adjusted to record 80,000
events per sample. Control samples, which underwent aimoaknostaining procedure, were
employed to calibrate the measurement parameters. Data recorded included forward scatter
(FSC), side scatter (SSC), and fluorescence intensity measurements for FITC (emission at 525
nm), PE (emission at 575 nm), APC (emissad®55 nm), and REy7 (emission at 750 nm).
Spillover compensation for each antibody was determined using singlewiir@neComp

eBeads (ThenoFisher, Waltham, Massachusetts, USA).
37



Materials& Methods

Gel-retardation-assay

For the gel retardation assay, pol ypl exes WwWEe
material and varying amounts of polycationic solution to reach the indicated N/P ratio. Mixtures

were vortexed for 10 sec and incubated at room temperature forlepoliggmation and
maturation. After 20 min of incubation, 5 €L
HCl pH 7.6, 60 mM EDTA, 0.03% bromophenol blue) was addeal.analyzemRNA

polyplexes, 5 pL of 2X RNAsé#ee loading buffer (95% formamide, 18 mM EB, and
0.025% SDS, 0.15% bromophenol bl ue) was used
analyzed in 1% (w/v) agarose gels with TaisetateEDTA as running buffer (running time 90

min, applied voltage 90 V). Gels were stained with peqGREEN (60 ng#nid)the genetic

material was visualized under ultraviolet (UV) light (254 nm).

Ethidium bromide displacement assay

For the ethidiunbromide (EtBr)assay, a constant amount of nucleic acid (2 ug) was used. The
genetic material (pbDNA, mRNA) was diluted with HBG buffer in a total volume of 100 pL,
and 1 pL EtBr (0.1 mg/mL) was added to the mixture. Afterward, the necessary polymer amount
was added to chieve the desired N/P ratio, as described ab&epidtion3). After brief
vortexing (10 s, 2500 rpmbhe polyplexes were incubatedthe dark for 30 minThe mixture

was pipetted into a black 9@ell plate and analyzed in a plate reader (GENios Pro, Tecan,
Mannedorf, Switzerland). As a control, we used HBG with EtBr (background fluorescence of
the assay). Also, genetic material (pDNA, mRNA) with EtBr withpolymer was measured
(maximal achievable fluorescence for the assay). The relative displacement of ethidium

bromide was calculated using the followiBguation4.

. - O
1 Qa 0Q"Q NG W w ' QPd Q%—e—o

Equationd: Fops = fluorescence intensity of the samplaa E maximal fluorescence intensity of the nucleic acid,
and kb = background fluorescence intensity of ethidium bromide in HBG.
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2.2.6 Statistical analysis

Group data are reported as mean * standard deviation. If not otherwise stated, n represents the
number of independent experiments. OriginPro software (version 2023, OriginLab,
Northampton, MA, USA) was used for om@ay and tweway ANOVA with Bonferroni

multiple comparison tests to determine whether data groups differed significantly. Statistical

significance was defined &p < 0.05 **p <0.01, *** p <0.001, if nad otherwise indicated

2.2.7 Licence agreement

Parts of the schemes and figures were drawn using pictures from Servier Medical Art. Servier
Medical art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0/).
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3 Resultsand discussion

Delivering genetic material into mammalian cells moseallengeswhich can be cellype

specific. The general assumption is to categorize cells into two broad categezasgo-

transfect and hartb-transfect. As the name implieseasyto-transfect cellscan easily
internalize genetic material carried by a vecidre reason wy some cells are more septible
to transfection is noget known Cell lines, such a€hinese hamster owa(CHO) orhuman
emlryo kidney(HEK) cells, areconsidered toéake upgenetic materiagfficiently. In contrast,
primary human cellssuch as primary Br T cells andsome cell linese.g, ARPE-19, seem
less prone to transfecti®yi’! In the following thetransfedibn of multiplehardto-transfectell

types will be exploredndevaluated for theitransfectionefficiency (TE) and cell viability
(CV).

3.1 Polyplexvalidation

As mentioned genetic material cannot pass the cell membiadependentlyand needs
assistance from a suitable vector to be protected from nucleases and maghtiise charge.

A more detailed look at polyelectrolyte complexes of genetic material and polycations
(polyplexes) will be provided in the followind-or successful transfectipseveralcritical
physicochemical propertiesf the polyplexmustbe aligned. These properties include but are
not limited to sizeand charge. Mtible analysis methods are known by which these properties
can be evaluatedA standard techniques the secalled gelretardationassay(GRA); here
polyplexes with varying N/P ratios are prepared analyzed via gel electrophoresizenetic
material can be detected via an intercalating tiige exhibits fluorescence under UV light
Oncethe geneti material isboundin a polyplexit is shielded from nucleases and intercalating

agents such as PeqGré&amn ethidium bromidetherebyevading detectio(Figure23).
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/ Fluorescence

@ Intercalating dye

Ny Polycation

Genetic material

Polyplex

Figure23:Gel retardation assautcomes with and without polycation.

The polyplex formation depesdn the amount of polycation in relation to the genetic material.
While, in theory, an N/P ratio of 1 should be sigfent to bind all genetic matetian a polyplex

this is not always the casmost likely attributed tsterichindranceand reachability**813*1For

I-PEI (25 kDa)and theNanostar, a complete complexation can be observed above an N/P ratio

of 5 and3, respectivelyrecognizable by thiack of a fluorescent signéfFigure24).

|-PEI Nanostar
N/Pratio 0 1 3 57.510 0 1 3 5 7.510

Figure24: GRA for FPEI and NanostalN/P ratio = 0, represenDNA only.

This assayis helpful in the determination of which N/P ratios are feasible for transfection and
is recommended to perforfor every polycation/genetic material combination that will be used
in transfection experiment®ue to the comparatively lower stability of mRNAmparedo
pDNA or other doublestranded polynucleotides, precautions must be taken when conducting

the assay for mMRNA?% For this the composition of the gel matrix was altefaddition of
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formaldehyde)o thatdegradation of mMRNA was limitednd acomprehensive assessment of

its complexation with-PEI and théNanostar polycatiosould beconductedFigure25).[144

I-PEI Nanostar

N/P ratio 1 3 575101250 1 3 5 7.5 10125

Figure25: GRA using EGFAMRNA and {PEI/Nanostar polycations.

Similar to the GRA using pDNA, mRNA was successfully complexed at an N/P rati® foi
[-PEI and >1 for the nanostar polycation.

Since the results of the GRA were cumbersome to obtain vdieg mRNA (gel preparation)
another method was employed in which the complexation of the genetic material could be
analyzedHere, we used an ethidium bromide displacement assay, in thkigenetic material

is first mixed with the intercalating dye (EtBr)ncubated and then polycation is added.
Polyplex formation should staaind displace EtBratter which no fluorescence signal should

be detectedHigure26).

® Intercalating dye

U Polycation

LTI + @

I T T T . /\/ R —

Genetic material Fluorescence Polyplex

Figure26: Ethidium bromide assay.
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As soon as a pteal can be observed in the itlum bromide assapnecanassumeomplete

complexation of the genetic material.

Analysis ofthe EtBr assay shows similar bela to the GRA. Thenanostar polycation can
fully complexat an N/P ratio of >1 for pDNAram mRNA. Using FPEI, one can observe a
similar trend as in the GRA in whichPElI seems to need higher N/P ratios compared to the
Nanostar and achieves complete comaliex of the genetic materiat an N/P ratio of >3
(Figure27).
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Figure27:EtBr displacement AssajpA) Nanostay (B) I-PELI Statistical significance between N/P 1 mRNA and

N/P 1 pDNA for nanostabased complexation is indicated as * (p < 0.01). ForlzSked complexation, statistical

significance between N/P 3 pDNA and N/P 3 mRNA is # (p < 0.001), between N/P 10 pDNA an@ WANA

is ## (p < 0.05), and between N/P 3 mRNA and R/P 5 mR

In general, mRNA fluorescence is lower than pDNA fluorescenb&h can be explained by
the tendency of EtBr thind only withdoublestrandednolecules. In contrashRNA issingle
strandedstacked base domains are thought todeessary foEtBr to intercalate Since such
domains are nathe predominant form of the molecutbe overallfluorescence intensity is
lower whencompared to doublstranded pDNA!*? Nonethelessa qualitative asssment can
be drawn from this analysialigning withthe GRA andcan be used as guidance for future N/P

ratio evaluation in transfection experiments.

An essential characteristic of polyplexes is their size, with dimensions below 200 nm deemed
optimal for endocytotic uptak&® The size of these polyplexes is influenced by various
parameters, including the composition of the complexation matrix (e.g., 150 mM NaC}, OPTI

MEM, or culture medium), surface charge, and, to a certain extent, the N/P ratio. Analytical
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techniques such as Dynamic Light Spotantial er i ng
measurements for surface charge assessment can be employed.

