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Introduction

1 Introduction

This chapter is intended to provide a concise introduction into the topic of therapeutic
nucleic acids and their application fields to contextualize the experimental data
presented in the thesis within a broader framework. It does not aim to comprehensively

address the entire scientific field.

1.1 Nucleic acid therapeutics: Challenges and Opportunities in nucleic acid
delivery

Nucleic acid therapeutics have emerged as a groundbreaking advance in modern
medicine, once the molecular structure of nucleic acids was unraveled [1, 2]. This
discovery paved the way for the identification of genes associated with diseases [3],
offering the potential to address a myriad of genetic and acquired diseases, such as
infections, various forms of cancer and genetic disorders at their root cause [4, 5].
These therapeutic agents, including DNA, mRNA, siRNA or genome editing tools such
as CRISPR-Cas9, have the ability to precisely modulate gene expression, correct
genetic mutations, and influence a variety of cellular processes [6-8]. In recent times
there has been an increasing number of clinical trials and market approvals for such
therapeutic approaches [5, 9-11]. However, while the potential of nucleic acid
therapeutics is immense, realizing their full capability depends on overcoming the

substantial challenges associated with effective delivery [6].

Several critical factors play a role in the translation of various approaches into clinically
viable nucleic acid therapeutics [12]. The core challenge resides in the efficient and
precise delivery of nucleic acids to the target cells and tissues. It is essential to
recognize that nucleic acid delivery is not a one-size-fits-all endeavor and different
cargos impose distinct requirements on their carriers [13-15]. The requirements for
delivering nucleic acids can vary significantly based on the specific therapeutic goals.
In the end, the drug product should be biocompatible, exhibit adequate extracellular
stability while maintaining intracellular release of the nucleic acid in its active form at
the target location and overcoming various extra- and intracellular barriers depending
on the route of application. Therefore, nucleic acids, characterized by their
comparatively large size, negative charge, and limited biological stability, require
suitable delivery systems for cargo protection and stability [6, 16, 17]. In the past,
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Introduction

clinical gene therapy trails have mostly been delivered using viral vectors [5], while

non-viral formulations, have been less prevalent [10, 18].

Synthetic cationic polymer- or lipid-based nanocarriers, including polyplexes,
lipoplexes, and lipopolyplexes [19], have been explored as non-viral delivery system,
but also more complex formulations such as LNPs have gained recognition in recent
years. LNP-based mRNA vaccines have shown promise in addressing the COVID-19
pandemic [20, 21], siRNA LNPs have reached the market as RNAi Therapeutic, for
Hereditary Transthyretin Amyloidosis [22], and Cas9 mRNA LNPs have been
successfully used for in vivo genetic correction by CRISPR Cas9/sgRNA in patients
[23].

1.2 Nonviral delivery of nucleic acids

1.2.1 Requirements on carriers and delivery systems

Efficient nucleic acid delivery is a major bottleneck in the translation of therapeutic
nucleic acid formulations into clinical practice [6]. Crucially, effective nonviral nucleic
acid delivery demands carriers or delivery systems that possess several essential
attributes, such as stability to protect nucleic acids from degradation, and the capacity
to efficiently facilitate cellular uptake, endosomal escape and cargo release inside the
cell [24-26]. Additionally, these carriers must be biocompatible, non-immunogenic, and
ideally, capable of targeting specific cells or tissues with precision. Synthetic carriers
have more and more emerged as essential tools for achieving these goals, offering
several advantages over viral vectors, such as less induction of immune system,

versatility in size and design of the carrier and better production upscaling [27-29].

To meet the diverse requirements of nucleic acid delivery, nonviral carriers and delivery
systems should provide protection for the fragile nucleic acid cargo from enzymatic
degradation and rapid clearance from the blood stream, as already mentioned. This is
crucial to ensure the stability and integrity of the cargo, provide protection against
nucleases and increase circulation time. The interaction between negatively charged
nucleic acid and positively charged carrier plays an important role for nucleic acid
complexation within nanoparticles [6]. This process is driven by entropy and results in

the formation of nanoscale complexes (e.g. polyplexes) [30]. The size, shape and
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surface chemistry of nanoparticles play a decisive role in systemic administration,
significantly influencing pharmacokinetics and biodistribution [31]. Particles smaller
than 10 nm get directly cleared by the kidneys [32, 33], whereas particles larger than
200 nm undergo rapid removal from the bloodstream via the reticuloendothelial system
(RES) [34, 35], or accumulate in tumors with high vascularity due to the enhanced

permeability and retention (EPR) effect [36].

