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PROLOGUE

ABSTRACT

RNA-based medicines have distinct advantages in comparison to conventional drugs such
as small molecules or other biomolecules in terms of specificity, potency, number of accessible
targets, manufacturing, among others. However, several obstacles need to be addressed before the
clinical translation of RNA-based therapeutics such as targeting and intracellular delivery. The main
objective of this thesis was the development of biocompatible light-triggerable nanoparticle libraries
to improve cell targeting and intracellular delivery of RNA-based medicines, for both i vitro and in
vivo applications. The two nanoparticle libraries (each one of them were obtained from poly(amido
amine) polymers) were synthesized by high-throughput strategies via Michael-type addition. In one
of the libraries (160 NP formulations), the polymers were sensitive to light because they incorporated
in their backbone a photo-cleavable linker (PCL) while, in the other (110 NP formulations), the
polymer backbone was not sensitive to light but was modified with a pendent photo-cleavable
molecule. In both cases, the polymers were precipitated in aqueous solution to form nanoparticles
which were then complexed with siIRNA or miRNA molecules. NP dissociate at different rates once
activated by UV or a blue laser. A significant number of NPs showed more than 75% decrease in
concentration after 10 min of light activation. In a High Content Screening, the NP library was
screened for a fast transfecting carrier (with less than one hour of cell-material contact) in a model
system (anti-GFP siRNA), that cause higher gene silencing than a commercial agent with boosted
efficacy using light activation. More than a third of light-triggered NPs was found with increased
gene silencing efficacy (up to 500%) in comparison to commercial transfection agent (Lipofectamine
RNAIMAX) without compromised cell viability. Several candidates were further characterised in
secondary tests regarding their specificity to skin cells (with some NPs that were more internalised
by a specific type of cell than others) and endolysosomal escape. Functional studies before and after
light activation with therapeutic relevant siRNA and miRNA prove applicability of the carriers for
in vivo experimentation. Moreover, we have confirmed the advantages of one of the candidate
formulations in a wound healing animal model, for the delivery of a recently identified skin
regenerative miRINA. This thesis describes a powerful platform with the first light-activatable
nanoparticle library with remote activation and efficient iz vivo non-coding RNA delivery in wound
healing. The results presented here are an exciting first step towards the translation of light-

triggerable polymeric carriers for RNA-based therapeutics delivery.

Keywords: gene delivery, RNAI therapeutics, light-triggerable materials, nanomaterials,
external trigger, modulation of cell activity, wound healing, i vivo microRNA delivery
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RESUMO

As terapias baseadas em moléculas de RNA apresentam vantagens quando comparadas
com medicamentos convencionais, tais como pequenas moléculas ou outras biomoléculas, em
termos de especificidade, poténcia, nimero de alvos acessiveis, fabricagdo, entre outros. No entanto,
varios obstaculos precisam de ser ultrapassados antes da translagao clinica destas terapias baseadas
em RINA, tais como a entrega direcionada e a entrega intracelular. O principal objetivo desta tese
foi o desenvolvimento de bibliotecas de nanoparticulas (NPs) biocompativeis e responsivas a luz para
aumentar a eficacia da entrega intracelular de moléculas de RNA, para aplicagoes in vitro e i vivo.
As duas bibliotecas de nanoparticulas (cada uma delas foi obtida a partir de polimeros de poli (amido
amina)) foram sintetizadas através de estratégias de alto rendimento via reacao de adigdo do tipo
Michael. Numa das bibliotecas (160 formulagdes de NPs), os polimeros sao sensiveis a luz uma vez
que foi incorporado na sua estrutura um grupo foto-clivavel (PCL), enquanto que na outra biblioteca
(110 formulacdes de INPs), a estrutura do polimero nao era sensivel a luz, mas foi modificado com
uma molécula pendente foto-clivavel. Nas duas bibliotecas, os polimeros foram precipitados numa
solugdo aquosa para formar nanoparticulas, sendo posteriormente complexadas com moléculas de
siRNA ou miRNA. Uma vez irradiadas com luz UV ou um laser azul, as NPs desintegram-se e
libertam o siRNA ou o miRINA. Um numero significativo de NPs mostrou uma diminui¢do na
concentracdo superior a 75% apés 10 min de ativagdo com luz. Numa triagem de alto contetdo, as
bibliotecas de NPs foram testadas para encontrar uma formulacdo que tivesse uma transfec¢do
rapida (com menos de uma hora de contato célula-material) num sistema modelo (siRNA anti-GFP),
causando um silenciamento eficaz do gene, quando comparado com um agente comercial. Mais de
um terco das NPs irradiadas com luz mostraram uma eficacia superior do silenciamento do gene
(maximo até¢ 500%) em comparacdo com o agente de transfec¢do comercial (Lipofectamine
RNAIMAX), sem com isso comprometer a viabilidade celular. As formulacoes mais eficazes foram
também caracterizadas em testes secundarios quanto a sua especificidade para células da pele (com
algumas NPs que foram mais internalizados por um tipo especifico de célula do que outros) e escape
endolisossomal. Estudos funcionais, antes e depois da ativa¢do de luz, usando siRNA ¢ miRNA com
relevancia terapcéutica comprovam a aplicabilidade das formulagdes para experimentacdo m vivo.
Além disso, confirmamos as vantagens de uma das melhores formulagdes em um modelo animal de
cicatrizacdo de feridas, para a entrega de um miRNA regenerativo de pele. Esta tese descreve pela
primeira vez uma biblioteca de nanoparticulas ativaveis remotamente por luz para a entrega

eficiente de RNA nao codificante i vivo na cicatrizacao de feridas. Os resultados aqui apresentados
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demonstram um passo promissor para a translacao de formulacoes poliméricas foto-ativaveis pela

luz na entrega de terapias baseadas em RNA.

Palavras chaves: entrega de genes, Terapia RNAi, materiais foto-ativaveis por luz,
nanomateriais, estimulo externo, modulacao da atividade celular, cicatrizagao de feridas, entrega de

microRNA i vwo
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KURZZUSAMMENFASSUNG

RNA-basierte Arzneimittel haben im Vergleich zu herkémmlichen Arzneimitteln, wie
kleinen Molekiilen oder anderen Biomolekiilen, deutliche Vorteile. Unter anderem hinsichtlich der
Spezifitat, Wirksamkeit, Anzahl zuganglicher Ziele und Herstellung. Vor der klinischen
Ubersetzung von RNA-basierten Therapeutika miissen jedoch einige Hindernisse, wie gezielte
Arzneimittelabgabe (Targeting) und intrazelluldre Verabreichung, iiberwunden werden. Das
Hauptziel dieser Arbeit war die Entwicklung einer Bibliothek biokompatibler lichtaktivierbarer
Nanopartikel (NP) zur Verbesserung des Zell-Targetings und der intrazelluldren Abgabe von RNA-
basierten Arzneimitteln fir In-vitro- und In-vivo-Anwendungen. Die entstandenen zwel
Nanopartikelbibliotheken (jede bestehend aus Poly(amido amin)-Polymeren) wurden durch
Hochdurchsatzstrategien unter Verwendung von Michael-Addition synthetisiert. In einer der
Bibliotheken (160 NP-Formulierungen) wurden durch den Einbau eines photospaltbaren Linkers
(PCL) in das Grundgeriist, lichtempfindliche Polymere hergestellt. Fiir die Andere Bibliothek (110
NP Formulierungen) wurde das (nicht lichtempfindliche) Polymer mit einem photospaltbaren
Molekil (Photo-Antenne) modifiziert. In beiden Féllen wurden die Polymere in wissriger Losung
ausgefillt um Nanopartikel zu bilden, die dann mit siRNA- oder miRNA-Molekiilen komplexiert
wurden. Die NP dissoziieren mit unterschiedlichen Geschwindigkeiten, sobald sie durch UV- oder
einen blauen Laser aktiviert werden. Eine signifikante Anzahl von NP zeigte nach 10 Minuten
Lichtaktivierung eine Konzentrationsabnahme von mehr als 75%. In einem High Content
Screening wurde die NP-Bibliothek in einem Modellsystem (Anti-GFP-siRNA) auf einen schnell
transfizierenden Trager (mit weniger als einer Stunde Zellmaterialkontakt) gescreent, der eine
héhere Gen-Stummschaltung (Gen-Silencing) mit verstarkter Wirksamkeit durch Lichtaktivierung
erzielt als ein kommerzielles Mittel. Mehr als ein Drittel der durch Licht aktivierten NP wurde mit
einer erhohten Gen-Silencing-Wirksamkeit (bis zu 500%) im Vergleich zu einem kommerziellen
Transfektionsmittel (Lipofectamin RNAIMAX) ohne Beeintrachtigung der Lebensfahigkeit der
Zellen gefunden. Mehrere Kandidaten wurden in Sekundartests hinsichtlich ihrer Spezifitat fur
Hautzellen (mit einigen NP, die von einem bestimmten Zelltyp stirker internalisiert wurden als
andere) und ithrem endolysosomalen Austritt weiter charakterisiert. Funktionsstudien vor und nach
Lichtaktivierung mit therapeutisch relevanter siRNA und miRNA belegen die Anwendbarkeit der
Trager fir In-vwo-Experimente. Dartiiber hinaus wurden die Vorteile einer der
Kandidatenformulierungen in einem Tiermodell fiir Wundheilungsstudien, hinsichtlich der Abgabe
einer kiirzlich identifizierten hautregenerativen miRNA, bestatigt. Diese Arbeit beschreibt eine

leistungsstarke  Plattform mit der ersten lichtaktivierbaren Nanopartikelbibliothek —mit



Fernaktivierung und effizienter i viwo Abgabe nicht-kodierender RNA bei der Wundheilung. Die
hier vorgestellten Ergebnisse sind ein aufregender erster Schritt zur Translation lichtauslésbarer

polymerer Trager fiir die Abgabe von RNA-basierten Therapeutika.

Schlagwort: Gentransfer, RNAi Therapeutika, photoaktivierbare Materialien,
Nanomaterialien, Fernaktivierung, Modulierung der Zellaktivitait, Wundheilung, i vivo microRNA

Abgabe
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CHAPTER | — AIMS AND OUTLINE OF THIS THESIS

RNA-based medicines have high therapeutic potential, as targets are not restricted by
translation (as cell surface markers, enzymes), but any mRNA sequence can be targeted with high
specificity. This gives RNAi therapeutics “extraordinary drug-like properties” with distinct
advantages in comparison to conventional drug therapies (e.g. small molecules or other
biomolecules) in terms of specificity, potency, number of accessible targets and manufacturing. In
2018, it was approved by FDA the first RNAi medicine based on siRINA encapsulated in lipid
nanoparticles. In the meantime, several clinical trials are running with miRNA-based
formulations. A general limitation of the RINAi formulations is related to their toxicity
(infusion/immune reaction) and lack of efficacy. Toxicity is due to the high dosage that needs to
be administered, since efficiency in intracellular delivery is lacking. Endosomal escape of leading
formulations for siRINA delivery was shown to be as low as 2% in vitro and i vive?, limited by a

very short timeframe after endocytosis?.

The main objective of this thesis was the development of biocompatible light-triggerable
nanoparticle libraries to improve cell targeting and intracellular delivery of RNA-based
medicines, for both i vitro and in vivo applications. The significance of the work is attested by: (1)
the first demonstration of a light-triggerable NP library for small ncRNA delivery with fast
transfection and rapid endosomal escape properties, (ii) the demonstration of the superior uptake
and transfection efficiency in skin cells with small noncoding RINA (both siRNNA and microRNA)
in comparison to commercial standard (Lipofectamine RNAIMAX) and (iii) the increased

bioactivity through light activation (as shown in skin wound healing).

The PhD thesis is divided in five chapters. A general overview is given in Chapter I. It
includes the presentation of the problem addressed by the thesis and discusses significant

contributions to advance the state of the art.

Chapter II reviews the state of the art of RNAi therapeutics and triggerable
nanomaterials for gene delivery. A focus is given on endosomal escape of NP formulations for
siRNA delivery. Different approaches of polymer libraries screened for gene delivery are reviewed
as well. The last section of the chapter focuses on light-triggerable formulations for gene delivery
including application in treatments of ocular and skin diseases. Chapter III describes the
development of a library of light-triggerable polymeric NPs for the delivery of small non-coding
RNAs with activity in wound healing. The NPs were obtained from polymers containing a photo-

cleavable linker in their backbone. The chapter reports the intracellular trafficking properties of



one of the formulations and its increased efficiency in delivering pro-migratory microRINA-150.
Finally, it describes the bioactivity of the formulation in an acute wound healing mouse model.
Chapter IV gives information about synthesis and characterization of a light-triggerable NP
library bearing the photosensitive compound as antenna pendant to the polymer chain. The
chapter reports the activity of the NP library containing a siRNA in a reporter cell system and
then the bioactivity of the top formulations in skin cells. Finally, it describes the application of the
lead formulation in regenerative medicine, showing results of pro-proliferative, pro-migratory and
pro-angiogenic activity of light activated NPs in combination with PHD2 siRNA in endothelial
cells. A general discussion of results from Chapter III and IV is provided in Chapter V with the

presentation of future opportunities for the material developed in this thesis.



CHAPTER Il - STATE OF THE ART

The key element for the effect of any medication is the delivery of the drug to its site of
action and to ensure its bioactivity. T'wo major issues need to be addressed; the first is the delivery
to the location where the drug is needed, the second is the protection of the drug to guarantee its
bioactivity. Efficiency of the medication is dependent on both. Therefore, drugs need a delivery
system. The drug delivery system determines pharmacokinetic and pharmacodynamic. Non-
specific toxicity and immunogenicity should be minimised and biorecognition needs to be

ensured.

Multidisciplinary approaches and potentially the combination of various methods is
necessary to design a carrier system for controlled drug delivery. Several parameters need to be
considered for the design of a system. Firstly, the drug and its physicochemical properties such as
solubility, charge and protein binding characteristics need to be analysed. Second the route of
delivery (defines the technology) and the target site (specific organ, tissue, cell type) as well as the

disease pathologies and patient’s needs (i.e. acute or chronic disease)*.

Efficiency of a drug is given if the drug reaches the target site in its optimal therapeutic
dose. Sustained release systems were developed in 1950’s® to provide therapeutic doses over
prolonged time periods by gradual drug release after an initial bolus to reach the therapeutic dose.
Drug plasma levels can be held constant until 12 h (or with implants for months) after the
administration®. This might be advantageous for systemically delivered drugs. However, many
pathologies are restricted to a certain site in the body and systemic delivery might lead to severe
side effects. Controlled delivery systems allow to minimize unwanted side effects with
maximisation of the applied dose at the target site. There are three modes of controlled drug
delivery: (i) targeted delivery — to a specific cell type, tissue, organ, (ii) modulated release — variable
release rate with control by environmental parameters, biofeedback, sensor input or external
control device and (iii) controlled release — in a predetermined rate, or at a specific time, with a
specific release profile, control over location and time or spatiotemporal control over the releases.
External triggers such as light, ultrasound and magnetic stimulation allow high levels of

spatiotemporal control.

The focus of this work is on the delivery of RNA antisense (RINA1) therapeutics, which is
a “hard-to-deliver” category of molecules. RNA1 drugs as microRINA and short interference RNA
(siRNA) are very potent therapeutics due to their high specificity and selectivity for targets that
are independent of the cellular expression system, giving the possibility to interfere in the

regulation of any mRNA target. Delivery vehicles are necessary to protect RNAi therapeutics



from degradation, to promote cell and tissue uptake and to avoid toxicity. From the discovery of
gene suppression by RNA interference in 1998 by Craig Mello and Andrew Fire in C. elegans ©, it
took twenty years until the clinical approval of Onpattro® (patisiran), the first RNAi drug in
201878,

1 GENE DELIVERY OF RNAi THERAPEUTICS - The promise in

anti-sense

1.1 Definition & Mechanisms

RNAIi are molecules (described in animals, plants and protozoa) that regulate gene
expression on a post-transcriptional level. This process is triggered by sequence specific non-
coding double stranded RNAs such as endogenous microRNA and synthetic short interference
siRNA with around 19-25 nucleotides (nt) size. Upon binding, the targeted mRNA transcripts are
cleaved, degraded or translation is suppressed®. 1400 endogenous and highly conserved

microRNAs are described in mammals with functions from development to apoptosis.

Mechanistically, short hairpin pri-miRINAs are translated from the genome, processed by
RNAse IIT Drosha to 70-100 pre-miRNAs and exported from the nucleus via Exportin-5 to the
cytoplasm (Figure 1). The RNAse III Dicer binds to double strand RNAs (dsRNA) and short
hairpin RNAs (shRNA) and breaks them into shorter double stranded fragments (~21 nt
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from Kanasty et al., Molecular Therapy, 2012.°



fragments with 2-nt overhangs on 3’-terminus)!?. The dsRNA guide is associated with the RNA
induced silencing complex (RISC). Passenger (sense) and guide (antisense) strand are unwound
and the guide is loaded in the RISC, with 5’-terminus bound to PIWI domain of Argonaute 2
(Ago2) protein and 3’-terminus by the PAZ domain of Ago2. The passenger strand is degraded!!.
Through the antisense strand, RISC recognizes the mRINA target and binds (through Watson-
Crick base paring) to its 3’ untranslated region (3° UTR). The “seed sequence” at the 5’-end of
the antisense strand extends for microRNA from 2-7 nucleotides, whereas full sequence homology
is needed for siRNA binding. Translational repression occurs if microRNA-RISC binds to the
mRNA target. Cleavage and full degradation occurs, if longer microRNA sequences (central
microRNA region binds) or siRINAs bind to the mRNA target!?2. Consequentially (through the
short “seed sequence”), one microRNA can have regulatory impact in multiple targets and siRINA

act with high specificity on one target mRNA.
1.2 Barriers & Limitations

Very often off target effects (OTE) weaken RNA1 action, or lead to unintended and
unpredicted non-specific silencing on other mRNAs, that can reduce therapeutic efficiency or
lead to adverse side-effects like cell death!3. Causes can be dependent or independent from dsRINA
sequences. Theoretically, siIRNA act via full complementary binding to the target mRNA. In
reality, incomplete siRNA binding to the target can occur, leading to a “microRNA-like” action,
giving possibility to regulate via OTE hundreds of genes with significant impact!*. These effects

might be dose-dependent!®, whereas with lower concentrations, less OTE is observed!6.

Table 1: Overview of extra- and intracellular barriers

Extracellular barriers Intracellular barriers

Circulation in the bloodstream, enter in Internalisation
the target tissue, avoidance of immune
response (e.g. uptake by reticuloendo-
thelial system (RES), TLR activation)*!

Avoid excretion Endosomal escape

Diffusion through extracellular matrix Unpacking from the delivery system
Stability and protection from nuclease Release of the nucleic acid cargo in the
degradation® cytoplasm or nucleus

Cellular association / adhesion on cell Loading to the RISC'®

surface

To develop therapeutic siRNA, optimisation (via bioinformatic methods?) is a must to
achieve high mRINA target sequence specificity. When designing a siRINA, the “asymmetry rule”

needs to be taken in consideration, i.e., the U/A content in the 5’-terminus needs to be adjusted,



since guide and passenger strand are selected by the RISC through thermodynamic stability. RNA
strands with a less stable 5’-terminus (high U/A content) act as guide!”. Less RNAI silencing
efficacy can also occur through too high dosage, leading to saturation of RNAi pathways that can
cause inhibition of endogenous shRNA processing and through that to toxicity!819. If therapeutic
dose is optimised, microRNA can act clinically efficient on the target without perturbing
endogenous microRNA20. Moreover, dsRINA are shown to provoke unspecific immune reactions
by activation of interferon system?2! 23, The immunostimulatory capacity of siRINA is shown to be
sequence dependent with 5>-UGUGU-3’ as one motif, among others, leading to recognition by
toll-like receptors (TLRs)2%. To circumvent activation of the innate immune response, siRINA and

microRNA can be chemically modified or loaded into viral and non-viral vectors.

To protect small non-coding RNAs from degradation by nucleases present in serum and
cytoplasm and to increase dsRNAs half-life i viwo, a broad range of chemical modification were
developed since RNAT’s discovery in the 1980s (reviewed by Deleavey?, Gooding?6 and Watts et
al.?7). Importantly, activity should not be compromised by the modification. Position, type and
charge changes of and through modifications need to be considered. Most prominent
modifications comprise sugar modifications as 2°-OMe at 5’-terminus with reduction of off-target
silencing?8, phosphate (internucleotide) linkages?® or base modifications. A combination of 2’-OMe
and 2’-fluoro nt was shown to not only improve stability and reduce immunostimulation, but also
to increase potency i vitro’°. However, 2’-fluoro modifications are also shown to cause cell death3!.
Chemical modifications can improve several parameters (nuclease stability, reduction of OTEs)
towards successful development of RNAI therapeutics. Though, efficient intracellular delivery of

the nucleic acids therapeutics is critical for translation of the technology to the clinic.
1.3 Delivery of small non-coding RNAs

The biggest challenge for small non-coding RNAs is to accumulate in the target tissue
and to cross the plasma membrane with endosomal escape as the bottleneck for RNAI efficiency.
Small non-coding RNAs, as siRNA and microRNAs, are hydrophilic, negatively charged
molecules with ~14-15 kDa molecular weight. Plasma membrane permeability is restricted to
small (<1 kDa), neutral or slightly hydrophobic molecules, to protect the cellular machinery from
“invading RNAs”32. Delivery systems need to be developed to facilitate internalisation of dsRNA.
Delivery systems protect dsRINA from enzymatic degradation, reducing the need for chemical
modification and thus risking activity. Physical methods as iontophoresis?, gene gun (laser assisted
transfection)?t, electroporation can be used for in vitro gene transfection or as local delivery

systems to penetrate the skin barrier. Those methods induce reversibly the destabilization of the
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plasma membrane and allow permeation of the dsRNA into the cell. Limitations are the possibility
to destroy the membrane integrity, the time that is needed for an effective treatment and the size
of the lesion. Viral vectors represent nature’s most optimised method to enter a host genome and
were the first methods applied in gene therapy®. Virus such as adenovirus, adeno-associated virus
(AAV), lentivirus, retrovirus and herpes simplex virus (HSV-1) can be easily modified with the
sequence of interest and are shown to achieve high transfection efficacy. However, those vectors
can induce severe toxicity, immune response and oncogenicity?’, leading to the failure of many
clinical trials®8. Most clinical trials comprise retro- and adenovirus formulations for cancer
treatment?. The first human gene therapy on an AAV vector, Glybera®, approved 2012 by the
European Medicines Agency (EMA) was withdrawn from the market 201740 because it was too
expensive with $1 million in average per treatment!!. No viral formulation for microRINA delivery
1s currently in clinical trial stage. Whereas conjugated systems with peptides (for increased cell
permeation or with protein transduction domains*243), aptamers*, or N-acetyl galactosamine
(GalNAc)® are in late stage clinical trials or already approved for clinical use by the American
Food and Drug Administration (FDA)*. GalNAc can be recognised by asialoglycoprotein
receptor (ASGPR; highly expressed in hepatocytes) followed by clathrin mediated endocytosist’.

ASGPR recycling occurs in very short time (15 min)* making the target/ligand pair very efficient



(see scheme Figure 2). The conjugate structure was optimised for the number of GalNAc antennas
and the size of the linkage*6:49. Any kind of DNA or RNA species can be conjugated with GalNAc
and used for hepatocyte targeted delivery®®. The first FDA approved RNAi (siRNA) drug
Onpattro® from Alnylam in 20187 for treatment of polyneuropathy (hATTR; hereditary
transthyretin-mediated amyloidosis) is a siIRNA-GalNAc conjugate on a lipid nanoparticle (LNP)
carrying siRNA against T'TR (transthyretin) mRINA to the liver. However, the LNP induces an
immune response so that the patients need to take steroid, acetaminophen and antihistamines to
decrease the chance of immune reactions prior to the treatment with Onpattro®. The treatment
also leads to a decrease in vitamin A levels and patients are advised to supplement with daily
allowance of vitamin A%, To reach beyond the liver, other nanoparticle (NP) carriers were
developed. Lipidic formulations are the most advanced in clinical trials but also cyclodextrin NPs
and spherical nucleic acids®253 are in clinical trials®*. More recently extracellular vesicles
(exosomes) are used to deliver small ncRNA. They offer high therapeutic potential, but allow very

few control about the composition of their content33.
1.4 Application of RNAi therapeutics & Clinical Trials

The clinical advantage of RINAi is that siRNA and microRNA act on a post-
transcriptional level, which allows to reach “undruggable” protein targets, giving “extraordinary
drug-like properties” to RINAi therapeutics!. Furthermore, RNAI is a natural process, active in
any mammalian cell, the process is more specific, has longer duration (more than six months after
a single injection’®) and has much higher potency (more than 100 fold) in comparison to common

antisense oligonucleotides or ribozymes®”. This makes RINAi a safe technology with high
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therapeutic index. In 2003 multiple companies started out to foster clinical application of RNAi.
Front line Strategic Consulting (San Mateo, CA, USA) estimated the RNA1 market on a value of
$38 billion in 2004 with an expected annual market growth of at least 30%!. In spite of high
investments from big pharma, first clinical trials with unmodified siRINA failed due to a lack of
efficacy and toxicity58:%. Immune reactions were not only observed in trials with naked siRNNA
but also with the first NP carriers, causing infusion reaction®. Fail of clinical trials and economic
crisis in 2008 led big pharma to step outt! of RNAi, quit their RINAi programs and let biotech
companies as Alnylam go, which in turn had to refocus their work (a timeline over RNAi
therapeutics development is drawn in Figure 3). John Maraganore, CEO from Alnylam: “We had
conquered delivery to the liver, so we decided to make that our strategy, and it turned out that
many genetic orphan diseases have their basis in the liver.” Positive clinical results from Alnylam
with LNP carriers and GalNAc ligand, delivering siRNA with PCSK9 target to treat TTR-
mediated amyloidosis, together with data from other companies (Regulus, Arrowhead and others)
lead to huge investments of big pharma in the RNAi companies. In 2014 Alnylam achieved 3.4%
share in the biotech industry with a market capitalisation of about $5.9 billion62.63] with established
$8 billion today (June 2019)%¢, after FDA approval of Onpattro® in August 20186, Besides
Onpattro®, three more antisense oligonucleotide drugs got approval by FDA, nusinersen
(Spinraza®; spinal muscular atrophy; 2016), mipomersen (Kynamro®; hypercholesterolemia;
2013), eteplirsen (Exondys 51®; duchenne muscular dystrophy; 2016)6. Products in the pipeline
of RNA1 companies as QP-1002 for the treatment of kidney injury and PF-655 to treat age-related
macular degeneration, both from Quark Pharmaceuticals and inclisiran, a PCSK9 inhibitor
developed by Alnylam will reach larger patient populations. Clinical data of inclisiran highlights
50% knockdown in target cells being persistent until 6 months post administration. Though the
long persistency might rise consequences in a longer term since there is interference in a natural
pathway by the treatment. Possible toxicity through imbalances in microRNA levels caused by
occupation of the RISC complex with the therapeutic RNA®7.

To date, there are 315 ongoing clinical trials involving RNA therapeutics including
siRNA® and the global market for RNA drugs is expected to reach $10 billion until 202468,
Analysis of formulations used for siRNA and miRNA delivery in clinical trial stage
(clinicaltrials.gov last accessed 10th May 2019; see Figure 4B with Table 2 and Table 3) reveals
that more than half of the studies are conducted with naked siRNA or miRNA (naked = without
carrier vehicle but chemically modified) or conjugated to GalNAc. The increased use of GalNAc
is related to positive clinical data by Alnylam and the FDA approval of Onpattro® in 20187. LNPs
are clinically the most advanced, nevertheless steroid pre-treatment is necessary to get a grip on

immune-activation and toxicity can be observed despite the steroid treatment®.70. Development



of polymeric NP carriers, as CALAA-O1 by Calando Pharmaceuticals with promising data in
clinics are on hold due to low efficiency and unspecific toxicity’!. Most studies focus on the liver
as LNP and GalNAc conjugates are most efficient in hepatocytes (Figure 4). Much work has to be
done in the development of therapies targeting other organs. Table 2 tries to highlight clinical
trials of siIRINA-based therapies with ophthalmologic and skin targets. Those are discussed in a

later chapter of this work.

In summary, the main risks of siRNA drugs are (i) off-targeting causing (severe) side effects
(can be optimised in i vitro assays®!), (i1) unpredictable effects due to high siRINA levels competing
intracellularly with “natural” microRNA RINA1 machinery, (iii) accumulation of stable siRINAs in
endolysosomal compartment causing cytotoxicity®5.72. The challenge remains over the delivery of
RNAI inducing short, double stranded RNA to the cytoplasm of cells at the disease site. Big
improvement is still necessary for pharmacokinetics and pharmacodynamics and targeting of
extra hepatic tissues’s. Fambrough fosters the A,B and C system for the development of siRINA
delivery systems, which includes step A as “accumulation”, step B “binding and internalisation”
and C as “cytoplasmic release”’*. In the delivery of RINAI therapeutics, the delivery system plays

the most crucial role.

A | Comparison of tissues targeted by dsRNA
drugs in clinical trials

liver - |
eye 1

cancer 7

skin : = 7

systemic —1 5

kidney 2

lung = = microRNA
heart I  siRNA

B | Comparison of dsRNA carriers in clinical trials

naked —— n
GalNAc = "

LNP =l |

NP e ?

Exosomes 1 m microRNA

INA-ASQ | 2 = SiRNA

Figure 4: Analysis of clinical trials involving siRNA and microRNA by (A) target tissue and (B) carrier of the small dsRNA. Data

from clinicaltrial.gov, last accessed May 2019.
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Table 2: Selected siRNA therapies in clinical trials.

siRNA Target Disease
D T - lini i 5
rug arget gene S S PR - Stage - Status  Clinical trial No. Company
proteinuria with IgA
Nephropathy /Berger
ALN-CC5 —_— GalNAc- °p "01';_“ 1y /- Berger i o NCT03841448
) 0% ney isease - recruitin
Cemdisiran SRNA = e reeniiie NCT02352493
/Glomerulonephritis
/Hemoglobinuria
ALN-AS1 GalNAc- A hepati
e ALASI aAcC kidney CWENePAC 1 ongoing  NCT03338816
Givosiran siRNA d porphyria A
= o Respiratory syncytical N _
ALN-RSVO01 RSV-N NC lung N II- completed NCT01065935
virus infection
Alnylam
2 ) yalNAc- / - ATTR- Pharmaceuticals
HEN TTRSC TTR G?JN‘\C systemic BATER-RIN s III - terminated  NCT02319005
Revusiran siRNA ‘ CM
ALN-TTR02 hATTR-PN /hATTR-
‘ .. TTR LNP systemic : III - completed  NCT02939820
Patisiran : M
ALN-AT3SC GalNAc- systemic - . . _ _
Fitusitan AT GRNA )l)lood Hemophilia A&B IIT - recruiting ~ NCT03549871
Lumasiran GalNAc- . primary hypoxaluria o .
GO kidney i 111 - rec NCT03681184
Tluminate-A SIRNA ney Type 1 (PHI) recruiting ’
MSCs derived Metastatic Pancreatic M.D. Anderson
Exosomes - 5 Adenocarcinoma / I-not yet Y Cancer Center /
i . KRASGI12D Exosomes cancer . L NCT03608631 .
with KRAS pancreatic Ductal recruiting National Cancer
G12D siRNA Adenocarcinoma Institute (NCI)
Olix
OLX10010 CTGF NC skin Hypertrophic Cicatrix I - recruiting NCT03569267 Pharmaceuticals
Inc.
Bevasiranib VEGF NC eye AMD III - withdrawn ~ NCT00557791
OPKO Health
Bevasiranib Diabetic Macular oici
o VEGF NC . ’ o II- leted  NCT00306904
siRNA Cand5 S Edema SOMPICES
Pacl hi Pachyonychia
achyonychia
TDI101 Kb6a NC skin Y )_ I- completed NCT00716014 Congenita
Congenita )
Project
CN /Diabetic
PF-655 VEGF NC eye Retinopathy /Diabetic II- completed NCT01445899
Macular Edema Quark
PI-1002 53 NC heart (;ar;dllac ?lu(riq“;: III - recruiti RCARaaL0c Phamuaceutical
QPI- p5 NC hear (‘d)( ] »ral -recruiting o oro 610296
function
RXI-109 CTGF NC eye /skin ‘;1)\[2:5: /)S‘l:'i)*l(.:‘l)lll:f:‘] 1I - ongoing L0001 ]}jlj;mnco ticals
XI-10¢ 5 NC eye /skir rosis / Hypertrophi - ongoing NCT02246465 ] aceuticals
scar Corp.
Pancreatic Ductal
siG12D- LODER
s KRAS cancer Adenocarcinoma IT - recruiting NCT01676259 Silenseed Ltd.
LODER polymer s A
’ /Pancreatic Cancer
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Continuation Table 2:

siRNA Target Disease
T. - lini ial No.
Drug arget gene ier tissue specification Stage - Status  Clinical trial No. Company
T TGF-B1 . . s e . TN OO ] - . .
STP705 COX.2 NC skin Hypertrophic Scar 11 - recruiting NCT02956317 Sirnaomics
SYL1001 TRPVI NC eye Dry Eye Discase I - completed  NCT03108664
Sylentis, S.A.
i ) Open Angle Glaucoma NCT02250612
Bamosira 32-AR NC . II-c leted
Hmosiran I eye /Ocular Hypertension completec NCT01739244
Inclisiran GalNAc- systemic renal impairment The Medicines
PCSK9 s .- . HI-recruiting NCT03851705
ALN-PCSSC siRNA /kidney  (hypercholesterolemia) fecruiting P Company

(@05

ALASI

RSV

l\'l.

GO

TIR
hATTR-PN
hATTR-CM
KRAS

Table 3: Selected clinical trials involving miR and antagomiR therapeutics.