Previous investigations have demonstrated thatnanostar polycatiorof approximately
160nm, corresponding tan N/P ratioof 20, aligns with the optimal range for transfection
vectorsl!44l

Too small Ideal size Too large

0.1 1 10 100 1000  1E4 1E5
Size [nm]

Figure28: Sizedependency of the polyplexasrelation to thezeta potential
We assumed that apotential around 0 mV could lead aggregation and, therefore, bigger
polyplexes that the cells could not internal(gégure 28). This would align with prevoudy

reportedresultsthatan N/P ratiedependent size distributiaxists for PEI and the nanostar
polycation!44!
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3.2 Transfection of ARPE-19-cells

The ARPE19 cell line is a commonly usexd vitro model for research in ophthalmology and
retinal biology. Derived from human retinal pigment epithelial (RPE) cells, ARP&ellsare

a valuable tool for studying various aspects of retinal functizetabolismcell physiology,

and responses to different stiméft! Dysfunctions in RPE cells are associated with various
retinal disease®ARPE-19 cells serve as a valuable surrogate for primary human RPE cells due
to their closely mimicked properties and functions in the retina. Givelntited avalability

of primary RPE cellsusingthe ARPE19 cell line becomesssential rendering these cells
valuablefor investigatingrelevant conditionsuch as ageelated macular degeneration (AMD)

or diabetic retinopathywithin retinal research®:103145146ITransfecting these cells allows
researchers tostudy diseaseassociated genes or the effects of potential therapeutic
interventions.Scientists can gain insights into seeconditions’ mechanistby introducing
specific genes or germlencing construst In the context of gene therapy research, transfection
of ARPE19 cells carbe an initial step to assess the feasibility and efficacy of gene delivery

approaches for treating retinal disorders.

The transfection of ARPE9 cells employing commercially available vectors has been
observed to be inefficient. Lipofectamine2@0has shown moderate success, whereas
polycationic agents hav@resentedcomparatively lower efficacy, with the commonly
recognized "gold standard," polyethyleneimine (PEI), achiesimgle-digit efficiencies*4”148l
However, researchers have developedhdnse synthesized polycateynwhich hae
demonstrated satisfactory TE and CV outcoffégure29).[108.114]
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Figure29: Polycation structures for genleliveryin ARPE19 cells 149

The enhanced efficiency in genetic material delivery observed with the custom polycation is
likely attributable to its more intricate molecular structure. Previous studies have indicated that

starshaped polymers exhibit superior TE compared to theirrlizmanterparts3! In particular,
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SuN et al. achieved a remarkable TE of approximately 80% while maintaining high cell viability

by utilizing a coreshell dendrimeridipid formulation 14. However, it is noteworthy that the
synthesis of the polycatioh5 is complex, rendering it inaccessible to researchers without
access to an advanced chemical synthesis labor&iamifarly, the branched polyester structure

16, proposed bUNSHINE et al., has demonstrated promising results with a TE of around 44%,
albeit facing gnthetic challenges similar tb5. Efforts to enhance transfection efficienicy
incorporating additives such as Polysorbate 8B)( or Polyoxamer 1881() have been
underway, but these approaches have shown limited success in overcoming the observed

hurdlegl108.114,150]

The demand for easily accessible polycationic transfection agesppasentThe following
section will evaluatecurrently employed methods for ARPB transfection particularly
emphasizinghe employment of commercially obtainableil.

3.2.1 Literature approach

Certain Astandard condi thetansfection bf adherenttcellle n e st ¢
constant amount of genetic material, usually 3xily be utilized. Gonsequentlythe polycation

will be varied to achieve charge compensatiod facilitate polyplex formatiothereby setting

up the desired N/P ratidhis method's advantagedsst predictability which is achievedy

using a constant amount of genetic cargo, given the rdiatvgh cost of pPDNA or mRNA

compared to thpolycation™®! However, it has been observed that this method may not be the

most efficient when attempting to transfect "héwdransfect” cells. The polycation, primarily
responsible for cytotoxicity and subjectdoangewith varying N/Pratios, is a parameter prone

to fluctuations during optimization trials. Maintaining a constant polycation concentration

across different N/P ratios ssiggestedo allow for more predictabl@ E and CVoutcomes.

In the preliminary assessment of ARRE& cell transfectability, two distinct polycations were
employed: commercially availabld’El (25 kDa), recognized as the benchmark in polycationic
transfection and a in-house synthesize#4-arm pDMAEMA-nanostar witha well-defined
structure. Polyplexes for transfection were initially prepared with a consistent ampiNAf

(3 ng), while varying quantities of polycation were utilized to achieve the desired N/P ratio,
aligning with the established methodology in tedevant literaturé>? Transfection was
conducted in @vell plates with a cell density of 2x3@ells/well, following a incubation
period of 4 hours between polypesand cels. The results depicting TE and cell viability 24
hours postransfection are illustrated Figure30.
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Figure 30: Transfection of ARPHS9 cellsusing thestandard methodologylotal cells: 2x18, 6-well plates,
transfection volume 2 mL (0.2 mL polyplex solution), éhgig pDNA. Analysis was conducted after 24h of
recovery time postransfectionBars represent percentages of transfected cells within the viable cell population.
Lines are guides to the eye.

For I-PEI, the TE remained at or below 30% while maintaining a high cell viability of over
90%. These values align with previously documented outcome®firand jetPEl in ARPE

19 cells, where TE was reported todpeund22%1%8147.153Fgr a given N/P ratio, thdanostar
transfection agent exhibited superior performance -REI, achieving a maximum of
approximately 65% transfected cellhereby it also confirmspublished results in which
nonlinear polycation structure led to higher TE outcomdswever, the amount of polymer
required to attain a specific N/P ratio was three times higher than that need@&iEfoalbeit

with a lower molaratio (8.4-fold). This increase in polymer quantity might contribute to the
observed reduction in cell survival followimgnostaibased transfection.

A limitation of adjusting the N/P ratio by increasing polycation amounts iswbEncreasing
polymer concentration quantity per cell in the transfection process. This concern is more
pronounced for high molecular weight transfection reagents, as demonstrated Nareo&iar

(755 kDa) compared teREI (25 kDa)Notably,these polymer concentrations remained below
the LDso values, as determined by MTT assay for fredeEl (12 pgmL) and Nanostar
(500ug/mL) in L929 cells, indicating no expected toxicity? 13! Previous studies have
established that nanostar is less cytotoxic tHailIfor various cell lines and primary cefi$l]

However, in the case of Jurkat cells, an accumulatioaiodstatbased polyplexes inside cells
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resulted in cellular disturbances pestgulfment, and a similar process may contribute to the

higher cytotoxicity ofnanostar observed in ARPB cells.In contrast, {PEI led to relatively

low TE, suggesting a lowdendencyof |-PEFbased polyplexes to enter cells. Interestingly,

nanostammediated transfection resulted in elevated levels of transgene expression compared to

I-PEI. Notably, the population of "high producers,” representing cells with veryBGgP

fluorescence (MFI > 10a.u.), was, on average, four times higher. It cannot be ruled out that

the heightene@GFP expression levels might induce some degree of cytotoxicity, as proposed
in the literaturé*>*!

As the augmentation of the N/P ratio by increasing polymer quantity appeared ineffective for

transfecting ARPEL9 cells, we opted for a methodological shithe N/P ratiovasvariedby

the amount ofpDNA while maintaining a constant polymer quantiBrior investigations

demonstrated that this approach could enhance cell viability without impactifé*¥#.In

this series of experiments, the polymer concentration was set ain& pequivalent to 60 pg

of polycation per 19cells, a value chosen based on previously satisfactory TE outcomes

(Figure30). We included 4PEI in the experimental setup for comparative purpcseploying

the same polymer concentratifffigure31).

Figure 31:
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In the context ofhanostaibased transfection, TEas approximately 30%, exhibiting nen
statistically significant fluctuations, notably lower than previous values, except for N/P 3
(Figure30). However, cell viabilitystabilizedaround 60%, irrespective of the N/P ratio. These
findings align with the overarching observation that nanostar concentration predominantly
influences TE, providetbtal charge compensation for all genetic material is ensuree?

based transfection, T&eadily increasedith rising N/P ratios, reaching approximately 40%

at N/P 10. Simultaneously, cell viabylitlecreased, likely associated wilthreefoldgreater
concentratiorof polymersthanN/P 7.5 and 10as depicted irFigure 30. Collectively, these
results underscore the distinct behavior of both polycations. WHREI | shows an
augmentation in TE witgrowingN/P ratios, accompanied by a decrease in viability, narostar
based transfection outcomes remain relatively constant across the tested N/P ratios. This
consistency may be linked to inherent mechanisms of polyplex formasailuded to by the

ethidium bromide assay mentioned earlier.