A billion years of evolutionary defense mechanisms aimed at preventing invading
RNAs from entering cells had to be overcome [37]. However, these carriers must be
still capable of promoting cellular uptake by endocytosis, as their size, charge and
hydrophilicity prevent passive di f f(Rigsire
1). Endosomes also consisting of a lipid bilayer, capture 99% of the cargo, often
permitting only 1% to escape [38, 39]. Inside the endosomes, the pH gradually drops
to pH 6.0 in early endosomes up to pH 5.5 in late endosomes, which results in
endosomal rupture or endosomal escape followed by cargo release [40]. This implies
both the efficient transport of nucleic acids across the cell membrane and their cargo
release inside the cell, where they can develop their biological effects. LNPs, for
example, exhibit neutral surfaces in plasma, but with an ideal pKa of 6.4, they become
selectively cationic charged in the acidic environment within endosomes, thereby

facilitating endosomal escape [9, 40, 41].
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Figure 1. Nonviral transfection process. Cellular uptake of a nonviral carrier system (e.g.
LNPs) via endocytosis, followed by endosomal escape and release of the different cargos
(mRNA, siRNA, pDNA). Created with BioRender.com

As mentioned above, cell membrane lipid bilayers serve as the primary barriers for the
efficient transport of large and negatively charged nucleic acids. To enhance cellular
internalization, electrostatic interactions between the cell membrane and nanoparticles
can be employed. However, endocytosis is generally less specific and effective than
passive targeting via receptor-mediated uptake [42]. A convenient strategy to promote
efficient and target specific cellular uptake is the incorporation of targeting ligands,
such as peptides, glycopeptides or antibodies to the carrier system. These ligands can
be chosen from receptors that are overexpressed in cancer or target cells [43, 44].
These targeted nanoparticles can accumulate in the appropriate tissue and then
selectively reach target cells, thus reducing off-target effects and minimizing potential
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side effects. Another advantageous feature for delivery systems is the bio-responsive
adaption of their properties based on stimuli, such as changes in pH, redox potential,

or temperature [45].

A notable recent hurdle is the weak in vitro/in vivo correlation, emphasizing the
limitations of cell culture testing for therapeutic application [46-48]. Formulations that
demonstrate strong in vitro activity can perform completely different in vivo, and relying
on in vitro studies to select best-performing carriers may exclude highly efficient in vivo
candidates [49]. Via intravenous application, nanoparticles are confronted with various
additional hurdles not present in vitro. Once entering the blood, blood components lead
to the formation of a protein corona, which modifies physicochemical characteristics,
biological and pharmacokinetic activity and toxicity of the nanoparticle [50, 51]. This
biological coating can even conceal the intended effects of the nanopatrticle in vivo and
lead to a loss of function [52]. Additionally, plasma proteins and blood cells in biological
environment can effect nanoparticle aggregation [53]. Functionalizing nanoparticles
surfaces with e. g. PEG as shielding agent can mitigate unspecific protein corona
formation and decrease aggregation. This stealth effect improves particle durability
and decreases immunogenicity by escaping immune system recognition and clearance
[54-56].

1.2.2 Approaches for synthetic carrier optimization

Viruses have evolved diverse tactics to enter cells and transfer nucleic acids by
biological evolution. Since they are synthesized inside cells using naturally occurring
nucleotides and amino acids, their chemical composition is constrained. By using a
range of synthetic molecules, delivery methods can be developed that exceed natural
limits of viral evolution [57]. Nevertheless, viruses as highly effective delivery systems

serve as templates for artificial nucleic acid carriers that mimic viral behavior [58].

Employing precise synthetic techniques, such as solid phase peptide synthesis
(SPPS), libraries of carriers with defined sequences can be methodically generated
and their structure-activity relationships can then be identified through high-throughput
screenings [59-61]. These strategies pave the way for chemical evolution of sequence

defined, virus-inspired delivery systems [14].

11



Introduction

There are multiple different options, especially in the formulation of LNPs, beginning
from molar ratio variations up to the use of different helper lipids and ionizable
lipids/carriers, which make the formulation development very complex. Even slight
variations in the formulation process can impact physicochemical, biological or
pharmacological properties, which in turn affect the reproducibility [62]. The many
variables impede to systematically examine all possibilities. Carrier optimization
requires understanding critical factors that contribute to product variability to ensure
their control or elimination, according to the Quality by Design (QbD) approach [63,
64]. Design of Experiments (DoE) tools as statistical analysis can be applied to
systemically optimize nanoparticle formulations by establishing mathematical
connections between the influencing factors of a process and its resulting output [65,
66]. Further approaches such as in silico methods can virtually predict and evaluate in
vivo activity of infinite carriers via machine learning techniques [67]. These strategies
lead to systematically enhanced, specific and precisely optimized carriers for nucleic

acid delivery.