Cysteine proteinase inhibitor
Delta-aminolevulinate synthase 1
Respiratory syncytial virus
Ataxia-telangiectasia

Glycolate oxidase

Transthyretin

Hereditary Amyloidosis with Polyneuropathy

Hereditary Amyloidosis with Cardiomyopathy

KRAS Proto-Oncogene, G'TPase

CTGF
K6a
COX-2
TRPVI

B32-AR
PCSK9

Connective tissue growth factor
Keratin 61

Cyclooxygenase-2

Transient receptor potential cation
channel subfamily V- member |

B2-

Adrenoreceptor

Protein convertase subtilisin/kexin 9

icroRNA
Drug microRNA m::arrier Disease Intervention Phase — Status Clinical trial No. Company
RG-125 antimiR - GalNAc-
/;\Zl)lr:)?(i Il:;:l/";(” :mllimil({ liver subcutancous injection 11 - ongoing NCT02826525 AstraZeneca
TargomiR . . R lung L et . .
miR-16 EDV-NP systemic /injection  I-completed NCT02369198 EnGenelC Lid.

/mesomiR-1

/cancer

MRG-106 INA-modified  blood
’ antimiR-155 m.n( e 7100¢ systemic /local I - recruiting NCT02580552
/cobomarsen ASO /cancer ’
miRagen
MRG-110  antimiR-92a ASO skin I-completed  NCT03603431  Therapeutics
local /intradermal Inc.
injection
MRG-201 miR-29 mimic skin I- completed NCT02603224
MRX34 INP live:
. miR-34 . er I - terminated NCT01829971
/miR-Rx34 (liposome) /cancer Mima
systemic /injection - ics
MRX34 LNP skin \erapentics
iR-34 I -withdraw NCT02862145
/miR-Rx34 m (liposome) /cancer withdrawn ’ ’
Regulus
RGO12 II - suspended '
e antimiR-21 ASO kidney  subcutancous injection P NCT02855268  Therapeutics
/Lademirsen : : (2019)
Inc.
Miravirse ILNA-modified Santaris Pharma
/;;)‘(\I;::;l() miR-122 ::(); et liver systemic /injection  II-completed  NCT01200420 \;"S s Hharma
EDV-NP nonliving bacterial minicells
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2 Nanotechnology and Nanomedicine

Nanoparticles (NP) (@ 1-1000 nm)? are especially suitable to develop drug carriers for
therapeutic use. NP are also used for applications as biosensor for diagnosis, as imaging (contrast)
agent and for theranostics (combination of therapy and diagnosis). There is a large variety of
materials and architectures being from natural, organic or inorganic sources (Figure 5). After
approval of the first nanodrug in 1995 (Doxil®, Doxorubicin loaded, liposomal NP for the
treatment of metastatic breast cancer)’6, the FDA approved already 51 nanodrug formulations for
various applications, comprising liposomal, polymeric, micellar, inorganic NPs and nanocrystals
with growing approval of protein drugs for clinical trials. The number of clinical trials including
nanodrug formulation is growing exponentially with increasing diversity and complexity of the
formulations”.

proteins, antibodies

'd surface charge
peptides =

nucleic acids (e.g. aptamers)
surface functionality
R, (eg.-NH2, -OCH3, -COOH)
1

small molecules
polymers

hydrophobicity
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0 °o
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roughness

Figure 5: Characteristics and diversity of nanoparticle composition, physical properties and surface chemistry. Adapted from

Chou et al., Chem. Soc. Reviews, 2011%°.

The design of a nanocarrier requires the selection of a set of chemical and physical
properties which are dependent on the application of the carrier, the administrative route and the
drug payload (Figure 5). Nanocarriers offer through high surface area/volume ratio (often with
large inner surface area through porosity?8) the possibility to (i) carry large drug doses with low
particle carrier concentration (reducing the effective dose, minimizing toxicity), (i) immobilize
and carry highly hydrophobic drugs and (iii) load combinations of drugs. Drugs can be either
entrapped in the carrier’s structure or adsorbed on the carrier by electrostatic interaction, but

there also exists the possibility to covalently bind the drug onto the carrier’9:80, If the nanomedicine
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is administered systemically, decoration of the NP with polyethylene glycol (PEG, or other
hydrophilic polymers as poloxamer, dextran, polyvinylpyrrolidone or surfactants) may be helpful
to avoid (1) NP aggregation, (i) unspecific protein adsorption, (iii) immunogenicity and (iv)
opsonisation (leading to phagocytosis and clearance) thus improving circulation time in the blood
stream8:82, When NPs are dispersed in biological media they immediately interact with serum
proteins. The composition of the NP-protein complex changes dynamically depending on the
binding constants of the proteins present in the biological media and the physicochemical
properties of the NP#.8+. This corona can cover surface functionalities of the nanocarrier in such
way, that the desired ligand function (e.g. ligand specific targeting) can be lost?>. Pre-coating of
the surface with PEG8186, nucleic acids or proteins®” can stabilize the NPs by better control of the
protein corona on the NP. But PEGylation of the nanocarrier can also over-stabilize the NP and

hide relevant factors on the NP surface relevant for molecular recognition.#8:89

Targeting ligands (e.g. antibodies, aptamers and peptides as transferrin and vitamins as
folate®5:99) equivalent to specific cell surface markers can be immobilised on the outer surface of
the NP to increase specificity of drug release and minimize undesired side effects as toxicity in
non-disease affected areas. Ligands as transferrin®.92 can be used to significantly increase the
cellular uptake of gold NPs by transferrin receptor mediated endocytosis, as it was reported by

Yang et al.92.

For the intracellular delivery of small and macromolecules, efficient internalisation and
drug release in the specific cell compartment is the limiting step for the drugs activity. Size, shape%
and surface chemistry affect the endocytosis of NP formulations?.949. T'o understand what the
cell “sees” from the NP-protein complex, zeta ({)-potential and hydrodynamic radius (by dynamic
light scattering, DLS) measurements can be conducted. This is essential to understand the NP-

cell interaction%.
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3 Endocytosis mechanism, intracellular trafficking and endosomal
escape

Endocytosis is the mechanism, by which any type of cells communicates with their
biological environment. Through this energy dependent process, cells can internalize nutrients,
biomolecules, signalling molecules and NPs by engulfment of the material through invagination
of the plasma membrane (Figure 6). Subsequently vesicles, called endosomes (phagosomes in the
case of phagocytosis), are formed, where the material is encapsulated by a lipid bilayer from the
former plasma membrane?’. The endosomes undergo then an intracellular trafficking mechanism
(Figure 6) delivering the cargo to specialised vesicular structures, where the cargo is either
delivered to (1) the intracellular compartment, (ii) recycled and secreted to the extracellular milieu,
or (ii1) in the case of polarised cells, the cargo is delivered across cells (called “transcytosis™)7. The
pathways of endocytosis are differentiated in pinocytosis with uptake of fluids and solutes as
receptor (clathrin- and caveolae-) mediated endocytosis, macropinocytosis (receptor independent)
and phagocytosis for the uptake of large particles (mainly macrophages, neutrophils, monocytes,

dendritic cells)?8.99.

The uptake of NPs into cells is dependent on multiple factors of the NP’s nature such as

size, shape?3, surface chemistry (zeta potential)?0.94 96 and the type of cell and its machinery, since

Phagocytosis

Non-vesicle related
secretion

l Endosomal
escape 00 »

Endocytic & 0o _—7

vesicle > °

Endocytosis Exocytosis

) Lysosome
secretion

mediated
endocytosis

endosome  Lysosome

Macropinocytosis ) ) Vesicle related
Pinocytosis sacretion

Figure 6: Schematic representation of intracellular Nanoparticle trafficking. Cellular internalisation can follow different
processes and depends on the characteristics of the nanoparticle. Larger NP are internalised via micropinocytosis, smaller
NP follow endocytosis mechanisms dependent on NP interaction with membrane proteins such as clathrin or caveolin.
Upon interaction of NPs with membrane proteins, such as clathrin or caveolin, endocytic vesicles are formed. Maturation
of endosomes to late endosomes and lysosomes as well as other internalisation pathways are depicted here. Adapted

from Oh et al., Int. J. Nanomedicine, 2014.%*
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various cell types can internalize the same NP by different endocytic pathways!00.101 There are
few studies analysing NP internalisation in different cell types!00-102 The studies are not
comparable since NP type and experimental condition vary each time. In 2008, Xia et al. found
that polystyrene NP show different levels of colocalisation with LAMPI1 (a marker of
endolysosomal compartment) with highest rates for endothelial cells (46%) and hepatocytes (51%)
in comparison to macrophages (33%), epithelial (8%) and pheochromocytoma (7%) cells after NP
pulse of 6 h. This study shows cell type dependency for NP uptake mechanism and magnitude of
internalisation!®. Cell type preferences of NP internalisation of different types of human and
murine cells were shown by Voigt et al., after 2 h of NP cell contact. The study confirms elevated
endosomal NP uptake in endothelial cells found by Xia et al. with independency of species (mouse
vs. human). Furthermore, they show preferences of cell types to certain chemistries. Cellular
internalisation showed generally higher levels using poly(vinyl sulphonic acid) in comparison to

poly(acrylic acid) NPs!102,

The critical step determining potency of intracellular drug delivery from a nanocarrier, is
the process of endosomal escape. The endosomal compartment is due to ATP mediated proton
accumulation generally more acidic in comparison to the intracellular space (pH 7.4). While the
maturation of the endosome, the compartment gradually acidifies from ~pH 6.0 until ~pH 4.5
in lysosomes®’. Nanocarriers composed by polycations as polyethyleneimine (PEI) and other
polyamines with pH buffering capacity cause the “proton sponge” effect leading to the disruption

of the endolysosomal compartment!03.

3.1  Enhancing endosomal escape

For direct transfection to the cytoplasm (without passing through the endolysosomal
compartment) the following methods may be used: (i) electroporation, where a pulsed electric field
is applied, giving the possibility to transfect mammalian cells with DNAL0+105 mRINAI6 or
siRINAL07.108 " or (ii) laser assisted photoporation, where transient nanochannels/pores are formed
in the plasma membrane of the cell to allow the entrance of genetic material!09.110, Unfortunately,
these methods are not applicable in an & viwo context. To enhance endosomal escape of a
nanocarrier several strategies can be applied?!'L112 but the most used one is based in the
conjugation of the surface of the NP with cell penetrating peptides. Surface decoration or
conjugation with cell penetrating peptides (CPP) such as penetratin™, TAT and MPG!!3 have
been shown to enhance siRNA delivery i vitro and also i vivo. TAT peptide has already been
tested in several clinical trials for the treatment of hearing loss!!* (Phase I1I; NC'T02809118; NCT
register from https://clinicaltrials.gov), myocardial infarction!!> (Phase 1I; NCT00785954) and
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intraocular inflammation and pain!!6 (Phase I1I; NCT02235272)117. Moschos et al. showed that
p38 MAP kinase siRNA covalently conjugated to either cholesterol, penetratin™ or TAT,
reduced mRNA expression  vitro. When applied i vivo only cholesterol-siRINA conjugates show
silencing efficacy, penetratin™-siRNNA conjugate treatment led to activation of the immune
system!18. Therefore, although cell-penetrating peptides may increase gene silencing efficacy, they
may activate the immune system. Using covalently bound TAT peptide, Kanazawa et al. show
effective  viwo gene silencing in tumour bearing mice!!? and rat brains!'?0. They demonstrated
significantly increased uptake of PEG polycaprolactone copolymer with covalently linked TAT
and electrostatically bound siRNA (MPEG-PCL-Tat) in rat neuronal cells (RN33B) i vitro and in
an i viwo rat model after intranasal administration!20. This work shows successful siRNA brain

delivery facilitated by TAT peptide.

3.2 Endosomal escape and the controversial discussion of the proton sponge

hypothesis

In a study by Boussif et al. (1995) the effect of cationic charged polymers in endosome
rupture was demonstrated. Using a polyplex of PEI/DNA they show, that protonation of nitrogen
atoms of PEI lead to a positive charge excess followed by ATPase driven proton accumulation
which leads to osmotic swelling (by passive cytosolic chloride influx, diffusion of water and swelling
of the PEI because of charge repulsion effects) of the vesicle and finally rupture of the endosomal
bilipid membrane with following cargo release!%. However, in a study conducted by Benjaminsen
et al. (2013) where they used a pH sensitive (pH 3.2 — 7.0) nanoprobe to be colocalised with PEI
NPs, no significant changes in the pH after PEI transfection in the lysosomes until 24 h was
observed. They hypothesised that PEI served as a “proton sponge”; however, the V-ATPase could
stabilize the pH by its function as proton pump. They concluded that the proton sponge effect
could not be the main phenomenon causing polyplex releasing from the endolysosomal
compartment!2!. Likewise, there have been contradictory results on the endosomal escape
mechanism of cationic lipid nanoparticles (LNP). Lu et al. showed in 2009 that inhibition of
various endocytosis pathways (in kidney cells) did not alter the knockdown of the target gene,
though cholesterol depletion from plasma membrane decreased significantly target gene
knockdown!?2. These results suggest, that siRNNA delivery via cationic lipid carriers occurs via
direct fusion of lipoplexes and the plasma membrane. By using RNA interference and chemical
inhibitors, Gilleron et al. and Sahay et al. have proven cellular uptake of LNP in Hel.a cells

through macropinocytosis®123.
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3.3 A spotlight on the endosomal escape of siRNA-NP formulations

Most of the NP are shown to be internalised via endocytosis®, still the main obstacle
remains in clarifying the intracellular trafficking of NP-siRNA formulations. In particular,
determining the mechanism and efficiency of endosomal escape. Classical methods to assess
cytosolic siRNA delivery comprise experiments of biological activity or quantitative fluorescence
microscopy (further methods are reviewed by Martens et al.!24). Biological activity of siIRNA can
be determined by using model systems composed of a stable expressed reporter protein (such as
GFP or luciferase) and siRNA against that reporter!?. If cytosolic delivery of siRNA via a
nanocarrier occurred, the reporter protein will be silenced, and the extent of protein expression
(fluorescence or qRT-PCR) can be taken as quantitative measure for endosomal escape!26. In
fluorescence microscopy, colocalisation experiments between labelled siRINA with stained
endolysosomal compartment can be performed!26.127, These are indirect methods; direct measures
are difficult since siRNA concentrations in a therapeutic range are often below the detection limit
(sensitivity) of the quantitative method. Exact quantification of cytosolic release of siIRNA from
endosomes remains challenging. The first studies addressing this issue quantitatively were
published by Gilleron et al.2 and Sahay et al.3 in 2013. Using fluorescent or nanogold (6 nm)
labelled siRNA (against GFP) formulated with LNP (ionizable lipid, disteroylphosphatidyl choline,
cholesterol, PEG-DMG!28) applied in clinical trials (and approved by FDA) and a combination of
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fluorescence and electron microscopy, Gilleron et al. determined the cytosolic siRNA
concentration in hepatocytes i vitro and i vivo until 6 h post-administration (Figure 7). They found
that less than 2% of the initial siRNA dose can be found until this timepoint, suggesting that the
remaining quantity is trapped in the endolysosomal compartment?. These results were confirmed
by the comparison with a formulation that shows lower knockdown efficacy, but same
internalisation properties!'?9. The study showed that endosomal escape properties were decisive
for gene silencing efficacy. Furthermore, by blocking endosomal progression pharmacologically
(with bafilomycin), Gilleron observed no changes in cytosolic stIRNA concentration (~1.2-1.4 %)2.
This indicates that siRINA release may occur at an early stage of endosomal progression. By high
resolution confocal microscopy, Sahay et al., quantified colocalisation of cationic LNPs
conjugated to fluorescence labelled siRNNA (Alexa Fluor 647) with endosomal markers for early
endosomes (EEAT), late endosomes/lysosomes (LAMPI), late endosomes/lysosomes (LAMP2)
and markers for tubulovesicular endocytic recycling (Rabl1) in Hela cells (Figure 8). After 3 h
pulse with cationic LNP, two-fold increased colocalisation with late endosomal/lysosomal
markers in comparison to those marking the early endosomal compartment. In a time-course of
15 min steps the trends reveal decline of colocalisation with EEA1 and increase with LAMP1 and
2, suggesting that most siRNA is localised and possibly trapped in late endosomes?. These results
confirm the hypothesis by Gilleron et al. that the time window for endosomal escape is at initial

stages of intracellular trafficking.
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Figure 8: (A) Representative images and (B) colocalisation quantification of LNP-siRNA647 with endolysosomal markers after 3

h transfection of Hela cells. Adapted from Sahay et al., Nature Biotechnology, 2013°.

Further progress in the timeframe determination of siRNA cytosolic release from
endosomes and the characterisation of these vesicles was achieved 2015 by Wittrup and co-
workers!30. Transfected with lipoplex siRNA-AF647 and using high dynamic range (HDR)
fluorescence microscopy, increased fluorescence intensity from endosomes short before siRNA
release could be observed. Generally, siRNA release occurred in the first 5-15 min after
internalisation from (maturing) endosomes with EEA1-Rab5+*Rab7+Rab9*LAMP]1 . Lysosomal

marker LAMP1 was positive about 40-50 min after siRNA release from the vesicle. Wittrup et al.
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also confirmed earlier findings, that gene delivery vehicles (as cationic polyplex and lipoplex) can
activate macroautophagy!31.132. They showed that LC3 (a central structural membrane protein of
autophagosomes!3!) was recruited to the siIRNA releasing endosome in few minutes. From a series
of galectins (endosomal glycan detector), Wittrup observed that galectin-8 recruitment to the
siRINA releasing vesicle occured 5-10 seconds after release and could be used as marker for siRINA
releasing endosomes. When LNP-siRNA (ionizable lipid, disteroylphosphatidyl choline,
cholesterol, PEG-DMG!28) were used, fluorescence signals were too low to detect signal in the
cytoplasm. The authors used galectin-8 as a marker for vesicles releasing siRINA. Releasing
endosomes were characterised by galectin-8 and endosomal marker colocalisation. siRINA release
occurred from EEAl-Rab5*Rab7+tLampl with a subset positive for autophagy marker LC3
within 10 min. No more release events were observed when vesicles were positive for LAMPI. In
total, about 3.5% of siRINA was released to cytoplasm. This means that most of the studies trying
to determine endosomal escape focus on a time span, where most release events might have had
occurred already, so most of the siRINA material is located in late endosomes/lysosomes (as shown

in the study of Sahay et al. as well.).

In summary, the studies presented here showed that (i) internalisation occurs within the
first hours of cell-material contact, (i) the window for endosomal escape lies within the first 15
min after internalisation, (ii1) siRINA in late endosomes/lysosomes (from ~30-50 minutes) remains
trapped in lysosomes and that (iv) galectin-8 can be used as marker for siRNA releasing
endosomes. In addition, the above studies showed low endosomal escape efficacy of clinically
applied siRNA nanoformulations and thus the need to further invest in the development of

materials for rapid and efficient cellular uptake and endosomal escape.
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4 High-throughput screening of stimuli-sensitive compound libraries
— The run for increased transfection efficacy

To overcome barriers of gene delivery and to increase transfection efficacy, strategies
involving internal and external triggers have been developed to activate drug release from
nanocarriers. These can be specifically designed to respond with a structural change to the
stimulus. Physiological stimuli are correlated to microenvironmental changes (e.g. temperature,
pH, specific enzymes) as pathologic situations (cancer, inflammation, diabetes, cardiovascular,
degenerative) and can be exploited to endogenously (internal) trigger drug release (Figure 9A)133.
On-demand control over the drug release can be achieved using external (extracorporeal) physical

triggers such as light, magnetic or electric pulses, or ultrasound!3%. Sensitive components can be

A o B linker
External trigger '(.::.\ / ‘]-".'.'\\ \ .. Internal trigger
¢ , W L block
Liga\ Q. 09000004000 0000000 00
-\ pendant group or linker
R~ ~
‘\; | = o rx'rxrow
Magnetic 7\,_’
» cross-linker

2 gt

Figure 9: (A) Schematic representation of external and internal triggers used to activate drug release from nanocarriers. Adapted
from Li et al., Topics in Current Chem., 2017'3. (B) Trigger sensitive compounds (green) can be incorporated in various

manners into drug carriers. Adapted from Kelley et al., Chem. Soc. Rev., 2013'%%,

incorporated into the NP structure, as a linker, pendent group or incorporated in the core of the
NP structure (Figure 9B)!1%>. Stimulus application leads to physical changes such as swelling,
aggregation, charge reversal or chemical changes such as degradation, alterations in solubility and
phase transition in the NP to release the drug cargo. An overview of trigger sensitive NP platforms

for gene delivery is given in Table 4.

In the last 15 years, researchers have initiated the use of NP libraries to identify the most
efficient and rapid formulations for cell transfection of RINA1 111112, HT'S techniques were adapted
to screen compound libraries with nanomaterials reacting to internal stimuli for increased
transfection efficacy (see Table 6-8). Anderson, Akinc, Green and co-workers developed in 2003
high throughput screening methods employing combinatorial parallel synthesis and
multiparametric analysis of polycations, lipidoids and LNPs for the delivery of pDNA!1L136-138
siRNA!2 and mRNA9, To develop large compound libraries, it is necessary to pick synthetic
routes, where no additional solvents, catalysts or protection/deprotection steps are necessary and
where starting material is commercially available. This approach allows rapid optimisation and

adaption of parameters as NP/polymer composition for the specific application. To facilitate NP
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synthesis, (1) poly-/or lipoplexes!!! are formed by co-precipitation of polymer/lipid with
DNA/RNA material, or (i) the therapeutic material is immobilised on the surface of the NP by
electrostatic interaction!'2. To analyse such large compound libraries, homogenous read-out
methods through luminescence or fluorescence are used, to classify materials for cytotoxicity and
compound bioactivity. More recently high content imaging has emerged as a method to allow
multiparametric readouts in high throughput screening. Through this methodology several NP

formulations entered in clinical trials and are already approved for therapeutic use by EMA and

FDAMo,

Table 4: Trigger sensitive (nano-)materials for gene delivery (pDNA/microRNA/siRNA/ASO).

. Sensitive Type of ..
Type of trigger Material D P Application/ Benefit Reference
rug PP
compound NP
Poly(f-ami DNA NP Library transfecting ECs, Shmueli et
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Continuation Table 4:

stimulus

Sensitive Type of
Type of trigger Material Drug Application/ Benefit Reference
. 88 compound NP PP
Focused
Non-endocytic path by direct
Nanochannel | clectric field DOTAP, CIL-1 - i . )
. . e . channel formation for Boukany et
> electro- onsmallarca | EggPC,PEG- [siRNA/ | Lipoplex . . 108
3 . . e . nanocarrier entry; improved al.
poration) ofcell DSPS pDNA i o
- silencing
g wembane
] Arylsulphona
’ Poly(cyclopenta T
= Conductive | mide cleavage o I . . Electrochemically controlled Gautier et
, dithiophene)- DNA DNA N 153
polymer upon electric DNA gene delivery al.

3
Dextran-coated | PLK1 Metallic | Selective uptake in tumour cells | Mahajan et
E | 2| cuidance SPION eosted ] T . e HpH L -
% % SPION siRNA NI and simultaneous MR detection al.”?
-E g Coval
‘ovalen
Release of DNA by EMF
§ é Heati Magnetite NP | Dextran-coated tly Metallic i :.( B ftl 0l ’l' i Derfus et
eal . . . . activation without heating of the ..
p= g core iron oxide NP | bound NP " g al.!??
surrounding
DNA i
Polymeric thin | PFPAM-PEI-
S . HD2 | Micro- [ o . Zhang et
.g Ultrasound- | film with C3F8 shRNA ; Non-invasive targeted method 156
shRNA | bubble P
g targeted gas core complex
g Microbubble Lipid thin film | Phospholipid ) X . . i
5 Destruction ith C3Fs bubble filled HD2 Micro- Prevention of myocardial Zhang et
wi 318 gas »ubble fille . s Lo 57
vith gas “,) ¢ _| f( shRNA bubble infarction by PHD2 silencing al.}’
core with C3I'8 : )
TR Thyroid hormone receptor DOPE 1,2-Dioleoiyl-sn-glicero-3-phosphocthanolamine
IAP  Alkalic phosphatase DOTAP 1,2-di-(9Z-octadecenoyl)-3-trimethylammonium-propane
CI2  Liverribonuclease A EggPC egg yolk phosphatidylcholine
PLK1 Polo-like Kinase 1 PEG-DSPS distearoylphosphatidylethanolamine
HD2 Histone deacetylase PFPAM Perfluoropropane-Albumin Microsphere

4.1 Nanomaterials using internal triggers to enhance drug release

Carriers, which are activated to release their drug cargo upon (i) pH changes, (i) enzyme

substrate reactions and (ii1) temperature, are called self-regulated systems, where the “release rate

is controlled by feedback information, without any external intervention”!#!. Self-regulated

systems often use characteristics of the pathologic zone to trigger activity of the nanocarrier e.g.

low pH in tumour tissue, high temperature caused by inflammation or increased redox

potential

o presence of specific enzymes characteristically for the pathology. Carriers will be locally

activated by sensing the microenvironment and release the cargo “on demand”!3*. In the last

decade, the most significant contributions were done in the development of pH and redox sensitive

materials.
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4.1.1 pH sensitive libraries for gene therapy

pH responsive materials have been attracting major attention since the acidic pH in the

endolysosomal compartment (endosomes pH=5.5-6, lysosomes pH=4.5-5) can be used as trigger

to activate drug release. The slightly acidic tumour microenvironment (pH=6.5-7.2) caused by

the “Warburg effect” (anaerobic glycolysis in hypoxia and accumulation of acidic metabolites as

lactic acid)!*2 can be utilised.

Table 5: Studies involving pH sensitive polymer libraries for gene delivery.
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There are two major approaches to design pH-responsive materials. Firstly, the use of
polymers with ionizable functional groups (e.g. amine, pyridine, piperazine, carboxylic or
sulphonic acids etc.) that change physical characteristics upon protonation or deprotonation.
Second, the use of acid-cleavable linkers such as imine, hydrazine, acetal, ortho-ester or ketal acid
groups!#3-145. The most classic material for gene delivery is the polycation polyethylenimine (PEI).
Transfection efliciency using PEI is highly dependent on the molecular weight and branching
degree of the polymer. It was observed, that transfection efficiency of i vitro systems using
PEI/DNA polyplexes increases with increasing molecular weight of PEI'46 but decreases i vivo
because of cytotoxicity!*’. This shows the conflict between transfection efficacy and cytotoxicity!4#
and suggests also the development of more straight forward methods for material synthesis to
allow aless iterative approach. Michael addition of diacrylates with amines to poly([3-amino ester)s
(PBAEs) fulfil requirements to be used for combinatorial synthesis of polycation libraries. A huge
number of compounds of diacrylates and amines is commercially available giving the possibility
to vary the physicochemical properties of the polymers as much as possible. Molecular weight of
PBAEs can be controlled by the ratio of diacrylate to amine. In an acidic environment, PBAEs
degrade through hydrolysis of ester bonds in the polymer backbone and contribute by pH
buffering capacity to increased endosomal escape properties through the proton sponge effect.
Many compound libraries of PBAEs were screened as summarised in Table 5. All of them
identified increased gene transfection efficacy with PBAE for pDNA transfection in comparison
to PEI or other agents with lower cytotoxicity profiles. Analysis of structure-function relationships
have shown that amine terminated PBAEs with hydroxy functions in the side chains and high
molecular weight (MW) are the most effective for gene delivery!36:137. Amine endcapping is shown
to increase the efficiency even more!51 193, Amine endcapped PBAE C32 (identified by Anderson
et al,, 200414 composed of 1,4-butanediol diacrylate (compound C) and 5-aminopentanol
(compound 32) with 1,3-diaminopentane endcapping was demonstrated to increase gene delivery
to human embryonic stem cells (hESCs) 4-fold in comparison to a commercial agent,
Lipofectamine 2000 (L2000) while maintaining stem cell morphology and undifferentiated

state!93,

1536 structurally different polymeric cationic core shell NPs with an ionizable cationic
amine core for the delivery of siRNA were screened by Siegwart et al.!35. SIRNA was bound
electrostatically in the core or the shell of the NP. In a secondary screen the effect of the amine
structure on NP internalisation in HeLa cells was analysed. It was observed, that tertiary alkyl
amines (dimethyl > diethyl > dibutyl) show higher internalisation levels in comparison to
secondary alkyl amines (methyl > ethyl). Also, formulations with pendant tertiary amines as

piperazine and pyrrolidine structures showed high ability to condense siRNNA and high cellular
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uptake levels. However, for i vivo application, modification with cholesterol was necessary to

achieve silencing in liver hepatocytes!3.

Table 6: pH sensitive libraries of lipids and lipid-like materials for gene delivery.
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Much success was achieved in the development of lipid or lipid-like materials (LNPs) for
gene delivery (exemplary studies see Table 6) when the FDA approved the first LNP siRNNA drug
(Patisiran from Alnylam) in 20187. Alnylam was the partner in the development of novel one-step
synthesis routes of lipid-like!5® materials and lipidoids!!? for parallel synthesis to deliver siRNA.
LNPs can contain ionizable groups to provoke endosomal burst or can fuse with the endosomal
membrane (by structural similarity to lipids in the plasma membrane) which leads to
destabilisation of the membrane and endosome burst!%0. Alabi et al. hypothesised the pK, as main
parameter predicting and determining LNP efficacy for gene delivery!»9. Amide linkages as well
as alkyl tails with 8-12 carbons and secondary amines in the composition of the LNP were

identified as important design criteria for efficient and biocompatible carriers!!2.
4.1.2 Redox sensitive polymer libraries for gene therapy

To achieve redox sensitivity, disulphide (R-S-S-R’) linkages can be incorporated into the
material. Disulphide moieties are rapidly cleaved by glutathione (GSH) or thioredoxin reductases
which leads to degradation/fragmentation of the material and induces drug release. Intracellular
GSH concentration (~1-20 mM) is about 1000-fold higher in comparison to the extracellular

environment (~0.002 mM) and serves as such as a specific trigger for intracellular drug release!6!.
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Polymer libraries to screen for bioreducible polycations were prepared by Michael-type addition
of bisacrylamides and amines to poly(amido amine)s (PAA). The effects of chemical functionalities
in PAAs for non-viral gene delivery are extensively reviewed!62. Cystaminebisacrylamide was
identified in several screenings as the lead bisacrylamide!63.164, Exemplary studies are summarised
in Table 7. Tzeng et al. designed a polymer library of amine endcapped PBAEs for siRNA delivery
to human mesenchymal stem cells (hMSCis), inhibiting osteogenesis by delivery of B-cell
lymphoma (Bcl)-like protein 2 (BCL2) siRNA. The cystamine containing polymer was identified
with highest ability to complex siRNA and to induce sustained gene silencing!65. Kozielski et al.
demonstrate, that disulphide modified PBAE R647 can deliver GFP siRNA more efficiently
without causing cytotoxicity to human brain cancer cells, while the non-bioreducible analogue
647 with similar physical properties and siRNA binding capacity doesn’t impact GFP expression
and causes toxicity!6,

Table 7: Redox responsive and bioreducible polymer libraries for gene delivery.

Screening
Material |Drug Cell e Advance Benefit Reference
P readout i
Best PAA with N)N"- Disulphide containing formulations L 163
SS-PAA pDNA COS-7 B-Gal cystaminebisacrylamide (CBA) and CBA) with higher transfection efficacy | " Sl
. f . . " 12006
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Au-SS-
siRNA Dual Cellular uptake of PBAE modified I L1
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ABOL t-amino-1-butanol

Lin et al. identified a PAA of N,N’-cystaminebisacrylamid (CBA) and 4-amino butanol
(ABOL) as best polymer for gene transfer of pDNA to COS-7 cells!¢?. Vader et al. used this
polycation to transfect human head and neck squamous carcinoma (HNSCC) cells with epidermal
growth factor receptor (EGFR, overexpressed in squamous carcinoma) siRNA. However, they
couldn’t observe efficient siRNA condensation and transfection. Only modification with 25-50%
of diaminoethane (EDA) lead to efficient EGFR silencing, indicating, that more cationic charge
was necessary to condense siRINA. Additionally, they found, that polymer/siRNA weight ratios
need to be optimised to guarantee that there is enough “polymer” to keep increased endosomal

escape properties!68. Further examples can be found with enzyme sensitive materials.
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4.1.3 Enzyme sensitive materials

Upregulated expression and accumulation of specific enzymes can be exploited to induce
enzyme-specific drug release. Such enzymes include proteases, glycosidases and phospholipases.
Matrix metalloproteinase 2 (MMP2) is known to be upregulated in cancer, leading to cancer
progression and metastasis. Therefore, it is used as biomarker in diagnosis and can be used as
trigger for drug release in the cancerous tissue. Zhu et al. developed a MMP2 sensitive micellar
NP for the co-delivery of siRNNA and a hydrophobic drug. The nanocarrier is formed by self-
assembling of MMP2 responsive copolymer, PEG-peptide-PEI-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine. Quantifying the siGLO siRINA labelled cells 2h after intra venous injection,
a 2.4 fold increase in labelling of total tumour cells was observed with the MMP2 sensitive micelle,
concluding selective tumour targeting and drug release by the MMP2 sensitive micelle in

comparison to non-sensitive micelle!7!.
4.1.4 ROS triggered materials

Another phenomenon which can be explored for internal triggered drug release is the
increased production of reactive oxygen species (ROS) (such as hydroxyl radicals, HoO» and
superoxide) in tumour cells or chronic wounds in comparison to a healthy environment!72. Shim
et al. designed a polycationic nanocarrier functionalised with a cancer cell targeting peptide.
Thioketal functionalities in the poly(amino ketal) (PATK) polymer backbone will be cleaved by
ROS,; leading to the disassembly of the polyplex and release of the DNA to the cytosol. Enhanced

targeting and gene transfection was proven in prostate cancer cells!73.
4.1.5 Temperature sensitive materials

Temperature differences from ambient to body temperature (~37 °C) and pathologically
increased temperature in inflammation or cancer (~40-42°C) can be utilised as internal stimulus
to activate drug release from a nanocarrier system. The most advanced nanocarriers are
thermosensitive liposomes, which undergo conformational changes in the lipid bilayer by phase
transition of the lipids. The phase transition depends on the lower critical solution temperature of
each lipid!3*. ThermoDox®, a thermosensitive liposomal formulation for doxorubicin delivery is
currently evaluated in a Phase III clinical trial for treatment of hepatocellular carcinoma. Yet, no

thermosensitive formulation carrying siRINA is reported in clinical trials!7+.