3.2.2 Baseline parameter improvements

The primary goal was to build upon the preliminary results iemtove TE and CV.The
optimization process involved firtening the reaction volume, the contact time during
transfection, and the pestainsfection recovery time to achien®al results characterized by

high TE and robust cell survival. In addressing the impact of reaction volume and contact time
during transfection, the rationale was guided by the following consideratipmsinimizing

the exposure time of cells to the transfection agent is advantageous for cell viability) and (
reduced spa¢eolume enhances theKelihood of interactions between cells and polyplexes,
thereby increasing TH.ransfections were conducted using nanostar-&tel polycations at a
concentration of 80 ug per 4@ells and an N/P ratio of 5, with transfection volumes set at

0.5mL and ImL and incubation times &hand 4.

Purposefully elevating the polymer density aimeangphasizepotential changes in TE and

cell survival.The plate format was alsatered(6-well plate tol2-well plate to decrease the

number of cells per well from 2x310o 8x1d. The results, as presented Table 3,
unequivocally demonstrate that reducing the incubation time between nanostar polyplexes and
cells iIimproves cell wviabilities for both 0.5
< 0.01) transfection volumes. A similar trend is observed for areased volume during
transfection, where, for contact times &féhd 4, 1 mL yields higher vi:;
0.05) than 0.5 mL (oo = 17. 3%, p < 0.01), res
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Table3: Analysis of the influence of incubation time and transfection volume on TE and cell viability using the
nanostar polycation at 80 pg perf@lls at an N/P ratio of 5. Data represent mean values + SD, n = 2.

TE [%] Cell viability [%]
ImL 0.5mL 1mL 0.5mL
Nanostar 2h 441+28 552+07 888+18 79.8x0.1
4 h 559149 69.5+29 74+1.6 56.7 +1.6"
I-PEI 2h 26 + 0.6 31.8+14 83.5+05 73.2+0.9
4 h 239+1.2 246 6.9 89.2+0.2 77.4+12.6

Statistical significancéetween 2 h and 4 is indicated as *(p < 0.05), **(p < 0.01), **(p < 0.001). TE:
Transfection efficiency.

In |-PElbased transfections, neither the incubation time nor the transfection volume
significantly influences TE and cell viability. Still, a nstatistically significant trend towards
improved TEcould be identified in a reduced volume and incubation.tifime results align
well with the general thinking that decreasing exposure to polycation favors higher cell
viability.?% All further experiments were conducted witk1®* cells in a total transfection

volume of 0.5 ml. with a2 h contact time between cells and poly@exn a 12well plate
(Figure32).
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Figure32: Adaption of baseline parameters to enhance TE and CV
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As previously documented, thieansfection outcomes are significantly influenced thg
quantity of polycation per fOcells and the podtansfectionrecovery time Initially, our

investigation focused oassessinghe impact of recovery time pestansfectionwhile also

screening for an optimal N/P ratiRatios ranging from 3 to 12.%were employedor both
polymers,maintaininga consistent polymer density of 60 ug f€f cells Figure33). This
specific polymer density was selected to balance transfection efficiency and cell viability,

therebyelucidatingthe most pronounced differences across various N/P ratios. We evaluated

TE at 24 hours and 48 hours after transfectdwmtably, no transfected cells were detectable for

I-PEI, as shown irFigure 33, regardless of the recovery time at an N/P ratio of 3. This

observation aligns with the results obtained frii@@RA depicted irFigure 24, where only

partial binding of pDNA athis N/Pwas observed. Furthermore, there was no discernible impact

on cell viability compared to the control sampleplateau in TBwvasreachedatan N/P ratio

of ©7.5,while atN/P 1Q thecell viability alsostagnate@ndconsistentlyemainecabove 70%.

Figure33: N/P ratio evaluation forlPElI pDNA polyplexes. Polymer density and concentration were kept constant
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to the outcomes observed 24 hours fistsfection, the levels of transfection efficiency
exhibited a notable increase, with a-B8l rise for the N/P ratio of 5 and a i#f@d increase
for other ratios. Concurrently, as TE elevated, cellular viabd#greased to around 60%
Comparedto the data illustrated ifrigure 30, a twofold increasein TE was identified,

accompanied by a slight reduction in cell viability ¢@o&l) for the corresponding N/P ratio.

In the case of theanostar Figure 34), alterations in the N/P ratio and variations in recovery
time did notsignificantly impact transfection efficieryc which stabilized at approximately

45%. This occurred alongside a marginal reduction in cell viability (> 78%), consistently
surpassing the corresponding values observedR&il.| Notably, N/P ratio yielded the most
favorable transfection outcomes, although the observed differences lacked statistical
significance. This observation may be attributed to the complete condensation ofghDINA

ratio 3, as evidenced by GRA resuFsgure24) andethidium bromide assay findingBigure

27). Consistent with previous reports on nanostar systems, the transfection performance appears

independent of the N/P ratio, provided that the polyplexes maintain a net positive charge.
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Figure 34: N/P ratio evaluation for Nanostar pDNA polyplexes. Polymer density and concentration were kept
constant at 60 ug/f&ells and 9.6 pg/mld total cells: 8x18 transfection volume 0.5 mL (0.05 mL polyplex
solution). Analysis was conducted after 24 h and 48 h of recovery timetraostection.Bars represent
percentages of transfected cells within the viable cell population. Lines are guides toBadaesepresent mean

values N sSD n O 2.

Relative to the findings presentedrigure30, consistent trends in transfection efficiency were
observed for a given N/P ratio, such as N/P 5, where TE values were comparable (53% vs.

52%) At the same timegell viability showed a slight improvement (N/P83% vs. 77%)The
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polycation amount dominateBE and CVoutcomesif the genetic material is fullypound
Notably, an increase in TE associated with extended incubationtranstection was
discernible only in the context oHElbased transfection. It appears unlikely that the quantity
of pDNA delivered plays a decisive role, as similar amounts of pDN2E@p 125 2.7 Ug;
Nanostatir 2 3 pg) yielded disparate results. A plausible hypothesis is that intracellular
mechanisms governing pDNA release from polyplexes, andaguently the ability to access
the cell's nucleus, may differ betweeRE| and nanostar. Th&peculatiorgains support from

the distinct proportions of "high producers” observed at 24 and 48 hours for nanostREand |
The nanostar polymeric vector consistently induced less than 10% high producers, regardless
of recovery time In contrast,|-PEI transfection led to over 50% of the populatlming
classified as "high producers” after 48 hourhis leads toa higher median fluorescence
intensity (MFI), potentiallyallowing an assertion abouirotein production for therapeutic

applicationgFigure35).
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Figure35:MFI comparison depending on polymer and contact time.

To enhance the aforementioned results, a range-@0@Qug of polycation per f@ells was
employed to assess the impact of polymer denBityu¢e36). A constant N/P ratio of 10 was
selected to ensurthe complete complexation of pDNA, as it had yielded optimal results
previously Figure33). Once again, recovery times of 24 and 48 hours-passfection were

utilized in the analysis.
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Figure 36: Polymerdensity evaluation forIPEI (A) andnanostar(B) at an N/P ratimf 10. Total cells: 8 x 1§

12-well plate, transfection volume 0.5 mL (0.05 mL polyplex solution). Analysis was conducted after 24 h and 48

h of recovery time pogtansfection. Bars represent percentages of transfected cells within the viable cell
population. Data representmeamb ues N SD n O 2. St aih ¢ek viabilitydo 100spg g ni f i ¢ «
are indicated as §(p < 0.05), #(p < 0.GI)dTE to 20 ug isnarked as *(p < 0.05), $(p < 0.01).