1.2.3 Lipid nanoparticles as lead nonviral delivery system

LNPs represent a promising and versatile class of nonviral nanocarriers that have
recently attracted appreciable attention in the field of drug delivery and gene therapy
[68]. Their origin lies in the development of liposomes containing lipids, organized in a
bilayer structure, which separates the interior aqueous solution from the exterior [69,
70]. LNPs as enhanced version of liposomes with a liposome-like structure are
composed of four lipids, which form more complex particles (Figure 2). The
incorporation of ionizable cationic lipids leads to strong electrostatic interactions with
the negatively charged nucleic acids, resulting in highly efficient encapsulation inside
the particle, and simultaneously facilitating endosomal escape and nucleic acid release
intothecytoso. PEG | i pids affect LNP’'s pduetothel e si :
hydrophilic steric PEG chains reaching outside the par t i ¢ | e '. Besideuhatfthayc e
influence blood circulation, biodistribution and immune response. Cholesterol
stabilizes lipid bilayers by filling in gaps between phospholipids, resulting in narrowing
the lipid bilayer and decreasing particle permeability and leakage. The last component

is a phospholipid, which stabilizes transitional structures during membrane fusion and

bilayer disruption [71, 72]. Therefore, the unique property of LNPs lies in the efficiently
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transport of various bioactive molecules, such as small molecule drugs, nucleic acids
(PDNA, mRNA, siRNA, sgRNA) and proteins to specific target sites within the body
[73].

Liposome Lipid Nanoparticle

PEG lipid

lonizable lipid

Cholesterol

§ Phospholipid
i
o5

Figure 2. Liposome vs lipid nanoparticle. Liposomes consist of a ring of phospholipid bilayer
surrounding an internal aqueous core. LNPs comprise a single phospholipid outer layer
encapsulating multilayer cores, resulting from electrostatic complexation between ionizable

lipids and nucleic acids.

The initial demonstration of the in vivo efficiency of LNPs focused on silencing genes
in hepatocytes through i.v. administration of siRNA [74]. This pioneering study utilized
the ionizable cationic lipid DLinDMA. The choice of the cationic lipid was found to be
crucial [41], initiating an extensive research effort in lipid synthesis. This effort led to
the discovery of DLin-MC3-DMA, which has become the widely recognized "gold
standard" cationic lipid for gene silencing in liver cells and was used in the first FDA
approved siRNA drug Onpattro (Patisiran) for the treatment of hereditary transthyretin
amyloidosis [22, 75].

The development and widespread use of LNPs have been facilitated by their
biocompatibility, stability, and ease of functionalization for tailored applications. This
versatility has made LNPs a focus of pharmaceutical research, with emphasis on
optimizing their structure and composition for improved drug delivery efficiency. LNPs

have shown remarkable potential in overcoming some of the challenges associated
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with traditional drug delivery systems, including poor solubility, rapid degradation, and
nonspecific distribution in the body [71]. Furthermore, LNPs are capable of protecting
encapsulated cargos from enzymatic degradation, enable targeted delivery by surface
modifications, and improve cellular uptake. All of these are crucial factors in improving

therapeutic outcomes while minimizing adverse effects [76].

In order to supply the high demand of LNP-based drug products, a highly reproducible,
scalable and rapid production technology is required. Microfluidics as nonturbulent
mixing technique meets all of these requirements and enables the control of
physicochemical properties and the production of homogenous, size-controlled LNPs
[77,78].

1.3 Aim of the thesis

Nonviral gene therapy has attracted increasing attention as a new and safe delivery
method compared to viral vectors. While polymeric gene delivery has a history
spanning over half a century, more and more lipid-based therapeutics have captured
the market in recent years, starting with Patisiran (Onpattro™) in 2018 [6, 22]. Although
showing promising clinical effects, the development of safe and effective LNPs as
delivery systems faces several challenges, particularly in their design and production.
Continuous optimization of lipids, molar ratios, lipid compositions and manufacturing
techniques resulted in progressively enhanced efficiency. Comprehension of delivery
steps and understanding of the specific requirements of different nucleic acids and
targets for their carriers forms the basis for this improvement. Searching for the optimal
conditions and finding the best individual solution for the appropriate scientific problem

by adjusting the right variables, is the key issue [79].