An injectable thermosensitive and biodegradable polyplex hydrogel for long-term
delivery of siRNA was developed by Kim et al.1’>. Low MW PEI and poly(organo phospazene)
conjugated by an ester linkage formed soluble polyplex about 100 nm in size with siRNA. Via sol-

gel transition of the organo phosphazene at body temperature, the hydrophobic interactions
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increased, and a hydrogel is formed (gelation occurs in the target tissue). Performing i vivo
experimentation in a tumour xenograft model, sustained cyclin Bl silencing could be observed
upon one single injection of polyplex hydrogel with cyclin B1 siRINA!75. This system can be used

in many pathologies, where the target tissue is limited to a very defined area.

An opposite strategic approach was used by Lee et al.!’6 in the development of a
nanocapsule, that responds with volume expansion to a cold shock. Swelling of the Pluronic
F127/PEI2K nanocapsules from 118 nm at 37 °C to >400 nm at 15 °C leads to physical induced
burst of the endosomal compartment and delivery of siRNA cargo to the cytosol. Significantly
increased silencing of GFP and VEGT (vascular endothelial growth factor) in cancer cells (HeLa,

PC-3 prostate adenocarcinoma) was demonstrated using this method!76.

4.2 More control through externally triggerable materials?

To overcome limitations as the heterogeneity of local environment at the disease site and
patient specificity external triggers as (i) electric stimuli, (i) magnetic induction, (iii) ultrasound
activation and (iv) light can be used to initiate drug release from a nanocarrier. This allows
modulation of drug dosing in real time as well as spatiotemporal and remote control over the drug
release. Therapeutic efficiency can be increased by the use of such active trigger. Furthermore,
using an external trigger may not require ligand targeted delivery since the location can be
determined by directing the external energy source. Therefore, it is necessary to know exactly the
location of the disease affected area. There are also possibilities to activate large areas by external
triggers such as illumination of the whole skin in UV chambers. Different energy sources and

many types of materials were already explored for gene delivery!7’. A summary can be found in

Table 4.
4.2.1 Electrically triggered systems

Application of electric fields in physiological media induce redox reactions or ionisation.
Consequences are bond cleavage or carrier deformation. Microchip-type devices already exist for
medical use allowing control over magnitude and also pulse duration of the electric field!7s.
Conductive materials as carbon nanotubes, polypyrrole or conductive hydrogels can be used for
electroresponsive drug delivery. However, only very few studies involve this technology for gene
delivery!”™. Using a conductive polymer, Gautier et al. designed a nanoformulation for
electrochemically controlled delivery of covalently bound DNA. The responsive polymeric-DNA

matrix is immobilised on an electrochemical probe (Pt). The poly(cyclopentadithiophene) polymer
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properties allow promotion of the electric stimulus in physiological media, resulting in the

reduction and cleavage of the arylsulphonamide linker!80.

A classic technique for cell transfection is electroporation. Transient pore formation of
the plasma membrane is induced by application of pulsed electric fields with relatively high
voltage!8!. This technique is used very frequently but has been shown to impact cell viability
negatively and result in low transfection efficiency. Boukany et al. developed a novel method
called nanochannel electroporation (NEP) where a nanochannel is formed in the plasma
membrane as consequence of a very focused electric field to a small area of the plasma membrane.
By that, a strong local gradient on the nanoscale permits exogenous material the direct passage to
the cytoplasm!82. Transfecting lung cancer cells (A549) with lipoplexes carrying MCL-1 siRNA
via NEP, Boukany et al. could demonstrate direct transfection to the cytoplasm, no impact in cell
viability and about 3-fold increase of MCL-1 silencing in comparison to classic (non-NEP)

transfection methods!08.
4.2.2 Magnetically activatable materials

Magnetic fields can penetrate deep into tissue and are applied in diagnostic methods as
magnetic resonance imaging (MRI). Penetration depth can be adjusted by frequency and
therefore allows additional spatial control. A major class of NPs are manufactured on the base of
materials responsive to magnetic fields which can be used for gene delivery (other applications are
reviewed by Eloy et al.!79). Electromagnetic energy in the range of 350-400 kHz penetrates very
efficiently into tissue (15 cm; 99%) and doesn’t lead to energy absorption by water, thus doesn’t
lead to unspecific (background) tissue heating!®3. In magnetic NPs, such as superparamagnetic
iron oxide (SPION) particles, the materials magnetic dipole aligns with the external magnetic field
which leads to heating of the NP. Derfus et al. took advantage of this effect to show that DNA
bound through hydrogen bonding to a complementary DNA strand that was covalently
immobilised on the SPION can be released through magnetic field activation!®* (Figure 10). This
technology allows heat (i.e. NIR heating of gold shells) controlled release of several types of

biomolecules from one carrier!85.
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Figure 10: Mechanism of DNA immobilisation by DNA hybridisation on SPIONs. Adapted from Derfus et al., Advanced
Materials, 2007'¢.
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4.2.3 Ultrasound activated materials

Another non-invasive method that is used in diagnostics is ultrasound. Mechanistically,
ultrasound can provoke drug release from nanocarriers by cavitation through thermal or
mechanical changes in the NP structure. The gas filled cavity of microbubbles responds with
nucleation, growth and oscillation to ultrasound stimuli. This leads to pore formation and
disruption of cell membranes. High energy ultrasound (>3 MHz) waves however can cause
damage of irradiated tissue. Thus, parameters of ultrasound activation need to be optimised
carcfully. A technique used for gene delivery is called ultrasound-targeted microbubble
destruction (UTMD). Zhang et al. used this technique to deliver PHD2 shRNA to H9C2 (cardiac)
cells under normoxia (21% Og) and hypoxia (1% Og). The microbubble transfection complex
consists of perfluoro propane-albumin microspheres (PFPAM; commercially available ultrasound
contrast agent) and PEI/RNA polyplexes. Exposure time and ultrasound intensity were optimised
to achieve maximum transfection efficacy without compromising cell viability (cytotoxicity if
intensity >1.5 W/cm? and exposure time > 30 s). Using these settings, significant gene silencing
of PHD2 with significant increase in HIF-la mRINA (which is a direct target of PHD?2), was
observed, with additionally increased efliciency under hypoxic conditions!®¢. Zhang et al.
improved this microbubble system by development of a cationic microbubble which allowed to
increase RNA drug load for ultrasound-mediated localised myocardial delivery. Cationic
microbubbles were prepared from DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), DC-
cholesterol ~ and  DSPE-PEG2000  (1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-
[maleimide-PEG]) and filled with Cskg gas. Transfecting myocardial cells (H9C2) with
microbubble/eGFP plasmid complex showed 9-fold increased GFP fluorescence intensity in
comparison to plasmid alone and 3-fold increased GI'P fluorescence intensity in comparison to
ultrasound-mediated transfection, were measured. Microbubble/PHD2-shRINA transfection in
HIC2 cells lead to significant silencing of PHD2 mRNA with upregulation of HIF-1a, proving
efficient i vitro delivery. The PHD2-shRNA microbubbles were then injected in the tail vein of
Sprague-Dawley rats. Stable silencing of PHD2 mRNA and upregulation of associated mRINA as
HIF-1a, VEGF and bFGE with improved heart function until four days post treatment in
scar/border zones of myocardium tissue, was observed!87. These studies show effective

ultrasound-mediated RNAI treatment i vwo.
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5 A focus on Light triggerable materials for gene therapy

In comparison to other external stimuli, light is an especially appealing non-invasive
trigger. Light is energy in form of electromagnetic waves. The spectrum of the visible light ranges
from 400 to 700 nm (Figure 11). Light triggered release systems allow high degree of spatial and
temporal control for drug delivery and provide rapid, on-demand drug delivery which can reduce
toxic (side) effects and enhances drug efficacy. There are plethora of molecules responding to
different wavelengths of the light spectrum!8.189, Target wavelength, excitation intensity and
precise location for the irradiation can be easily controlled. Light is non-invasive, inexpensive and

easy to produce. Especially (near infrared) NIR light offers the advantage to penetrate deeper (up

VIS
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Figure 11: Schematic human skin section indicating penetration depths of light with different wavelengths from the visible
electromagnetic spectrum. Red arrows on the right side show light reflection on the epidermis and light scattering and

absorption in the dermis. Adapted from Chen et al.'®, Chemical Reviews, 2016 and Silva et al., JCR, 2019. '**
to 10 mm!9 as can be seen in Figure 11) into the tissue, being less harmful to cells in comparison
to UV light!91. On the other hand, blue light has a lower wavelength, the energy is higher and
thus less exposure time is needed. When using light triggered systems, balancing potential harm
with benefit is required. Many systems in nature use light as energy source to induce
photochemical processes (e.g. chlorophyll light absorption in plant photosynthesis!®2, the visual
cycle of cis-trans photoisomerisation of rhodopsin!9). Photoconversion of 7-dehydrocholesterol to
vitamin D (cholecalciferol) by UV (<310 nm) absorbed in the skin is crucial for normal growth,

skeletal development and calcium absorption!94.
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5.1 Phototherapy in the clinic

Phototherapy belongs to the classic clinical treatments for several diseases, such as mood
and sleep disorders, neonatal hyperbilirubinemia, cutaneous T-cell lymphoma, inflammatory
chronic skin conditions and wound treatments. Mood and sleep related physiological mechanisms
are  triggered through skin  exposure by UV light: vitamin D  synthesis,
serotoninergic/melatoninergic system and immune system. However, research on phototherapies
beneficial effects on SAD (seasonal affective disorder), mood and depression still lack statistical
evidence (because of suboptimal study design, few analysed subjects, group heterogeneity).
Significant negative correlations can be found between vitamin D levels and depression!9. About
6-15% of all new-born children suffer from neonatal hyperbilirubinemia (jaundice; total serum
bilirubin >12 mg/dl), requiring treatment. Bilirubin, a metabolite resulting from degradation of
the hemo group of haemoglobin, is usually cleared by the liver. Several reasons can cause
hyperbilirubinemia (acidosis, birth asphyxia, impaired albumin/bilirubin binding, liver diseases
among others). Light therapy is the treatment for light to mild forms. Upon skin exposure to blue
light (most effective 460-490 nm), the unconjugated bilirubin is converted to bilirubin
photoproducts, that are excreted!96.197. Cutaneous T-cell lymphoma as Sézary syndrome or
mycosis fungoides involve treatment of either broadband (270-390 nm, peak 313 nm),
narrowband UVB (sharp emission peak 312 nm), ultraviolet A (315-400 nm) or psoralen plus
UVA photochemotherapy (PUVA). Also, excimer xenon chloride laser emitting at 308 nm are
used for therapy of cutaneous T-cell lymphoma. All treatments are efficient leading to cure or
control over the disecase!¥s. NB-UVB and excimer lasers are also used for treatment of
inflammatory dermatologic diseases such as psoriasis and atopic dermatitis!??, where depletion of
skin-infiltrating immune cells is needed in the therapeutic strategy200.201, UVB treatment in the
depigmentation disorder in vitiligo leads to melanocyte stem cell activation and functional
development?92. Acne vulgaris treatment by skin disinfection with UV 407-420 nm targets
porphyrins in P. acnes bacteria that cause skin eruptions. Light therapy in this context is as effective
as oral antibiotic treatment203. Furthermore, UVC (200-280 nm) light is shown to have
antimicrobial effect and is applied to acute wound infections in order to kill pathogens without

damaging the host tissue20¢.
5.2 Limitation

Excessive light exposure can lead to damages as skin cancer and tissue damage through
local heating. Skin cancer prevalence is increased with increased sun exposure time. Specially the
UVB part of the spectrum is known to cause DNA damage (mutation) and abnormal regulation

of signal transduction, enhancing the risk developing (non-) melanoma skin cancer?%. Lan et al.
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recently found, that exposure to mildly elevated environmental heat can protect keratinocytes

against subsequent UVB-induced DNA damages206.

Thus, to apply light as a trigger in a therapeutic setting, irradiance and exposure time
need to be optimised to avoid long-term side effects. The wavelength of the sensitive moiety in the
drug delivery system needs to be fitted to the pathology and the anatomic target. By adjusting

beam location and timing of the application, further toxicity can be prevented.
5.3 Photo activatable nanomaterials

Several strategies exist to create light-triggerable materials as can be seen in a tabular overview in
Table 8. Most studies involve UV and NIR light as trigger. Generally, light activation induces
either the dissociation of the carrier or uncaging of bioactive molecules. This can occur by
cleavage (photo-cleavage, -uncaging or -decrosslinking) or isomerisation (azobenzene or
spiropyran) of the light sensitive compound. Heat generation (mostly in noble metal NPs) induced
through light absorption is another common mechanism to provoke drug release from a

nanocarrier (Figure 12).
5.3.1 Surface Plasmon Resonance (SPR), Photothermal effect

Noble metal (e. g. gold) NPs are the most prominent example for indirect photo-
responsive delivery systems. If excited by a specific wavelength, the energy from the photons will
be absorbed by the electrons of the noble metal NP (particles, shells, rods, cages) and transit from
ground state to excited state. Subsequent relaxation of excitation energy leads to nonradiative
decay which results in heating of local environment. This is called surface plasmon resonance
(SPR)207.  Photothermal agents and absorbing photons, leading to SPR can be organic dyes
(ICG)28 or noble metal NPs such as gold (Au) NPs (summarised in Figure 12). The release process

Dissociation of
carrier

Uncaging of molecules Heat generation

01

Figure 12: Strategies for payload release from photo-sensitive NP comprise Photo-dissociation, uncaging and heat generation

of noble metal NPs. Adapted from Bansal et al., Acc. Chem. Res, 201422,
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1s then initiated by thermo-responsive agents2?9. Through e.g. thermo-de-hybridisation as such of
oligonucleotides, de-capping or conformation changes in liposomes, when changing to lower
critical solution temperature (LCST)210.211, The advantage of these drug delivery systems is that
the excitation wavelengths mostly range in the near infrared. Efficiency of photo absorption in
NIR is very high, leading to high success probabilities for the indirectly induced release. However,
non-specific heating can cause tissue damage of the irradiated area and laser characteristics need

to be adapted to not harm the tissue2!2.

Especially gold NPs are used to deliver nucleic acid cargos like siRNAs through thiol-Au
linkage!70. Lee at al. showed already in 2009 spatiotemporal controlled release of thiol modified

Table 8: Lighttriggerable nanomaterials for gene delivery.
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Continuation Table 8:
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rod shaped gold NPs (GNPs) through low power laser irradiation at NIR of 785 nm, which is the
absorption peak of Au-nanorods?!s. Figure 13 shows specific RNA silencing of the target gene
(ERBB2) by NIR activation of GNPs in comparison to negative Controls (no NP + no NIR, no
NP + NIR, scramble NP + NIR). However, analysis of non-activated GNPs with ERBB2 siRNA
was not performed, which leaves possible leaching of the siRNA from the carrier unclear. The
authors also mention limited cellular uptake of the GNPs as parameter to be improved?!3. Lino et
al. developed a system for the controlled release of two different microRINA immobilised on gold
nanorods by DNA hybridisation. NIR induced SPR leads to local heating of the nanorod. When
the melting temperature of the hybridised DNA pair is reached, hydrogen bonding between the
homologous ssDNA break and the ssDNA modified microRNA is released. For the controlled
release of two different microRNAs, ssDNA with different length and in consequence differing
melting temperature were used. In human outgrowth endothelial cells (OECs) the sequential
release of miR-155 and miR-302a was shown to impact proliferation and survival of OECs. The

authors could show that application of this technology in an acute wound healing mouse model,
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leads to significant faster wound healing kinetics. The use of such a system is of high benefit as

only one carrier and one light source need to be used to deliver various biomolecules!85.
5.3.2 Photosensitiser

In the clinic Photosensitisers (PS) are used in photodynamic therapy (PDT) for psoriasis20?,
vitiligo2 and various types of cancer?’’. PS are chromophores that generate reactive oxygen
species (ROS) as free radicals through relaxation after excitation with a laser source?38. Molecules
reach through light absorption an excited state, which allows energy transfer to oxygen and
production of singlet oxygen and other free radicals (superoxide, peroxide, hydroxyl radical). This
reaction occurs in close proximity to the PS, allowing controlled ROS phototoxicity in target cells
and/or tissue?®®. The photochemical induced disruption of endolysosomal membranes and
subsequently enhanced cytoplasmic delivery is called photochemical internalisation (PCI). PCI
gained much interest, since a high quantity of nanocarriers (especially for gene delivery) get
trapped in the endolysosomal compartment?®0. Nomoto et al. developed photo-activatable
polyplex micelles for gene (pDINA) transfer in solid tumours after systemic administration. The

micelle consists of three compartments from a triblock copolymer (PEG-PAsp(DET)-PLys), where
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Figure 13: NIR heat induced controlled release of siRNA from Au NPs. (A) mechanistic scheme, (B) controlled ERB2 silencing
through NIR activated ERB2 GNPs (B4) in comparison to non-activated (B1) scramble sequence (B3), GNP only (B2) and

control condition with no NP but light trigger (B2). Adapted from Lee et al., Nano Letters, 200942
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PS and DNA are in different compartments, to protect the DNA from degradation by ROS. On
the third and outer layer is a PEG shell, shielding the micelle from unspecific interactions with
blood components. The middle layer contains a dendrimeric phthalocyanine photosensitiser
(DPc). Peripheral carboxyl groups are facilitating intracellular trafficking in endo-/lysosomes to
deliver the DNA to the nucleus. Subsequent protonation of carboxyl groups through acidic pH in
endolysosomal compartment leads to release of DPc. Photo activation of DPc provokes
destabilisation of endolysosomal membranes through ROS production, facilitating endosomal
escape. The pDNA is condensed to the poly lysine (PLys) block of the triblock copolymer to form
the core of the NP. These characteristics were confirmed by structured illumination microscopy
and confocal laser microscopy with time-laps until 12h. Colocalisation between lysosomes and
PDNA decreases until 12 hours indicating endolysosomal escape of the NPs. Using that system in
HeLa cells the efficiency of transfection and gene transfer after light activation was shown to be
up to 100-fold increased. DPc-TPMs carrying pDNA for a YFP-type reporter mVenus were
injected intravenously in mice bearing a solid tumour (subcutaneous HeLa or HCT 116 tumour).
NP were activated by light (680 nm laser) 24 h post injection. mVenus expression in the tumour
tissue at 3 days after light activation, was only found in irradiated tumours. With 4.4-fold (in
HeLa), 6-fold (in HCT 116) increased fluorescence in comparison to non-irradiated tumours?!8.
Nomoto et al. demonstrate a light controlled NP system for systemic administration with light
controlled and PCI mediated gene transfer. However, gene expression is only shown after light
irradiation, the carrier also shows weak gene expression in vascularised organs such as lung, liver,

spleen and kidney, reducing the carrier’s quality for spatial controlled gene delivery.
5.3.3 Photoisomerisation

Photoisomerisation is defined as the mechanism of conformational change in a molecule
induced by irradiation with light of a specific (or range) wavelength. This requires the presence of
a chemical bond with limited rotation (double bond) and energy absorption by the molecule to
allow the conformational change. Most photoisomerisation reactions are reversible, indicating
the reason for these compounds to be called “photoswitches”. Photoisomerisation are generally

fast reactions with high yields. Chromophores that undergo this reaction are stilbenes,
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Figure 14: Photoisomerisation mechanism of azobenzene from trans (left side) to cis isomer. Adapted from Weis et dl.,

Macromol. Rapid Com., 201824,

spiropyrans241.242 and azobenzenes, however azobenzenes are the most ubiquitous chromophores.
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The photo-induced cis-trans isomerisation in azobenzenes (as shown in Figure 14) when
incorporated e.g. in a surfactant, photoisomerisation leads to morphological changes of the
aggregates, the surface tension and the hydrophilicity?43:24. Azobenzenes can be easily

functionalised and incorporated in macromolecules such as polymers, peptides, proteins and even

DN A243.245-247

One of the first studies where an azobenzene moiety was introduced in an amphiphilic
block copolymer was conducted by Wang et al.246. The azobenzene moiety was introduced to the
hydrophobic block. Micelles were formed by addition of the non-solvent water, where the
hydrophobic block aggregates in the core or of a bilayer membrane. The elongated trans-form of
the block containing the azobenzene undergoes a conformational change to contracted ¢zs form
by UV irradiation. The contracted czs form destabilizes the LC (liquid crystal) phase and phase
transition to more fluid isotropic state occurs. This more fluidic isotropic state makes the
hydrophobic core (or membrane) mechanically weaker, deformable or can lead to disintegration.
The more stable micellar state can be recovered by visible light exposure, when the conversion
from cis to trans state occurs?#6. This example shows the possibilities, how photocontrol can be

“advantageous in the creation of self-assembled monolayers”?243.

Triggering wavelengths can be tuned until NIR depending on the groups next to the
azobenzene functionality (Push-Pull-Type Azopolymers)?¥. Another way to use NIR light for
photoactivation are transducers as up-conversion NPs (UCNP). Chen et al. recently published
their work on up-conversion NPs for photo-controlled release of GIP siRNA by azobenzene
mediated host-guest interaction??!. Azobenzene modified siRNA was complexed via host-guest
interaction to [-cyclodextrin (CD) functionalised NaYF4i:Yb/Tm/Er UCNPs. Upon NIR
activation, the core (transducing/upconverting the light) emits UV light, leading to
photoisomerisation of the azobenzene and subsequently siRNA release through unmatched host-
guest interaction. Further surface modifications were conducted to increase stability (PEG),
targeting (GE11 peptide specific for EGIR) and internalisation (pH responsive TH peptide). Chen
et al. show region specific and photo controlled GFP knockdown in a 2D and 3D MC'T'S tumour
cell model. E11 and TH peptides however were necessary to increase cellular uptake and
endosomal escape??!. However, 20 min of laser irradiation are necessary to reach about 80% of
gene silencing efficacy. Furthermore, exact quantifications of gene silencing efficacy are missing.
Opverall, photoisomerisation and related physicochemical changes are giving various possibilities
for photoinduced drug release. However, structural parameters (block length, functional groups
on azobenzene) might hinder efficient photoisomerisation and subsequent physicochemical

changes to induce drug release, to result in an ineflicient process248.
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5.3.4 Photocleavage

Photo-responsive chemistries as cleavable moieties are of big benefit, allowing high
flexibility for the incorporation of the moiety. In contrast to the previous described methods, as
photoisomerisation, photocleavage is an irreversible reaction. Chemistries facilitating this reaction
are shown in Figure 15, other groups as indoline and quinoline can be used as well. Pyrene
containing moieties, covalently bound via ester linkages are shown to form light-breakable

polymeric micelles with a switch in hydrophobicity after photolysis, leading to micelle
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Figure 15: Chemical functionalities for photocleavage with physicochemical hydrophobic/hydrophilic switch. Adapted from

Kelley et al., Chem. Soc. Rev., 2013'%.

The most prominent moiety is the ortho-nitrobenzyl (0-NB) group. O-NB derivatives
(mainly for photoprotection purposes) can have absorption maxima ranging from ~340 to ~430
nm?¥. Generally, UV light is most eflicient to cleave o-NB, even though NIR and two-photon
absorption can be used for the cleavage reaction, but with less efficiency?. For NIR activation or
two-photon absorption other moieties are more favourable?!. Up-conversion NPs (NIR to UV)
can be used as well to activate photocleavable linkers (PCL), as shown in a study by Zhang et
al.227. PLK1 siRNA was immobilised electrostatically on NaYF.: Tm,Yb@NaYbF,; UCNPs coated
with mesoporous silica that was functionalised with a PCL (0-NB derivate) to covalently link a
PEG tape to minimize leakage and degradation. Upon irradiation (980 nm upconverted by the
UCNP core to 345-475 nm) and photocleavage of PCL, the PEG tape tears off and siRNA can
be released from the surface (and the mesopores). With this system, Zhang et al. show ~40% gene
silencing of PLK1 mRNA in comparison to no irradiation. After additional immobilisation of a
photosensitiser hypocrellin A (HA), gene silencing efficacy increases up to ~70% with 3-fold
increased silencing in comparison to no irradiation. With that functionalisation the carrier was
more competitive in comparison to Lipofectamine 2000. In a xenograft tumour mouse model, the
PLK1 siRNA released from the carrier (UCNP-PEG/HA/siRNA) significantly inhibited

proliferation and tumour growth??’. However, activation of the carrier implies irradiation with
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NIR for 40 min (I W/cm?). Currently no UCNP is in clinical trial phase and the European
Upconversion Network (COST Action CM1403) recommends intense toxicity evaluation to rule
out possible harmful effects from the chemical composition and typically small size of UCNPs252.
A less complex light triggerable system are the amphiphilic polymeric NPs. The photosensitive
group can be integrated as photo-antenna (= pendant group) on the polymer chain?30.231.242 or as
a linker into the polymer backbone232% or respectively between the polymer blocks?30.231. 1 et
al. demonstrate a self-assembly amphiphilic UV-sensitive NP containing a o-NB linker between
hydrophobic tail (forming NP’s core) and cationic head. SIRNA can condense to the cationic shell
of the NP (see scheme Figure 16A). Upon UV activation and cleavage of the o-NB bond, the
cationic shell will be cleaved from the NP core, facilitating siRNA release?%. For activation of the
0-NB ester linkage, only 300 seconds with 365 nm (intensity: 10 mW/cm?2) were necessary as
shown through proton shifts in H-NMR (ethyl proton shift in ester/acid proximity) and UV-Vis
absorption spectra changes (peak intensity decrease at 345 nm). To show cellular internalisation
(MDA-MB-231), FAM labelled siRNA was condensed to the NPs and increased FAM
fluorescence was detected by flow cytometry after 3 and 5 hours of incubation with the NPs (Figure
16C). The authors also show, that light activated siluciferase-NPs decrease luciferase expression
in MDA-MB-231 Luciferase reporter cells about 1.6-fold (ca. 80% luciferase expression without

light activation to 50% after light activation; see Figure 16D)25.

Photocleavage of 0-NB groups via UV trigger are also applied to release small molecules

as retinoic acid®7 and others for cancer therapy and small ncRNA from di-block copolymer
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Figure 16: (A) chemical structure of o-NB containing amphiphilic molecule. (B) schematic representation of NP formation and
function. (C) Uptake of FAM-siRNA complexes in MDA MB-231 cells quantified by FACS at 3 and 5h transfection time.
(D) UV induced gene silencing of siLuciferase NPs in MDA MB-231-Luc cells. Adapted from Li et al., RSC Adv., 2014%%,
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assemblies?’ or PEG-thio-acrylate-hydrogels for hMSC (human mesenchymal stem cells)

osteogenesiswz,%g'
5.3.5 Photocages

Photoactivation via cleavable o-NB and NPE (1-(2-nitrophenyl) ethyl) groups can also be
used to cleave caging groups from nucleic acids, microRNAs and antimiRs234 236259260 Other
chemical moieties for photo-uncaging are extensively reviewed by Brieke et al.261. Photocages are
structures, where a photo-cleavable moiety is covalently bound to a biologically active compound
to suppress its physiological activity. The first study involving spatiotemporal controlled antimiRs
with successful photoactivation/photo-uncaging i vivo (C. elegans) was shown by Zheng et al. in
201124, A bifunctional linker on coumarin base with NPE light cleavable site (as shown in Figure
17), connects antimiR with a blocking strand (with the “seed sequence” of the microRNA). Upon
light activation (UV), photolysis of the NPE group occurs and, the uncaged coumarin group gains
fluorescent activity and the blocking strand is no more covalently bound to the antimir. Through
higher binding affinity, the targeted microRNA binds to the antimir and the blocking strand will
be released, leading to microRINA degradation and inhibition of the microRNA regulated
pathway. However, the principle did not work for all microRNAs tested. The authors
hypothesised, that duplexes of antimir and blocking strand with melting points above 60°C remain

hybridised after light activation and are ineffective for microRINA inhibition i vivo.

antimir miRNA §
5' 3! photolysis s 3' o2 "5 3' P
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Figure 17: Design of caged antimiR (cantimir) for photo-controlled inhibition of microRNA with a bifunctional linker on
coumarin base. Adapted from Zheng et al., ACS Chem. Biol., 201124,
Schifer et al. designed a system of NPE modified 2’-OME-RNA oligonucleotides, that

hybridize with absolute complementary to miR-92a after uncaging through UV activation2%.
NPE photolabile groups were attached to nucleobases. The modified RNA oligo with three to six
photocaged nucleotides, cannot hybridize to target microRINA. 6 caging groups are necessary to
abolish antimir activity UV activation of HUVECs transfected with caged antimir, lead to efficient

miR-92a inhibition (70% reduction) and consequently increased expression of I'TGalb target gene
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(1.3-fold) with increased angiogenic activity (1.5-fold increased sprout length from HUVEC
spheroids) in comparison to non-activated antimiR236. The work by Schifer et al. shows for the
first time the therapeutic potential of light induced antimiRs. However, to achieve 90% silencing
of miR-92a, 50 nM antimiR are necessary, which is a relatively high dose. In order to activate the

antimir 25 minutes of UV irradiation (365 nm, 5-6 mW) are necessary, which increases the risk

of UV induced DNA damage.

5.4 Application of light triggerable nanomaterials for local administration to the

eye
5.4.1 Clinical trials

RNAI therapeutics targeting ocular diseases were the first to enter clinical trial stage. The
first clinical trial was conducted 2004 for the treatment of age-related macular degeneration with
siRNA targeting VEGIF (NCT0072284). About a third of all RNAI clinical trials are targeting
ocular diseases?62. The main foci are on age-related macular degeneration (AMD), diabetic

retinopathy (DR), choroidal neovascularisation and glaucoma (see Table 9).

Scera  Choroid guperior rectus muscle
N |

Inferior rectus muscie

Figure 18: Anatomy of the eye. Adapted from Patel, World J. of Pharmacol., 2013%¢

Administration of the drug to the eye (Figure 18) is facilitated by the accessibility of the
organ. Administration routes comprise topical application, intraocular administration via
intravitreal injection to the anterior or posterior segment of the eye. Systemic administration is
less advantageous, because of low drug permeability through the blood-retinal (BRB) and blood-
aqueous (BAB) barrier and consequently low drug bioavailability in the eye (2%), including risk
of unspecific toxicity through accumulation in other organs263. For the ease of administration and
patience compliance, most of ocular therapeutics (90%) are formulated for topical application as
ophthalmic solution or ointment. This method is efficient to reach the anterior segment with

aqueous humor, iris-ciliary body and lens. Nevertheless, most (95%) of the dose is cleared26+
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through eye protection mechanisms as reflex tearing and blinking and natural processes as
nasolacrimal drainage and tear turnover2>. Additionally, the enzymatic environment of the
aqueous humor composed of esterases, aldehyde and ketone reductases may compromise drug
half-life. The posterior segment of the eye is separated by corneal and conjunctival epithelium
and present a physical barrier for drug delivery. Intravitreal injections are the preferred
administration route to reach the posterior segment (retina, choroid). The limitation are risks
associated with the surgery such as haemorrhages, retinal detachment and infection among
others266, that reduce patient compliance as well. However, plethora of conditions, such as AMD,
DR, choroidal neovascularisation, are affecting the posterior segment. RNAi therapeutics with
sustained gene target silencing would be of benefit, additionally reducing the frequency of
intravitreal injections. Despite the effort in clinical trials in the field, no formulation reached

maturity to be approved by the regulatory authorities.

Table 9: Selected clinical trials for local treatment of ocular or skin diseases with RNAi therapeutics.

Target/ Target Disease Clinical Trial
D RNA i Phase -
o8 microRNA NA Carrier Tissue Specification se - Status No. Company
Age Related Macul
Bevasiranib VEGF NC eye geD clated Vacial i1 withdrawn  NCT00557791
egeneration OPKO Health
Bevasiranib Diabetic Macul e
evasiranil iabetic Macular
EGF 11 - complete T 4
GRNA Cand5 VEG NC eye Edema completed NCT0030690
Choroidal Quark
PF-655 VEGF NC eye Neovascularization II- completed NCT01445899 X
. K . Pharmaceuticals
/Diabetic Retinopathy.
SYL1001 TRPV1 NC eye Dry Eye Disease IIT - completed NCT03108664
Sylentis, S.A.
o B2-AR NG Open Angle Glaucoma lreq NCT02250612 yients,
amosiran - ¢ - complete:
o8 Y /Ocular Hypertension CompIEted NET01739244
Age-related macular
degeneration
. /subfoveal cl?or(?ldal . NCT02599064 Rxi .
RXI-109 CTGF NC eye /skin neovascularization II - ongoing . _ Pharmaceuticals
. . NCT02246465
/subretinal scarring Corp.
/subretinal fibrosis
/Hypertrophic scar
Olix
OLX10010 CTGF NC skin Hypertrophic Cicatrix I-recruiting  NCT03569267 Pharmaceuticals
Inc.
Pach /chi PC Proj
TD101 K6a NC skin achyonyciia I-completed NCT00716014 Lo rroject/
Congenita(PC) Transderm
TGF-f1 & . . o . . .
STP705 COX-2 NC skin Hypertrophic Scar II- recruiting  NCT02956317 Sirnaomics
o . wound healing / RG24
MRG-110 antimiR-92a ASO skin . . I- completed NCT03603431 miRagen
promote angiogenesis
Therapeutics
vound healing /s Inc.
MRG-201 miR-29 mimic skin  OURGRCAMS STy ompleted  NCT02603224
formation
MRS miR-34 NP skin/ Melanoma I-withdrawn  NCT02862145  om®
/miR-Rx34 (liposome) cancer Therapeutics

44



RNAIi therapies in clinical trials for age-related macular degeneration, diabetic
retinopathy and choroidal neovascularisation are all related to angiogenesis, which is triggered by
VEGYF, promoting blood vessels growth. In AMD, the leakiness of these vessels triggers
degenerative processes of the retinal epithelium, in severe cases leading to blindness. The first
clinical RNA1 trial with siRNA targeting VEGI for the treatment of age-related macular
degeneration was conducted 2004 (Bevasiranib by OPKO health, NC'T0072284). In early 2009,
Phase III trials with that compound were withdrawn (NCT00557791). Cho and Kleinmann
showed that non-targeting siRNAs (of at least 21 nt length) can inhibit blood (and lymphatic)
vessel growth by activation of TLR3 in a mouse model and in human choroidal endothelial
cells?8.267. Meaning that anti-angiogenic effect is sequence and target independent. This also
implies that siRNA treatment may induce further unanticipated side effects. Quark
Pharmaceuticals then picked up on the VEGI target and developed a short siRINA with 2’-OMe
modification on each pair of oligonucleotides in the sequence, preventing TLR3 activation?68.
With this formulation, Quark showed improvements in visual acuity in patients with wet AMD.
In this phase II trial, it was also shown, that co-RINAI treatment with ranibizumab (which is the
frontline of AMD treatment) had better results as ranizibumab alone (NCT00713518). However,

there were no statistical differences between the groups269.