For PEI, a gradual increase in transfection efficiency was observedrisiiiy polymer
quantities, reaching a plateau at approximately 40 pg polymer Secelld for a 24hour
recovery timeand 60ng polymer per 18cells for a 48hour recovery timeNonetheless, this
increasavas notstatistically significant compared to 40 pg of polymer péet ddis after 48

hours of recoveryCell viability decreased, reaching 45% at a polymer density of 100 pg per
10° cells. Extending the recovery time resulted in an additional improvement in TE by
approximately 1.50ld (90%). The expression level &GFP followed a pattern similar to the
values observed at N/P ratio 10 and remained unaffected by variationl/mep density.
Notably, there was no significant difference in cell viability between 60 ug and 100 pg polymer
per 16 cells after 24 and 48 hours of incubation. This unexpected result may be attributed to a
potential saturation of the cell surface with polyplex/polymer above 60 pg Pecells,
rendering additional polyplexes unable to interact with the cells and consequently having no
further impact on cellular viabilitgnd transfection effiency. For nanostar, irrespective of the
posttransfection incubation time, TE remained in the same range as depidtegliia 33,
reaching a plateau @0 pg polymer per 10cells. Similar to 4PEI, the polymer density
exhibited minimal influence on T&bove a certain thresld. However, as previously observed

in Figure33, a slight, statistically nesignificant change in expression level for the nanostar
was noted after 48 hours of recovery. A consistent decline in cell viability was observed with
increasing polymer density.
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Both polycations demonstrated successful transfection of AEREells withoDNA; however,

after some optimizationl-PEI exhibited higher effectiveness. Optimal results were achieved
with a polymer density of 40 ug per®éells for FPEI and 60 pg per 2@ells for the nanostar
polycation, at N/P ratios of 10 and 5, respectively. Adjusted parameters yielded a maximum TE
of approximately 70%, with viability aibugHy 80% for FPEI, surpassing published results by
other groups. Furthermore, an increase in recovery time led to a significant improvement in the

expression level of the transgene.

3.23 mRNA transfection of ARPE-19

The encouraging outcomes achieved with pDNA prompted us to explore the efficacy of both
polycations in delivering mRNA. Since intracellular stability is more crucial for mRNA than
pDNA, the time points traditionally used for pDNA analysis (i.e., 24 artupksttransfection)

may not be appropriate. Additionally, considering that mRNA undergoes immediate translation
upon delivery and release into the cytosol, it is conceivable that shortetrgodection
incubation times might suffice. To test this hypegis, we initially examined the impact of the
analysis time point podtansfection. Employing the nanostar at N/P 5 with 1.9 ug mRNA, 60
ug of polymer per 19cells, a contact time of 2 h, and a transfection volume of 0.8 mL
parameters that yielded optimal results for p@N\we compared transfection efficiency and

cell viability after 16 h, 24 h, and 40 h of incubation gtoghsfectionFigure37).
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Figure 37: Influence of the incubation time pesansfection after mRNAransfection using the nanostar.
Recovery times of 16 h, 24 h, and 40 h poshsfection were analyzed. Total cells: 8 x 1GWEH plate, mRNA:
1.9 ug per well, polymer density: 60 pg polymer pef &élls, contact time: 2 h, transfection volume @b
(0.05mL polyplex solution), N/P ratio: 5. Data are represented as mean =88, n
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An approximate transfection efficiency of 60% was observed, accompanied by approximately
80% cell viability, with no statistically significant differences noted amongahedrecovery

times. Although a marginal increase in cell viability was observed at longer recovery times, this
increase did not reach statistical significance. Previous research from our laboratory has
demonstrated that nanostars can enhance membrane pditynbglaestabilizing the plasma
membrane, resulting in the formation of potieat render cells susceptiblettansfection but

also might increasmortality.*°¢! Over time, these pores are expected to close, contributing to

an overall increase in cell viability.

This could beconfirmed by kinetic analysitroughoutl6 h Figure38), in which after 1 h

almost all cells are detected as dead. This might be because propidiuntédideerthrough

the generated pores and inteatalinto the cels DNA. Over time a recovery of the cell
viability is observable alongside an incremental increase of the transgene expreéissidit
remairs constangafter around 6 h postansfectionRegarding transgene expression levels, no
high producers were identifiedhiddle producersre recognizable after 7 h and continue to
grow with time alongside a rising MFI amukakedat 24 hours podtransfection(Figure 37).

Given that the tested recovery times did sighificantly impactTE and cell viability, we have
concluded that a recovery time of 16 hours is suitable for optimizing the transfection procedure

for mRNA delivery using-PEI andthe nanostar polycatias
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Figure38: Expression kineticef mMRNA-Nanostatbased polyplexes. Total cells: 8 x 10;M&ll plate, mRNA:
1.9 ug per well, polymer density: 60 pg polymer féf cells, contact time: 2 h, transfection volume @6
(0.05mL polyplex solution), N/P ratio: 5, n =1.
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The initial challenge involved determining the optimal N/P ratio for both polycations. While it
was feasible to adjust the mRNA quantity to achieve the desired N/P ratios for the ranostar
based polyplexes, a comparable strategy-fEI would have necesated approximately 10

40 pg of mMRNA per sample. Given the limited yield of the in vitro transcription process (with
an overall p r o d u cpererprrimenf such an3eRendvg utilizd&idhof the
expensive genetic material was not feasiblengéquently, for-PElbased transfection, we
utilized 1.82 ng of mRNA and adjusted the N/P ratio by increasing the polycation quantity. N/P
ratios ranging from 3 to 15 were tested wiPHI (Figure39B) and 3 to 12.5 with the nanostar
(Figure39 A). Subsequently, N/P 15 was selected {BEl, as we did not observe the same
trend towards lower transfection efficiency with increasing N/P ratios, as was noted with the

nanostar.
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Figure39: N/P ratio fomanostafA) andl-PEI(B) mRNA polyplexes. ForPEIl, mRNA was kept constant at 1.82

¢ gwhile for the nanostar, polymer densi/nd concentrati on wer e perétPcellsconst ar
and 9. 6Total gellsn8lx.1€) 12well plate, transfection volume 0.5 mL (0.05 mL polyplex solution). Bars
represent percentages of transfected cells within the
2. Data was generated by Elisabeth Ranze.

For I-PEI, the highest attainable TE was 65%, with a notable increase between N/P ratios of 3
and 5. Subsequently, a slight, though not statistically significant, increase was noted at N/P 7.5,
reaching a plateau. Cell viability remained unaffected byla&seg N/P ratios, consistently
exceeding 80%. In contrast, the nanostar exhibited a TE exceeding 40% at N/P 3, which
increased to 80% at N/P 5 and N/P 7.5. Interestingly, these two N/P ratios yielded the highest
number of middle producers. At higher Ndios, TE experienced a slight decrease without
reaching statistical significance. The correlation between increasing N/P ratio and lower overall
MRNA quantity suggests that mMRNA amounts exceeding 1 psppgplemay be necessary for

supporting higher levels of transgene expression. Although a decreasing trend in cell viability
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was observed, it consistently remained above 70%. Comparatively, the nanostar demonstrated
greater efficiency thanfPEl, especially at N/P i2gardingTE. The underlying reason can only

be speculated upon and may be associated with the polyplex structure, potentially providing
better protection against mMRNA degradation in the case of the nandstaore detailed
comparative analysis of t he it beynmedessanets 6 phy
address this point. Successful transfection witeElFbased mRNA delivery resulted in higher
transgene expression, with approximately 10% high producers and 35% middle producers
consistently achieved. The cell viability for both polycations consistently remained above 70%,
within an acceptable rangke. summary, these findings suggest that N/P ratios of 10 to 15 are

optimal for mRNA transfection usingREI, while N/P 5 is optimal for the nanostar.

Subsequently, we explored the possibility of further enhancing TE and viability by varying
polymer density. Polymer densities ranging from 20 to 100 pg Serelle were tested for both
polycations, with N/P ratios set at 5 and 12.5 for the nanostarREH FespectivelyKigure

40).
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Cell Viability [%]
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Mock 20 40 60 80 100 Mock 20.2 404 60.6 80.8 101
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Figure40: Polymer density evaluation for nanosta) @ndl-PEI (B) mRNA polyplexes. An N/P ratio of 12.5
for I-PEI and 5 for the nanostar was kept constant. Total cells: 8 A2@ell plate, transfection volun@5mL
(0.05mL polyplex solution). Bars represent percentages of transfected cells within the viable cell papulation
Lines are guidestotheey®at a repr esent meDatawas gehenated by Nlisabddh Ranze. O

For -PEI, an incremental increase in polymer density resulted in a consistent rise in transfection
efficiency, reaching 82%. However, this increase was accompanied by a decline in cell
viability, observed from 40.4 pg of polymer peft@lls onward Eigure40, B). Similar trends

were observed for nanostiaased transfectiongigure40, A). Comparedo the nanostar;PEI
exhibited a higher level of transgene expressievertheless, compared to pDMNased
transfection, mMRNA supported only a limited production of "high producers," possibly linked

to the reduced stability of the cargo in the intracellular compartriéwet.decrease in cell
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viability observed for both polymers can be attributed taiieg polymer concentrations, as
discussed earlier in the context of pDNwsed transfection. In summary, the optimal balance
between TE and cell viability for transfection of mMRNA at the tested N/P ratio was 60 pg of

polymer per 10cells for both PEI and nanostar.