Aim of the thesis was to develop a lipid nanoparticle mediated delivery system for
nucleic acid delivery, in particular for mMRNA. For this purpose, a library of sequence
defined carriers with different topologies should be generated via SPPS as described
in Thalmayr et al. [80]. In general, all synthesized carriers should have a cationizable
polar domain (Stp) for FLuc mRNA complexation and a pH-dependent cationizable
lipidic domain (LAF) for lipidic integration into the particle and improved intracellular
release. The structures of these carriers should differ in topology (U-shape, bundle), in

hydrophilic/lipophilic balance within the carriers and in LAF type. The most obvious
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approach should be to compare ourselves with two of the most popular and efficient
ionizable lipids, DLin-MC3-DMA, which is used in Patisiran, and SM-102, the lipid in
the Moderna vaccine as part of the global COVID-19 pandemic, as well as unsaturated
oleic acid instead of the LAF motif. Deeper understanding of the role of helper lipids
(cholesterol, phospholipids, PEG lipids) should be necessary to find the best selection
and combination for the LNP composition, particularly as helper lipids also have an
effect on particle behavior. Additionally, the formulation procedure (mixing technique,

dialysis vs dilution, etc.) depending on the application was to be figured out.

The next important step should be to test and evaluate different molar lipidic and N/P
ratios. Through comprehensive screenings of the synthesized library, including
physicochemical characterization (size distribution, zeta potential, encapsulation
efficiency, apparent surface pKa, stability), biological evaluation in different cell lines
(tumor cell lines, macrophages and dendritic cells) and mechanistic studies on
endosomal escape, the best performing candidates should be identified. Moreover, in
vitro studies in the presence of full serum should be performed for a better in vivo
prediction. The most efficient carrier of each topology should then be compared with
the gold standards DLin-MC3-DMA and SM-102 in vivo by intravenous application in
tumor-bearing A/J mice and the organ specific mMRNA expression was to be evaluated.
Based on these results, the best candidate should be chosen for eGFP mRNA delivery
in tumor-free A/J mice aiming to characterize the cell type specific transfection

efficiency of immune cells in the liver, spleen and lungs.
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Abstract

Optimizing synthetic nanocarriers is like searching for a needle in a haystack. How to
find the most suitable carrier for intracellular delivery of a specified macromolecular
nanoagent for a given disease target location? Here, we review different synthetic
‘“chemical evolution’ strategies that have be
been generated either by unbiased combinatorial chemistry or by variation and novel
combination of known functional delivery elements. Like in natural evolution, definition
of nanocarriers as sequences, as barcode or design principle, may fuel chemical
evolution. Screening in appropriate test system may not only provide delivery
candidates, but also a refined understanding of cellular delivery including novel,
unpredictable mechanisms. Combined with rational design and computational
algorithms, candidates can be further optimized in subsequent evolution cycles into
nanocarriers with improved safety and efficacy. Optimization of nanocarriers differs for
various cargos, as illustrated for plasmid DNA, siRNA, mRNA, proteins, or genome-

editing nucleases.
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2.1 Introduction

Nucleic acid and/or protein macromolecule-based nanomedicines present an exciting
avenue in medical care. Within the last three decades almost three-thousand gene
therapy clinical trials have been performed, and at least nine gene therapy products
reached medical market authorization, see [5] and http://www.abedia.com/wiley.
Furthermore, at least eight oligonucleotide [10] and one siRNA [11, 22] drug products
have been approved by the major medical agencies, and numerous clinical trials have
reached advanced stages. All these macromolecular products depend on their
successful intracellular delivery, which still appears as a critical bottleneck. It is not
surprising that the current gene therapy products all are containing viral vectors or
genetically modified cells. After a continuous struggle and refinement over thirty years,
the development of effective retro/lentiviral vectors, adenovirus-associated viral (AAV)
vectors or other viral vectors has paved the way towards approved medical drugs. In
distinction, the marketed antisense agents (oligonucleotides) and RNA interference
agents (siRNAs) all are synthetic nucleic acids. Here as well, advances in delivery
chemistry have triggered the medical breakthrough [10, 81]. The design of lipid
nanoparticles (LNPs) for delivery into hepatocytes [71] was the basis for the first
marketed siRNA drug, Patisiran [22]. Recently, the design of asialoglycoprotein
receptor (ASGPR) targeted, chemically completely modified siRNA conjugated with tri-
(N-acetyl-galactosamine) ligand opened another way for liver-specific RNA
interference therapy [82, 83]. Both LNPs and ASGPR-targeted siRNA conjugates are
tested in advanced clinical studies where the target gene is located in liver
hepatocytes. The medical efficacy of such nanomedicines is remarkable, considering
that often only a small fraction (~1%) of active agent reaches the molecular target
location [84], which usually is the cytosol, sometimes the nucleus of target cells. A
further refinement of delivery carriers, especially for target tissues outside the liver, will

have a tremendous impact on future nanomedicines.