Nevertheless, the high therapeutic potential of siRNA and besides positive safety data
from clinical trials, none of the formulations for ocular application showed sufficient efficiency
until today. All these trials do have in common, that the formulations were administered locally
by intravitreal injection. siRINAs were naked and not formulated with a delivery system. The lack
of efficiency might be due to that factor. It is decisive for efficacy that siRNNAs are delivered in
their active form. The enzymatic environment might destabilize siRNA and the high viscosity of
the vitreous (2-4-fold higher than water?’%) might prevent siRNAs mobility and probability to
reach the target cells. Therefore, it 1s important to develop efficient carriers to transport active

siRNA to the target cells.

5.4.2 Pre-clinical development of more efficient carriers for ocular siRNA

delivery

With the acquisition of OPKO by RXi Pharmaceuticals, Bevasiranib got reformulated in
RXi’s key technology, the self-delivering nucleic acids (sd-rxRNA). Byrne et al. describe significant
silencing efficacy of target mRNA in mouse and monkey eyes after intravitreal injection with no
changes in morphology and function of the retina. Sd-rxRNA are asymmetric RNA duplexes,
consisting of 19 nt guide strand and less than 15 nt passenger strand with a tail of 6-8 nt that is

phosphothiorated (Figure 19)271. The sd-rxRNA does not need any further transfection agent?72.
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Sd-rxRNA not targeting VEGF, but CTGF (connective tissue growth factor) for the treatment of

AMD, choroidal neovascularisation, subretinal scarring and fibrosis are active in clinical trials

(NCT02599064).
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Figure 19: Structure of sd-rxRNAs. Adapted from Ly et al., Nuc. Acid Res., 20177,

A variety of nanomaterials for drug delivery to the eye are in development and in
preclinical tests, such as liposomes, microparticles, NPs, aptamers, dendrimers among others. For
gene delivery of pDNA and siRNA to the eye, polymeric NPs and liposomes are in large
number?73. Extensive reviews were published by Bisht?7#, Joseph?7> and Saraiva?’3. Vercauteren
et al. explored the use of p(CBA-ABOL) (CBA: cystaminebisacrylamide, ABOL:4-amino butanol)
for pDNA transfection to the human retinal pigment epithelium. Transfecting ARPE-19 cells, the
authors demonstrated, that polyplex are internalised via a flotillin mediated endocytosis.
Knocking out this pathway inhibition of gene transfection can be observed?’6. Martens et al.
demonstrate the use of poly(amido amine)s for retinal gene therapy by coating p(CBA-ABOL)
with an anionic hydrophilic shell of hyaluronic acid (HA). Polyplex with pDNA with a negative
surface charge are efficiently internalised via CGD44-mediated endocytosis in ARPE-19 cells.
Mobility, in the vitreal network, polyplex uptake and pDNA transfection can be tuned by
molecular weight of HA277. These studies demonstrate the usability of poly(amido amine)s for

gene delivery to the eye.
5.4.3 Light-triggered release system for ocular delivery

The physical characteristics of light and the transparency of the cornea make light-triggered
drug delivery suitable to treat ocular disorders, with benefits as site-specific control and high
accuracy and safety of the drug release process. So far, there are no publications about trigger

sensitive nanoformulations for ocular delivery of siRINA.

The first reported formulation for successful i vivo light-triggered drug delivery to the eye

describes a polymeric nanoformulation to deliver the anti-angiogenic drug nintedanib?34.
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Nintedanib inhibits VEGF, PDGT and FGI' receptor?’® and by that vessel formation in animal
model of laser-induced choroidal neovascularisation. The NP formulation can be detected by
fluorescence microscopy for up to 30 weeks in the intravitreal compartment. Application of the
light-trigger (365 nm laser) leads to quinone-methide rearrangement by energy absorption of the
o-nitrobenzyl group with subsequent degradation of the polymer into fragments, disassembly of
the NPs and release of the cargo?s. Huu et al. show that nintedanib released from light-activated
NPs at 10 weeks post-injection maintained higher bioactivity inhibiting vessel growth in Brown
Norway rat eyes in comparison to biodegradable PLGA NP with encapsulated nintedanib?3+.
With this work the authors demonstrate applicability and safety of light activatable nanocarriers
for intravitreal drug delivery. Furthermore, the sustained biological effect highlights the clinical
relevance. Two liposomal formulations (Visudyne®, QLT Inc. and Photrex™, Miravant Med
Tech.) for photodynamic therapy of AMD already exist in the market?”. Nevertheless, healthy
cells suffer from toxicity of the photosensitiser. Lajunen et al. describe a liposomal formulation
containing gold NPs and ICG (indocyanine green) that is non-toxic and efficiently internalised by
human retinal epithelium (ARPE-19) cells (almost 100% of cells labelled with liposomes). Drug
release comparing between light activation and no activation was assessed with calcein as model
drug and with SYTOX® (Thermo Fisher). After light activation with NIR (9.7 W/cm?2, 2min),

the authors observed an increase of about two fold in mean calcein or SYTOX® fluorescence?!0,

Another way to avoid frequent intravitreal injections for treatments of the posterior
segment of the eye, are intravitreal implants. Sustained drug release can be achieved until a
maximum of one year. Typically, they are constituted of polymeric material (i.e. PVA/EVA
polymer; Vitrasert®, Auritec Pharm, Inc.), but their use is restricted to small molecule drugs and
removal of the implants is controversially discussed?8?. Biodegradable light-responsive n situ
forming injectable implants (ISFIs) would eliminate risks to the associated surgery of implant
removal?$!. Tyagi et al. developed a light activatable polymeric gel based on polycaprolactone
dimethacrylate (PCM) and hydroxyethyl methacrylate (HEMA) where gelling is induced via UV
photoirradiation of 10 min. 40 days after suprachoroidal injection, no changes in morphology or
structure could be found in histological section of Sprague-Dawley rats. Release of bevacizumab
from the gel was sustained until 60 days after suprachoroidal injection262. Even though the authors
did not observe toxicity, free radicals are generated while the photo-crosslinking demonstrating

possible limitation of this technique.

In summary these studies show viability of light-triggered NPsfor ocular delivery. Yet

there has not been shown any study for light-triggered RNAI in the eye.
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5.5 Application of light triggerable nanomaterials for local administration to the

skin

The largest organ where light triggered materials for local drug delivery can be applied is
the skin. With 15% of adult body weight it is the largest human organ. The skin consists of three
layers, the epidermis, the dermis and the hypodermis (schematic representation in Figure 20). The
epidermis (~50 pm) serves as protective shield to the outer environment being a chemical, physical
and immunological barrier. It mainly consists of keratinocytes that will differentiate and cornify
gradually over their lifespan, evolving into the stratum corneum, the outermost skin layer2ss.
Much light will be scattered on and in the stratum corneum. Most of the UV-B (315-280 nm) light
1s absorbed in the epidermis?8*. The tissue layer below the epidermis is called dermis. It is rich in
extracellular matrix, giving elasticity and tensile strength, blood and lymph vessels, hair follicles
and sweat glands. The connective tissue 1s mainly formed by fibroblasts. Macrophages and
neutrophils are also residing in the dermis, playing an important role in maintaining skin tissue
homeostasis?#3. With several millimetres thickness all UV (incl. UV-A, 380-315 nm) and visible
irradiation (380-750) will be absorbed in this layer, only infrared light is able to penetrate to the
hypodermis?$*. The main role of the third skin layer, the hypodermis (also termed subcutaneous
tissue) 1s fat storage. It mainly consists of fibroblasts, adipose cells and macrophages. Larger blood-

/ lymph vessels and nerve bundles are found here2s3.

Possible target diseases for RINAi therapies for skin conditions are allergic skin disease,
psoriasis, vitiligo, pachyonychia congenita (trial with K6a siRNA25 NCT00716014), acute and
chronic wounds, hypertrophic scar (NCT03569267, NCT02956317) and melanoma?62, clinical
trials are listed in Table 9. A phase I study in 2016 with miR-34 (MRX34, Mirna Therapeutics,
now Synlogic) in a liposomal formulation for treatment of melanoma was withdrawn shortly after

its start due to 5 immune related serious adverse  Table 10: Comparison of acute and chronic wounds.

events (NCT 02862145). MicroRNA therapies for

the treatment of wounds, promoting angiogenesis |Level / acute chronic
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Figure 20: Structure of the skin and role of microRNA in skin homeostasis and wound healing. From the stratum corneum and
the epidermis as outermost layers build of keratinocytes with embedded Langerhans cells and hair follicles connecting to
the dermis which mainly consist of fibroblasts and extracellular matrix rich in collagen. The dermis also hosts tissue resident
macrophages that are important for cell signalling processes. From the subcutaneous layer blood vessel reach into the

dermis. Adapted from Miller et al. Adv. Drug. Del. Rev., 2015%%.
study showed increase of 10% in the prevalence for skin and subcutaneous diseases (not including
diabetes) from 2006 to 2016287.288, Prevalence of diabetes (growth of 23.6% of diabetes mellitus
from 2006 to 2016) and with that prevalence of chronic wounds as foot ulcers (15-25%) will
increase globally. The type 2 diabetes market is expected to reach $64 billion until 2026 (from
$28.6 billion in 2014)289,

Acute and Chronic Wounds — preclinical evaluation of RNA therapeutics

A wound is defined as “all manner of tissue damage resulting in the disorder of the original tissue
structure and homeostasis”?%. If a “wound is not continuously progressing towards healing”29! in
a timely manner, it is categorised as chronic wound (Table 10). Benefits and disadvantages of
classical and novel treatments including stem cell-based therapies are summarised in Table 11292,
The wound healing process is based on a complex regulatory framework, involving several cell
types?9, cytokines, growth factors?93 and hormones?%. It can be divided in Coagulation and
Inflammation phase, the proliferative phase and tissue remodelling phase. MicroRNAs play an
important role influencing all cell types and all processes in tissue homeostasis and wound healing.
An overview is given in Figure 20 and reviewed by F. Fahs?%, K. J. Miller?¢ and E. J.
Mulholland?7. Several microRNA are shown to be specifically up- or downregulated in acute
and/or chronic wounds (e. g. of diabetic patients) and therefore can serve for therapeutic
targeting. Because of high protease activity and strong oxidative environment in the wound, the
use of nanoparticulate carriers is of high benefit to protect microRNAs and siRNAs from

degradation and to increase therapeutic efficiency in the wound healing process. Studies pointing
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out local RNAI therapeutic approach in wound healing are described hereinafter, a summary of

microRNA delivering nanomaterials for the treatment of acute and chronic wounds can be found

in Table 12.

Forthwith injury, damaged ECM, damaged tissue cells release signalling cues that lead to
accumulation of immune cells in a timely manner, where timed cytokine and signalling molecule

release from immune cells is crucial for the healing process.
Coagulation and Inflammation

Platelets initiate coagulation cascade and provide initial fibrinogen-derived extracellular
matrix (schematic overview, see Figure 21. They secrete cytokines as TGF-1 and platelet derived
growth factor (PDGT) that activate MSCs and fibroblasts and recruit and activate further immune
cells (neutrophils and macrophages) to the injury site. Circulating neutrophils additionally leak
through damaged blood vessels into the wound. Neutrophils are also responsible for the
elimination of microbes through secretion of antimicrobial peptides, proteases and reactive

oxygen species (ROS). Overproduction of ROS causes DNA damage and can lead to necrosis.

Table 11: Treatments of acute and chronic wounds approved by the regulatory authorities.

Treatment / Product Benefit Disadvantage

Gauze Standard care, inexpensive Ineflective to protect against microbial invasion

Allow the wound to breathe through exchange of oxygen

. . v i No debridement if dressings are not changed
Adhesive dressings and water vapour through semi-permeable membrane g ey

frequently

Prevents from contamination

Antibiotic / Antiseptic (acetic acid, N . . Microbial Resistance
. . L . Fights infection
superoxide) /antimicrobial silver coatings

Toxicity leading to prolonged inflammation

Limited efficacy through lack of stability by

degradation in the harsh enzymatic environment in
Highly efficient; data from phase III trial with thPDGF gel

for the treatment of patients with diabetes (type 1 and 2)

the wound.

Recombinant human (rh) growth factors Clearance before action

(thPDGF (Regranex®), thFGF, thEGF,
platelet rich plasma)

and chronic ulcers (daily topic application). 43% of trial
population showed total wound closure and 32% time  Possible (systemic) side effects
decrease for healing process in comparison to placebo

control group. Risk of immune reaction (antibody formation)

Costly

Extracellular matrix / Xenograft
(Primatrix®, Oasis®)

Human skin grafts (Graftjacket®,
DermaCELL®)

promotes development of granulation tissue, angiogenesis Vascularization/angiogenesis rates uncertain
and tissue regeneration by serving as matrix for cellular

ingrowth, rich in active biochemical molecules such as No cells present

growth factors or collagen and hyaluronan that are

. . . Allogenic cell sources do have the risk of disease
important for skin regeneration.

transfer

D rariability; I ft: t and stability;
Skin substitute (Apligraf®, Dermagrafi®) onor variability; low engraftment and stability;

Stem cell therapy (autogenous — bone
marrow derived SCs; allogenic — amniotic

matrix with MSCs, Grafix®)

Living skin equivalent constructed of matrix (collagen,
polyglactin) seeded with cells as human neonatal
fibroblasts among others, with the benefit of actively
producing growth factors and cytokines to rescue the
wound healing process.

susceptible to proteases

Low shelflife

Allogenic cell sources do have the risk of disease
transfer

Costly

Negative pressure therapy, hyperbaric
oxygen therapy

Provokes wound contraction, can be used in
combination with cellular or acellular matrix therapy

Danger of'skin pressure lesions (by inappropriate
placement of tubing)

50




B Chronic Wound
-‘|_o_;_o[ oi\_o_|_c!1_o Impaired migration

A Acute Wound

Fibrin clot

Keratinocytes

nolo{o]oloyo[ o olo/o/o|o

) \‘\ // “% 55@] s>
» TGF-p1
i L‘;’;g: Granulation tissue - g

broblast -1 l
L, TNFa A
TGF-1 VEGFs
s—[re.] \ 7 |MI \
Bacteria
T S @ _hans. ,
(3 ’\h/ V-

CXCL7 ccL2 P
l l o / Hyper-inflammation \
b g P 5
‘Q.. smm— € xtravasation of inflammatory wn~q“‘.
Neutrophil Monocyte Neutrophils Monocytes

Figure 21: Differences between immune cell signalling in acute (A) and chronic (B) wounds. Adpapted from Larouche et al.,

Adv. In Wound Care, 2018%%,
Neutrophils also secrete growth factors, such as VEGF, leading to increased proliferation of
fibroblasts, keratinocytes, endothelial cells and serves as a chemotactic agent for the recruitment

of monocytes2%.

Monocytes differentiating to macrophages and tissue resident macrophages have a key
signalling role in wound healing through the orchestrated release of growth factors. While the
process occurs a phenotypic shift from pro-inflammatory macrophages (M1) to pro-resolution
macrophages (M2) can be observed. Macrophages of the M1 subtype remove cellular debris and
secrete factors as IL-1, fibroblast growth factor (FGIF-2), PDGF and VEGT, leading to further
recruitment of immune cells and proliferation of fibroblasts, keratinocytes and macrophages?9.
Pro-inflammatory macrophages also release nitric oxide (NO) via activation of NQOS§299300,
Inflammation-associated NO 1is crucial for wound healing by the toxic effect to microbes and
parasites, but mainly through its role as signalling molecule for the recruitment and proliferation
of hematopoietic stem cells (EPCs) to the wound bed?0!. Deficient protein synthesis of endothelial
NO synthase (eNOS) in diabetic mice, was shown to accumulate Oy, leading to tissue damage.
Gene therapy with single dose of eNOS or manganese superoxide dismutase (MnSOD) was
shown to reduce Oy wound levels and accelerates wound healing?02:303. Sonic hedgehog (SHH)
was shown to be an indirect activator of eNOS. Gene therapy with SHH has been shown to
accelerate wound healing in diabetic mice, enhancing NO function??*. Additionally, SHH
stimulates EPCs proliferation and migration by inducing the release of angiogenic factors such as
VEGT or angiopoietin-1. Increased proliferation, migration, adhesion and tube formation of
endothelial progenitor cells was found after topical administration of SHH in wounds of db/db
mice3%5. Park et al. used PBAE NPs for SHH delivery. They demonstrate accelerated wound
healing kinetics and two-fold increase of microvessel density and epidermis thickness in acute

wound healing mouse model36,
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Proliferative Phase - Tissue formation — Reepithelialisation

Various triggers activate keratinocytes and fibroblasts from the wound-edge, to migrate
into the damaged tissue. Vulnerable migrating cells are protected from the oxidative environment
in the wound bed via pathways as glutathione-Nrf2-thioredoxin, regulating inflammation-
triggered ROS. Nrf2 signalling is impaired in chronic diabetic wounds. Ceradini et al.
demonstrate by using topical Keapl siRNA therapy formulated in LNPs, activation of Nrf2 and
rescue of intracellular redox dysregulation through hyperglycaemia. Aeapl siRNA therapy
improves keratinocyte viability, neo-vascularisation (increased VEGI' expression), decreases
intracellular ROS (increased expression of antioxidants MnSOD-1 and NQO-1) and leads to
overall accelerated wound healing kinetic (full wound closure in db/db mice at day 22 with
treatment in comparison to 31 days untreated)37:308, Independently of the oxidative state in the
wound (ROS, NO), damage of the skin results in an ischemic injury site through microvasculature
disruption. Hypoxia leads to activation of hypoxia inducible factor 1o (HIF-1a), which is the
central regulator of hypoxia response and an efficient therapeutic target for the treatment of
ischemic disease such as wound healing and myocardial infarct3®. Chronic hypoxia though,
delays the wound healing process. It is of utmost importance, that wound dressings are semi-
permeable for oxygen3!0. Expression of HIF-1a is regulated by prolyl hydroxylase domain protein
2 (PHD2), an oxygen sensor, that triggers HIF-1a degradation in normoxia’!!. RNA silencing of
PHD?2 stabilizes HIF-1ow and can be used as therapeutic strategy to enhance HIF-1a regulated
impaired processes in the wound healing process such as proliferation, migration, angiogenesis

through upregulation of VEGYF, FGF, TGF-31 and 2 and others (see Figure 22)312313 having an
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Figure 22: PHD dependency of HIF signaling in wound healing. Adapted from Harnoss et al., Hypoxia, 2015°%'3.
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impact on most cell types involved in the wound healing process. Implantation of PHD 2 silenced
fibroblast was shown to lead to improved wound healing in diabetic mice?!*. Martin et al.
developed a ROS-degradable poly(thioketal urethane) scaffold for local delivery of PHD2 siRNA
complexed in polymeric NPs to promote healing of chronic (diabetic) wounds. Scaffolds were
implanted to full excisional wounds on the back of STZ induced diabetic Sprague-Dawley rats
and histological analysis was conducted at different timepoints. 4 days post implantation, PHD2
mRNA silencing efficacy was determined to 40% with almost two-fold increase in HIF-1a protein
and 60% increase in VEGF protein expression in comparison to the untreated and scramble
sequence controls. Seven days after implantation increased formation of mature blood vessels

Table 12: Local, nanoparticle-mediated delivery of microRNA therapeutics for the treatment of acute and chronic full thickness

excisional wounds.

Role in
microRNA Carrier Genetic Target Study Outcome Wound Author
Healing
miR-21 MMP-1/3 Increased migration, differentiation of fibroblasts,
YA - J, Q- - o . .
p overexpressing l i enhanced EC angiogenesis and pro-inflammatory response :
miR-21 stmmiglle:) ¥ % - £ i i P R/A  Lietal,2019°*
keratinocyte- i 3 resulting in accelerated wound healing kinetics in diabetic
o X cadhenn, II-6/8 ., _ . i i
microvesicles (STZ-induced) Sprague-Dawley (SD) rats
naked, LNA iR-26. D1 Accelerated wound closure with increased amount of Ieli !
)i i i miR-26, N I i E : . . chetal,
antimiR-26a (locked nucleic f granulation tissue and neo-vascularisation in diabetic R /A 327
i SMADI, p27 g 2016™"
acid) (db/db) mice
imiR-92 Photocaged miR-92a, Itga5, Increased proliferation and angiogenesis with enhanced R/A/P Lucasetal.,
antimiR-92a iy b T PSR L Py . ; £ 235
antimiR Sirtl wound healing kinetics in diabetic (db/db) mice 20172
Liposome- Increased keratinocyte proliferation, reduced inflamation
miR-132 pluronic F-127  NFkB and accelerated healing kinetics in human ex zizo wound R/P Lietal.2017°%
gel model and diabetic (db/db) mice
R-146 Cerium Oxide  IRAKI,NFkB  Accelerated healing kinetics and vascularisation in diabetic I Zgheib et al.,
mik-14ba s A N 29
i NPs pathway (db/db) mice and (hperglycemia) porcine model 2019%%
Increased proliferation of epidermal keratinocytes and EC, Henriques-
miR-150 Lipoplex MYB with accelerated wound healing kinetics ofacute wounds R Antunes et al.,
(C57BL/6 mice) 2019°*
i Enhanced kerati igration and i i i y: 1
iy e ijfi § ji Enhanced keratinocyte migration and increased wounc anget al.,
miR-155 155 plasmid IIMP-1, MMP-2 AT e R s
i closure kinetic in (SD) rats 2017
DNA
TRt Accelerated reepithelialisation with clear epithelial I
antimiR-210 I 3 it A i R i R/ Ghatak et al
i — LNPs miR-210 hyperplasia and increased keratin-14 when injected in i isis
antihypoxamiR 2 L i i gl T Hypoxia 2016
y ischemic wounds (bi-pedicle flaps in C57BL/6 mice) t
Adhesive Drives polanisation of macrophages to anti-inflammatory
R.993 hydrogel with TNFa, I1-1/6, (M2)type / accelerated wound healing in (CD-1) mice, R/I Saleh et al.,
miR-22¢ e i Sz a1 i phi
miR loaded HA  Arg-1 with increased collagen deposition, vascularisation, 2019%2
particles amount of M2 macrophages
Iy miR378a / Enhanced fibroblast mobility leading to accelerated
e b PEGylated Au g LS AP \ . 333
antimiR-378a NP integrin-f33, reepithelialisation and wound closure kinetic in (CD-1) R Lietal. 2014
I vimentin mice
R Reepithelialisation Sirt] Sirtuin |
A Angiogenesis IRAKI Interdeukin | Receptor Associated Kinase |
I Inflammation MYB MYB proto-oncogene transcription factor
P Proliferation TIMP-1 Metalloproteinase inhibitor |1
a-SMA a-Smooth Muscle Actin SD Sprague-Dawley
ID1 DNA-binding inhibitor ID1 IL Interleukin
Itgad Integrin alpha-5 precursor
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(increase in angiogenesis markers collagen I'V and alpha smooth muscle actin), proliferation (K167
staining) and higher amount of granulation tissue in comparison to scramble RNA containing
scaffolds, could be determined in the histological sections. This data proves viability of local PHD2
silencing for the treatment of chronic wounds3!5. Also p53 silencing in db/db mice (p53 siRNA
encapsulated in an agarose gel316) was shown to stabilize HIF-1a, improving wound healing

kinetics after application at d1 and d8, through increased expression of vasculogenic cytokines as

VEGI317,

MicroRNA sensitive to the state of tissue oxygenation and hypoxia are termed “hyp-
oxymiRs”. Several microRINAs are found to stabilize (miR-92, miR-424) or destabilize (e.g. miR-
20b, miR-199a) HIF-10297. In a formulation with LNPs consisting of DOTAP, DODAP and SPC
and gramicidine peptide to enhance endosomal escape (AFGLNwir-210), antimiR-210 conduces
cell proliferation in ischemia to an active state. Ghatak et al. demonstrate accelerated
reepithelialisation with clear epithelial hyperplasia and increased keratin-14 when AFGLNmir-210
was injected intradermally in the wound-edge of full excisional ischemic wounds (bi-pedicle flaps
in G57BL/6). Seven days post treatment scramble and carrier-only control show only very low
levels of cell proliferation (KI67, IVIS imaging on rep TOP™mitoIRE mice), while proliferation

was rescued in wounds treated with antthypoxamiR AFGLNmir-210%18.

Pro-resolution macrophages release anti-inflammatory TGF-1 and promote ECM
reorganisation by secreting metalloproteinases (MMPs). In chronic venous leg ulcers from diabetic
patients it was shown that MMP-9 is significantly overexpressed, leading to inactivation of growth
factors and impairment of the formation of granulation tissue3!9320. Castleberry et al. developed
a layer-by-layer (LbL) film comprising a degradable part of PBAE and dextran sulphate and an
MMP-9 siRNA containing layer composed of chitosan. Bandages of the LbL film were applied
on full excisional wounds in a diabetic (db/db) mouse model. MMP-9 mRNA was reduced about
80% 1in tissues harvested at d14 in comparison to the untreated and the scramble siRNA condition
with reduction of protease activity of 60%. Wound closure kinetics were accelerated and increased
amounts of granulation tissue was found in histological sections, as well as increased collagen
deposition (5-fold)?2!. This and other32? siRINA delivery platforms show the therapeutic potential

of MMP-9 silencing for chronic wound healing.

Besides anti-inflammatory growth factors as FGI' and interleukin-10 (IL-10), M2
macrophages and T cells also secrete insulin like growth factor IGF-1. Insulin or IGF-1 bind to
IGF-1 receptor (IGF1R) or insulin receptor (IR) which activates IGF1/insulin signaling. IGF1R
activation leads to increased HIF-1a expression and downstream VEGI expression, promoting

neovascularisation. Insulin resistance in type 2 diabetes inhibits IGFIR signaling and
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macrophages and T-cells are shown to be deficient in IGF-1 secretion?23:324, Topical application
of IGF-1 can revert this effect?25. Wang et al. identified ganglioside-monosialic acid 3 (GM3; an
epidermal glycosphingolipid) and GM3 synthase (GM3S) as key regulator for the inhibition of
insulin/IGI-1 signaling under hyperglycemia or after TINF-a trigger. GM3S and GM3 were
found to be overexpressed in tissue samples of human diabetic foot skin (4-fold) and skin of diet-
induced obese (DIO) (3-fold) and db/db (2-fold) mice33*. Randeria et al. developed a strategy
involving spherical nucleic acid (SNA) for the delivery of GM3S siRNA3%. GM3S siRNA is
immobilised via disulphide bridges to Au NPs as can be seen in Figure 23. By silencing GM3S,
they could observe activation of IGFIR and EGFR as well as significant increase in migration
and proliferation of keratinocytes after treatment with GM3S siRNA SNA, even under high
glucose levels, that typically inhibit keratinocyte migration. GM3S SNA treatment (every other
day 50 nM) of full excisional wounds in a diabetes mouse model (high-fat diet induced, diabetes
proven by glucose tolerance test) lead to significantly improved wound healing kinetics (closed at
day 12) in comparison to untreated (closed dayl8), naked scramble siRNA and GM3S siRNA.
Differences were statistically visible from day 4, analyzing the wound area and from day 6 on,

when analyzing the epidermal gap?.
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Figure 23: GM3S siRNA Spherical Nucleic Acid to accelerate the wound healing process of chronic wounds. (A) Schematic
representation. (B) Size distribution and stability (C) of GM3S SNAs. Wound closure (D) and Epidermal Gap (E) of GM3S
SNA treatment in full thickness excisional wounds on db/db mice. Adapted from Randeria et al., PNAS, 2015%,

Cellular migration is the key tissue movement in reepithelialisation. Keratinocytes and
fibroblasts from the wound edge are activated through factors (i.e. growth factors as EGF, TNF-
a, IL-1 but also chemoattractant as insulin) to invade the wound zone with provisional ECM3%.
Cell migration was shown to be stimulated by silencing of Fidgetin-like 2 (FLZ2), a microtubule
severing enzyme336.337, FLL2 silencing leads to an increased area of focal adhesion complex, which

is correlated to increased cell migration velocity (motility and directionality). Using FL2 siRNA
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containing NPs (siRNA containing silica gel), Charafeddine et al. demonstrate two-fold increased
migratory capacity of keratinocytes and fibroblasts i vitro and significantly accelerated wound
closure of full thickness murine wounds (BALB/c). FL2 mRNA was depleted about more than
50% at day 2 post-treatment, persisting until day 8 (about 10% FL2 mRNA) in comparison to

FL2 mRNA levels of untreated wounds336,338,

Increased fibroblast motility accounting for accelerated wound healing kinetics were also
found through silencing of miR-378a. Li et al. developed a NP of antimiR-378a (miR-
Pirate378a) conjugated PEG-SH bound on 10 nm Au-NPs. MiR-378a targets integrin-f33- and
vimentin were found to be upregulated in cells treated with antimiR-378a, leading to increased
cell migration capacity. Significantly improved wound healing kinetics were found of full thickness
excisional wounds in the back of CD-1 mice treated with antimiR-378a NPs, in comparison to

non-miR containing NPs (significant at day 4 and 6)333.

These studies highlight the importance of cell migration of keratinocytes and fibroblasts

during reepithelialisation.

Tissue remodelling — Scar formation

Fibroblasts and myofibroblasts from the wound edges aim to close the wound quickly to
restore the protective skin structure. Extensive wound contraction while healing can lead to
reduction of skin elasticity, impaired motion, or loss of function of the affected tissue??. Elevated
TGF-B levels are shown to stimulate fibrosis through increased (i) proliferation of fibroblasts, (ii)
production of ECM components as fibronectin, collagen and integrins among others and (iii)
inhibition of protease activity, leading to stabilisation of ECM?3%. Connective tissue growth factor
(CTGF) expression is selectively induced through activation by TGF- in fibroblasts3*!. In scar
formation, C'T'GF regulates production of dense collagen matrix (increased expression of collagen)
and increased expression of alpha smooth muscle actin®*9. Overexpression of CTGF leads to
hypertrophic scarring. Silencing of C'TGI with siRNA formulations reduces scar contraction342343
in acute wounds and third degree burn wounds. T'wo formulations (RXi-109 and OLX10010) are
evaluated in clinical trials for their effectiveness to prevent hypertrophic scars (NCT03569267,
NCT02246465) after revision surgery. Preliminary data of treatment with RXi-109 show
improvements in the appearance in comparison to placebo controls3* (however, RXi-109 is not

mentioned in the product pipeline of Phio Pharma, formerly RXi Pharma).
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Figure 24: Fold increase of miR-21 expression measured by qRT-PCR in wound tissue of healthy and diabetic mice at different

timepoints. Adapted from Madhyastha et al., Int. Wound J., 201234,

Tissue remodelling can take up to one year and more. Macrophages, myofibroblasts and
other cells undergo apoptosis and leave the tissue. ECM remodelling occurs mainly via secretion
of MMPs and signaling molecules from fibroblasts, rebuilding stronger and more robust tissue.
Madhyastha et al. found high expression levels of miR-21 at late stages of wound healing, where
full thickness excisional wounds in the back of ICR mice were already almost closed?*5. Analysis
of microRINA expression in wound tissue of normal (ICR) and diabetic (KKAY) mice over a time
course of 8 days revealed, that expression patterns underly temporal control. Especially in the case
of miR-21 high expression levels were found at day 8 in healthy animals, whereas highest
expression in tissue from diabetic animals was found at day 0 followed by decreased expression
until day 8, as can be seen in Figure 243%. This study demonstrates the necessity to analyze time

dependent patterns of gene and microRNA expression over the course of wound healing.
5.5.1 Light triggerable nanoformulations for RNAi delivery in wound healing

By using light activatable nanoformulations for gene/ncRNA delivery, the necessary
temporal control over drug release is given. This approach allows to match drug release exactly
with physiologically timed expression patterns. Furthermore, local activation of RINA therapeutics
by light-triggered release decrease systemic RNA silencing and with that possible systemic side

effects.

With photocaged microRNA, Lucas et al. demonstrate increased biological activity of
antimiR-92a i viwo?®. When caged antimiR-92a was injected intradermally in murine skin
explants, miR-92a silencing was selectively observed when the formulation was activated with the
UV trigger (385 nm, 10 min). For # vwo wound healing experiments in a chronic wound healing
model (full thickness excisional wounds in db/db mice), treatments were topically applied at the
day of the surgery and by intradermal injection to the wound margin at day 4 and 7. Light

activation was performed 10 minutes post treatment. Wound closure of treatment with light
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activated antimiR-92a was similar to non-caged antimiR-92a. However, increased wound closure
with the treatment was not statistically significant in comparison to control groups. Significant
differences could be determined when analysing epidermal gap at day 6 and amount of
granulation tissue at day 11. Improvement in the wound healing by light-triggered antimiR-92a
was due to enhanced proliferation and vascularisation by miR-92a target (Itagd, Sirtl) de-

repression23d.