3.24 Transition to postmitotic cells

Sinceprimary RPE cells in the human body are postotic, transfecting nowlividing cells is

crucial forin vivo applications!®”1%¢1 The transfection of pDNA as genetic material relies on
the ability to access the cell's nucleus. The entry of pDNA into the nucleus is thought to occur
through nuclear pore complexes or the nuclear membrane disruption during Hfitd%is%

The transfection efficiency may be influenced by the cell cycle and the proportion of cells in
the S and GM phases. Previous research from our group has demonstrated thamdiséar
polycation can transfect poshitotic C2C12 cell$*¥ This could mean th@anostar can
penetrate the cell's nudg thereby transfestg postmitotic cells. Cell cycle analyses were
conducted to investigate the transfection agent's capabilities to achieVénéndsstribution of

the cell cgle thases G1, S and GM, wasestablishedat thestandardcell density of 810

cells per well. The analysis was performed on the day of transfection using a live staining
technique with the Hoechst 33342 dye. The results showed that the proportion of cells in mitosis
was approximately 50%, indicating suitable conditions for pDNAdtfiection(Figure 41).
Transfection usingPEI and the nanostar polycation resulted in efficiencies within the expected

range, as reportezhrlier(~60 %, data not shown
.
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Figure4l: Cell cycleanalysisof ARPE19 cellsafter 24 hourgleft) and10 days(right) of seeding in a 2vell
plate

Subsequently, an attempt was madgytachronize the cell cycle lmpntact inhibition, culturing
ARPE-19 cellsfor 10 days to restrictheir growth spaceThe epeated light microscopical

evaluation showed 100 confuency at around day. &n additional two daysf culturing time

59



Resultsanddiscussion

were added to ensure the cell cycle was rdstéie G1 phasetherebyprevening further cell

division. The assumption was verified by measuring the cell cycle after 10 days, which revealed
a significant reduction in the proportion of cells in th€6S6) and GM (8 %) phasegFigure

41). However, not all cells seemhdltedin the G1 phasdransfection with these cells resulted

in agreatly diminished TE for the nanostar (7 %) aiREl (L7 %) While the TE was lowit
surpassed the combined cells in the S and G2M phases, suggesting that transfection in

postmitotic cells might still be feasible using the optimized procedure described in this study.

A stable transfection using the CRISPR/Cas9 system cmgdtethe low TE in postnitotic

cells, as only a small percentage needs totria@sfected for continuous protein production.
Given the requirement feenewedorotein production in malfunctioning RPE cells affected by
agerelated macular degeneration (AMDJevelopinga method for gene knogk was
considered essentidh this study, we employed a system featuring an HDR template equipped
with the knockin sequencélankedby both left and right hmology armsaandCas9mRNA to
facilitate the intracellulasynthesis of the Cas9 protein. AdditionallysgRNA was utilized to

target the specified locus precisely (Figure 41).

Polycation Polyplex

Figure42: CRISPR/Cas9 system with mRNA(Cas9), sgRNA, and a plasmior demplate containing the
knockin sequence and the leftind righthomology arms.

As locus AAVS1 was selectedjgone of the recognized fAsafe he
should contain in its genomk allows gene knockns without disruptingessential partsf the
cellularmachinery*8%16lFor simple detectiorEGFP aghe knockin sequence was selected:;

this way, cells in which the gene was successfully integrated were to maintain protein
production over an extended period and would be identifiaialeflow cytometry. EGFP

production would regress with time in transiently transfected cells, and eventudyiyyon

fluorescent cells would remaiBecausehree separate polynucleotides were emgudidy fulfill

their specialized taskhe establishedrocedurevas a guidine for how much genetic material

wasused in polyplex formationfhe optimized4PEI transfection protocol for ARRED will
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deliver 3.4ng of polynucleotidesnto the cell.Mass distributioramong the HDRemplate
(pbDNA), Cas9mRNA, and the sgRNA is a critical consideration. According to
recommendations found in the literature, an initial experiment should adopt a SgRNA to mRNA
ratio of 7.5, which implies that the molar quantities utilized were ®blg242 ng) for the
sgRNA and IpMol(1.45ng) for the CasdmRNA. Theremaining maswas filled with pDNA

(1.7 ng) to reach the desired N/P ratio Because of thdifferentmassof pDNA utilized in

this experimental setypg was deemed necessary to evaluate additional N/P ratios (5 and 7.5),
thereby increasing the mass of pDNA while keeping sgRNA and mRNA cofBigunte43).
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Figure43: N/P ratio evaluation using thé?El and the CRISPR/C#&ssystemPolymer density and concentration
were kept constant at 60 ugflcells and 9.6 pg/mld total cells: 8x18, transfection volume 0.5 mL (0.05 mL
polyplex solution). Analysis was conducteid flow cytometryafter 10 daysof recovery time postransfection.

After 10 days of cultivation podtansfection around 15 % of EGFpositive cells were
detected regardless of the N/P ratio employedhis time transiently transfected celould
exhibit close to zero EGFPBositive cellsInterestingly, this observation does not apply to the
control sample, which underwent a similar transfection process at an N/P ratiovahadGt
sgRNA and mRNA. This condition should eliminate the possibility of deliberate detriled
breaks in genomic DNA for integration, allowing onfyndom integrationTwo EGFP pDNAs,
PEGFPN1 and pAAVSL1 (containing homologgrms), were tested for further analysifie
variance in their sequences might result in a higher likelihood of random integration for
pAAVS1.

Two biological replicates were tested to have an adequate datagtte optimized protocol
developed above was utilizedshould ensure the highest TE atiereby themost significaih

likelihood of random integtion for both pDNAs Table4). As expected, the highest TE was
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observed8 h after transfectiorA slight difference between theo tested plasmids could be

detected, but they are within the expected range of fluctuations.

Table4: Results for the longtime cultivation experiments comparing the TE and CV for peGRRH pAAVSL.

Recovery Time [d] TE [%] Cell viability [%0]
pEGFPN-1 pAAVS1 PEGFPN-1 pAAVS1
2 89.2 78.7 83.6 88
7 16.2+12.2 16.9+7.42 91.3+0.82 81.4+0.62
12 6.92+5.47 8.16+3.41 89.4+5.8 85.3+1.63
14 3.68+ 167 5.29+0.88 81.7+7.28 78.9+11.7
19 2.17+0.97 2.58+0.26 779141 70.1+7.14
21 1.9+0.51 2.62+0.57 56.5%+ 2.04 50.9+1.27
28 1.29+ 0.67 1.48+0.1 55+8.7 52.5+4.6
34 0.55+0.38 0.78+0.15 60.4% 2.26 70.2+0.78

As expecteda progressive decline in transfection efficiency correlating with an extended
period of recoveryime could be observe8tatistical evaluatiosoncludedhat the transfection
efficiencies of the two plasmids under investigation did not significantly differ. Furthermore,
at 34 daysafter the transfection process, comparative analysis revealed no statistically
significant discrepancy in TE between the groups subjected to pDNA transfection and the
control group, which did not receive any pDNRandom integitgon can not beuled out
entirely andnecessitategenomic DNA extraction and spaciamplification of thepotentially
integrated pDNASCell viability decreased with cultivatiasturation, regardless of pDNA usage

or mock transfection (data not showiihe experiment, conducted in-h&ll plates over an
extended period, resulted in multiple cell divisions, eventually leading to spatial constraints for
further cell growth. This lack of available growth space may have heightened the susceptibility
of the @ls to stress, potentially contributing to an increased rate of cell mort&litywre

experiments shouldhave an approximate recovery time of at least 34 days to coafirm
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significant difference between potentially random integrated pDNA and deélyeirsterted

sequences.

3.25 Summary

Transfecting ARPEL9 cells with polycationic agents using commercially available vectors
presents challenges. Notably, the utilization -6fHI, a widely adopted polycatipfacked
applicability. Diverging from conventional practices, which involve maintaining a constant
guantity of genetic material, our approach mairgam consistent polycation quantity,
significantly improving transfection efficiency while ensuring satisfactory cell viability.
Additional modificationsenhanced our resultsy reducing the transfection volume and
decreasing the contact time between polyplexes arsl cell

f Standard approach \

* Low efficiency ol
| EGFP
_ _ * Low viability od oy
Const. genetic material ] Figh
F * No precise control o]
< [P % ‘,,.:i'\m "1
4. HA N /
/ Optimized method \
*«mRNA/pDNA * High efficiency
\ «|-PEI/pDMAEMA Nanostar / «High viability g SLLENT
* Little genetic material used |
Const. polycation ) “ ’Wf w] [
\w\ %—7 - o] j

Figure44:Summary of Procedure.