Reasons for the slow progress in delivery of macromolecules are manifold. First of all,
apart from recombinant proteins, macromolecular drugs present a new development
challenge for pharmaceutical industry; synthetic and analytical tools had to be steadily
developed to meet the requirement for macromolecule design at pharmaceutical grade
and scale. Secondly, the different phases of extracellular and intracellular delivery

demand bioresponsive actions of carriers, to alter their biophysical properties in a
18
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dynamic (pH-, redox- or enzyme-sensitive) mode [45, 85-91]. Thirdly, recent
experience tells that different macromolecular cargos (proteins, siRNA, mRNA, pDNA),
often with different intracellular target sites, may require different carriers [13, 15, 92-
95]. And fourth, the various different target organs and cells, and the different
therapeutic modes (transient or permanent action) dictate different requirements to
nanocarriers; optimization for ex vivo delivery into cultured cell most likely will not
correlate with optimal in vivo delivery [96]. Reflecting all these hurdles, how can we
optimize macromolecular drug delivery? Here we report on recent strategies to
overcome the mentioned challenges, with the main focus on chemical evolution
approaches toward optimized delivery of intracellularly active nucleic acid or protein

therapeutics.

2.2 Chemical evolution of delivery nanoagents

Nature designed viruses as highly potent intracellular delivery agents, based on only
four different nucleotides, twenty amino acids, in many cases also lipids and
carbohydrates. With such a restricted chemical space of building blocks, and the
requirement to assemble viruses under aqueous physiological in vivo conditions and
di sassemble them again unde+diisasdemblcy ndartad
one might predict that synthetic nanoparticles generated under optimized chemical
conditions utilizing numerous chemical building blocks might be far more effective. The
impediment to design such optimized nanoparticles simply resides in the lack of
knowledge about the perfect combination of building blocks. Random testing even of
only a fraction of possible combinations of building blocks and their fast recycling would
not result in optimized nanoagents within reasonable time. How did nature develop
viruses and even more sophisticated, living structures? To our knowledge, the
ingredients have been: i) defining structures in form of precise sequences, ii) storage
(and reproduction) of this sequence information (via the genetic code), iii) subtle
stochastic changes of this information with reproduction and time, and iv) a lot of time.
It took natural evolution on earth several hundred million years to develop the first living

organisms [97].

Artificial evolution strategies on an accelerated time scale are expected to be key

measures for optimizing synthetic nanoagents. This may involve rational design of
19
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building blocks based on a better understanding of the delivery process, combined with
empirical screening of diverse chemical compound libraries, computational prediction
by machine learning algorithms, virtual screening and, last but not least, storage of
information on the precise molecular structure of the evolved nanoagents. In the
following, examples of rational designs and evolution-based designs of different carrier

types are presented, for illustrating the current stage of chemical evolution of delivery

nanoagents.

1996: 2005: 2006: 2011: 2017: 2015:

Cetailed analysis || Highly Solid-phase Solid-phase Barcoded Constrained

of structures and || branched HK || supported polymer || synthesis of nanoparticles for Nanoparticles

formulations of peptides are synthesis of sequence-defined high throughput in || Deliver siRNA and

cationic lipids for || effective sequence-defined, T-, i-, and U-shape vivo discovery of sgRNA to T Cells

efficient gene carriers of multifunctional polymers for pDNA || targeted In Vivo without

transfer to the SiRNA poly(amido- and siRNA delivery || therapeutics Targeting Ligands

lung aminas)

1996: 2001: 2010: 2016: 2017 2019:

Characterization Accelerated Quantized folding || Virus- Library Design- Reducible Branched

of vectors for discovery of of plasmid DNA Inspired Facilitated High- || Ester-Amine

gene therapy synthetic condensed with Polymer for Throughput Quadpolymers

formed by self- transfection vectors: || block catiomer Efficient In Sequencing of (rBEAQs) Codelivering

assembly of DNA || parallel synthesis and| | into characteristic || Vitro and In Synthetic Plasmid DNA and RNA

with synthetic screening of a rod structures Vivo Gene Peptide Libraries || Oliganucleotides

block co-polymers || degradable polymer || promoting Delivery Enable CRISPR/Cas9
library transgene efficacy Genome Editing

Figure 1. Schematic timeline of synthetic evolution strategies. Titles of representative reports

which are discussed in the following sections and also can be found in the list of references.