By subcutaneous transplantation of OECs transfected with gold nanorods for NIR
controlled release of two different microRINAs, in full thickness excisional wounds, Lino et al.
demonstrated the impact of sequential microRNA release, using pro-angiogenic (miR-155) and
pro-proliferative (miR-302a) miRNA. If miR-155 release was triggered with the first stimulus at
day 0 and miR-302a with the second stimulus at day 1 (sequence 1), wound healing kinetics did
not show significant differences to OECs alone. If miR-302a is released on the first trigger
(sequence 2), wound closure kinetics immediately increased, with significance at day 4 and 5 and
increased OEC engraftment 185, This study shows for the first-time therapeutic potential of

sequential release of two microRINA using one wavelength as release trigger n vwo.
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Figure 25: (A) Schematic representation of exosomes immobilised via PCL in light sensitive HA gel; swollen in PBS (A1) and
DMEM (A2). (B) Wound closure of full thickness excisional wounds in STZ induced diabetic mice topically treated with PBS,
HA gel and UV trigger, HA-exosome gel with and without UV trigger. Adapted from Henriques-Antunes, ACS Nano,
201933,

Henriques-Antunes et al. developed a platform based on exosomes immobilised by a
photocleavable linker (PCL) in a hyaluronic acid (HA) gel (Figure 25). Exosomes were isolated
from human umbilical cord blood mononuclear cells hUCBMNCUGs) after a hypoxia stimulus.
CD34* hUCBMNC exosomes have high therapeutic efficiency, increasing proliferation,
migration and survival in fibroblast and keratinocytes and network complexity in endothelial cells.
Passive release of exosomes from the light sensitive HA gel showed to accelerate wound healing
kinetics in a diabetic mouse model (type I). From day 7 differences with the light trigger become
statistically significant. miRNAs were found to be responsible for exosomes bioactivity and

RNASeq revealed highest expression levels of miR-150-5p. In vitro validation proofed increased
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proliferation and migration of keratinocytes after miR-150-5p transfection and enhanced cell
survival of fibroblasts under hypoxia, with identification of ¢-MYB as miR-150-5p target.
Application of miR-150-5p in an acute wound healing mouse model showed faster wound healing
kinetics as saline control?*0. This work shows another example of how light triggered release of
bioactive substances can turn the wound healing process more efficient, but there is still much

work to do.

The work presented in this thesis focuses in the identification of the chemical composition
of small non-coding RNA bearing NPs to (1) target skin cells, (i) increase efficiency of endosomal
escape and by that to (ii1) enhance wound healing activity mediated through miR-150 and PHD?2
siRINA.

In previous studies high-throughput screening was used to identify NPs with increased
intracellular release of non-coding RINA!23,352-355 from lipoplex or polyplex, however without the
possibility of remote control. By using NP libraries with high diversity in terms of chemical
composition, size and geometry, formulations can be identified for enhanced cell targeting.
Lacking hypothesis of structures beneficial to increase endosomal escape of NPs make the design
and screening of NP libraries favorable to identify the most efficient carrier for rapid and effective
intracellular siRNA release!!:112. Here we implement two strategies of introducing light cleavable
moieties, either as photo-antenna?>? or into the backbone357 of poly(amido amine)s. NPs can be
formed of the cationic PAAs and negatively charged small non-coding RNA condensed onto the
NP. Light exposure of the NP will lead to cleavage of the photo-sensitive moiety leading to the
disassembly of the NP. Through the diversity of chemical compositions of the PAAs and the
different integration sites of the photosensitive moiety, high variance of physico-chemical
parameters and biological activity of released small non-coding RNA are expected. Short
timeframes for endosomal escape identified in previous work from Sahay et al.? took us to carry
out the RNAI screening with short times (< one hour) of cell-material contact for transfection. For
successful application of light-activatable RNA1 therapeutics in skin regeneration, carriers need to
be internalised in the cell type, where RNAI targets alter cell function. Therefore, the leading
candidates will be tested for their tropism to skin cells in keratinocytes, dermal fibroblasts and
endothelial cells. In this data-driven way we hypothesize to develop more efficient formulations

that can be evaluated in the context of wound healing through combination with physiologically

relevant miR-150 and PHD2 siRINA.
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1 ABSTRACT

RNA-based therapies offer a wide range of therapeutic interventions including for the
treatment of skin diseases; however, the strategies to deliver efficiently these biomolecules are still
limited due to obstacles related to the cellular uptake and cytoplasmic delivery. Herein, we
synthesised a triggerable polymeric nanoparticle (NP) library composed by 160 formulations,
presenting physico-chemical diversity and differential responsiveness to light. Six formulations
were more efficient (up to 500%) than commercial Lipofectamine in gene knockdown activity.
These formulations had differential internalisation by skin cells and the endosomal escape was
rapid (minutes range) as shown by the recruitment of galectin-8. The NPs were effective in the
release of siRNA and miRNA. Acute skin wounds treated with the top hit NP complexed with
miRNA-150-5p healed faster than wounds treated with scramble miRNA. Light-activatable NPs

offer a new strategy to deliver topically non-coding RNAs.

T Reproduced from Blersch et al.?” with permission from John Wiley and Sons (License No. 4879430268089)
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2 INTRODUCTION

The capacity to regulate intracellular gene expression with RNA-based therapeutics such
as small interfering RNAs (siRNAs) or miRNAs has enormous potential for the treatment of many
diseases232346, Unfortunately, the intracellular delivery of RNA-based therapeutics is difficult
because of their susceptibility to enzymatic degradation and low capacity to cross cell membrane
without a vector/carrier. Several delivery strategies have been developed in the last years for the
rapid (to facilitate i vwo translation) and efficient (to escape the endolysosomal compartment)
delivery of RNA-based therapeutics based on NPs, scaffolds, nano-needles, among others?.32:346,
NPs that either encapsulate or carry RNA-based therapeutics in their surfaces can stabilise the
RNA molecules, target potentially specific cell populations and deliver intracellularly the cargo.
Unfortunately, NP formulations still offer limited success in terms of endolysosomal escape and
temporal delivery of the cargo’¥’. For example, in the most efficient formulations, the escape of
RNA molecules from the endolysosomal compartment is below 2%?2130. Moreover, with the
exception of few cases?1:348-351 most of the formulations do not allow temporal delivery of the
cargo and yet this issue seems very important because for effective knockdown, RNA molecules

should be released from the endosomal compartment shortly (=15 min)!30 after endocytosis.

The hypothesis of this study is that rapid and efficient delivery systems for RNA
intracellular delivery requires the development of NP libraries for the identification of
formulations that facilitate cell internalisation while enabling temporal control in the delivery of
RNA, with potential advantages in terms of endolysosomal escape. Previous studies have used
high-throughput screening to identify NPs to release intracellularly non-coding RINAg!23.352-355;
however, without enabling remote control by an external stimulus such as light. Several strategies
have been reported to make light-triggerable NP delivery systems?36. A frequently used approach
is to introduce light cleavable molecules, such as o-nitrobenzyl groups, on the polymer
backbone®7. Light exposure of the NPs leads to the cleavage of the photo-sensitive moiety

followed by the disassembly of the formulation.

3 RESULTS and DISCUSSION

Here, we have prepared and characterised a light-triggerable NP library for the controlled
intracellular delivery of RNA-based therapeutics. The preparation of such NP library required

the use of simple synthetic schemes to be implemented in a high-throughput way, avoiding long
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purification steps. Thus, we have selected Michael-type addition chemistry to produce polymers
with chemical diversity!23.130.353, 'We have synthesised a photo-cleavable linker, based on o-
nitrobenzyl chemistry, which was reacted with a set of bisacrylamide and amine monomers. The
synthesised polymers were precipitated in water to form NPs and then complexed with non-
coding RNAs (siRNA or miRNAs). The NPs were characterised for their size, zeta potential, light
disassembly properties, cellular internalisation and gene knockdown activity. The formulations
with high activity were characterised for their endolysosomal escape. For proof of concept, we
demonstrate the efficacy of the formulation in a wound healing animal model using miRNA-150-

5p, a miRNA recently identified by us to be involved in keratinocyte proliferation and migration
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Figure 27: Lighttriggerable NP library and gene knockdown activity. (A) Reaction scheme for the preparation of light-sensitive
polymers based in the reaction of bisacrylamides (A-E), photo-cleavable diacrylate (P1) and amines (1-32). (B) Monomers

used for the synthesis of the library. (C) Schematic representation of the light disassembly of the NPs.
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as well as skin fibroblast survival in ischemic conditions?30. To our knowledge, there are only three
studies reporting the use of light-triggerable formulations for the delivery of miRNAs  vivo. In
one of the studies, the miRINA was modified with a photolabile caging group sensitive to UV-

light2%5 and showed limited skin regeneration at macroscopic level. The other studies reported a

A O
SIS SN
—_ =
HO/\©/\OH TEA, DCM °“©AO
NPDM P1
B

a O ¢ NO o)
S A o
b d c
e

L - L
X 3 > S 8
T T IN T T T T T Nl IN IN T T T = T T T
80 78 76 74 72 70 64 62 60 58 56 54 52 50 48
1 (ppm)
C
DMSO
1\/& 3 No, O 8 AT 13
%, 0 o N~ ~~ 2
2 A<ﬁﬁ H 9 {0 o 12 \é(\ 8,9,11
45,6 X y <
1,10 213
4,5’6 3112 HU
8.0 7.5 7.0 6.5 6.0 5.5 5.? 45 4.0 3.5 3.0 2.5 2.0 1.5
1 (ppm)
D
X:Y:Z uv Diameter Counts Counts
ratio (nm) (kcps)  decrease (%)
No 246.9 135.2
o1a1 12.5:50:37.5 Yes 188.5 80.2 40.7
No 2111 248.3
25:50:25 Yes 197 6 45.8 81.6
ipEEpanE Lo 2908 5994 55.1
P1A7 Yes 2134 161.2
25:50:25 No 1686 2150 77.8
Yes 252.7 47.7

Figure 28: Synthesis of a photo-cleavable linker and its incorporation in polymers. (A) Reaction scheme for the synthesis of the
photo-cleavable linker P1. (B) 'H spectrum of P1 in CDCls. (C) 'H spectrum of P1A1 in DMSO-dé with P1 (x): amine (y):
bisacrylamide (z) ratio of 25:50:25. (D) Optimisation of the ratio between P1, bisacrylamide and amine in P1A1 and P1A7

NPs, to obtain NPs that are highly light responsive, and thus photo-cleavable.
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formulation sensitive to NIR light for the delivery of miRINAs!83.351; however, the inorganic nature
of the formulation raises some issues for a potential clinical translation. Here we have identified a
biodegradable NP formulation that is able to transfect efliciently i vivo miRNAs and enhance

significantly wound healing kinetics.
3.1 Synthesis and characterisation of the lighttriggerable NP library

To confer the light sensitivity to the polymers, a photo-cleavable linker P1 was introduced
in polymer backbone (Figure 28A and 28B). The library was prepared by the addition of
monomers (P1, amine and bisacrylamide monomers) in dimethyl sulphoxide (DMSO), for 5 days,
at 60 °C (Figure 27A - 27C). To confer high light sensitivity to the synthesised polymers (and
consequently NPs) the ratio of Pl per repeating unit of the polymer was 25 (P1):25
(bisacrylamide):50 (diamine) (Figure 28C and 28D). At the end of the reaction, the unreacted
acrylamide groups were capped with amines since previous studies have demonstrated that amine-
terminated polymers had higher transfection efficiencies!®¢. The efficiency of the capping
procedure was high as no measurable acrylate proton signals (5 — 7 ppm) were observed by 'H-
NMR (Figure 28C and Figure 29). The synthesised polymer library had (i) a large variety of side

groups (ii) disulphide bonds that were relative stable in physiological conditions (pH 7.4) but were
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Figure 29: 'H spectra of P1C5 (A) and P1C7 (B) polymers in DMSO-dé with P1 (x): amine(y): bisacrylamide (z) ratio of
25:50:25.
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rapidly degraded in intracellular reductive environments and (iii) different solubility and

hydrophilicity in aqueous solution.

The library of 160 polymers was then precipitated in water to form NPs (Figure 30A). In
the conditions tested, most of the polymers (90%) were able to form NPs. Polymers that failed NP
formation were either soluble in water or formed large polymeric aggregates. The average yield

of NP formation was 20.7 £ 15.3%, having 10% of the polymers yields above 25% (Figure 30B).
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Figure 30: Physicochemical properties of the NP library. (A) Scheme illustrating the synthesis of the polymers and formation of
NPs. (B) NP formation efficiency of the top 50 formulations. NP formation efficiency was calculated by the ratio between
the weight of NPs after purification and the theoretical molecular weight of the polymer. (C-D) Frequency distribution of NP
diameter (C) and zeta potential (D). (E)Zeta potential of the top 50 positive NP. The results are expressed as Mean + SEM
(n = 3). (F) NP count decrease of the top 50 formulations after 10 min UV irradiation (365 nm). The light dissociation of

the NPs was calculated by the ratio between the counts (as determined by DLS) before and after light exposure.
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90% of the NPs had a size range between 100 and 500 nm (Figure 39C) and 20% of the NPs a
zeta potential above 20 mV (Figure 30D - 30E), as evaluated by dynamic light scattering (DLS).
Transmission electron microscopy (TEM) analyses confirmed the size range obtained by DLS
(Figure 31). The light responsiveness of the NPs was then evaluated (Figure 30F), by the
quantification of number of counts per second before and after light exposure, as assessed by DLS
(Figure 30F), and by TEM analyses (Figure 31). Approximately 80% of the formulations showed
50% count decrease after 10 min of UV light exposure. Light sensitivity seemed to be independent

on the characteristics of the bisacrylamide monomers.
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Figure 31: Characterisation of P1C7 NPs. Representative TEM images of P1C7@siRNA NPs before (A) and after irradiation
(B) with UV light (10 min, 365 nm, 1 mW/cm?). (C) NP diameter distribution as determined by TEM and DLS analyses. For
DLS (Brookhaven ZetaPALS), data from five NP (50 pg/mL) samples was collected with five measurement runs (1 min) on
each sample. Results are Mean + SEM (n=5). In case of TEM analyses, NP suspensions (500 pg/mL) were applied on
carbon coated 400 mesh copper grids, left to air dry and analysed (JEOL-2100-HT microscope). Up to 3 images were

acquired and analysed on Imagel. Results are Mean + SEM (n = 3, up to 20 nanoparticles per image).

To form the NP@siRNA complexes, both NP and siRNA were mixed to promote
electrostatic interactions. Based on preliminary tests with P1C5 formulation, a ratio siRNA
(against GFP): NP (w/w) of 1:50, a concentration of NP@siRNA of 20 pg/mL and a transfection
time of 10 min were selected for running the NP library (Figure 32). For i vivo applications (see
below), it is desirable that the formulations are rapidly internalised by cells to reduce their washing
from the place they are administered and thus a 10 min-transfection time was used for subsequent
studies. To run the library, the NPs were complexed with siRNA labeled with a Cy5 tag, followed
by the centrifugation of the NPs, the quantification of the concentration of siIRINA not immobilised
onto the NPs in the supernatant, and the use of NP@siRNA complexes for cell transfection (Figure
33A). In average, 79.0 £ 13.5% of the initial siIRNA was immobilised onto the NPs. Thirty two
percent of the formulations did immobilise more than 80% of the initial siRNA (Figure 33B).
Formulations more effective binding siRNA were those NPs formed by bisacrylamide A, C and E
and diamines 2, 3, 4, 5, 6, 7, 11, 16, 21 or 22. Our results suggested that the binding of siRNNA
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Figure 32: Determination of the siRNA@NP complex concentration, siRNA:NP ratio, kinetics and effect of light activation in
gene knockdown. RNAIMAX complexed with siRNA was used as control. Viability and gene knockdown studies was
performed in Hela cells expressing GFP. GFP knockdown was monitored by high-content microscopy. (A) Hela cell viability
after transfection with NPs (siRNA:NP ratio = 1:50) at different concentrations for 4 h. Cell nuclei were stained with Hoechst
H33342 and propidium iodide after 48 h. Cell viability was calculated as the % of dead nuclei from the total count of
nuclei. (B) Effect of siRNA:NP (w/w) ratio keeping NPs concentration constant at 20 pg/mL in terms of GFP knockdown
analysed after 48 h. (C) Effect of transfection time of NP@siRNA complexes (siRNA:NP ratio = 1:50; 20 pg/mL) in GFP
knockdown analysed after 48 h. (D) Influence of UV light irradiation (365 nm, 1 mW/cm?) on siRNA@NP complex and
consequently GFP knockdown. Cell transfection was performed for 10 min followed by 10 min of UV irradiati- on. GFP
knockdown was analysed at 48 h. Results are Mean = SEM (n = 4). Statistical analysis was performed using an unpaired

student ttest; **P < 0.005.

was not only dependent on positive zeta potential but also on the presence of aliphatic moieties in

the polymer backbone.
3.2 High-content screening for maximum GFP silencing efficacy

To evaluate the knockdown properties of the NP@siRNA complexes, HeLa cells stably
expressing eGFP were transfected with the formulations. Cells were transfected with NP@siRINA-
Cy5 (siRNA:NP 1:50; 20 pg/mL) complexes for 10 min, washed to remove non-internalised
complexes, either irradiated or not for 10 min and cultured for additional 48 h. Lipofectamine
was used as control. High-content imaging was used to monitor simultaneous several parameters
in the same screening experiment, such as cell viability, NP internalisation (from the Cy) tag of
the siRNA) and GIFP knockdown (Figure 41), Material and Methods). For the concentration
tested, the formulations had no significant impact in cell viability (cell viability > 90%) (Figure
33C) but they showed significant differences in the delivery of siRINA within cells (Figure 33D). It
is interesting to note that although some formulations showed higher cell uptake (e.g. PIAL9
formulation) than others (for example P1C7 formulation) they showed lower GFP knockdown. It
is possible that differences in NP disassembly after light activation (34% decrease in P1AL9 vs.
88%
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Figure 33: Complexation capacity of the NPs for siRNA as well as cytotoxicity and cellular internalisation of NP@siRNA
complexes. (A) Schematic representation of siRNA complexation with NPs (siRNA:NP ratio=1:50) and cellular
internalisation studies of NP@siRNA complexes (20 pg/mL) with transfection time of 10 min. (B) siRNA complexation
efficiency of the top 50 formulations determined in NPs@siRNA-Cy5. (C) Hela cell viability at 48 h post transfection without
UV irradiation. Cell nuclei were stained with Hoechst H33342 and propidium iodide at 48 h, and cell viability calculated
as the % of dead nuclei from the total count of nuclei. (D) Percentage of cells stained for NPs@siRNA-Cy5 at 48 h post-
transfection. The top 50 conditions with higher NP internalisation in Hela cells are displayed. Results are Mean + SEM
(n=3). (E) Gel electrophoresis of soluble siRNA or NPs@siRNA (100 pg/mL) after UV irradiation (10 min, 365 nm, 1
mW/cm?). (F) Percentage of siRNA migration from P1C7 and P1A19 NP formulations relative to soluble siRNA (control)
after UV irradiation. The calculation was done by considering the mean of each gel band. Results are Mean + SEM (n=2).

Statistical analysis was performed using an unpaired student t-test. ** P<0.01.

69



P1E5S
P1B13

8
a

P1D7
C19
B2
Cc21
A15

P

P
=]
P
P
P

b §

&g

P1D1
P1A25

P1A14

P1E1
P1A13
P1E4
P1E12
P1B29
P1D11

P1B7
P1C14

g

P1E31
P1A27

P1A7
P1D32
P1B11

N N v <
252883
o oaa g

1C5
P1C7

Fold increase of GFP knockdown
relative to Lipofectamine

Figure 34: Highthroughput screening of NPs for gene knockdown using siRNA. Fold increase of GFP knockdown after 48 h

posttransfection relative to Lipofectamine (Lipo) for the best 40 formulations. Cells were transfected with the formulations

for 10 min and subsequently irradiated for 10 min with a UV lamp. The red bars show GFP knockdown in the best two

formulations without UV irradiation. Results are expressed as Mean + SEM (n = 3).

Table 13: Polymer molecular weight change of purified P1C5 and P1C7 in DMSO (0.8 M) upon irradiation with a UV lamp

at 365 nm for 10 min and summary of the NPs properties.

Polymer Nanoparticle
uv M, My ) Count siRNA Internalisation  Fold increase rela.
Sample ont (kDa) _ (kDa) PDI  Size (hm)  Zeta(mV) ;o0 oase (%)  complexation (%) (%) to Lipo with UV
P1C5 No B3 9.5 288 353.1+346 206+23 95.1 +3.4 93.2+3.9 6.4+47 28+0.6
P1C5 Yes 2.4 6.4 2.67
P1C7 No 6.8 33.0 485 735+105 189+35 88.2+54 84.2+7.8 30.0+1.9 5.0+0.8
P1C7 Yes 5.0 26.7 5.34
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Figure 35: Internalisation mechanism of P1C7@siRNA-Cy5 NPs. (A) Schematic representation of the experimental protocol.
(B) Effect of temperature in the cellular uptake of P1C7@siRNA-Cy5 NPs. (C) Uptake of P1C7@siRNA-Cy5 in the presence

of several endocytosis inhibitors: filipin Ill inhibits cholesterol dependent internalisation mechanisms, nocodazole inhibits

microtubule dependent pathways, polyinosinic acid inhibits scavenger receptors, dansylcadaverine and dynasore inhibits

clathrin-mediated endocytosis, cytochalasin D inhibits all pathways dependent on actin (including macropinocytosis) and

ethylisopropylamiloride (EIPA) inhibits macropinocytosis. The concentrations tested for each inhibitor were confirmed

before the experiment to be non-cytotoxic. Cellular internalisation of P1C7@siRNA-Cy5 NPs was evaluated by flow

cytometry. Results are expressed as Mean + SEM (n = 3).
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Figure 34: Internalisation in human skin cells. Fibroblasts (A), keratinocytes (B) and endothelial cells (C) were transfected with
NP@siRNA-Cy5 formulations (20 pg/mL) for 1 h, washed to remove the non-internalised NPs and finally stained (CFSE for
cell membrane; Lysotracker red for endolysosome; H33342 for cell nuclei) for confocal microscopy examination.
Formulations with high (P1C5 and P1C7) and low (P1D30) gene knockdown efficiency as well as lipofectamine (Lipo) were
evaluated for internalisation studies. Cell internalisation was monitored by the colocalisation of siRNA-Cy5 with Lysotracker
red. Results are presented as Mean + SEM (n = 2 independent samples, 3-9 microscope fields). Statistical analyses were
performed by one-way ANOVA followed by a Bonferroni multi-comparison test (*P < 0.05; **P < 0.01; ***P < 0.001;
***%*p < 0.0001). (D) Representative confocal microscopy images showing the colocalisation of P1C7@siRNA-Cy5

formulation with endolysosomal compartment (Lysotracker red) for 3 cell types. Scale bar is 50 pm.
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in P1C7) as well as in NP zeta potential (25.9 £ 0.5 mV in PIA19 vs. 18.9 £ 0.9 mV in P1C7)
may result in variable siRNA release after NP disassembly (Figure 33E and Figure 33F) and
ultimately biological activity. Importantly, six formulations were more efficient than commercial
Lipofectamine to knockdown GIP (Figure 34). These formulations contained bisacrylamide A
(shortest aliphatic), G (bioreducible disulphide bond) and diamines 1 (short aliphatic), 4-7
(increased nitrogen content) and 10-11 (ethyleneglycol containing units) (Table 15). Two
formulations (P1C7 and P1C5) were selected for further characterisation due to their high ability
to knock down the reporter cell line. Importantly, the knockdown activity of the formulations was
superior after light activation as compared to the same formulations without light activation,
highlighting the temporal control of their biological activity. P1C7 formulation was the most
promising one because of its efficiency and temporal control of GFP knockdown (Table 13). The
internalisation of P1C7@siRNA-Cy5 NPs in Hel.a cells (was endocytic and mainly mediated by

scavenger receptors (Figure 35).

3.3 Skin cell internalisation and rapid endosomal escape properties of

NP@siRNA

Light-triggerable NPs might have potential use in skin applications!85351. Therefore, we
evaluated whether some of formulations had different responses towards skin cells. For this
purpose, the internalisation of two formulations with high GFP knockdown (P1C7 and P1C5) as
well as one formulation with low GFP knockdown (P1D30) were tested against human skin cells,
specifically, fibroblasts, keratinocytes and endothelial cells (ECs). Cells were transfected with
NPs@siRNA-Cy5 or lipofectamine@siRNA-Cy5 (Figure 36). Our results show significant
differences in NP internalisation according to each cell type, demonstrating that cell
internalisation was dependent in the chemistry of the formulation. P1C7 formulation had higher
tropism to fibroblasts and keratinocytes than ECs. Based on the knockdown efficiency (highest
GIP knockdown after light irradiation, Figure 34) and skin cell internalisation pattern (high NP
internalisation in keratinocytes and fibroblasts (Figure 36), which improves the bioactivity of the

non-coding RNA tested below), P1C7 NPs were selected for subsequent studies.

Previous studies have demonstrated that efficacy of RNA silencing mechanism is directly
correlated with endosomal escape?!23, which is mediated by the recruitment of galectin-8 to the
RNA releasing endosomes!30. To evaluate whether efficacy of PIC7 formulation in RNA silencing
1s connected to the rapid endosomal escape, the kinetics of galectin-8 recruitment were measured
on A7r5-Gal8YFP reporter cells?38. Cells were transfected with P1C7@siRNA-Cy5 NPs for 10
min, after which, they were exposed to UV light for 10 min and then incubated for 60 min.

Lipofectamine complexed with the same amount of siRINA-Cy5 was used as control. The area of
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Figure 35: Intracellular trafficking of NP formulations. A) Galectin-8 recruitment in A7r5-Gal8-YFP reporter cells cultured in
the presence of P1C7@siRNA-Cy5 or Lipo@siRNA-Cy5, as evaluated by confocal microscopy. Cells were transfected with
the formulations for 10 min (t 10 min) and then activated by UV light (10 min, 365 nm, 1 mW cm?; t = 0 min). The white
scale bar is 50 pm. B) Colocalization of galectin- 8-YFP spots with Cy5 (B.1) as well as mean areas of bright Gal8-YFP
spots (B.2), and siRNA-Cy5 (B.3). Results are mean + SEM (n = 4-17, 2 technical replicates). C) Hela cells were transfected
with P1C7@siRNA-Cy5, P1A19@siRNA-Cy5 (20 pg/mL), or Lipo@siRNA-Cy5 for 10 min, washed to remove the non-
internalised NPs, irradiated or not with UV light for 10 min and stained (CFSE for cell membrane; Lysotracker red for
endolysosome; H33342 for cell nuclei) for confocal microscopy examination 1 h after the incubation. Representative
confocal images showing the co-localization of siRNA-Cy5 formulation with endolysosomal compartment. Scale bar is 20
pm. D) Co-localization between NPs@siRNA-Cy5 and endolysosomal compartment expressed as the Manders’ overlap
coefficient quantified by Image) analyses. Results are presented as mean + SEM (3-9 microscope fields). Statistical
analyses were performed by one-way ANOVA followed by Tukey’s posthoc test, except for NP P1C7 against lipofectamine
at 60 min, which was assessed by an unpaired student ttest. * P<0.05; ** P<0.01; *** P<0.001; ****P<0.0001.

siRNA-Cy5 NPs decreased overtime indicating the disassembly of the NPs within cells. Cells
transfected with P1C7@siRNA-Cy5 showed a higher number of foci with galectin-8 than the ones
transfected with Lipofectamine, and the foci number as well as the foci area increased overtime
(Figure 37B.1 and Figure 37B.2). To further confirm these results, we have transfected HeLa cells
for 10 min (followed or not by UV light exposure) with P1C7@siRNA-Cy5, Lipo@siRNA-Cyb
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Figure 36: Bioactivity of P1C7@miR150 in in vitro wound healing. (A) Schematic representation of the experimental protocol.
Confluent human keratinocytes were treated for 4 h with P1C7 NPs or P1IC7@miR150 NPs. Lipofectamine complexed with
miR150 was used as control. The wound was created by scratching the monolayer of cells. Cell migration was monitored
by high-content microscopy. (B) Representative images of the wound healing process at 48 h post wounding. Scale is 0.05
cm. (C.1) Wound closure 48 h postscratch. Wound area was quantified by Image) and normalized to the initial wound
area. Results are presented as average + SEM (n = 6-8). Quantification of miR150 (C.2) and cMYB (C.3) gene transcripts
by qRT-PCR in keratinocytes treated with P1C7 NPs or P1C7@miR150 NPs, 48 h post wounding. Results are presented as
Mean = SEM (n = 6-8). Statistical analysis was performed by a student ttest, except for NP P1C7 against time at O min
which was assessed by one-way ANOVA followed by a Bonferroni posttest. * P < 0.05; ** P < 0.01; *** P < 0.001;
***¥*p <0.0001.

or a formulation with high cell uptake but low capacity for GFP knockdown (P1A19@siRNA-
Cyb). Confocal microscopy results showed lower co-localisation of P1C7@siRNA-Cy5 with the
endolysosomal compartment (stained with Lysotracker) than Lipo@siRNA-Cyb or
PIA19@siRNA-Cy) (Figure 37C and Figure 37D). Overall, our results indicate that P1C7
formulation delivered more efficiently the siRNA to the cell cytoplasm than lipofectamine or other

NP formulations.
3.4 Application of lighttriggered P1C7@miR150 promotes wound healing

To extend the application of P1C7 NPs, the formulation was used for the delivery of
miRNAs. NPs were complexed with miRNA-150-5p (from now on termed as miRNA150). Cells
were transfected with P1C7, P1C7@miRNA150 or Lipo@miRNA150 (Figure 38A). Cells were
then wounded and cell migration was monitored. At 48 h post wounding, cells transfected with
non-irradiated P1C7@miRNA150 showed increased migration as compared to NPs without
miRNA150 (Figure 38C.1 and Figure 38B). Importantly, cells transfected with
P1C7@miRNA150 and activated by light showed increased migration as compared to cells
transfected with non-activated NPs or lipofectamine, both complexed with miRNA150. As

expected, the increased migration of cells seems to be mediated by an increase in the intracellular

74



A.1 A.2 B.1 B.2 C
5 400 100
T
g < 80
h—4 - (J -
E L __ 300- %
7]
c o 3
© .
& 31 £ 8 O s
g @ 2007 § —_—
4 5 c 404
82 3 =
] o
Q < [TH
2 100 % 50
-
X
o 0- 0-
Q L
PIC7NPs + + + N\ 090
Blue laser - + + o‘z‘\
A
Skin - - + Q

Figure 37: Photo-disassembly of NPs through a skin barrier. (A.1) Schematic representation of the experiment. A 2 cm x 2 cm
skin (thickness of 260-290 pm as measured by a caliper) was placed in a plastic petri dish on top of a thermal power sensor
(Thorlabs s310c). The tissue was then irradiated with a 405 nm laser at 80 mW/cm? during 1 min. Laser attenuation values
were calculated by normalising against laser power values obtained with the empty petri dish. (A.2) Blue laser attenuation.
Results are expressed as Mean + SEM (n = 3). (B.1) Schematic representation of the methodology used. A sample of skin
(thickness: 260-290 pm) was placed on top of a plastic cuvette containing an aqueous suspension of P1C7@miRNA150
complexes followed by its irradiation with a blue laser (405 nm, 80 mW/cm?) for 10 min. As a control, a cuvette with an
aqueous suspension of P1C7@miRNA150, without the skin sample on top, was irradiated by a blue laser for the same time.
At the end, both NP suspensions were characterized by DLS analyses. (B.2) Blue laser disassembly of P1C7 NPs placed
below skin. Results are presented as Mean + SEM (n = 3). (C) Cells transfected with P1C7@siRNA complexes (20 pg/mL)
and activated by a blue laser (405 nm at 80 mW/cm?) yielded similar GFP knockdown efficiency as cells activated by a
UV laser (365 nm at 1 mW/cm?). Cell transfection was performed for 10 min followed by 10 min of irradiation. GFP
knockdown was analysed at 48 h. Results are Mean = SEM (n = 4). Statistical analysis was performed using an unpaired

student ttest.

levels of miRINA150 (Figure 38C.2) and by the knock down of ¢MYB gene (Figure 38C.3), a direct
target of the miRINA330.359,

Next, we evaluated whether P1C7@miRNA150 NPs could function & vive, in an acute
wound healing animal model. Initially, we investigated whether the formulation could be
activated i viwo by a blue laser after subcutaneous transplantation (Figure 39A, B). We have used
a blue laser rather than a UV light (used in the i vitro tests) to prevent potential tissue damage.
The blue laser (408 nm at 80 mW/cm?) led to similar levels of gene knockdown in cells transfected
with PIC7@siRNA complexes as the UV light (365 nm at 1 mW/cm?) (Figure 39C). Our results
show high NP disassembly even if the attenuation of the laser was significant (only 4% of the laser
was able to cross the skin barrier of 300-400 pm) (Figure 39A.2 and 39B.2). Then, we administered
P1C7@miRNA150 subcutaneously in the borders of wounds and allowed the NPs to be
internalised by the skin tissue for 30 min, followed by their activation by a blue laser for 5 min

(Figure 40A). P1C7@scramble miRNA or vehicle (PBS) were used as controls.
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Figure 38: Acute wound hedling activity of P1C7@miR150 formulation. (A) Schematic representation of the animal
experimental set up. (B) Wound closure (relative to day 0) in animals treated with PBS, P1C7@scramble or P1C7@miR150.
Results are Mean + SEM (n = 8). Statistical analyses were performed by student t-test with Welch’s correction. #P < 0.05,
##P < 0.01 between PBS and P1C7-miR150 groups; *P < 0.05 between P1C7-scramble and P1C7-miR150 groups. (C)
Histological score regarding wound healing. Results are Mean + SEM (n = 8). (D) Representative hematoxylin/eosin
staining for wounds at day 10. Scale bar is 500 pm. (E) Expression of cMYB transcripts in skin tissue quantified by qRT-PCR
analyses. Data presented as Mean + SEM (n = 6-20). ** P <0.01. (F) Representative images of the wound healing process

immediately after the surgery and at days 3, 5 and 10.