In contrast to the conventional methodology, our research advocates a novel strategy where the
polycation amount remains fixed, and the genetic material quantity is adjusted to achieve the
desired N/P ratio. Optimal outcomes witREI were achieved at 0y/1C cells for mRNA
transfection and 40 ug/f@ el | s for pDNA transfect iThen, bot
nanostar polycation achieved optimal resaltsan N/P ratio of 5 and a polymer density of
60ug/1C® cells, regardless of the polynucleotide dis®ur findings affirm that efficient
condensation of genetic material with nanostar transfection agents requires a lower N/P ratio,
supported by various analyses, GRAdethidium bromide assay.ransfection efficiencies of
approximately 70% were attainable for both polymers when using pDidgtaining cell
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viability at around 80%. These results represent a substantial enhancement compared to
previous studies usingREI, suggesting a promising advancementangfection Substituting
proprietary, inRhousesynthesized polymers with commercially availabRHI in future ARPE

19 cell transfection studies may broaden the applicability and accessibility of this method.
Further utilization of this methodology was tedi@dapplying the CRISPR/Cas9 system. While

it was confirmed that the general procedtmald celiver transfected cells, a notable difference
betweenthe CRSPR system and the control grocguld not be validated and needs further

optimization.
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3.3 B cell transfection

Various methods are known toansfect human primar cells successfully So far, viral
methods are being used to achieve high transfection efficiency, but this comes with a limited
insert size and the danger of immunogenié®yNon-viral vectors have been proposed as
alternatives but seem limited by poor transfection efficiencies and high cell mortality in
B lymphocyted!®? Physical methods such as electroporation yielded up to 65% TE and a
survival rate of 3093 Optimizing conditions for this had moderate success and could
improve TE to 80% with a CV of 554 Using a norphysical transfection method like
lipofection yielded poor TE. Given the results of such reports, electroporation seems to be the
go-to choice for nofviral gene delivery int@ cells However, electroporatiorequiresmany

cells, which is not always guaranteecb®obtainedrom a single donor. Additionally, a high
amount of genetic material is necessary, which drives up the procedure@theshon-viral
vectors, such as cationic polymersere inefficient in transfecting primary murine

B lymphoblasts!®® Therefore, nosuitablealternative for nosviral transfection of primary
human Blymphocytes has been established Ramary cells often come with a higher demand

for maintenancdower TE compared to their cdlhe counterpartanda higher mortality rate

when exposed to cell membradisrupting agent8%61671 Additionally, their capacity for
differentiation necessitates careful consideration waoercludingthe analysis of experimental
data. The following section will explain which parameters may have hindered substantial
progress in this field of research and offer an improvement for the@iredriransfection using

polycationic vectors.

3.31. Transfection

Initially, a conventional approach was employed to formulate a transfection protocol for both
I-PEI, which wasrecognized as the prevailistandard among polycationic transfection agents
andthe nanostarThis methodology maintained a constant amount of pDNA at, 8vhie the

N/P ratio was adjusted by varying the quantity of polycation used in polyplex formagtn.
expansion inhegrowth medium was essential over several days to gerserffitdentcells for

the simultaneous assessment of multiple transfection conditions (e.g., N/P. i@bioshis
purpose, cells were cultured with mitogenic factors, namely CD404, #nd I1L-21, requiing

four to six days to attain the necessary cell quantity. Additionally, the induction of active cell
division, characterized by a temporary disassembly of the nuclear membrane, is generally

acknowledged to enhance transfection efficidH&y
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In the specified experiments, transfections were conducted on the fourth day of culture, and the
cells were subsequently incubated with the polyplexes for four hourswall6plates
(transfection volume: 2 mL). Transfection outcomes, including TE andsaelival, were
evaluated 24 and 48 hours pasinsfection using flow cytometryThe gating strategy

employed in this analysis is illustratedrigure45.

Mock

» » Transfected and alive
Lymphocytes

p Transfected and dead

@ Not transfected and dead

Not transfected and alive

400K BOOK  BOOK  10M

FSC ' Pl

 EcFP
1 @

Nanostar

EGFP

o
B e e e e Bt matit m
0 0K 400K 600K  BOOK  10M W 0 0® ot w0 b

FSC PI

FsC

Figure45: Gating strategy for flow cytometry analysis. Top: mock transfection, bottom: Cells transfected with
Nanostai(left) andI-PEI (right).

Replicates were not performed due to limited primary cell availability from individual donors

and expected variability in responses between ddtérFo avoid possible cytotoxic effects,
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Figure4é:Initial transfection of primary humah cellsusing the Nanostar andPEI polycations in a-vell plate
format,4 dayspostthawing, pDNA: 3 pg, N/P ratio adjusted by varying the amount of polycation. Cell number
for transfection: 2 x 10cells. Contact time: 4 h. Transfection volume: 2.0 mk, 1. Cell viability on the day of
transfection: >80%.
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Increasing the N/P ratio foranostar transfection agents led to higher transfection efficiency
but lower cell viability. Specifically, an N/P ratio of 20 achieved a TE of approximately 20%
at 24 hours podransfection, but only 50% of the cells survived. TighestGFP expression

was observed at an N/P ratio of 7.5, as indicated by tltam#uorescence intensity (MFI).

On the contraryl-PEI consistently produced TE in the sindlgit percentage range with about

80% cell survival. This aligns with ¢hcommon observation that higher TE often correlates
with increased cytotoxicit$#®?! Notably, TE declined sharply for both transfection agents over
time posttransfection, dropping to less than 1% f&tHI and less than 10% foanostar by 48

hours. However, the MFI increased in all scenarios, suggesting that the surviving transfected

cells remained transcriptionally active.

In our study, the transfection was designed to be transient, without permanent genomic
integration. Unexpectedly, we observed a rapid decline in transfection efficiency that deviated
from typical outcomes in similarly transfected cell lines, where GFReegfn usually persists

for at least 72 houf$’® The cause of this phenomenon is speculaBeEreRrTet al. previously

noted that pDNA can trigger apoptosis in nucleofected prilBasils which might be relevant

here 271 Additionally, exposure to apoptotic stimuli is known to cause a swift reduction in cell
volume, termed apoptotic volume decrease. Given that our analysis was confined to
lymphocytes, identified by their scattering characteristics, a signifitzaoneasén cell volume
posttransfection could reclassify these cells beyond the "Lymphocytes" gate due to decreased

forward scatter, thus artificially lowering the apparent TE.

The comparatively higher survival rate of cells transfected witkllcould be attributed to its
lower required polymer densities (6.0 to 39.010§ cells for FPEI, compared to 22.0 to 144.0
ng/10° cells for thenanostarand concentrations (0.6 to 4.0/p for |-PEI, versus 2.0 to 14.0
pg/mL for thenanostarto achieve the same N/P ratios. Despite this, the polymer concentrations
used, even at the highest N/P ratios, were below the \tdlues determined for freePEI (12
pg/mL) and nanostan(39 pgmL) in L929 cells, as established by aynoupthrough MTT
assay$t*® Our previous research indicated that human primarglE are twice as sensitive to
these polycations compared to L929 cells, suggesting a possible similar sensitivity in primary
B cells**¥ Nevertheless, toxicity was not anticipated within the tested concentration ranges of
the polymers. The observédirmful effects on cell viability postransfection withnanostar

might be linked to cellular dysfunctions following the internalization of the polyplexes, a
phenomenon observed during the goahsfection period. This is supported by redemtings

in Jurkat cell$!®® In contrast, 4PEI, which has a lower cellular uptake rate (resulting in lower
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TE), is likely removed during the washing procdssis, it 8 not expected to induce a similar

effect.