2.2.1 Molecular conjugates

Initial efforts in intracellular delivery of RNA and DNA focused on transfection reagents
such as poly(L)lysine (pLys), polyarginine, polyornithine, or DEAE-dextran [98-100].
These polycationic carriers can electrostatically bind, compact and protect the nucleic
acid in form of nanoscaled polyplexes [6, 19]. Complexation of negatively charged
nucleic acid with a small excess of carrier results in supercharged nanoparticles with

positive surface charge, most convenient for enhanced cell interaction and nonspecific
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intracellular uptake [101, 102]. Intracellular release from endocytic vesicles such as
endolysosomes was identified as a critical delivery hurdle for the majority of carriers
including polylysine [103], but less critical for endosomal cationizable carriers such as
polyethylenimine (PEI) [104]. Several polycations were found to be toxic due to
unspecific interaction with biomolecules [105, 106] and lack of degradability. These
kinds of observations stimulated the search for biocompatible cationic backbones,

which are more effective in intracellular release and biodegradability (see below).

A different direction in optimization has been the modification of basic carriers such as
pLys with other delivery modules [107]. Modules can be receptor-binding targeting
ligands, nanoparticle surface shielding domains, or lipid membrane-disturbing agents.
To enhance endosomal escape into the cytosol, molecular conjugates with membrane-
destabilizing peptides [58, 108, 109], or defective viral particles [110-112] were
designed. To increase cellular receptor-specific uptake, molecular conjugates with
targeting ligands were synthesized [113, 114]. Despite encouraging proof-of-concept
studies, incorporation of ligands neither guarantees in vivo target specificity nor target
receptor binding due to protein corona formation on the nanoparticle [115]. Thus,
incorporation of hydrophilic surface shielding modules [116], including polyethylene
glycol (PEG) [53, 117-124], poly[N-(2-hydroxypropyl) methacrylamide] (pHPMA) [125-
127], hydroxyethyl starch [128], hyaluronic acid [129-131], or polysarcosine [132-134]
often enhanced in vivo bioavailibility and also reduces toxic unspecific interactions.
The mentioned delivery modules (compaction, shielding, targeting, endosomal
escape) do not necessarily synergize [135]; for example, shielding may antagonize
endolysosomal membrane destabilization. For this purpose, dynamic molecular
conjugates and polyplexes were generated, which disassemble in specific (acidic,
enzymatic or bioreducing) microenvironments [45, 88, 136-140]. In a nutshell, such
carrier conjugates imitate virus-like cell entry processes [141, 142]. Encouraging
therapeutic efficacies were demonstrated in several preclinical tumor models, such as
described in [143-149]. Despite their high complexity, several of these molecular
conjugate polyplexes reached the stage of application in human clinical studies [121,
150-152]. Nevertheless, conjugation of two or more macromolecules (polymers,
proteins, peptides) usually presents a chemical challenging process with polydispersity

in backbones and ill-defined conjugation sites or topologies; technical alternatives
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include the design of high-precision polymers or defined lower molecular weight

chemical entities.

2.2.2 Poly amino acid diblock polymers

In thoughtful and systematic studies, Kataoka and collaborators designed PEG-
polycation block copolymers for chemical evolution of pDNA, siRNA and mRNA
polyplexes. PEG blocks were found to significantly affect nanoparticle shape,
condensation, and transcriptional availability of pDNA [153-156]. PEG-pLys packages
the pDNA into rod structures, with a quantized length of pDNA folding by n times [153].
PEG shielding increased blood circulation time, but reduced transfection efficacy
because of hampered cellular uptake. Systemic treatment with cRGD-targeted
polyplexes with a rod length below 200 nm displayed antitumor efficacy against
pancreatic cancer, whereas polyplexes with higher rod length, despite superior blood
circulation, had negligible antitumor efficacy [154]. PEG-pLys with acid-labile linkage
were applied to generate rod-shaped pDNA polyplexes, which under acidic conditions
experience a removal of PEG from the polyplex and a dynamic change to compacted
globules [155]. Further chemical evolution involved a series of PEG-pLys block
copolymers with differing molecular weights of both pLys and PEG segments, for
obtaining a refined understanding of pDNA packaging and gene transfer activity (see

also section 3.1).