Wounds treated with light-triggered P1C7@miRNA150 NPs healed faster as compared to
wounds treated with PBS or P1C7@scramble miRNA, which was statistical significant for some
of the days (Figure 40B). These results were also confirmed by histological analyses showing
qualitative differences in the wound healing process and re-epithelialisation (Figure 49C and 49D).
Wounds treated with PBS were in stages of inflammation and tissue formation until tissue
remodelling, whereas wounds treated with P1C7@miRNA150 were all in the tissue remodelling
phase (Figure 40C and 40D). To show that indeed the regenerative program was mediated by
miRNA150, the expression of the ¢MYB gene, a direct target of miRNA150, was evaluated at day
3 by qRT-PCR (Figure 40E). The percentage of cMYB gene transcripts were 60% lower in wounds
treated with P1IC7@miRNA150 NPs than with P1C7 NPs.
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4 CONCLUSION

In conclusion, we have successfully synthesised a light-activatable NP library for efficient
i vivo small non-coding RNA delivery. The library screening revealed six formulations which
were more efficient in cell transfection and RNA silencing as the commercial agent lipofectamine
with additional temporal control over the release of the small non-coding RNA. P1C7, as leading
formulation, was shown to be a rapid transfection agent with fast endosomal escape and high
efficiency not only for siRNA mediated gene silencing but also for microRINAs. Moreover, we
demonstrate high efficacy and significance of light-triggered microRNA delivery in a wound
healing animal model. Taken together, light-triggerable NP formulations give an extra level of

control in the delivery of non-coding RNAs which may enhance their bioactivity.
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5 MATERIALS and METHODS

Synthesis of the photocleavable linker P1. The photocleavable linker P1 (2-nitro-
1,3-phenylene)bis(methylene) diacrylate was synthesised and purified according to a previously
reported procedure (Biomaterials 2014, 35, 5006-5015). Briefly, to a solution of (2-nitro-1,3-
phenylene)dimethanol (5.5 g, 30 mmol, ARCH Bioscience ) in anhydrous dichloromethane (38
mlL, Fisher Chemical), was added dropwise trimethylamine (10.5 mL, 75 mmol, Sigma-Aldrich)
under argon atmosphere. Then, acryloyl chloride (9.8 mL, 120 mmol, Merck) was added dropwise
into the reaction mixture using a dropping funnel over 15 min at 0 °C. The mixture was stirred
for additional 18 h at room temperature. After removing the formed solid by filtration, the filtrate
was dried under vacuum and then resuspended in ethyl acetate (Fisher Chemical). The resulting
solution was washed with saturated sodium chloride solution and then dried overnight with
sodium sulphate. The final product was obtained after purification by silica gel chromatography

(hexane: ethyl acetate as eluent, 1:1, v/v) as a white crystal.

Optimisation of the photocleavable linker ratio in poly(amido amine)s. To
optimise the amount of the photocleavable linker in the poly(amido amine), ratios of 25:75 and
50:50 of P1 to A (methylenebisacrylamide) were used in the synthesis of some polymers. To
calculate the ratio of incorporation of P1 into the polymer, polymers were precipitated in water,
lyophilised, resuspended in DMSO-ds and analysed by "H-NMR (Bruker Avance III 400 MHz)
relative to TMS. Size and count decrease of the nanoparticles after UV exposure were measured

by DLS.

Optimisation of the ratio siRNA:NP, transfection time and irradiation time
for efficient gene knockdown. Several parameters were optimised for the high-throughput
screening of NP@siRINA mediated gene silencing capacity of the polymeric NP library. Firstly,
siRNA:NP ratio was optimised to maximise GFP knockdown. Therefore, NPs (200 pg/mL) were
complexed with siRNA against GFP in ratios of 1:12.5 and 1:50 for 2 h in nuclease free sterile
water shaking on an orbital shaker (250 rpm) at room temperature. To evaluate bioactivity of the
complexes, HeLLa-GFP cells were seeded at a density of 40.000 cells/mL for 24 h prior the
experiment. Cells were transfected for 4 h with NP@siRNA complexes (20 pg/mL) in starvation
(DMEM). Cells were then washed, fresh medium with reduced serum (DMEM, 5% FBS, 0.5%
PenStrep) added and cells were cultured for 48 h. At the end, cells were stained with H33342 and
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PI (both 0.25 pg/mlL) and analysed by fluorescence microscopy on a high-content microscope (In
Cell Analyzer 2200). Cell viability and GFP knockdown were quantified as described in high-

content imaging section below.

In a separate experiment, the transfection time was optimised. The motivation here was
to identify a time relatively short that could lead to significant gene knockdown. Cells were
transfected with NP@siRNA complexes (20 pg/mL; 1:50 siRNA:NP) from 10 min to 4 h. In a
separate experiment, different UV light sources were evaluated for NP activation within cells.
Cells were placed (right after transfection and medium replacement) on a 20 cm support (distance
from top 15 cm) in a transilluminator (UVP BioSpectrum 500) and irradiated with 365 nm light
(1 mW/cm?) from the top for 10 min. In both experiments cells were cultured in medium with
reduced serum (DMEM, 5% FBS, 0.5 % PenStrep) until 48 h. Cells were stained with H33342
and PI (both 0.25 pg/ml) and analysed by fluorescence microscopy on a high-content microscope

(In Cell Analyzer 2200) for GFP knockdown (described in high-content imaging section below).

Synthesis of polymers with photocleavable moieties. Prior to synthesis, diamines
(1-32), bisacrylamides (A-E) and photocleavable linker P1, were diluted to 1.6 M in DMSO.
Specifications of all monomers can be found in Supplementary Table 1. The monomers (25 pL
of P1, 25 pL of bisacrylamides A-E, 50 pL. of amines 1-32) were added to a polypropylene 96 well
plate, the plate sealed with aluminum foil and then incubated at 60°C under agitation (orbital
shaker, 250 rpm) for 5 days. Polymer synthesis was performed at final monomer concentration of
0.8 M. Polymers were finally end capped with 20% molar excess (10 pL. to 100 pL reaction
volume) of the respective diamine 1-32 for 2 h (60°C, 250 rpm) and stored at 4°C until usage.

Gel permeation chromatography (GPC) analyses. Number average molecular
weights (Mn) and molecular weight distributions (Mw/Mn) were measured by GPC on a HPLC
Agilent 1260 system equipped with a guard column (Agilent, Aquagel, 10 mm, 10 pm) followed
by three columns: (i) Agilent, Aquagel-OH 40, 300 X 7.5 mm, 8 pm, (i1) Agilent, Aquagel-OH 50,
300 X 7.5 mm, 8 pm and (iti) Phenomenex, Polysep-GFC-P2000, 300 X 7.8 mm, range 100 — 10
k Da, connected to a UV (254 and 280 nm) and RI detector (Agilent). An acetate buffer (0.5
mol/L, pH = 4.5) was used as an eluent, at a flow rate of 0.7 mL/min and 35 °C. Polyethylene
oxide standards (EasyVial PEG/PEOQO, range 194 — 1000 k Da) were used to calibrate the SEC,
since it has been demonstrated that such eluent composition allows PEO to be a suitable

calibration standard for poly(amido-amines).

80



NP preparation and activation. Ior the high-throughput screening of NPs, NPs were
prepared in sterile conditions using sterilised 96-deepwell polypropylene plates (VWR). Therefore,
each polymer solution (15 pl; in DMSO) was precipitated into sterile nuclease free molecular
grade water (960 pL.) with subsequent addition of sterile zinc sulphate (25 pL., 1M). Plates were
sealed with PP adhesive seals and incubated shaking (250 rpm) on an orbital shaker at room
temperature overnight. NPs were purified by centrifugation at 4 °C, 8000 g for 8 min. The mass
concentration of each purified formulation was determined after lyophilizing samples. The

efficiency of NP formation was up to 47%, calculated according to equation:

M
NP formation ef ficiency (%) = ML x 100

polymer

where Mxp denotes the weight of material recovered after NPs purification and freeze-

drying and Meiymer 1s the theoretical polymer weight.

NP size and zeta potential analyses. The size and zeta potential of NPs was
measured by a ZetaPALS analyzer (Brookhaven Instruments Gorp.). NPs were resuspended in 1
mM KCI and diluted to achieve average count rates about 200 kcps to perform the DLS
measurement. Values were expressed as the mean of 5 measurement runs, each with a duration
of 1 min. To determine light sensitivity of the NPs, a duplicate of the sample was used. NP
disassembly was triggered by a UV lamp (365 nm, 100-Watt, 5 cm distance, 10 min). Samples NP
size and average count rates were determined as for the non-irradiated sample. Light sensitivity
1s expressed as percent count decrease respective to the initial average count rate, which is an

indicator for NP concentration.

TEM analyses. A suspension of P1C7 NPs (500 pg/mL) was prepared in molecular
grade water. A droplet of the suspension was added to the surface of an ultrathin carbon coated
400 mesh copper grid, irradiated or not with UV light (10 min, 365 nm, ] mW/cm?2) and left air-
dry for 5 h at room temperature in a closed petri dish. NPs were viewed with a JEOL-2100-HT
microscope. Digital images were acquired with a fast-readout "OneView" 4k x 4k CGCD camera
that operates at 25 fps (300 fps with 512 x 512 pixel) and features drift correction. The diameter
of NPs was analysed with the Particle Tool from Image].
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High-throughput complexation of NPs with siRNAs. NPs were suspended in
sterile nuclease free molecular grade water to a concentration of 400 pg/mL. Complexation with
siRNA against ¢GFP (GIFP Duplex I, GE Dharmacon) was then done at a ratio of 1:50
(siRNA:NP, w:w) in a 96-deepwell polypropylene plate (VWR). From each NP formulation, an
aliquot (50 pL) was added to a deep well plate, following the plate layout for subsequent cell
transfection. A solution of siRNA containing 4 pg/mL siRNA and 4 pg/mL Cy5-tagged siRNA
was prepared in sterile molecular grade, nuclease free water. The siRNA solution (50 pL) was
added to the NPs in the same volume (50 pL)) using a multichannel pipette. As control for siRNA
activity and transfection, the same procedure was followed for lipofectamine RNAIMAX (15
pl/mL; Invitrogen). The plates were sealed with adhesive polypropylene seals and allowed to
incubate shaking at room temperature for 2 h on an orbital shaker (250 rpm, room temperature).
Samples were then diluted 1:10 with DMEM to 20 pg/mL NP concentration and directly used
for cell transfection or determination of complexation efficacy. Complexation efficacy was
determined indirectly from Cyb tagged- siRNA after separating NPs and non-complexed siRINA
by centrifugation (4°C, 14000g, 15 min), quantifying Cy5 fluorescence in three replicates of the

supernatant. Concentration of siIRNA was determined relative to a standard curve.

High-throughput siRNA transfections. HeLa-GIP (CellBiolabs Inc.) cells were
cultured DMEM (without phenol red) containing FBS (10%, v/v), PenStrep (0.5%, v/v, 50
pg/mL) and blasticidin (10 pg/mL). HeLa-GFP cells were seeded 24 h prior to experiment in 96
well plates (Costar) with a density of 4.000 cells per well. Cells were transfected with NP@siRNA
complexes (20 pg/mL) or lipofectamine RNAIMAX (1.5 pL./ml) in DMEM as described above.
Transfections were performed with three technical replicates and each plate in duplicate. After
10 min of transfection, the medium was replaced by DMEM containing 5% FBS (v/v, to slow
down cell proliferation), PenStrep (0.5%, v/v, 50 pg/ml) and blasticidin (10 pg/ml). In one plate,
NPs were activated for 10 min (using 365 nm light from top on a transilluminator UVP
BioSpectrum 500 at 15 cm distance), while with the second plate (with the same NP formulations
as the first plate), no activation of NPs was performed. This experiment allowed us to compare
the bioactivity of released siRINA with and without application of the stimulus. At 48 h, cells were
stained and placed in an automated incubator (Cytomat 2, Thermo) for further incubation and

analyses by high-content imaging with an automated fluorescence microscope (In Cell 2200, GE

Healthcare).
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High-content imaging analyses. Cell nuclei were stained at 48 h with Hoechst
H33342 (Sigma-Aldrich, 0.25 pg/ml) and propidium iodide (PI, Sigma-Aldrich, 0.25 pg/mL).
Dead cells stained for both Hoechst H33342 and PI, while live cells stained only for Hoechst
H33342. At 48 h and 72 h, four random fields per well were imaged on a high-content microscope
(In Cell 2200, GE Healthcare) with a 20x objective. Automated image analyses were performed
using the In Cell Developer software from GE Healthcare. GFP knockdown was accessed from
the mean GFP fluorescence intensity in the cytoplasm of live cells. Hoechst 33342 was used to
define a nuclear mask, excluding dead cells (with 10% overlap of PI and H33342 stain), which
was then dilated to cover as much of the cytoplasmic region as possible (Figure 41). Removal of
the original nuclear region from the dilated mask creates a ring mask that covers the cytoplasmic
region outside the nuclear envelope. GFP knockdown was expressed as percentage of fluorescence
on non-treated HeLLa-GFP cells (after subtracting fluorescence background of Hel.a cells). Cell
viability was calculated from the total number of cells (quantified by cell nuclei) after subtraction
of dead cells (cells presenting >10% overlap of PI and Hoechst stain). Internalisation of NPs was

quantified by the fluorescence signal of NPs in cells.
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Figure 39: Schematic representation of image analysis. (A) Image analysis steps: (1) definition of healthy cell population to
analyse; (2) definition of area to measure GFP levels and (3) creation of cytoplasm mask by subtracting the nuclear mask
from the cell mask. (B) Image analysis was conducted using In Cell Developer Software which implements machine learning
techniques. Cell viability was analyzed calculating the percen- tage of nuclei with form factor > 0.95 and at least 10%
overlap with propidium iodide staining, in the total nucleus population. By subtraction of the dead masked nuclei from the
total nuclei population, a healthy nucleus mask can be defined. Consecutively the healthy nucleus mask was dilated to cells
and the nucleus mask was subtracted to achieve a cytoplasm mask, where GFP fluorescence can be measured minimizing
artefacts from other stains (i.e. H33342) and flattening the detection pane. GFP knockdown can then be calculated as
percentage decrease of GFP fluorescence signal relative to 0% GFP knockdown control from untreated Hela- GFP cells

and 100% GFP knockdown of Hela background control cells.
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siRNA release from NPs after light exposure. The release of siRINA from NPs
after UV-irradiation (10 min, 365 nm, 1 mW/cm2) was investigated by 1% agarose gel
electrophoresis (containing orange G (1X) in TBE buffer (1X)). siRNA (15 pL, 2 pg/mL) and
NP@siRNA (100 pg/mL) solution/suspension was applied to separate gel lanes, and
electrophoresis was performed for 15 min at 100 V. The gel was visualised under a UV
transilluminator (Gel Doc XR+, BioRad) at an excitation wavelength of 302 nm. The obtained

bands were analysed using Image] software 1.48 v (National institutes of Health, USA).

Cellular internalisation of NPs. NP@siRNA complexes were exposed for 1 h to
human dermal keratinocytes (HaCa'l cells; CLS Cell Lines Service GmbH, Eppelheim,
Germany), human normal dermal fibroblast (NHDF) or human umbilical vein endothelial cells
(HUVEC, Lonza) and characterised by flow cytometry or confocal microscopy. For flow
cytometry, HaCaT and NHDF cells were cultured in DMEM medium while HUVECs were
cultured in EGM-2 medium (Lonza). All media was supplemented with FBS (10%, v/v) and
PenStrep (0.5%, v/v, 50 pg/mL). Cells were seeded in 24 well plates (HaCa'T and HUVECs at
25.000 cells/well while NHDF cells at 12.000 cells/well) and allowed to adhere for 24 h. Cells
were transfected for 1 h with NP@siRNA-Cy5 or lipofectamine@siRNA-Cyb complexes in
DMEM or EGM-2 media. Complexes were removed and cells were washed with PBS.

For confocal microscopy, HaCaT and NHDY cells were cultured in DMEM medium
while HUVECGs were cultured in EGM-2 medium. All media was supplemented with FBS (10%,
v/v)and PenStrep (0.5%, v/v, 50 pg/mL). Cells (HaCaT and HUVECs: 20000 cells/well; NHDF
cells: 10.000 cells/well) were seeded in black glass bottom 96 well plates (IBIDI, Germany) coated
with 0.1% gelatine (Sigma) and allowed to adhere for 24 h. Prior to transfection cells were stained
with CellTrace™ CFSE 488 (5 pM; Molecular Probes, Life Technologies) according to
manufacturer’s instructions. Cells were transfected for 1 h with NP@siRNA-Cy5 complexes in
DMEM (for HaCaT or NHDF cells) or EBM-2 (for HUVEGs). Cells were stained with
Lysotracker Red (100 nM; Molecular Probes, Life Technologies) for 30 min during cell
transfection. Complexes were removed and cells were washed twice with PBS and fixated with
4% (v/v) paraformaldehyde (Alfa Aesar) in PBS for 10 min at room temperature. Nuclei were
stained with H33342 (2 pg/mL) for 10 min. Cells were then washed 3 times with PBS and analysed
by confocal microscopy (Zeiss LSM710) using a 40x immersion oil objective. Fach condition is
represented by two technical replicates and four or more representative images per field were
acquired. Colocalisation of NP@siRNA-Cy5 with Lysotracker red was performed using JaCoP

on Image J.
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Uptake of P1C7@siRNA-Cy5 in the presence of chemical inhibitors. Hel.a
cells were plated in a 24 well plate at a density of 5 x 10* cells/well and left to adhere overnight.
Cells were pre-incubated with endocytosis inhibitors for 30 min followed by 1 h incubation with
P1C7@siRNA-Cy5 (20 pg/mlL). The following inhibitors were tested: filipin III (80 pM),
nocodazole (3 M), polyinosinic acid (100 pg/mL), dansylcadaverine (25 pM) cytochalasin D (1
uM), dynasore (30 uM) and EIPA (80 pM). As controls, we used cells without NPs and cells
incubated with NPs without inhibitor at 37 °C and at 4 °C. At the end of each point, cells were

centrifuged, washed three times with PBS and then resuspended for flow cytometry analysis.

Intracellular trafficking and siRNA release. Endosomal escape can be determined
by galectin-8 recruitment!30. A7r5-Gal8YFP3% reporter cells (kindly donated by Craig Duvall’s
lab) were used to study the colocalisation of the Cyb signal from the NP@siRNA-Cy5 complexes
with YFP-Gal8 spots from releasing endosomes. A7r5-Gal8YFP cells were cultured in DMEM
supplemented with FBS (10%, v/v), PenStrep (0.5%, v/v, 50 pg/mlL) and blasticidin (10 pg/mL).
For the experiment 4.000 cells were seeded in each well of a black 96 well plate with glass bottom
(IBIDI), suitable for confocal microscopy and allowed to adhere overnight. Cells were transfected
for 10 min with NPs (20 pg/mL) or L2000 complexes with siRNA-Cy5 in DMEM. Cells were
then washed, and cell culture medium was added to the cells. UV light (365 nm, 1 mW/cm?)
activation was performed for 10 min followed by cell culture. Cells were fixated (4% PFA for 10
min) at different times (t=-10 immediately after transfection, t=0 after light activation and t=+15,
30. 45, 60 min post light activation), washed with PBS, cell nuclei stained with H33342 (1 pg/mlL,
Sigma) and analysed by a confocal microscope (Zeiss LSM710, 40x immersion oil objective). Each
condition is represented by two technical replicates and 4 or more images per field were acquired
representing the total cell population. The area of YFP-Gal8 and Cy5-NPs spots were analysed
with the Particle Plugin from Image]. Colocalisation of Cy5-labelled NPs with YFP-Gal8 spots

was performed using JaCoP on Image J.

Complexation of miR150 to the NPs. The complexation of miR150 (GE
Dharmacon) to P1C7 NPs followed the same procedure previously described for siRNA. Briefly,
miR 150 and P1C7 NPs were mixed in molecular grade nuclease free, sterile water (Fisher
Bioreagents) in a ratio of 1:50 (w/w, miRINA to NPs), and the suspension agitated on an orbital
shaker for 2 h at room temperature. After complexation, the NP suspension was diluted in cell

culture medium before use.
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Bioactivity of P1C7@miRNA150 formulation. Human keratinocytes were
cultured in DMEM supplemented with 10% FBS and 0.5% PenStrep, harvested and then seeded
in a 96 well plate at a density of 25.000 cells/well to grow to a monolayer in approximately 48 h.
Cells were then inhibited by mitomycin (5 pg/mlL, in cell culture medium, Tocris Bioscience) for
2 h, transfected for 4 h with P1IC7 NPs (40 pg/mL in DMEM) or P1C7 NPs@miRNA150
complexes (40 pg/mL in DMEM), washed with PBS to remove non-internalised NPs, exposed or
not to UV light (10 min, 365 nm, 1 mW/cm?). The cell monolayer was then scratched with a
pipette tip and then cultured in cell culture medium for 48 h. As controls, cells were transfected
for 4 and 24 h with the commercial agent lipofectamine RNAIMAX or RNAIMAX-miR 150
complexes. In both cases (NPs and lipofectamine), wound closure was monitored by an automated
fluorescence microscope (In Cell 2000, GE Healthcare, 4x objective) every 12 h. Wound closure
was analysed from the image field in the center of the well, measuring the wound area with Image
J- The percentage of wound closure was calculated by well considering the initial wound area and

then normalised to the control of the respective group.

Quantitative analyses of miR150 transfection. To demonstrate that HaCaT cells
were successfully transfected with P1C7 NPs@miRNA150 complexes, cells were transfected with
P1C7 NPs or P1C7@miRNA150 NPs for 4 h, washed with PBS to remove non-internalised NPs,
light activated, and finally cultured for 48 h. Next, cells were harvested, lysed and RNA isolated
by a miRCURY™ RNA isolation kit (Exiqon) following manufacturer’s instructions. The cDNA
was then synthesised using the Mir-X™ miRNA First Strand Synthesis (Exiqon). Expression of
miRNA was quantified by quantitative RT-PCR (7500 Fast Real-Time PCR System, Applied
Biosystems, Carlsbad, CA, USA) using Mir-X™ SYBR ¢RT-PCR kit (Clontech, California,
USA) and NZYSpeedy qPCR Green Master Mix (NZYTech, Portugal). For normalisation of
microRNA expression levels, RNU6 was used as (housekeeping) control (Supplementary Table
3). Results were analysed using the AACt method to indicate relative miR150 expression from

light activated miR-carrying to non-carrying P1C7 NPs.

Quantitative analysis of target gene knockdown. HaCaT cells transfected with
P1C7 NPs or P1C7@miRNA150 NPs (see section before) were analysed for the expression of
¢MYB, a target gene of miR150. Therefore, cDNA was synthesised from 1 pg total RNA using
TagMan™ reverse transcription reagents (Applied Biosystems, CA, USA). Quantitative RT-PCR
was performed using NZYSpeedy qPCR Green Master Mix (NZY T'ech, Portugal) on a RT-PCR
(7500 Fast Real-Time PCR System, Applied Biosystems, Carlsbad, CA, USA). Quantification of
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the target gene was analysed relative to GAPDH as housekeeping gene: relative expression =

2l=(Cr sampie=Crcappm)] | Minimal cycle threshold values (Ct) were calculated from at least 3
independent reactions. AACt was calculated to determine relative ¢MYB expression from light

activated miR-carrying to non-carrying P1CG7 NPs.

In vivo wound healing experiments. Animal protocol was approved by the Ethics
Committee of the Faculty of Medicine of the University of Coimbra
(ORBEA_159_2017/05052017). Male C57BL/6 mice (8 weeks) were purchased from Charles
River (Wilmington, MA, USA). Mice were separated on individual cages 24 h prior the induction
of the skin wounds. They were anesthetised with xylazine/ketamine (xylazine hydrochloride -
Rompun, 10 mg/kg of body weight; ketamine hydrochloride — Imalgene 1000, 80 mg/kg of body
weight), shaved with an electric clipper on the back and remaining hair removed with depilatory
cream (Dove), the skin was disinfected with betadine and two 6 mm-diameter dorsal full-thickness
excisional wounds were created with a sterile biopsy punch in each animal. The treatments
(P1C7@miRNA150, P1C7@scramble, PBS; n=8) were administered as intradermal injection at
4 locations around the wound. Light (5 min; 5 sec on/off; 405 nm blue laser; Thorlabs, Dachau,
Germany) activation of the NPs was performed 30 min post-injection, to allow the NPs to be
internalised by the skin cells. During the first 2 days, the mice received every 8 h buprenorphine
(0.05 mg/Kg of body weight, Bupaq) to relief the animals from any pain or distress caused by the
procedure. The animals were observed daily and wound area was measured. At day 3 and 10
mice were sacrificed by cervical dislocation after an overdose of anesthesia. Skin biopsies were

taken for histological and gene expression analyses.

Histological analyses of skin wounds. Skin wounds were excised with a margin of
epidermis outside the wound (approx. 2 mm) and processed for routine histology. Therefore,
freshly excised wounds were placed onto a small piece of cardboard, with the subcutaneous tissue
facing down, and immersed in 10% neutral buffered formalin for 24 h. After fixation, trimming
was performed longitudinally, in the direction of the hair flow and centered on the wound.
Samples were embedded in parafin, sectioned at 4 pm, and stained with hematoxylin and eosin.
Histological analysis was performed by a pathologist blinded to experimental groups and
measurements were performed using NDP.view2 software coupled to Nanozoomer SQ) slide

scanner (Hamamatsu).
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Quantitative analysis of miRNA150 target gene in skin wounds. To quantify
downregulation of miR150 gene targets in the skin wounds, samples at day 3 post-surgery were
analysed. RNA was isolated using TRIzol (500 pL,, Invitrogen) reagent from 15-50 mg of tissue.
Samples on ice were homogenised by a TissueLyser (Qiagen) operated at 30 Hz in three cycles of
2 min. Samples were then processed according to manufacturer’s instructions for RNA isolation
and RNA was quantified on a NanoDrop™ (Thermo Scientific). cDNA was prepared from 1 pg
total RNA using TagMan™ reverse transcription reagents (Applied Biosystems, CA, USA).
Quantitative RT-PCR (qRT-PCR) of murine cMYB was performed using NZYSpeedy qPCR
Green Master Mix (NZYT'ech, Portugal) and detection on a RT-PCR (7500 Fast Real-Time PCR
System, Applied Biosystems, Carlsbad, CA, USA) equipment. Quantification of the target gene

was analysed relative to mouse GAPDH as housekeeping gene: relative expression =

2l=(Cr sampie=Crcappw)] | Minimal cycle threshold values (Ct) were calculated from at least 3
independent reactions. AACrt was calculated to determine downregulation of ¢M1B relative to

control skin (tissue day 0).

Light activation of P1C7 NPs though a skin barrier. To demonstrate that NPs
can be dissociated by a 405 nm laser through the skin barrier, back skin from C57BL/6 mice was
used as barrier between the light source and the NPs. Briefly, hair was removed from mouse skin
with depilation cream and washed several times with PBS and mounted on a cardboard plate with
a 1 cm? hole with the geometry of DLS cuvettes. A 405 nm laser (Thorlabs, Germany) was used
for the experiment. Laser power intensity by cm? was measured with a digital optical power and

energy meter (Thorlabs, Germany) with and without the skin barrier (skin thickness 0.26-0.29

Table 14: Sequence of primers used in qQRT-PCR experiments.

Gene Sequence Species

Fw CCGAATATTCTTACAAGCTCC

! h
h-MYB RW  GGACCTGTTTTTAGGTACTG uman

FW AGCCACATCGCTCAGACACC
h-GAPDH human
RW GTACTCAGCGCCAGCATCG

FW CACAAAACATCTCCAGTCAC
m-MYB mouse

RW TCTTCGTCGTTATAGTGTCTC

FW AAGGTCATCCCAGAGCTGAA

m-GAPDH RW  CTGCTTCACCACCTTCTTGA mouse
hsa-miR-150-5p FwW TCTCCCAACCCTTGTACC human
RNU6 FW  ACACGCAAATTCGTGAAG human
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mm). PIC7 NPs (50 pg/mL) were activated for 10 min with the laser with or without the skin

barrier and then measured by DLS. Laser power transmission and NP count decrease were

analysed for 3 individual samples.

Table 15: Information about the chemical name, CAS and vendor of the monomers used to generate the NP library.

Monomer Chemical Name IUPAC CAS Vendor
A Methylenebisacrylamide 110-26-9 Aldrich
B Hexamethylenebisacrylamide 7150-41-6 Polyscience
C Cystaminebisacrylamide 6098-457-8 Polyscience
D Dihydroxyethylenebisacrylamide 868-63-3 Aldrich
E Bisacryloylpiperazin 6342-17-2 Sigma
P1 (2-Nitro-1,3-phenylene)bis(methylene)diacrylate 1599460-50-0 Synthesized
1 Ethylenediamine 107-15-3 Merck
2 1,4-Diaminobutan 110-60-1 Aldrich
3 1,6-Diaminohexan 124-09-4 Alfa Aesar
4 Diethylenetriamine 111-40-0 Alfa Aesar
5 Triethylenetetraamine 112-24-3 Acros Organics
6 Pentaethylenehexamine 4067-16-7 Aldrich
7 3,3"-Diamino-N-methyldipropylamine 105-83-9 Aldrich
8 1,2-Diaminocyclohexane 694-83-7 Aldrich
9 1,8-Diamino-3,6-dioxaoctane 929-59-9 Acros Organics
10 1,13-Diamino-4,7,10-trioxatridecane 4246-51-9 Aldrich
n 1,4-Bis(aminopropyl)piperazine 7209-38-3 Aldrich
12 1,4-Phenylenedimethanamine 539-48-0 Merck
13 1,5-Diaminonaphthalene 2243-62-1 Aldrich
14 4,4"-methylenedianiline 101-77-9 Aldrich
15 1,3-Phenylenediamine 108-45-2 TCI Chemicals
16 1,3-Diaminopropane 109-76-2 TCI Chemicals
17 2,2-Dimethyl-1,3-propanediamine 7328-91-8 TCI Chemicals
18 1,3-Diaminopentane 589-37-7 TCI Chemicals
19 2,2"-Diamino-N-methyldiethylamine 4097-88-5 TCI Chemicals
20 Agmatine sulfate 2482-00-0 TCI Chemicals
21 1,4-Bis(aminomethyl)cyclohexane 2579-20-6 TCI Chemicals
22 4,4'-Methylenebis(cyclohexylamine) 1761-71-3 Aldrich
23 4,4'-Diaminobenzanilide 785-30-8 Aldrich
24 DL-Llysine 70-53-1 Aldrich
25 3-Amino-1-propanol 156-87-6 Aldrich
26 4-Amino-1-butanol 13325-10-5 Aldrich
27 5-Amino-1-pentanol 2508-29-4 Sigma Aldrich
28 6-Amino-1-hexanol 4048-33-3 Alfa Aesar
29 1-(3-Aminopropyl)pyrrolidine 23159-07-1 Alfa Aesar
30 1-(3-Aminopropyl)imidazole 5036-48-6 Aldrich
31 1-(3-Aminopropyl)-4-methylpiperazine 224-954-4 Alfa Aesar
32 Histamine 51-45-6 Sigma Aldrich
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CHAPTER IV — A LIGHT-TRIGGERABLE FORMULATION TO
CONTROL THE STABILITY OF PRO-ANGIOGENIC
TRANSCRIPTION FACTOR HYPOXIA INDUCIBLE FACTOR 1a
(HIF-1a)
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Published in: Nanoscale, 2020,12, 9935-99421 Figure 40: Graphical Abstract depicting schematically

light activation of NPs in endosomal compartment

with subsequent siRNA release.

1 ABSTRACT

The control of vascular remodelling mediated by transcription factor HIF-1a is critical in
several diseases including cancer, retinopathies, chronic wounds, ischemic heart disease, among
others. Gene silencing using small interfering RNA (siRINA) is a promising therapeutic strategy to
regulate HIF-1a; however, the delivery systems developed so far have limited endothelial targeting
and efficiency. Herein, we have synthesised a light-triggerable polymeric nanoparticle (NP) library
composed by 110 formulations which showed variable morphology, charge and disassembly rates
after UV exposure. More than 35% of the formulations of the library were more efficient in gene
knockdown than siRINA delivered by a commercial transfection agent (lipofectamine
RNAIMAX). The most efficient siRNA delivery formulations were tested against different cell
types to identify one with preferential targeting to endothelial cells. Using a two-steps
methodology, we have identified a formulation that shows exquisite targeting to endothelial cells

and is able to deliver more efficiently the siRNA that modulates HIF-1a than commercial

f Reproduced from Blersch et al.?* with permission from the Royal Society of Chemistry
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transfection agents. Overall, the strategy reported here increases the specificity in tissue regulation

and the efficiency in the intracellular delivery of siRINAs.

2 INTRODUCTION

The abnormal activation of hypoxia inducible factor-la (HIF-1a) pathway leads to the
overexpression of angiogenic growth factors that causes undesirable neovascularisation in tissues
such as retina and primary tumours?'2. Moreover, despite the ischemia in several diseases, HIF-
la is destabilised in diabetic wounds360, critical limb ischemia3¢! and ischemic heart disease3!2.
HIF-1ais regulated by an enzyme called prolyl hydroxylase domain protein 2 (PHD2)312.362, This
enzyme 1s active in normoxia conditions and thus triggers the degradation of the transcription
factor while inactive in hypoxia conditions and thus the stabilisation of the transcription factor
induces the expression of pro-angiogenic growth factors such as vascular endothelial growth factor
(VEGY), basic fibroblast growth factor (bI'GIF), among others312362, The inhibition of PHD?2 has
been attempted with small molecules; however, these drugs have shown off-targets?63. siRINAs
have emerged as an attractive tool for regulating gene expression and thus to inhibit HIF-1a.
Indeed, studies have demonstrated the inhibitory properties of PHD2 siRNA in the context of
wound healing?15-364 and cancer?6?; however, with limited efficacy and the targeting to endothelial

cells, important in the context of cancer66 and ischemic diseases?¢7, was not demonstrated.