3.3.2 Influence of cell density ontransfection efficiency

Previously, researctf this groupdemonstrated that altering the geometry of the transfection
vessel from a plate to a tubeables @ecreasen the reaction volume. This reduction enhances

the interactions between cells and polyplexes, thereby expediting transfection kinetics, as
evidenced in experiments with ARFIB cells. Consequently, this tubased transfection
protocol significantly improve both the transfection efficiency (TE) and ptanhsfection
viability of certain "hareto-transfect” cell tpes!'*4 Building on this, we hypothesized that
primary B cells might similarly benefit from this approach. To optimize conditions specifically
for primary B cells, we examined the impact of varying the cell count and polymer density
(ug/10° cells), starting with the quantities previously identified as most effective for gene

delivery into human T cellg?4

In theconsideratiorof optimal cell numbers for transfection, quantities of 2, 3, or 5>céis

were incubated with polyplexder 90 min, at an N/P ratio of 10nitial screening indicated
that polymer denfsit i dpgmb)iesulded b trabsfectipreefficichdes

below 15%. Therefore, subsequent experiments were conducted with polymer densities ranging
from 15 to 25 pgle® cells (6 to 25 pgnlL) and maintaining the N/P at 1he transfection
efficiencies and cell viabilitiesssessmestwere conducted 48 hours pasinsfection using

flow cytometry, following the methodology recommended RigpL et al. for primary T

cells**4 It's worth noting that evaluating outcomes at 48 hours-fpassfection(Figure 47)

likely represents a conservative or "worst case scenario” assessment, given the observed trend

of decreasing TE over time pesansfection in earlier experiments.
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Figure47: Cell number and polymer density influertcansfection efficiency and viability. Transfectiontubes

at day 6 posthawing. Contact time: 90 min. N/P: 10, transfection volume: 0.5 mL. TE and viahkéigy
measured 48 hpestr ansf ecti on. AMocko: cells subjected to
transfection: 81%.

mo c k

Achieving a maximum TEf 36% was possible with either 2 or 3 x®Ifells per tube,
significantly surpassing the results from the plate protocol, where TEs were typically below
10% after 48 hours. Increasing the cell count to 5>c&lls per tube led to a Xf8ld reduction
in TE, potentially due to inadequate mixing of cells and polyplexestoincreased mixture
viscosity. Notably, at the same polymer concentration (15 pg/mL) and pDNA quantity (1.7 pg),
both 3 and 5 x Mcells exhibited a significant TE increase and viability decrease, associated
with higher polymedensity during transfection. This suggests a higher polyplex dose per cell

enhances TE but adversely affects cell survival.

Attributing the unexpectedly low TEs observed with 20 pg of polymer peedl® for3 and

5 x 10 cells per tube to experimental error suggestsgblgimer density may not significantly
impact transfection outcomes for a fixed cell number. This observation mirrors trends
previously noted in Jurkat celf¢* The lack of effect from increasing polymer density (and
consequently, the polyplex and pDNA doses) on overall TE might indicate a saturation point
for one or more critical steps in the transfection process, such as cellular or nuclearamgtake,
polyplex decomplexation, among others. Beyond a certain polymer density threshold, further
increases do not enhance transfection efficacy but rather diminish cell viability. Additionally,

the possibility of transcriptional machinery overload due to exaepf)NAwithin the nucleus,
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potentially saturating transcription factors, cannot be dismisSedversely diluting the
relative polyplex dose by increasing the cell count while maintaining polyplex quantity appears
to lower TE. This effect likely results from a decreased average number of polyplexes per cell,
aligning with the observed trend towards highell giability and suggesting a lower GFP
expression level. While flow cytometry can detect cells expressing GFP, distinguishing cells
with low expression from the background alitofescence of netransfected cells remains
challenging due to overlapping distributions. Therefore, the actual TE might be underreported

in these conditions.

Thecell viabilitiesin theexperiments displayed variability, ranging from 50% to 70%, yet they
generally improved compared to resultg8henusing the plate protocol, even alongside enhanced
TEs. Viabilities of mockransfected cells exceeded 90%, suggesting that the transfection
procedure itself did not adversely affect B cell viability within the observekdod® period.
Notably, within theested range, the adjusted polymer concentration during transfection did not
have a significant impact on cell viability. This initial dataset suggests that using>Zsll$0

per tube with polymer densities ranging from 15 to 2bnigcreateseneficialconditions for

further optimization efforts.

3.3.3 Impact of polyplex exposure andrecovery on Bcell transfection

Given the observation th#te nanostar facilitate transient poration of the plasma membrane,

the extended 9fninute exposure to polyplexes, as recommended by the standard protocol,
could negatively affectensitive primary cells, which possess a less efficient plasma membrane
repair mechanisrthan, e.g., cancer celf§6172To explore the possibility that shorter contact

times might be advantageous, we conducted experiments where >2callg@er tubewere

exposed tmanostapolyplexes (N/P 10, equivalent to 15 to 30 pg polymer pécélls or 6 to

12 pg polymetmL) for durations ranging from 10 to 90 minui@sgure 48). Constraints on

cell numbers available from individual batches gostzing/thawing necessitated conducting

tests across two batches of thawed cells from the same donor to span the desired exposure
timeframe (group A: 10 to 30 min, group B: 30 to 90 mift)e experiments commenced once

enough cellsveresecured from the combined batches, specifically on day 4lpeasing.
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Figure 48: Effect of polyplex exposure duration on the efficiency of transfection and cell sur@iethinumber
during transfection: 2 x ®Ccells (day 4 posthawing), tube transfection protocol. pDNA corresponds to the
amount of plasmid per tub&U/P: 10, transfection volume: 0.5 mL. TE and viability were measured 48 h post
transfection. Mock: cells subjected to mock transfection. n €ell. viability on the day of transfection: 80%,
group A (A) and 93%, group B (B).

Despite originating from the same donor tissue, theelBpools prepared for transfection
demonstrated variability in viability on the day of transfectorB80% for group A and 93%
for group B. This variation in cell viability could be attributed to the sensitivit} otllsto
freezing damage, impacting their recovery gbstwving!*”®! Efforts were made to standardize
the experimental procedures as much as possible, though with varying degrees of Becess.
transfection efficiencies observed for therfilhute incubation were consistent with previous

findings for cells transfected 6 days ptsawing, indicating that reducing the gransfection
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cultivation time does not significantly alter the transfection outcomes in terms of TE.
Shortening the polyplex exposure time from 90 to 60 and then to 30 minutes positively
influenced both the TE and cell viability, with no further benefits observed for even shorter

exposure time@~igure48).

Therefore, a 3@ninute exposure period is identified as the optimal contact time for transfecting
primary B cells using the tube protocol. However, despite similar experimental conditions,
group A exhibited lower TEs and viabilities than group B at-an8tute exposure for a given
polymer density, likely due to the lower initial viability of group A's cells. In stathgrotocols

for cell lines, a viability of over 90% is recommended for-vaal transfection, a benchmark
that is challenging to achieve Wwiprimary cells. Further assessment of potential -reral
inter-experimental variability involved transfecting cells recovered from five cryovials (same
donor) after 4 days of cultivation with mitogens. Here, 2 X ddis were incubated for 30
minutes witnanostapolyplexes at a density of 15 pg polymer petddlls (6 pug polymemlL,

N/P ratio: 10). The measured transfection efficiencies and cell viabilities 48 hours post
transfection indicated low intrexperimental variation (3.6% for TH;4% for viability) but
more significant inteexperimental variability (9.2% for TE; 11.6% for viability). These results
also suggest a correlation between higher cell viability at the time of transfection and improved

transfection outcomg3ableb).
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Table5:Influence of the batch variation on transfection efficiency and viability.

Cryovial Viability before TF[%] TE [%] Viability after TF [%]
22 33

I 79.9 28.6 35.6
28 35.4

Il 90.4 41.3 54.1

1] 84.4 16 46.2

Y 86.9 31.8 52.9

Y 82.6 40.8 63.6

Mean + SD[%] 83.4+4.1 29.8+9.2 45.8+11.6

Transfection in tubes. Cell number during transfection: 25célls (day 4 posthawing). Polymer density: 15 g
per 1@ cells, polymer concentration: 6 pg il pDNA: 0.6 pg per tube. Contact time: 30 min. N/P: 10,
transfection volume: 0.5 mL. TE and viability were measured 48 htmostfectionn = 1.": Technical replicates,
meane: 26.2 = 3.6 % and meabiiy: 34.7 + 1.4 %.

Lastly, he transfection efficacy ofREl using the tube protocol was evaluated under conditions
similar to those applied fahe nanostar, albeit with a broader range of N/P ratios. The results,
obtained 48 hours pestansfection, indicated that transfection efficiency was consistently
below 0.5% across all conditions, while cell vialiliemained above 73%. These findings
underscore the lack of improvement irc@I transfection outcomes when transitioning to the
tube protocol with-PEI (Table S1).

To further assess the potential impact of recovery time-thasting on transfection
performance, cells derived from various cryovials of the same donor were transfected between
three to five days poghawing, a period during which cells were in exponential growth (growth
rate: 0.071 h (Figure S3)). Notably, even when originating from the same donor, variability
was evident among batches, with cell viability randgnogn 65% to over 90% after three to five

days of posthawing cultivation To mitigate the influence of cell viability on transfection
outcomes, only cells with viability exceeding 80% on the day of transfection were utilized.