In order to replace pLys with more effective cationic delivery carriers, Kazunori Kataoka
and colleagues amidated PEG-poly(aspartic acid) (pAsp) with various
oligoethylenimines [157-160]. Diethylene triamine (DET) modified PEG-pAsp(DET)
polyplexes showed a high biocompatibility and good diffusion into tissue as
demonstrated in multi-cell spheroids [158]. For siRNA delivery, steroyl groups were
introduced into pAsp(DET) [160]. Comparison of the various oligoamine side chains,
an ‘-eden rkidum’'2) was established based on the differing pK values
affecting endosomal buffering and escape. Polymers containing DET or tetraethylene
pentamine (TEP) providing (after amidation) even units of protonatable aminoethanes
showed best efficiency in pDNA transfections [161]. For mRNA delivery, this rule was
unclear and was valid only for transfection levels at 12 hours (DET and TEP best); after
48 hours, the odd repeat triethylene tetramine (TET) displayed best transfection
efficacy, followed by TEP [162]. For intravenous delivery of messenger RNA (mRNA),
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t h e -terminus of the PEG-pAsp(TEP) block copolymer was provided with a
cholesterol moiety to increase the polyplex stability by hydrophobic interaction. Upon
intravenous injection, MRNA polyplexes showed enhanced blood circulation in
comparison to Chol-free polyplexes. PEG-pAsp(TEP)-Chol based delivery of mRNA
coding for the anti-angiogenic protein sFIt-1 inhibited growth of subcutaneous

implanted pancreatic cancer in mice [163].
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side chains lead to higher endosomal buffer capacity (due to change of protonation between pH 7.4 and

pH 5.5) and higher transfection efficiency than odd numbered ones [161].

2.2.3 Multi-block copolymer libraries

Based on the efficiency of reversible addition-fragmentation chain transfer (RAFT)
polymerization [164, 165] multifunctional transfection block copolymers can be
synthesized with good yields and low polydispersity. In this field, initial nucleic acid
delivery studies were made with polymethacrylates [166-172] such as cationic poly[(2-
dimethylamino)ethyl methacrylate] (pDMAEMA), or poly[(2-trimethylamino)ethyl
methacrylate] (P TMAEMA), often prepared as co-blocks with hydrophilic pHPMA or
PEG for improved biocompatibility and improved polyplex circulation in blood. A library
of defined methacrylate polymers bearing pendant primary, secondary, and tertiary
amino groups was synthesized using monomers (2-aminoethyl)-methacrylate, N-
methyl-(2-aminoethyl)-methacrylate, or N,N-dimethyl-(2-aminoethyl)-methacrylate,

respectively, in order to determine the effect of the amino substitution on pDNA
23
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transfection [173]. Studies on cellular uptake and intracellular release suggested
endosomal release effective via pore formation in lipid-membranes, where
methacrylate-based polyplexes with a high primary amino group content mediated the
best pDNA transfection, and polyplexes with tertiary amino groups the lowest pDNA

transfection.

The group of Suzie Pun designed stabilized dual responsive nanoparticles for pDNA
delivery in vivo [174]. The polyplexes were based on a ternary amphiphilic block
copolymer containing a disulfide-linked hydrophobic polycaprolactone (pCL) block, a
pH-sensitive tetraethylene pentamine (TEPA)-modified poly(glycidyl methacrylate)
block, and a hydrophilic oligo(ethylene glycol) monomethyl ether methacrylate
(OEGMA) block (Figure 3A). The pOEGMA block provides polyplex shielding in the
blood circulation, the pCL block provides hydrophobic polyplex destabilization until
intracellular disulfide cleavage, and the TEPA block endosomal cationization and
endosomal escape. Subsequent work of the same lab optimized endosomal release of
pDNA polyplexes by synthesizing VIPER (Figure 3B) [175]. Thi sinspiredi r us
pol ymer for endosomal rel ease’ presents a
polycationic pDMAEMA for binding and compaction of DNA, a pOEGMA block for
shielding, a pH-sensitive poly(2-diisopropylaminoethylmethacrylate) pDIPAMA block,
and a neighboring poly(pyridyl disulfide ethyl methacrylate) pPPDSEMA block. The latter
activated disulfide block was coupled with lytic melittin peptides. Upon endosomal
acidification the pDIPAMA block undergoes a transition from a hydrophobic to a
hydrophilic phase, thus exposing the melittin peptides of the neighboring block in the
endolysosomal compartment; this triggers endosomal membrane disruption and
polyplex escape into the cell cytosol. Upon intratumoral administration VIPER
facilitated pDNA delivery into KB tumors in mice. The carrier was also found effective
for siRNA delivery and gene silencing in lung [176]. In further evolution, the same
research lab successfully replaced melittin with other Iytic peptides [177]. The
endosomal responsiveness of pDIPAMA derivatives was utilized for nucleic acid
delivery also by other investigators, for example in the design of siRNA micelleplexes
for cancer immunotherapy by Yaping Li, Haijun Yu and collaborators [178, 179].
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Figure 3. Block co-polymers based on methacrylate backbones. (A) OEGMA terminal triblock
copolymer (PCL4o-SS-P(GMA-TEPA)se-P(OEGMA)+1 [174]. (B) VIPER [175].