A large variety of siRINA delivery system have been developed relying on cell penetrating
peptides, lipid-based formulations and polymeric NPs347.368.369 some of them identified by high-
throughput screening approaches!!2138370.371° A limited number of these strategies have progressed
to clinical trials and some of them reached the market372. Despite the significant progresses in the
delivery of siRNA, two major issues have yet not been completely addressed: (i) limited cell
targeting of the formulations increasing the concerns about potential off target effects and (i1) low
endosomal escape limiting its efficacy?73.37¢. Although lipidic NPs able to release more efficiently
siRNA to endothelial cells have been describeds%, the molecular mechanism is not yet known.
Experimental in vitro data indicate that the endosomal escape of siRNA should take place during
the early stages of the intracellular trafficking (minutes range after formulation uptake) to prevent
their accumulation in the lysosomes?3130. In the current study, we hypothesize that enhanced
endothelial cell targeting might be achieved by the use of NP libraries with physico-chemical
diversity, being the cell targeting controlled by a combination of NP size, geometry, charge and
composition. We further hypothesize that enhanced endosomal escape might be achieved by
using light-triggerable formulations that are taken up by cells and disassemble rapidly (minutes

range) by light releasing the siRNA.
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3 RESULTS and DISCUSSION

Herein, we have designed a light-triggerable formulation that shows preferential
accumulation in endothelial cells while releasing more efficiently PHD2 siRNA in cell cytoplasm
than other commercial transfection agents. To identify that formulation, we have prepared a
library of light-triggerable polymeric NPs for the delivery of siRINA. Then, the polymers were
conjugated with a light sensitive molecule to increase their hydrophobicity as well as to confer
light responsiveness properties. The conjugated polymers were then precipitated in water to form
NPs and then complexed with siRINA. The NPs were characterised for their size, zeta potential,
light disassembly properties, cellular internalisation and gene knockdown activity. The top hits
were then tested against different cell types to identify a formulation with the highest tropism to

endothelial cells. Finally, the hit formulation was tested regarding its efficacy in the inhibition of

endothelial cell PHD2 gene.

3.1 HT synthesis and characterisation of light activatable poly(amido amine)

NPs

The library of poly(amido amine)s was prepared by Michael-type addition3.130:353 of
bisacrylamides with diamines in dimethyl sulfoxide (DMSO) for 5 days at 60 °C (Figure 43A).
Monomers were selected based in their chemical properties (hydrophobicity/hydrophilicity,
composition, structure) or by the fact that they have been used with success in previous NP
libraries (Figure 43B and 43C). This strategy allowed us the preparation of polymers with (i) a
large variety of side groups (structure: linear, ring, branched; reactivity: primary, secondary and
tertiary amines; molecular weight), (ii) disulphide bonds that were relative stable in physiological
conditions (pH 7.4) but likely degraded in intracellular reductive environments and (ii1) different
solubility in aqueous solution. In the final stage of reaction, an excess of the amine monomer was
added to ensure that acrylamide end groups were capped with amines in order to increase
transfection efficiency!?6. To confer light responsiveness properties to the polymers, a light
sensitive pendant group was attached to the polymer backbone. Therefore, the polymer library
was reacted with 4,5-dimethoxy-2-nitrobenzyl chloroformate (NVOC), in the presence of
trimethylamine as a catalyst. NVOG was selected because it responds rapidly to UV /blue light

and the degradation products are relatively non-cytotoxic37.

To validate the overall synthetic strategy, we randomly selected one polymer and
characterised it by NMR (Figure 44A). '1H-NMR spectrum of A4 showed the absence of acrylate

protons (5.5 to 7.0 ppm) indicating complete reaction of the acrylamide with the amines.

93



A

Py 4
D:::::;‘Ieamide 9 R CDERER 9 AR 9 9 «\/ 93

X000

Michael-type Light-cleavable Nanoparticle siRNA Light trigger 2
addition group for i compl i
B NO, O
@fo*m
[e] o [e] o ? P o [e]
DMSO ~
\)J\NMMNJ\/ t HoNawNH, —— T NMNJ\/\NMN —_— NWNJ\/\NWN
H H 60°C, 5d H H H H DMSO, TEA H H a\ H
n  RT,24h o n
A-E 1-22 o
/
o
ON
o—
1 HN A~ - O
HN 13
2 TN, O NH,
3 HzN\/\/\/\NH7
14
° o HN o~ ~_NH; HAN NH,
4 N
A \)J\N/\NJK/ H NH,
H H

N 15
5 H7N\/\H/\/N\/\NH2 H,NO

H H 16 HN-_~_NH;
6 HZN\/\N/\/N\/\N/\/N\/\NH7
H H

o 17 H;N\)</NH;
|
7 HN N NH NH
NN N2 2
[¢] 18
o o HN H7N/\)\/
H 8
D \)I\ J\/N N I) |
N OH\tl)(\ e 19H2N/\’N\/\NH7
5 9 H‘zN\/\0/\/0V\NM7 NH
=
20 NH.
E N N—<O_ 10 HZN\/\/O\/\O/\/O\/\/NHZ Hyu)j\u/\/\/ 2

AN
HN N HN NH.
i K/)‘l\/\/NHz 21 /\OA ’

12 /_Q_\ 22 /O/\O\
HAN NH; HN NH

4
3

Figure 41: Light-activatable NP library and gene knockdown activity. (A) Scheme illustrating the formation of light-activatable
polymers and formation of nanoparticles. (B) Reaction scheme for the combinatorial synthesis of the poly(amino amine)s,
followed by the conjugation of NVOC. The mechanism of photocleavage is also presented. (C) Monomers used for the

synthesis of the library: bisacrylamides (A-E) and diamines (1-22).

Moreover, the spectrum of A4 showed the expected peaks of NVOC protons at 6 7.9, 7.7, 5.1
and 3.8-3.9 ppm. Successful conjugation of A4 with NVOC was also confirmed by
spectrophotometry (Figure 44B). As expected, the absorbance spectrum of A4 showed an
absorbance maximum at 354 nm after NVOG conjugation. After UV irradiation of the polymer
for 10 min, there is the cleavage of the NVOC moiety of the polymer (approximately 50%; for a
polymer with an experimental degree of substitution (DSexp) of 20%) and the consequent
decrease in the absorbance at 354 nm. A4 NPs were obtained by nanoprecipitation of A4 polymer
conjugated with NVOC in aqueous solution, followed by the addition of zinc sulphate to stabilize
the NPs376. T'o form light-responsive NPs, a compromise between hydrophobicity (which impacts
in NP yield by the nanoprecipitation process) and light-responsiveness (high conjugation of the

polymer with NVOC slows down the NP photo-disassembly) process should be optimised. To
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Figure 42: Optimisation of the light-cleavable moiety (NVOC) ratio in the polymer A4. After the synthesis, the polymer was
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incorporation of NVOC into the polymer, polymers were precipitated in water, lyophilized, resuspended in DMSO-d6 and
analysed by 'H-NMR. (A) NMR spectra (in DMSO-dé) of A4 polymers with different NVOC-Cl:diamine molar ratios. The
results show a degree of substitution of 20 %, 5.5% and 4.5%. (B) Effect of UV light (10 min, 365 nm, 200 mW/cm?) in
the absorbance of the polymer A4 (DSexp = 20%). The decrease in absorption at 350 nm (NVOC) and the increase at
420 nm (nitroso produdt) indicate the photo-cleavage of NVOC. (C) Theoretical and experimental NVOC:diamine molar
ratio’s ratio by NMR.
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Figure 43: (A) Schematic illustration of NPs disassembly upon UV light irradiation. (B) Optimisation of the NVOC to amine

ratio in the nanoparticle A4, to obtain the higher nanoparticle count decrease after UV irradiation. The formulation (50

pg/mlL) was irradiated with UV light (365 nm, 200 mW/cm?) for 10 min.
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address this issue, A4 polymer was conjugated with three different molar ratios of NVOC: diamine
(Figure 45C) and then the individual polymers precipitated in aqueous solution. The NP efficiency
for A4 with a DSexp of NVOC of 20% was 16% (i.e., percentage of mass recovered from the
initial monomers used for polymer synthesis and derivatisation). After activation with UV light,
NVOC is cleaved from the polymer, which changes the hydrophobic-hydrophilic balance in the
NPs resulting in its disassembly. This response is expressed in the percentage count decrease of
NPs, as monitored by dynamic light scattering (DLS). The NPs formed by polymers with a DSexp
of 20% (i.e. the molar ratio of NVOC: diamine was 1:5) showed the highest NPs count decrease
after UV irradiation (Figure 45). Therefore, this molar ratio was adopted to synthesize the library

with 110 possible polymers.

Next, we have synthesised the NP library and characterize the properties of NPs
according to size, zeta potential and light responsiveness. Most of the polymers (90%) were able
to form NPs by nanoprecipitation, while 10% were either soluble in water or formed aggregates
that rapidly flocculated and deposited. The high-water solubility of some polymers was likely due
to the low conjugation of the polymer with NVOC because of the low amine groups in the
polymer. Next, we determined the NP formation efficiency taking into account the mass of
monomers used for the synthesis and conjugation of the polymers and the resulting NP mass after
freeze-drying (Figure 46A). The median NP formation efficiency was 27 + 15%. The NPs were
then characterised by DLS, to obtain NPs size (Figure 46B, C, E) and zeta potential (Figures 46D
and 46T). Ninety percent of NPs had a size between 50 and 500 nm, while 65% of the NPs showed
positive charge (zeta potential>10 mV). NPs composed by crosslinkers A and C had narrow size
distribution and highly positive zeta potential. NPs composed by diamines 5-8 and 15-18 had the
highest positive zeta potential. Next, we evaluated the light responsiveness of the NP library
(Figure 46G). More than 90% of the formulations were sensitive to UV irradiation. Approximately
79% of the formulations had a 50% decrease after 10 min of UV irradiation. The light
responsiveness of the NPs formulations was likely influenced by the presence of aromatic moieties,
the hydrophobicity of the polymer before NVOC conjugation, among others. It was largely
independent of the characteristics of the crosslinker but dependent in the diamine’s composition,

since aromatic diamines (12-15 and 23), negatively affected the light-response of the formulation.

3.2 High RNA silencing efficacy and temporal control with light sensitive
NP@siRNA complexes

To evaluate the capacity of NPs to complex siRNA, each NP formulation was mixed with
a GI'P-silencing siRINA for 2 h to promote electrostatic interactions. The ratio siRNA to NP was
optimised to yield the highest knockdown efficiency in HeLa-GFP cells, being the ratio siRNA:NP
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Figure 44: Physicochemical properties of the 50 top NP formulations. (A) Efficiency of NP formation calculated from the ratio
of theoretical polymer weight and weight of NP after purification. (B) Diameter frequency distribution. (C) PDI frequency
distribution. (D) Zeta potential frequency distribution. (E) Size and PDI of nanoparticles within size range between 50 and
200 nm. (F) Zeta potential of the NPs measured by DLS. In E and F, results are Mean £ SEM (n = 3). (G) NP disassembly
by light. Count decrease was determined by DLS after 10 min UV irradiation (365 nm, 100 mW/cm2).

97



of 1:50 (w/w) the most effective (Figure 47). This ratio is a compromise between NP charge
(accounting for cell uptake) and siRNA concentration (accounting for bioactivity). Therefore, all
the subsequent steps were done with this siRNA:NP ratio. Next, we quantified the complexation
efficiency of siRNA with the library of NPs by fluorescence spectroscopy. NPs were centrifuged
after the complexation and the concentration of labelled siRNA (tagged with a Cy5 dye) quantified
in the supernatant. For all the formulations, the median efficiency was 70+27%, being 40% of
the formulations able to complex more than 75% of the siRNA (Figure 48B). The most effective
formulations in binding siRNA were composed by crosslinker A, C or E and diamines with higher
aliphatic contribution (2, 3, 11, 16, 21, 22) or high amine content (4, 5, 6, 7, 11). These results
indicated that the binding of siRNNA was not only dependent on positive zeta potential (mostly

caused by amines) but also by the presence of aliphatic domains.

After demonstrating the capacity of NPs to complex siRNA and disassemble after UV
exposure, we evaluated NP@siRNA mediated gene knockdown upon light activation using
siRNA against eGFP in HeLa-GFP cells. For that purpose, cells were transfected with
NP@siRNA (siRNA:NP 1:50 (w/w), 20 pg/mL) complexes for 10 min (Figure 48A), washed to
remove non-internalised complexes, light-activated for 10 min and cultured for additional 48 h.
Non-treated HeLa-GFP and HeLa-GFP cells transfected with lipofectamine RNAIMAX
complexed with siRINA were used as controls. Cell viability (evaluated by propidium iodide (PI)
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Figure 45: Evaluation of the influence of siRNA:NP ratio and transfection time in the knockdown efficiency of the formulations.
(A) Effect of the ratio siRNA:NP in the knockdown efficiency. HeLa-GFP cells were transfected for 4 h with a NP formulation
(formulation A4; 20 pg/mlL) containing siRNA-Cy5 against GFP at different ratios siRNA:NP (w/w) (1:12.5; 1:25 and
1:50). Lipofectamine RNAIMAX (Lipo) was used as a control transfection agent. GFP knockdown was quantified at 48 h
postiransfection. (B) Effect of transfection time in the knockdown efficiency. Cells were transfected for various times
(between 10 and 240 min) with A4 NP@siRNA-Cy5 complexes (20 pg/mL; 1:50 siRNA:NP). GFP knockdown was analysed

at time 48 h after transfection by high-content microscopy. All results are presented as Mean + SEM (n = 3).
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Figure 46: Results from high-throughput screening of the photo-antenna library. HTS of NPs for maximal GFP silencing efficacy
after transfecting in Hela-GFP cells for 10 min with 20 pg/mL NP@siRNA complexes with ratios of 1:50 siRNA:NP (w/w)
and 10 min light activation with a UV lamp. (A) Gene silencing efficacy of the 43 best NP formulations. Efficacy was
measured as fold increase GFP knockdown relative to Lipofectamine RNAIMAX (Lipo), 48 h post transfection. The blue bar
shows GFP knockdown of the best formulation without UV activation. (B) Efficiency of siRNA complexation in the top 50
formulations of NP@siRNA-Cy5. (C) Cell viability at 48 h post transfection without UV irradiation. Cell nuclei were stained
with Hoechst H33342 and dead cells with propidium iodide. Cell viability was calculated as the % of dead nuclei from the
total count of nuclei. (D) Percentage of cells stained for NPs@siRNA-Cy5 (siRNA:NP ratio = 1:50) at 48 h postiransfection.
The graph shows the top 50 NP formulations with high cell internalisation. In A, B, C and D results are Mean + SEM (n =
3). (E) Representative images of gene knockdown in HelLa-GFP cells 48 h posttransfection with C11 formulation containing

a siRNA against GFP. Scale bar corresponds to 1 pm.
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staining), NP internalisation (evaluated by the Cyb) tag of the siRNNA) and GIP knockdown results
were obtained by high-content microscopy analyses. GFP knockdown was calculated as
percentage decrease of GFP fluorescence signal relative to non-treated Hela-GFP cells and
HeLa-GFP cells transfected with lipofectamine complexed with siRNA. No significant impact in
cell viability was observed for all the NPs of the library (cell viability>90%) (Figure 48C). NP
formulations were internalised by HelLa cells and accumulated in the cell cytoplasm for at least
48 h (Figure 48D). To further demonstrate the delivery of siRINA to the cell cytoplasm, we have
transfected HeLa cells for 10 min with C11@siRNA-Cy5 or with Lipo@siRNA-Cy5 followed by
irradiation or not with UV light (Figure 49). The intracellular trafficking of the formulations was
monitored by confocal microscopy using a general endolysosomal staining (LysoTracker). The
results showed lower co-localisation of C11@siRNA-Cy5 with endolysosomes after irradiation
than before irradiation indicating that the rapid NP disassembly favoured the escape of siRINA

from the endolysosomal compartment (Figure 49).
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Figure 47: C11@siRNACy5 colocalisation with LysoTracker Red. Hela cells were transfected with C11@siRNA-Cy5 (20 pg/ml)
or Lipo@siRNA-Cy5 for 10 minutes. Cells were then washed and NPs were activated with UV light (10 min, 1 mW/cm?).
The cells were stained with CFSE for cell membrane, LysoTracker red for endolysosome, H333342 for cell nuclei and
analysed 1 h after transfection by confocal microscopy. (A) Representative confocal microscopy images showing the
colocalization of C11@siRNA-Cy5 formulation irradiated or not with UV light with Lysotracker Red. White scale bar is 20
pm. (B) Colocalization of Lysotracker Red with siRNA-Cy5 expressed as the Manders' overlap coefficient quantified using
JACoP on Imagel. Results are resented as Mean + SEM. Statistical analysis was assessed by unpaired student ttest with

Welch's correction. ** P <0.01.
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Importantly, more than 35% of the formulations were more efficient in GIP knockdown
than lipofectamine RNAIMAX (fold increase>1) (Figure 48A, 48E). Formulations containing
crosslinkers A, C or E and diamines 1, 4-7 or 10-11 showed the highest GFP knockdown activity.
Five formulations (C11, A10, Al, A9 and El) showed more than 3-fold increase relative to
lipofectamine RNAIMAX in GIP knockdown and were selected for further studies.

3.3 Skin cell tropism of NP@siRNA

The uptake of NPs by cells is dependent on multiple factors such as NP size%, NP shape?3,
NP surface chemistry90:949, and the type of cell and its machinery, since each cell type may
internalize the same NP by different endocytic pathways. For example, polystyrene NPs are highly
taken up by endothelial and hepatocyte cells and less by macrophages and epithelial cells!?. To
identify NPs able to target more preferentially endothelial cells, we evaluated NP@siRNNA-Cy)
internalisation in different type of cells through colocalisation with the endolysosomal
compartment (Lysotracker) by confocal microscopy. Because one of the potential applications of
these light-triggerable NPs is for skin applications!85 we have chosen human keratinocytes, dermal
fibroblasts and endothelial cells as cell models to investigate endothelial cell-specific NP uptake.
Six efficient gene silencing formulations (Al, A9, Al10, Cl1, El, E2) and one non-efficient
formulation (E21, which presented lower knockdown activity than lipofectamine) were chosen to
assess cell uptake (Figure 50). Cells were transfected either with NP@siRNA-Cy5 or
Lipo@siRNA-Cyb for 1 h, washed to remove the NPs that were not internalised, and analysed by
confocal microscopy. Irom all the formulations tested, C11 formulation was the highest taken up

by endothelial cells while showing low uptake by keratinocytes and fibroblasts.

Based in the high efficacy of Cl1 to transfect endothelial cells and in the knockdown
activity demonstrated in HeLa-GIP cells, this formulation was selected for subsequent studies.
Initially, the physical-chemical properties of C11 formulation were investigated. The polymer had
a DSexp of 24%, as measured by 'H-NMR (Figure 51A), a Mw of 12.700 Da, as evaluated by
GPC, and was responsive to UV irradiation, as measured by spectrophotometry (Figure 51B).
When C11 was complexed with siRNA yielded NPs with an average diameter of ~60 nm and a
zeta potential of 13.9 + 1.2 mV, as demonstrated by DLS and TEM analysis (Figure 51C and D).
The NPs disassembled after UV (365 nm, 10 min) light irradiation (more than 80%) (Figure 51E)
due to the cleavage of NVOC moiety and the disruption of the hydrophobic/hydrophilic balance
in the NP and release the siRNA (Figure 51F). We also investigated whether UV light could cross
skin tissue and trigger the release of siRNA from the C11 formulation. Indeed, UV radiation is

able to cross the skin tissue at the necessary level to disassemble the NP formulation (Figure 53).
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Figure 48: NP internalisation studies in human skin cells. (A) Representative images from confocal microscopy showing
colocalisation of C11@siRNA-Cy5 with Lysotracker red (endolysosomal compartment) in the three cell types. Scale bar
corresponds to 50 pm. Human fibroblasts (B), keratinocytes (C) and endothelial cells (D) were used for internalisation
studies. The following formulations have been tested: (i) high gene silencing formulations (six) identified in the high-
throughput screening (A1, A9, A10, C11, E1, E2), (ii) lipofectamine RNAIMAX (Lipo; positive control) and (iii) a low gene
silencing formulation (E21, negative control). Cells were transfected for 1 h with NP@siRNA-Cy5 (20 pg/mlL) complexes,
washed to remove non-internalised NPs, stained (cytoplasm with CFSE; endolysosomal compartment with Lysotracker Red;
nuclei with H33342) and analysed by confocal microscopy using a 40x objective. Internalisation was quantified through
colocalisation of siRNA-Cy5 with Lysotracker red. Results are represented as Mean + SEM (n = 2 independent samples, 3-
9 microscope fields per independent sample). Statistical analyses were performed by one-way ANOVA followed by a

Bonferroni multi-comparison test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) against Lipo.
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Figure 49: Characterisation of C11 polymer and NPs. (A) NMR spectra (in DMSO-dé) of C11 polymers with different
NVOC:diamine molar ratios. The results show a DSexp of 24.0 %, 5.2% and 4.3% (DStheo = 25%, 12.5% and 8.3%,
respectively). (B) Effect of UV light (10 min, 365 nm, 100 mW/cm?) in the absorbance of the polymer C11 (DSexp = 24%).
The decrease in absorption at 350 nm (NVOC) and the increase at 420 nm (nitroso product) indicate the photo-cleavage
of NVOC. (C) Representative inage of NPs obtained by TEM (DSexp = 24%). Bar corresponds to 200 nm. (D) Distribution
of NP diameters as evaluated by TEM and DLS analyses. For DLS analyses, a suspension of NPs at a concentration of 50
pg/mlL was used. For TEM analyses, a NP suspension at a concentration of 500 pg/mL was applied on carbon coated 200
mesh copper grids, left to air dry and analysed (FEIl-Tecnai Spirit BioTwinG2). The images were acquired and analysed on
Image). Results are Mean + SEM (n = 2-5, up to 5 images per replicate). (E) Disassembly of C11 NPs with different ratios
of NVOC dafter UV irradiation. The formulations (50 pg/mL) were irradiated with UV light (365 nm, 10 min, 100 mW/cm?)
for 10 min and analysed by DLS. (F) siRNA-Cy5 release from C11 NPs (50 pg/mL) after UV light irradiation (10 min, 1
mW/cm?). siRNA-Cy5 was determined in the supernatant relative to a standard curve. Results are presented as Mean +

SEM (n = 3).
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Figure 51: Photo-disassembly of C11@siRNA NPs. (A.1) Schematic representation of the methodology used to evaluate the
photo-disassembly of C11@siRNA NPs beneath a mouse skin biopsy. A skin fragment (diameter 1.7 cm placed on a
cardboard with a 1 cm? hole; thickness of 200-230 pm as measured by a caliper) was placed above a cuvette containing
a suspension of C11@siRNA (50 pg/mL, 2 mL). The cuvette was irradiated with UV light at 1 mW/cm? during 10 min and
then analysed by DLS to determine NP count (A.2). In A.2, results are presented as Mean + SEM (n = 3).
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Figure 50: Influence of UV light on cell viability and activity. Cells were irradiated or not with UV light (10 min, 1 mW/cm?)
and analysed at 48 h. (A) Cell viability of HeLa-GFP cells. Cell nuclei were stained with Hoechst H33342 and propidium
iodide at 48 h, and cell viability calculated as the % of dead nuclei from the total count of nuclei. (B) Endothelial cell
proliferation. Nuclei were stained with H33342 and analysed by high content imaging at time 48 h. The number of cells
at time 48 h was normalized by the one at time 0. (C) Endothelial cell migration. Wound area was quantified in ImageJ

and normalised to the initial wound area. All results are presented as Mean + SEM (n = 3).
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3.4 Efficiency of C11 NPs to deliver HIF-1a stabilizing PHD2 siRNA

To demonstrate the utility of C11, we have complexed the NP with PHD2 siRNA and
tested the formulation in endothelial cells. It has been shown that HIF-low stabilisation in
endothelial cells by PHD2 inhibition induces VEGF upregulation, which leads to proliferation
and migration of the cells (Figure 54A)362377378. We have performed the experiments in normoxia
since mRNA and protein expression of HIF-1a was higher in normoxia than in hypoxia after cell
transfection with shPHD2186, The effect of UV in cell viability and activity was initially evaluated.
Our results showed no influence in viability, proliferation or migration in cells exposed to UV

light (365 nm, 10 min) relatively to non-exposed cells (Figure 52)). Next, we evaluated cell
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Figure 52: Bioactivity of C11@PHD2 NPs in endothelial cells. (A) Stabilization of HIF-1a by siRNA silencing PHD2 can be used
as therapeutic strategy to control endothelial cell proliferation and migration, by the upregulation of VEGF and TGF-b
growth factors®? 377. 378 (B) Schematic representation of the experimental protocol for the migration and proliferation
assays. Endothelial cells were grown to confluence and transfected with C11@PHD2 for 12 h. In the migration assay, non-
internalised complexes were washed, the cell monolayer was wounded with a pipette tip and irradiated or not with UV
light (365 nm, 10 min, 1 mW/cm?). Cell migration in the wounded area was monitored by high content imaging. In the
proliferation assay, non-internalised complexes were removed, cells were either or not irradiated with a UV light, and then
cultured for additional 36 h. (C) Cells were harvested 24 h post-transfection and evaluated for PHD2 mRNA expression by
gRT-PCR andlyses and expressed relatively to GAPDH mRNA. Results are presented as Mean + SEM (n=3). (D) Relative
scratch closure 36 h post wounding. Wound area was quantified in Image) and normalised to the initial wound area.
Results are presented as Mean + SEM (n = 3-8 wells). (E) Representative images of wounds 36 h post scratch. Scale bar
corresponds to 50 pm. (F) Cell proliferation at 36 h post transfection. Nuclei were stained with H33342 and analysed by
high content imaging. Relafive nucleus count is presented as Mean + SEM (n = 3-6). All Statistical analyses were performed

using One-Way Anova followed by a Tukey posttest (*P<0.05; *** P<0.001; ****P<0.0001).
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migration and proliferation after transfection with C11@PHD?2 NPs. Cells were transfected for
12 h with C11@PHD2 NPs, activated or not with a UV light for 10 min, and cell migration
evaluated in a wounded monolayer of endothelial cells (Figure 54B). Our qRT-PCR analyses
indicate that PHD2 mRNA available in the cytoplasm was lower in cells transfected with
Cl1@PHD2 NPs and activated by light as result of the inhibition of the siRNA (Figure 54C).
Endothelial cell migration was significantly increased when cells were treated with C11@PHD2
NPs after light activation as compared to cells treated with C11@PHD2 NPs without light
activation or non-treated cells (Figures 54D and 54E). Therefore, our results indicate that
Cl1@PHD2 NPs efficiently delivered the siRNA to endothelial cells and the exposure to light
improved PHD2 siRNA release from C11 NPs. Next, we evaluated the biological activity of
siRNA delivered by C11@PHD2 NPs in a cell proliferation assay (Figure 54B and 54F). Cells
were transfected for 12 h with C11@PHD2 NPs, activated or not with a UV light for 10 min, and
cell proliferation evaluated for 36 h by cell counting using a high-content microscope. Our results
indicate that cells transfected with G11@PHD2 NPs and then activated by light proliferated at
higher extent than cells treated with C11@PHD2 NPs but not exposed to light. Although C11
formulation has disulphide bonds incorporated in polymer backbone (monomer C), and therefore
can be cleaved by intracellular glutathione, the results show that light activation is required to

maximize its biological effect (cell migration and proliferation).

4 CONCLUSION

In conclusion, we have developed a formulation that has preferential accumulation in
endothelial cells and release more efficiently siRNA in the cell cytoplasm than a conventional
transfection agent. The formulation has been identified by a two-step methodology comprising a
high-throughput screening of a new light-triggerable NP library and then testing the top hits
against several cell types to identify a formulation that has more accumulation in endothelial cells.
The NP library proposed here had higher gene knock-down activity (30% of the formulations
showed higher knock-down activity than lipofectamine) than another NP library (10% of the
formulations showed higher knock-down activity than lipofectamine) recently reported by us379.
In this study, the light-responsive library of NPs was based in a simple principle, i.e., conjugation
of a light-sensitive pendant molecule (NVOC) to polymers synthesised by high-throughput while
in the previous study we have incorporated a light-responsive monomer in the core of the polymer.
In addition, using the current synthetic scheme we could identify formulations with higher

endothelial cell accumulation than the top hits tested in the previous study. It is currently not
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known the factors that mediate endothelial cell targeting and future studies should address this
issue. It is possible that a combination of NP cell internalisation, kinetics of NP disassembly and
intrinsic NP physico-chemical properties may account for the differential NP uptake and gene
knockdown activity among formulations. The best formulation identified in this study (C11) shows
a balance between these 3 properties. Importantly, our results showed that the rapid disassembly
(in the first 10 min after transfection) of formulations after cell transfection enhanced their gene
knockdown activity. Future studies should evaluate the i viwo efficacy of the current formulation.
Opverall, our results report a new strategy to identify formulations for efficient endothelial RNA

delivery and specifically to inhibit the activity of PHDZ2, an enzyme that controls the stability of
HIF-1a.
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5 MATERIALS and METHODS

Synthesis of polymers. The library of poly(amido amine)s with light-cleavable moiety
(NVOC) was synthesised via Michael addition reaction. Prior to synthesis, diamines (1-22),
bisacrylamides A-E were diluted to 1.6 M in anhydrous DMSO (Sigma-Aldrich). Specifications
of all monomers can be found in supplementary Table 1. After designing the plate layout for the
110 combinations between monomers A-E and 1-22, 100 pL aliquots of bisacrylamides and 100
pL aliquots of diamines were added to each well of a 96-deepwell plate (polypropylene (PP),
VWR). The plates were sealed with aluminum foil and incubated for reaction at 60 °C shaking
for five days on an orbital shaker (250 rpm). Polymers were finally end capped with 20% molar
excess (10 pL to 100 pL reaction volume) of the respective diamine 1-22 for 2 h (60°C, 250 rpm).
Next, the polymers were functionalised with 4,5-dimethoxy-2-nitrobenzyl chloroformate (NVOC,
Sigma-Aldrich) in the presence of triethylamine (10% molar ratio, Sigma-Aldrich). The reaction
was performed overnight under shaking at room temperature. Finally, the plates were stored at

4°C until usage.

Determination of the best photocleavable group ratio in poly(amido
amine)s. To optimize the amount of the photocleavable group in the poly(amido amine), ratios
of 1:4, 1:8 and 1:12 of NVOC to diamine were used in the synthesis of A4 polymer. To obtain
the degree of substitution of NVOC in the polymer, A4 was purified by precipitation in water,
lyophilised, resuspended in DMSO-d6 and analysed by 'H-NMR (Bruker Avance 111 400 MHz)
relative to TMS. After preparation of nanoparticle with the polymers with different NVOC ratio,
size and count decrease of the nanoparticles before and after UV irradiation (10 min, 365 nm,

100 mW/cm?2) were measured by DLS.

Evaluation of the best ratio siRNA:NP and transfection time in the gene
knockdown efficiency. siRNA:NP ratio was optimised with formulation A4 to maximize GI'P
knockdown. A suspension of A4 NPs (200 pg/mL) was complexed for 2 h with siRNA against
GFP in ratios of 1:12.5, 1:25 and 1:50 (w/w) in nuclease free sterile water under shaking on an
orbital shaker (250 rpm) at room temperature. To bioactivity of the complexes were evaluated in
HeLa-GFP cells which were seeded at a density of 40.000 cells/mL for 24 h prior the experiment.
Cells were transfected for 4 h with NP@siRNA complexes (20 pg/mL) in starvation (DMEM),
washed, fresh medium with reduced serum (DMEM, 5% FBS, 0.5% PenStrep) added and
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cultured for additional 48 h. After 48 h, cells were stained with H33342 and PI (both 0.25 pg/mL)
and analysed by fluorescence microscopy on a high-content microscope (In Cell Analyzer 2200).
The quantification of cell viability and GIFP knockdown is described in high content imaging

section below.

The transfection time was optimised to identify a time relatively short that could lead to
significant gene knockdown. In this way, cells were transfected with NP@siRNA complexes (20
pe/mL; 1:50 siRNA:NP (w/w)) from 10 min to 4 h. After a washing step, cells were cultured in
medium with reduced serum (DMEM, 5% FBS, 0.5 % PenStrep) until 48 h. Cells were stained
with H33342 and PI (both 0.25 pg/mL) and analysed by fluorescence microscopy on a high-
content microscope (In Cell Analyzer 2200) for GFP knockdown (described in high content

imaging section below).

Gel permeation chromatography (GPC) analyses. Molecular weights (Mn) and
molecular weight distributions (Mw/Mn) of selected polymers were measured by GPC on a
HPLC Agilent 1260 system equipped with a guard column (Agilent, Aquagel, 10 mm, 10 pm)
followed by three columns: (i) Agilent, Aquagel-OH 40, 300 X 7.5 mm, 8 pm, (i1) Agilent, Aquagel-
OH 50, 300 X 7.5 mm, 8 ym and (iii) Phenomenex, Polysep-GFC-P2000, 300 X 7.8 mm, range
100 — 10 k Da, connected to a UV (254 and 280 nm) and RI detector (Agilent). The GPC eluent
was acetate buffer (0.5 mol/L, pH = 4.5), and the polymers were eluted at 0.7 mL/min. The
temperature was set at 35 °C. Polyethylene oxide standards (EasyVial PEG/PEO, range 194 —
1000 k Da) were used to calibrate the SEC, since it has been demonstrated that such eluent

composition allows PEO to be a suitable calibration standard for poly(amido amines).380

NP library preparation. Nanoparticle library was prepared in sterilised 96-deepwell
plates by precipitation 15 pL of each polymer in water (960 pL., molecular biology grade, Fisher
Bioreagents) and further addition of 25 pL of zinc sulfate (1M, Sigma-Aldrich). Plates were sealed
with PP adhesive seals and left stirring on an orbital shaker (250 rpm) at 25 °C. After a step of
purification (centrifugation at 4 °C, 8000 g for 8 min), the samples were resuspended in water
(molecular biology grade) and lyophilised to determine the mass concentration of each

nanoparticle. The efficiency of NP formation was calculated according to equation:

M
NP formation ef ficiency (%) = ML x 100

polymer
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where MINP denotes the weight of material recovered after NPs purification and freeze-

drying and Mpolymer is the theoretical polymer weight.