Compiled data suggested optimal tolerance to transfection conditions on daytdapost,
as evidenced by the highest viabilities obser{edjure 49). TE values on day 4 were
comparable to those on day 3, yet both TE and viability decreased for cells transfected on day

5. Although a trend towards increased GFP expression was noted for cells transfected on day

73



Resultsanddiscussion

4, this was not statistically significant. As with previous observations, both TE and cell viability

generally declined 48 hours pdsansfection relative to the Zfbur mark, with statistically

significant differences for cells transfected on day 3 dfivation. This pattern suggests a

broader issue with B cell transfection, highlighting the complex interplay between transfection

conditions, posthaw recovery, and temporaspect®f cell viability and gene expression.
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Figure 49: Overview of refined baseline parameters for transfecting primary human B cells usiNgrtbstar
transfection reagen?. x 1@ cells per sample; N/P 10; 15 pug polymer pet délls; 6 g polymer per mL. Contact

time: 30 min. Transfection in tubes, transfection volume: 0.5 mL. Cell viability on the day of transfection: >80%.
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As mentioned above, primary humdh cells develop a heterogeneous subsed are

distinguishable by their respective @Darkerd*?5174l|n preparation for transfection, B cells

were activated using a set of mitogenic factors, notably including recombinant human CD40

ligand (rhCD40L), which not only induced B cell proliferation but also promoted differentiation

into various Bcell subtype$t’>1781Following transfection, the cells continued to be cultivated

in an activation medium containing rhCD40L. Tesgomegalovirus(CMV) regulated this

study's transgene expression promoter, primarily controlled by transcription factors of nuclear

factor kB (NFkB), which are essential itranscriptional regulation across different cellular
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compared to naive and memdyells!*"9 1BLINFKB is also a critical regulator in plasma cells,
suggesting that the distribution ofd®ll subsets at the time of transfection could influence not
only their susceptibility to the transfection agent but also the resulting transfection efficiency,
or transgene expression, under otherwise identical conditf8iBhis variability could lead to
significant differences in polyplex uptake and transgene expression among cilé B
subpopulations, thereby impacting the overall transfection outcomes. This aspect has been
previously overlooked in studies of primarycBll transfection, which typically utilized
heterogeneous pools Bfcellswithout considering the variability and specific characteristics

of different Bcell subtypesThe hereirused gating strategy to agleatdy distinguish between

the subsets is displayen Figure50.
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Figure50: Gating strategy for thanalysis of the Rell subclasses.
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Flow cytometry analysis revealed significant shifts in the distribution aéIBsubpopulations
between days 3 and 5 pdkawing, particularly notable in the plasma cetigjflighted in red
in Figure51), whose proportion increased until day 5 of cultivation.

02ao

05;;,&

P 0038”"-—-_“/ ® 0038 — 0038

Day 0 Day 3 Day 4 Day 5

Figure51: Threeparameter analysis of &Il subpopulations on the daythiwing (day 0) and following 3to 5
days of cultivation.

Simultaneouslythe populations of naive and memory cdiglinedduring cultivation inthe
growth medium In contrastgcells with germinal center (GC) signatures initially decreased in

the first 3 days and then saw an increase. Notably, the plasma cell population surged to over
60% during this perio@Table6).

Table6: Variation in the percentages ofddll subclasses as related to cultivation time following thawing.

Total Cultivation Time (Days)

Subclasses Classification* 0 3 4 5
CD20*CD27CD38/* Naive 21.0+£0.1 7.7 7937 2.7+0.7
CD20'CD27'CD38 Memory 246+5.8 7.4 41+2.6 0.6 £ 0.04
CD20*CD27*CD38" GC 128+1.0 3.9 6.1+25 7.0+44
CD20 CD27**CD38'* Plasma 2.8+0.6 43.1 55.2+6.1 69.0 + 10.6

L Classification according tdckson et all125:126]
The variation in transfection outcomes observed may be related to the distinct responses of
different Bcell subsets to the transfection agent. Plasma cell blasts, characterized by their larger
size in forward and side scatter (FSC/SSC) profiles, may play a crucial role due to their
increased membrane area, facilitating greater interaction with polyplegesntstudies have
shown that diluting the electtoansfection buffer with water can significantly enhance the
transfection rate across varioss cells (including lymphoblastoid lines, Bell lines, and
peripheral blood mononuclear cells), though this is often accompanied by reduced cell
viability.[*83 This effect may be attributed to a hypoosmotic environment induced by the
reduced salt concentration, leading to cell swelling and an expanded cell membrane surface
area due to altered osmotic pressure. Such a relationship between the cellular meraarane ar
and transfection efficiency, previously suggested for CHO cells during electroporation, could
be instrumental in understanding the dynamics @B transfectiont®¥ Furthermore, the
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prominence of the plasma cell fraction, reaching up to 50% during expansion, is noteworthy,
especially considering that most studies ooeB transfection report maximum transfection
efficiencies not exceeding 5086317118186 This observation underscores the potential
influence of Bcell subset distribution on transfection efficienktyhighlights the complexity of
optimizing transfection protocols for primary B celtgnsideringtheir heterogeneous and

dynamic nature.

3.3.5 B cell subset dependencgn transfection

Since the established cultivation protocol usedBocells activates the cells and promotes
differentiation, it is interestingo find out which cell type is transfecte&ince Bcell
differentiation occursbefore transfections done their transfection capabilitycan also be
different As mentioned above, it is possible to distinguish thesekasdses by their expressed

CD markers on the cell membrane surfatiee secalled antibodyproducing cells (APC) or
plasmacells (PC) are particularly interestingince their whole internal machinery is designed

to produce antibodies, it is reasonable to assume that if transfected, these cells should be capable

of synthesizing various proteins coded on the insereetic materiafé’

As establisheckarlier, with a progressively highd?C ratiq the transfection efficiencglso
improves’® Since PJs easilyrecognizable with a very high expression of-2Dand CB38,

an experiment was conducted to examine TE and determine if anytteithan PC were
transfected Before examining the transfected cells, a basatmst be established fahe

number of speciegresent Therefore, mockransfected cellswere stained with CE38 and

CD-27 and evaluated. For simplicity, only the "Lymphocygese*population was observed.

To gain an even deeper understanding of which cells are transfected, this approach might need
to be reconsidered and changed to evalaibtells such as memorand germinal centeells
CD-20and propidium iodideould not beemployed in this experiment since there would be a

more significant noitompensatable overlap between the chosendtimomes

Going forward, the cells in the gate were investigated for their expression-2a7¥ @bd CD
38. Asshown (Figure52 A), only two relevant populations can be observed. Since n@@D
marker was used in this experiment, no assertion of their expression in the different sybclasses

such as Memorypor Germinalcenter cells, can be made.
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Figure52: Analysis of transfected cells amdtegorization of sublasses(A) Mock transfection (B}ransfected
cells. Cell number during transfection: 2 x*1€ells (day 4 posthawing), tube transfection protochlV/P: 10,
transfection volume: 0.5 mL. TE amsdilxlassesvere measurefl4 h posttransfection. Mock: cells subjected to
mocktransfection. n = 1. Cell viability on the day of transfecti®?¥.

Upon investigation of the transfected cells (Figure 52 B), it can be seersigjatficant portion
lays outsidethe "Lymphocytegate™ ands therefae not being examined. Continuinigis of
particular interest only to consider transfected cells. Gating for-g&iSRive cells and
examining their expression of CEZ¥ and CB38 can showhat only onedistinct population

remains. Considering the unique expression set of PC, it can be determined that only these cells
were transfected.
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Because of the expression of various-@Brkers on theell's surfaceit is hypothesized that
CD-138 (Syndecaii, SDG1) mightplay into why someB cell subclasss are transfectable

and some are not. It is theorized that proteoglycans are responsible for the first contact point
between the polyplex and cell membréieFurthermore, some groups have specifically
investigated the role of Syndec&nand -2 in transfectioft® 1% Multiple experiments
concluded two main hypothesdsstly, SDG2 hinders transfection because it immobilizes
polyplexes too far away from the cell membrane to interact with it; secddDIg-1 does the

same but also can bind polyplexes much more closely to the cell surface so that internalization

can take place and therefore allow transfectiogure53).
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Figure53: Proposed influence of SDCand SDE2 *619UHS: Hepararsulfate; CS: chondroitin sulfate

Furthermore, it was discovered that not altdll subclasseshowCD-138 expression. Only
Plasmablast, shelived-Plasma and longlived-Plasmacells express this markBf? Since a
correlation between PC development and TE was observed, an involvement1l#8dp
probable and needs to be investigated in more detail. In concltisdreterogeneity of primary
humanB cellsplays a vital rolen transfectiorthese cellsPrdiminary experimats could show
thatthe plasma cell type is maintyansfected, and other subclasses such as meimotige
germinal center cells are either dying or not taking up the polypldxre experiments should
consider whether the hypothesizedfluence of CD138 is a driving factor in Bell

transfectability.
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