Characterisation of NP size and zeta potential. The diameter and zeta potential
of NPs was measured by photon correlation spectroscopy (PCS) using quasi-elastic light scattering
equipment (ZetaPALS analyser, Brookhaven Instruments Corp., Holtsville, NY) and ZetaPlusTM
Particle Sizing Software (version 4.03). The scattered light was collected at fixed angle of 90°. To
measure NPs size, a suspension of NP in water (molecular biology grade) was added to a cuvette
(50 pg/mL, 2 mL), allowed to stabilize for 10 minutes and then analysed at room temperature (3
times). T'o assess the percentage of NPs disassembly upon UV light irradiation (10 min, 365 nm,
100 mW/cm?2), a duplicate of the samples was used and the values of NP diameter and NP counts
(Kcps) were recorded. The zeta potential of NPs was determined in a 1 mM KCI solution at 25

°C (50 pg/mlL, 2 mL). All data were recorded as the mean of 5 measurements runs.

TEM analyses. The analysis was carried out on a FEI-Tecnai Spirit BioTwinG2
electron microscope. Aqueous dispersion of CG11 NPs (500 pg/mlL) was added on the surface of
carbon coated 200 mesh copper grid and left air-dry for 5 h at room temperature in a closed petri
dish. Digital images were acquired with coupled side mounted CCD camera MegaView III-SIS

and the diameter of NPs was analysed with the Particle Tool from Image].

High-throughput complexation of siRNAs with NPs. In a 96-deepwell plate, the
NPs (50 pl, 400 pg/mL) were complexed with siRNA against eGFP (50 pL, 4 pg/mL siRNA and
4 pg/mL Cy5-tagged siRNA, GIFP Duplex I, GE Dharmacon) at a weight ratio 1:50 (stRNA:NP).
As control for siIRINA activity and transfection, the same procedure was followed for lipofectamine
RNAIMAX (15 pL./mL; Invitrogen). The plates were sealed (PP seals) and allowed to incubate at
room temperature for 2 h on an orbital shaker (250 rpm). Samples were then diluted 1:10 with
DMEM to 20 pg/mL NP concentration and directly used for cell transfection or determination
of complexation efficacy. Complexation efficacy was determined indirectly from Cy) tagged-
siRNA after separating NPs and non-complexed siRNA by centrifugation (4°C, 14.000g, 15 min),
quantifying Cy5 fluorescence in three replicates of the supernatant. Concentration of siRINA was

determined relative to a standard curve.
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High-throughput transfections with NP@siRNA. Stable transfected HeLa-GI'P
(CellBiolabs Inc.) reporter cells were cultured in DMEM (without phenol red) containing FBS
(10%, v/v), PenStrep (0.5%, v/v, 50 pg/mL) and blasticidin (10 pg/mL). 24 hours prior to the
experiment, HelLa-GFP cells were seeded in 96 well plates (Costar) with a density of 4.000 cells
per well. NP@siRNA complexes (20 pg/mL) or lipofectamine RNAIMAX (1.5 pL./ml) were
prepared in DMEM as described above. Cell transfections were performed with three technical
replicates and plates in duplicate. After 10 min of cell material contact for transfection, medium
was replaced by DMEM containing 5% FBS (v/v), PenStrep (0.5%, v/v, 50 pg/mlL) and
blasticidin (10 pg/mL). One plate duplicate was used for activation of the NP using a
transilluminator (10 min, 365 nm, UVP BioSpectrum 500). The second plate of the duplicate
(with same sample layout) remained without NP activation, allowing comparison of the bioactivity
of released siRNA with and without activation by the light trigger. 48 h post transfection, cells
were stained and placed in an automated incubator (Cytomat 2, Thermo) for high-content

imaging analysis with an automated fluorescence microscope (In Cell 2200, GE Healthcare).

High-content imaging analyses. To distinguish viable cells from dead cells, cell
nuclei were stained with Hoechst 33342 (Sigma-Aldrich, 0.25 pg/mL) and propidium iodide (PI,
Sigma-Aldrich, 0.25 pg/mL). Dead cell nuclei are permeable for PI and show staining for H33342
and PI, where live cells are stained only with H33342. 48 h and 72 h post transfection, cells were
analysed on a high-content microscope (In Cell 2200, GE Healthcare) with a 20x objective, where
4 random image fields per well were imaged. Image analysis was performed with In Cell
Developer software (GE Healthcare), applying machine learning algorithms. H33342 staining was
used for definition of a nuclear mask (nuclei). Dead cell masks, with PI and H33342 staining
overlapping 10% (dead nuclei) were subtracted from H33342 nuclear mask, resulting in viable
nuclear population (viable nuclei). That mask was then dilated to cover as much of the cell region
possible (cell). Next, nuclear mask was subtracted from the cell mask, resulting in a ring that masks
the cytoplasm. GFP fluorescence intensity was measured in that cytoplasm mask of live cells. GFP
knockdown was calculated as percentage of fluorescence on non-treated HelLa-GIFP cells (after
subtracting HelLa cell fluorescence background). From the difference of the total count of nuclei
and dead nuclei count, cell viability was calculated. By quantification of the Cy) tagged siRNA in

the cytoplasm, internalisation of the NP was quantified.
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siRNA release from C11 NPs after UV light irradiation. The release of siRINA
from C11 (50 pg/mL, weight ratio 1:50 siRNA:NP, molar ratio 1:58 siRNA:NP) after UV-
irradiation (10 min, 365 nm, 1 mW/cm?2) was determined by quantification of Cy5 tagged-siRNA
in the supernatant after centrifugation (4°C, 14000g, 15 min). The concentration of siRNA-Cy5

was determined by fluorescence in a microplate reader (Synergy H1) relative to a standard curve

(y = 3978.3x — 61.87; R2 = 0.9869).

Cellular internalisation profiling of NPs. Human dermal keratinocytes (HaCa'l
cells; CLS Cell Lines Service GmbH, Eppelheim, Germany), human normal dermal fibroblast
(NHDF) or human umbilical vein endothelial cells (HUVEC, Lonza) were used to quantify
internalisation of NP@siRNA complexes by colocalisation with the endolysosomal compartment.
HaCaT and NHDF cells were cultured in DMEM medium, HUVECs were cultured in EGM-2
medium (Lonza). All media was supplemented with FBS (10%, v/v) and PenStrep (0.5%, v/v, 50
pg/mL). Twenty-four hours prior to the experiment, cells were seeded to each well in black glass
bottom 96 well plates (IBIDI, Germany) coated with 0.1% gelatine (Sigma) with densities of
HaCaT and HUVECGs at 20.000 cells/well, NHDF cells at 10.000 cells/well. Cells were stained
with CellTrace™ CFSE 488 (5 pM; Molecular Probes, Life Technologies) according to
manufacturer’s instructions prior to the experiment. For cell transfection, cells were incubated for
1 h with NP@siRNA-Cy5 or lipofectamine@siRNA-Cy5 complexes in DMEM or EGM-2
media. Lysotracker Red (100 nM; Molecular Probes, Life Technologies) staining was added for
30 min during cell transfection. Next, complexes were removed, and cells were washed twice with
PBS. After fixation with 4% (v/v) paratormaldehyde (Alfa Aesar) in PBS for 10 min at room
temperature, cell nuclei were stained with H33342 (2 pg/mlL) for 10 min and subsequent washes
with PBS. Cells were analysed by confocal microscopy (Zeiss LSM710) using a 40x immersion oil
objective with two technical replicates per condition and a minimum of four representative image
fields per replicate. Colocalisation of NP@siRNA-Cyb with Lysotracker red was analysed using
JaCoP on Image].
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Complexation of PHD2 to the NPs. The complexation of PHD2 (GE Dharmacon)
to CG11 NPs followed the same procedure previously described for siRNA. Briefly, PHD2 and C11
NPs were mixed in molecular grade nuclease free, sterile water (Fisher Bioreagents) in a ratio of
1:50 (w/w, siRNA to NPs), and the suspension agitated on an orbital shaker for 2 h at room
temperature. After complexation, the NP suspension was suspended in cell culture medium before

use.

Proliferation of endothelial cells. To assess cell proliferation, EOMA-GEP cells
cultured in DMEM medium containing FBS (10%, v/v) and PenStrep (0.5%, v/v, 50 pg/mL),
were seeded in 24 well plates (7.500 cells/well; pre-coated for 10 min with 0.1% gelatine) and
allowed to adhere overnight. Cells were transfected with C11@PHD2 complexes (20 pg/mL) for
12 h in DMEM with reduced FBS (2.5%, v/v and PenStrep). We have chosen 12 h because
shorter transfection times did not translate in measurable functional activity (data not shown).
Non-internalised NPs were removed, and medium was replaced by complete medium with 10%
IBS (v/v) and PenStrep. NPs were activated with UV light, using a transilluminator (365 nm, 10
min, | mW/cm2; UVP BioSpectrum 500). Cell growth was analysed at 36 h post transfection by
staining the cells with 33342 (1 pg/mL, Sigma) and fluorescence imaging (In Cell 2000). Nuclei
were counted from H33342 nucleus staining on In Cell Developer. Each experimental condition

was performed with at least three technical replicates. Six images per well were analysed.

Angiogenesis - Tube formation in matrigel. EOMA-GFIP cells were seeded at
30.000 cells/well to 24 well plate pre-coated for 10 min with 0.1% gelatine. Cells were transfected
for 12 hours with 20 pg/mL C11-PHD2 in DMEM with reduced FBS (2.5%, v/v) and PenStrep
(0.5%, v/v, 50 pg/mlL). Non-internalised NPs were removed by washing with PBS. Cells were
treated with trypsin (conc.) for 1 minute. Trypsin was blocked by adding DMEM containing 10%
IBS (v/v). Cells from each condition were collected, centrifuged (250 rpm, 3 min) and
resuspended in complete medium. Cells from each experimental condition were counted and
4000 cells/well were seeded into each well of Angiogenesis 15-p-slides (IBIDI) previously prepared
containing 10 pL. Matrigel, which was polymerised for 1h at 37 °C. NPs were activated with blue
light, using a transilluminator (365 nm, 10 min, 1 mW/cm?; UVP BioSpectrum 500). At 6 hours
post cell inoculation, cells were imaged by brightfield microscopy. Tube length, Loop count and

branching points were analysed by IBIDI angiogenesis analyser.
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In vitro wound healing assay. EOMA-GFP cells (15.000 cells/well) were seeded in
96 well plates (pre-coated for 10 min with 0.1% gelatine) 24 h prior to experiment to allow cells
to grow to a complete monolayer in full medium (DMEM with FBS (10%, v/v) and PenStrep
(0.5%, v/v, 50 pg/mlL)). Cells were then inhibited by mitomycin (5 pg/mlL, in cell culture
medium, Tocris Bioscience) for 2 h and then transfected for 12 h with C11@PHD2 NPs (20
pe/mL) in DMEM with FBS (2.5%, v/v) and PenStrep (0.5%, v/v, 50 pg/mlL). We have chosen
12 h because shorter transfection times did not translate in measurable functional activity (data
not shown). NPs were then removed from the cells and washed with PBS. The monolayer was
wounded, by scratching the cells with a yellow (200 pL) pipette tip. Cell debris and detached cells
were removed by gently washes with PBS. Fresh medium (DMEM with FBS (1%, v/v) and
PenStrep (0.5%, v/v, 50 pg/mlL)) was added. NPs were then activated with UV light, using a
transilluminator (365 nm, 10 min, 1 mW/cm2; UVP BioSpectrum 500). Wound healing was
monitored until 36 h post-scratch using brightfield microscopy (4x objective) on an automated
microscope (In Cell 2000). Wound area was quantified by measuring cell free area with Image].
Relative wound closure was calculated at 36 h post wounding relative to time 0 h and normalised

to control condition.

Quantitative analysis of PHD2 transfection by gRT-PCR. EOMA-GFP cells
were seeded at 30.000 cells/well to 24 well plate pre-coated for 10 min with 0.1% gelatine. Cells
were transfected for 12 h with G11-PHD2 (20 pg/mL) in DMEM with reduced FBS (2.5%, v/v)
and PenStrep (0.5%, v/v, 50 pg/mL). Non-internalised NPs were removed by washing with PBS
and further incubation with fresh medium (DMEM, 10% FBS, v/v 0.5% PenStrep). NPs were
activated with UV light, using a transilluminator (365 nm, 10 min, 1 mW/cm2; UVP
BioSpectrum 500). After 24 h, cells from each condition were harvested after application of lysis
buffer. RNA extraction was performed using RNeasy Plus Micro Kit (Quiagen) following
manufacturers instruction. RNA was quantified on NanoDrop (Thermo Scientific). 1 pg total
RNA was used to synthesize cDNA with qScript cDNA SuperMix (Quantabio). Quantitative RT-
PCR was performed using NZYSpeedy qPCR Green Master Mix (NZYTech, Portugal) on a RT-
PCR (CFX Connect Real-Time System, BioRad). Quantification of the target gene (PHD2) was

analysed relative to GAPDH as housekeeping gene: relative expression =

2l=(Cr sampie=Cr cappr)] (Table 16). Minimal cycle threshold values (C'T) were calculated from at

least 3 independent reactions. AACT was calculated to determine relative PHD?2 expression.
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C11 NPs disassembly after UV light irradiation through a skin barrier. To
demonstrate that NPs placed under a skin biopsy can be disassembled by UV light, a skin fragment
(taken from the back of the mouse) was placed in a 1 cm?2 hole of a cardboard and a cuvette with
a suspension of C11@siRNA (50 pg/mlL) placed beneath the skin. The cuvette was irradiated
with UV light (365 nm, 10 min, 1 mW/cm?2) and the number of NPs monitored by DLS. As

control, a cuvette with C11@siRNA (50 pg/mL) was used in the same set up but without skin.

Table 16: Sequence of primers used in qRT-PCR experiments.

Gene Sequence Species

PHD2 Fw CCACTGGCACTCAACTAACTCA mouse
m RW CCGAGTTCATTTAGTGCCCGTCA

FW AAGGTCATCCCAGAGCTGAA
m-GAPDH mouse
RW CTGCTTCACCACCTTCTTGA
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Table 17: Detailed description of name, CAS, Vendor of library monomers.

Monomer Chemical Name [UPAC CAS Vendor
A Methylenebisacrylamide 110-26-9 Aldrich
B Hexamethylenebisacrylamide 7150-41-6 Polyscience
C Cystaminebisacrylamide 6098-457-8 Polyscience
D Dihydroxyethylenebisacrylamide 868-63-3 Aldrich
E Bisacryloylpiperazin 6342-17-2 Sigma
P1 (2-Nitro-1,3-phenylene)bis(methylene)diacrylate 1599460-50-0 Synthesized
1 Ethylenediamine 107-15-3 Merck
2 1,4-Diaminobutan 110-60-1 Aldrich
3 1,6-Diaminohexan 124-09-4 Alfa Aesar
4 Diethylenetriamine 111-40-0 Alfa Aesar
5 Triethylenetetraamine 112-24-3 Acros Organics
6 Pentaethylenehexamine 4067-16-7 Aldrich
7 3,3"-Diamino-N-methyldipropylamine 105-83-9 Aldrich
8 1,2-Diaminocyclohexane 694-83-7 Aldrich
9 1,8-Diamino-3,6-dioxaoctane 929-59-9 Acros Organics
10 1,13-Diamino-4,7,10-trioxatridecane 4246-51-9 Aldrich
1 1,4-Bis(aminopropyl)piperazine 7209-38-3 Aldrich
12 1,4-Phenylenedimethanamine 539-48-0 Merck
13 1,5-Diaminonaphthalene 2243-62-1 Aldrich
14 4,4'methylenedianiline 101-77-9 Aldrich
15 1,3-Phenylenediamine 108-45-2 TCI Chemicals
16 1,3-Diaminopropane 109-76-2 TCl Chemicals
17 2,2-Dimethyl-1,3-propanediamine 7328-91-8 TCl Chemicals
18 1,3-Diaminopentane 589-37-7 TCI Chemicals
19 2,2"Diamino-N-methyldiethylamine 4097-88-5 TCI Chemicals
20 Agmatine sulfate 2482-00-0 TCI Chemicals
21 1,4-Bis(aminomethyl)cyclohexane 2579-20-6 TCI Chemicals
22 4,4'-Methylenebis(cyclohexylamine) 1761-71-3 Aldrich
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CHAPTER V — CONCLUSION

1 DISCUSSION

Globally increasing prevalence and cost for treatments of chronic or non-healing wounds
together with associated medical complications are one of the most challenging issues for
healthcare systems around the world with wealth growing societies?86289. RNA-based therapies
have emerged recently as promising drugs for skin regeneration (Table 9). RNAi drugs as
microRNA and short interference RNA (siRNA) are very potent therapeutics due to their high
specificity and selectivity for targets that are independent of the cellular expression system, giving
the possibility to interfere in the regulation of any mRNA target!. Delivery vehicles are necessary
to protect RNAI therapeutics from degradation, to promote cell and tissue uptake3? and to avoid
toxicity. IFrom the discovery of the mechanism® until the clinical approval of the first siRNA drug
it took almost twenty years’. Most of the clinical studies with siRNA were performed without
carrier. Clinical trials with microRNAs reached maximum phase 118, so far. Failure of clinical
trials are associated to high toxicity (infusion/ immune reaction) and lack of efficacy. Strategies
for efficient RNA1 delivery are still limited due to obstacles related to cellular targeting and
intracellular delivery. The first clinically approved formulation for RNAi therapy comprises an

LNP-GalNAc siRNA formulation’, which was found through development of pH sensitive

libraries of lipidsm’li9 and lipid-like materials!58 (see also Table 6) in high-throughput screenings
for silencing firefly luciferase reporter in HeLLa cells. However, the endosomal escape of leading
LNP formulations for siRINA delivery was shown to be as low as 2% wm vitro and in vivo'29, limited
by a very short timeframe after endocytosis® and restricted to the liver as target organ. Despite
severe immune reactions®8!, LNPs and LNP-GalNAc conjugates are the most frequent carriers in
clinical trials with siRINA therapeutics (see analysis in Figure 4B). Therefore, it is imperative to
invest more in the development of non-toxic carriers for effective intracellular small non-coding
RNA delivery. Especially in the area of local and topical delivery to eye and skin for which more

than 70% of clinical trials are registered with naked siRNA. Nanoparticles allowing controlled

drug release through activation with an external trigger are intensively studied for this purpose .

Especially light-triggered materials seem to be promising for efficient i vivo delivery of bioactive

compounds and small non-coding RNAs!85:236,330,

This thesis focused on the development of a library of light-activatable, biocompatible

polymeric nanoparticles for the delivery of small non-coding RNAs as siRNA and microRNA.
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The main hypothesis of this thesis is that light-activatable nanoparticles allow precise control of
the timing and spatial release of the RNA molecule which in turn enhances gene silencing efficacy
and would accelerate translation of the technology. By using NP libraries with high diversity in
terms of chemical composition, size and geometry, formulations can be identified for enhanced
cell targeting. Lacking hypothesis of structures beneficial to increase endosomal escape of NPs
make the design and screening of NP libraries favorable to identify the most efficient carrier for
rapid and effective intracellular siRNNA release!'1.112. For this purpose, two libraries with high
physico-chemical diversity were designed to create light sensitive polymers, following two
synthetic strategies, including a (i) photo-cleavable linker as presented in Chapter 3, or a (ii) photo-

responsive antenna as described in Chapter 4.

For the library design we have selected Michael-type addition reaction, which gives the
possibility through a simple synthetic scheme and high diversity of monomers (hydrophobic,
hydrophilic, increased O-, N-content, bioreducible disulphide bonds) to synthesize polymers with
high physico-chemical diversity. Compounds identified in previous high-throughput screens were
included!:136,137. Most of the previous library screens for efficient gene (including DNAs and
RNAs) delivery vehicles prepared for the transfection polyplex!11.136.137.256 or lipoplex!12.158,159 by
mixing soluble polymers/lipid with the gene material. In this work NPs were produced from the
polymer libraries by nanoprecipitation. It is important to highlight, that in this work NPs were
synthesized before addition of small ncRNAs and no polyplex were formed. In order to achieve
light sensitivity of the NP, stability of the NPs needs to be dependent on the interaction with the
light sensitive compound. The photo-cleavable crosslinker (P1) and the photo-antenna (NVOC)
contain both a hydrophobic, aromatic ring. The hydrophobic-hydrophilic interactions between
hydrophobic photo-sensitive compound and hydrophilic (amine endcapped) polymer determine
stability and light sensitivity of the NPs, as shown in this work by substitution of crosslinkers with
different ratios of photo-sensitive P1 (Figure 28D), or different degree of amine substitution with
NVOC (Figure 45B). Highest rates of disassembly (80%, as percentage count decrease relative to
before light activation) were achieved when half of the crosslinker was substituted by P1 in two
formulations. 70% of the NP library respond to the light trigger with more than 75% count
decrease to the stimulus. For the photo-antenna library this population only comprised 30% of
the NP formulations. When analysing NPs with different rates of amine substitution with NVOC,
dissociation rates are almost similar (80-90%) between 4.5 and 20% of DS, but NP diameter
changes to more condensed NPs with highest DS (165 nm) and smallest fragments after photo-
activation and disassembly (2.2 nm). Comparing the NP populations with sizes below 300 nm in
both libraries, almost 60% of the NVOC library show diameters below 300 nm, whereas only

38% of the formulations of the P1 library are in that size range. These results indicate that
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hydrophobic-hydrophilic interactions and other intramolecular forces in NPs with NVOC are
stronger in comparison to P1 containing NPs, leading to generally smaller NPs with lower efficacy
in the light response with the same energy for activation. This issue requires further investigation.
The data shows in zeta potential measurements from both libraries, values accumulating around
12.8 mV with 10% of NPs above 25 mV. Most of those formulations are from the photo-antenna
library, predominantly composed of crosslinker A or G and diamines with high amine content
(triethylenetetraamine), aliphatic domains (1,4-bis(aminomethyl)cyclohexane) or aromatic
moieties (1,5-diaminonaphthalene). Through positive surface charge of the NPs, net negatively
charged small non-coding RNAs can be immobilised by electrostatic interaction on the NPs.
Mostly positive zeta potential translated in complexation efficacy of more than 75% of initially
applied siRNA (in ratio 1:50, wiw, siRNA:NP) for a third of the NPs. However, only few
correlations between both data sets exist. NPs with complexation efficacies above 90% are
predominantly constituted by crosslinker P1, C and diamines with higher amine content and
aliphatic moieties (triethylene tetraamine and 3,3‘-diamino-N-methyldipropylamine) in the

polymer backbone.

One of the innovative aspects of this work is the focus of the high-throughput screening
(HT'S) on short times of cell-material contact for transfection and the use of high-content imaging
for analysis. Previous library screens for RNAI transfection agents have been typically using single
or dual luciferase reporters to screen for luciferase silencing!!2157. In case of the dual reporter,
gene silencing and cell viability can be analysed from the same experiment!5>. In this work, high-
content imaging with automated image analysis was implemented to obtain cell-based
information about multiple parameters of bioactivity caused by siRNA conjugated NPs. Few
studies are published using HCI for nanoparticle mediated RNAI screening!?9. A model-system
of GFP reporter with Cy5-tagged anti GFP siRNA was used with nucleus and PI live cell stains,
to analyse GIP silencing, cell viability and internalisation from the same experiment by
multiparametric image analysis. Procedures for H'T'S were standardised starting from cell culture
and sample handling and several parameters were optimised, such as NP dose, ratio of siRNA:NP,
and HT light activation to boost GIFP silencing efficacy. Short timeframes for endosomal escape
identified in previous work from Sahay et al.? took us to carry out the screening with short times
of cell-material contact for transfection. Therefore, GFP silencing from NP@siRNA complexes
with incubation for transfection below 4 hours were analysed with a subset of the library
beforehand the screening. Those results showed, that 10 min of cell-material contact were
sufficient to cause 50% bioactivity achieved with 4 hours of transfection time with NP@siRINA
complexes. A commercial standard (Lipofectamine RNAIMAX) was used to compare transfection

efficacy directly. By using 20 pg/ mL NP@siRNA, and 10 min light activation at 365 nm, almost
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40% of the NPs from the library bearing the photo-antenna were identified with increased GI'P
silencing efficacy in comparison to a commercial transfection standard, without compromising
cell viability. Bioreducible C11 was identified with highest global gene silencing efficacy applying
the light trigger and two-fold increased silencing through light activation. In general, 18% of the
NPs were identified with higher gene silencing efficacy and modulation through application of the
light trigger. Constituted predominantly from crosslinker A or C and diamines with aliphatic
domains. This data shows that NPs from polymers containing an NVOC-antenna are highly
efficient transfection agents allowing temporal control over siRNA release. Irom the library with
the photo-cleavable linker less than 10% of the formulations were found with higher GFP silencing
efficacy as the commercial agent, with eight of those formulations showing increased bioactivity
after light activation. As in the NVOC-library, C (N,N’-cystaminebisacrylamide) is the
predominant crosslinker. The disulphide containing, bioredulacible crosslinker IN,IN’-
cystaminebisacrylamide was already identified in previous screenings to promote siRNA gene
silencing efficacy'™"*" "', From that library, PIC7 and P1C5 were identified as lead formulations
with high magnitude and temporal control over GIP silencing. One major difference between
photo-antenna bearing and photo-cleavable crosslinker libraries are the dissociation products.
Where NVOC is cleaved from the polymer chain, photo-activation of P1 causes fragmentation of
the polymer backbone. The hypothesis might be that those short polymer fragments can protect
the small non-coding RNA until loading in the RISC and consequently lead to higher GI'P
silencing efficacy. However, looking to overall response of the formulations, a higher quantity of
NVOC containing formulations shows increased GIP silencing efficacy in comparison to the
commercial agent, which would not support this hypothesis. Whereas, a formulation from the
photocleavable-crosslinker library was identified with absolute highest GIP silencing and
temporal control. This data also shows increased efficiency of siRINA delivery by using an external

trigger in comparison to internal stimulus sensitive materials only!65.166.168,

The present thesis is one of the first studies proving transfection with less than one hour
of cell material contact and early timepoints for endosomal escape and siRNNA release for
polymeric nanoparticles. After cellular internalisation, endosomal escape of siRNA carrying
formulations was shown to be the main parameter limiting siRINA bioactivity i vitro and in vivo??.
Internalisation of P1C7 (in HelLa cells) was shown to be driven mainly by scavenger receptor de-
pendent endocytosis. Vesicles from the endosomal compartment that release stRNA (using LNP
or lipoplex) were shown to recruit the autophagy marker galectin-8 within 15 min after
internalisation!30. Colocalisation of Cyb-tagged siRNA on P1C7 NPs with bright galectin-8
vesicles was visible after transfection and increased significantly until 60 min. For the commercial

agent this was not the case. Increasing galectin-8 recruitment (measured by colocalisation and
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galectin-8 particles) confirms endosomal escape of the formulation from transfection on. Analysis
of the mean area of siIRNA-Cy5 particles, high cellular internalisation of P1C7@siRNA-Cy5 was
demonstrated in comparison to Lipofectamine@siRNA-Cy5. Notably, the mean area of those
particles decreases about 50% right after light activation (0 min) and again about 50% 15 min
post activation. This data indicates disintegration of the NPs and possibly dilution of the signal

through release in the cytoplasm.

Library NPs are rapidly internalised in skin cells and show different tropism for specific
cell types. The most important cell types for reepithelialisation of wounded tissue are
keratinocytes, dermal fibroblasts and endothelial cells. For successtul application of light-
activatable RNAI therapeutics in skin regeneration, carriers need to be internalised in the cell
type, where RNAI targets alter cell function. Lead formulations from the high-content screening
were used and NP uptake in skin cells through colocalisation with endolysosomal compartment
after one hour of cell transfection was evaluated and compared to commercial agent and a non-
hit NP. The non-hit NP results are with generally higher magnitude in comparison to
Lipofectamine as commercial agent. We have identified one formulation without tropism for a
specific cell type (A10), one NP with tropism for endothelial cells (C11) and P1C7 with tropism
for migratory cells (keratinocytes and fibroblasts). Bioreducible C11, with almost six-fold increased
gene silencing efficacy relative to commercial standard and tropism for endothelial cells was
combined with PHD2 siRNA, a regulator of the hypoxic cell response. Microvasculature
disruption in injuries are the cause for ischemia, triggering HIF-1a signalling. PHD?2 silencing
causes HIF-la stabilisation and activation of hypoxia response with increased angiogenesis,
migration, proliferation through higher expression of VEGF and TGF-B among others.
Endothelial cell response after treatment with C11@PHD?2 and light activation was evaluated
and confirmed increased PHD?2 silencing through light activation by gqRT-PCR. Boosted
bioactivity of PHD2 siRNA released from Cl11@PHD2 NPs was observed in i vitro wound
healing and proliferation assays. Those results turn Cl11@PHD?2 a promising candidate to
accelerate wound healing in acute and chronic wounds i vivo and translation of the technology

for application in regenerative medicine.

Another novelty of this work is the application of a light-triggerable nanoparticle to
efficiently deliver microRINA for wound healing i vivo with only a single intervention. Few studies
are known with light activatable nanoparticles for i vivo micro-RNA delivery!85.235.351. Photo-
caged miR-92a showed limited potential in diabetic wounds, with no statistical differences in the
wound healing kinetics. Other studies involve NIR activated nanoparticles with inorganic Au
core, which could be an issue for clinical translation!85.331. Wound closure kinetics are dependent

on strongly migrating cells from the wound edge. The stimulatory effect of pro-migratory
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microRNA-150 was shown by treating human keratinocytes with P1C7@miR 150 NPs and light
activation. Pro- proliferative effect of miR-150%30 was inhibited to not dilute the signal. Without
application of the light trigger P1C7@miR150 shows similar migratory levels as transfection of
miR-150 with a commercial agent. This highlight the boost in bioactivity of the small RNA by
light activation. Accelerated wound healing kinetics 2 vitro were confirmed through treatment of
full thickness excisional wounds in an acute wound healing mouse model (with statistical
differences from day 1-5). Analysis of histological sections at day 10 showed progression to tissue
remodelling stage of all wounds in the treatment group. Sustained silencing of miR-150 target
MYB was confirmed by qRT-PCR in tissue at day 3. Those results show a novel strategy and high

translational potential of light-activatable NPs to deliver topically non-coding RINAs.

This thesis describes a powerful platform with the first light-activatable nanoparticle
library with remote activation and efficient i vivo non-coding RNA delivery in wound healing.
Lower doses and significantly less material-cell contact is needed for efficient cell transfection and

only one administration is necessary to create high bioactivity i vivo.
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2 FUTURE WORK and PERSPECTIVE

One major contribution of this work is the demonstration of rapid transfection of different
kind of cells. The material developed also serves as platform for transfection of cell lines, primary
cells and hard to transfect cells (as shown by transfection of keratinocytes). Hereby strategies of ex
viwo treatment with RNAI and re-implantation cells are possible to reprogram a diseased cell

phenotype. For instance, by treatment of EPCs with NP conjugated to miR-155. Ex vivo treatment

of pre-miR-155 was already shown to revert cellular malfunction of CD347 cellsss,

To better understand mechanisms of endosomal escape of polymeric siRNA and
microRNA carriers, live cell imaging experiments following galectin-8 recruitment need to be
conducted for longer time to clearly identify the full window of endosomal escape and from which

time on NP@ siRINA formulations stay trapped in the endolysosomal compartment.

This work shows successful delivery of siRNA and microRNA with increased bioactivity
after light activation. Through the structural and physico-chemical diversity, immobilisation of
many kinds of RNAs (i.e. sgRNA for CRISPR/Cas gene editing®68) are possible. Recently mRNA
have emerged as therapeutic tool for reprogramming disease phenotypes!®’. New screening
technologies for mRNA delivery for LNPs were developed!#. The screening of polyplex using the
photo-triggerable PAA library developed in this work shows promising results i vitro for cellular

reprogramming.

The results presented here are an exciting first step towards the translation of light-
triggerable polymeric carriers for RNA-based therapeutics delivery. The next steps to bring this
technology from bench to the market are extensive toxicity tests to accomplish data required from
regulatory authorities. As well as  viwvo application in a clinically relevant context. For the use of
P1C7 conjugated to miR-150 in a chronic wound healing model (such as full thickness excisional
wounds in diabetic mice) we predict significant results in comparison to commercial agents for
miR-150 delivery. In general, we envision topical application of the formulation which could be,
for light penetration reason, to the eye or the skin. For ocular application (immobilised in a matrix
or by intravitreal injection), ambient UV could be sufficient for sustained release of therapeutic

small non-coding RNAs. Antunes et al. describe the use of a photo-cleavable linker where ambient

UV is sufficient to promote photo-cleavage in a hyaluronic acid gelgm. Furthermore, depending
on the application, NPs with different light responses can be selected from the libraries. Especially
for an application as wound healing, where the biological response follows a well-orchestrated

process, combinations of bioactive molecules in a defined temporal pattern are interesting. Mainly
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for microRNAs, that show very defined temporal pattern3#5. Therefore, NP formulations with
different release profiles can be selected and combined with the corresponding bioactive molecule

to achieve superior biological activity, fitting with natures’ orchestra.

This work shows the successful development of a potent system for spatio-temporally
controlled RNAI therapeutics drug delivery i vivo to their target site with high bioactivity. Barriers
and limitations for RNAI delivery can be overcome with light-triggerable polymeric NPs, paving

the way for the translation of RNAi therapeutics to the clinic.
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