pDNA polyplexes may face the dilemma of insufficient stability in the blood circulation
on the one hand, but at the same time limited release of pDNA from polycationic
carriers inside the target cell. Therefore, in addition to chemically stable
polymethacrylate polycations, also dynamic degradable analogues were synthesized.
For example, Kwon and colleagues applied acid-degradable cationic ketal-linked
methacrylamides, which were photo-polymerized in the presence of pDNA. Polyplexes
under acidifying endosomal conditions lose the cationic groups of the polymethacrylate
carrier, which enhances cargo pDNA release and pulmonary gene transfer after
intratracheal delivery in mouse lung [180]. To address the *polypl
slightly different manner, Cheng et al [181] designed the pH-sensitive triblock
copolymer p(PMA-PMBA)-b-p(OEGMA-DMAEMA), consisting of poly(propargyl
methacrylate-graft-propyl-(4-methoxy-benzylidene)-amine)-block-poly(oligo(ethylene
glycol) monomethyl ether methacrylate)-co-poly(2-(dimethylamino)ethyl
methacrylate). The hydrophobic p(PMA-PMBA) domain enhances polyplex stability at
physiological neutral pH. Upon endosomal acid-catalyzed cleavage of benzaldimines
the domain undergoes a hydrophilic transition, thus enabling the release of pDNA. In
comparison to the pH-stable analogue, in vitro gene transfer and also in vivo
intraventricular gene transfer into brain was improved, although the in vivo efficiency

remained moderate [181].

As a pioneer in methacrylate polyplexes [169-171], Wim Hennink and his team
expanded the area and gener adgaocmpletdlerowelt i oni z
class of methacrylate polyplexes [182-184]. These polyplexes were based on the
terpolymer p(HPMA-DMAE-co-PDTEMA)-b-PEG, consisting of a PEG block and the
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cationic block HPMA-DMAE (with pHPMA modified with dimethylaminoethyl carbonate
at the hydroxyl group) containing 15% copolymerized N-(pyridyldithioethyl)
methacrylamide (PDTMA). After pDNA polyplex formation with this polymer, the
PDTMA units can be used for dithiol mediated crosslinkage into disulfide-stabilized
polyplexes. By subsequent hydrolysis of the carbonate esters at pH 8.5, the cationic
DMAE groups are removed. The resulting decationized pDNA polyplexes are stabilized
by the formed disulfide crosslinks in the absence of polyelectrolyte interaction; they
showed excellent biocompatibility, an enhanced residence time in blood circulation and
increased accumulation in tumor. Analogous decationized polyplexes were also

generated for siRNA delivery [185].

Evolution of nucleic acid carriers requires a focus on the specific selected target. The
clinical breakthrough of cancer immunotherapy by chimeric antigen receptor (CAR) T
cells raised interest in efficient ex vivo transfection of primary human T cells. With this
focus, Pun and coworkers optimized methacrylate copolymers for pPDNA and mRNA
delivery into the Jurkat human T cell line and primary human T cells [186]. VIPER and
several other linear, comb and sunflower pDMAEMA block copolymer architectures
based on poly(2-hydroxyethyl methacrylate) (P HEMA) cores were evaluated. A subset
of comb- and sunflower-shaped pHEMA25-g-pDMAEMA16 polymers were identified
which can mediate transfection of Jurkat cells with efficiencies up to 50% with minimal
toxicity. Transfection of both CD4+ and CD8+ primary human T cells with mRNA and
pDNA were demonstrated with high viability and at efficiencies up to 25% and 18%,

respectively.

2.2.4 Combinatorial chemistry libraries

More than two decades ago, Seng Cheng and colleagues published the result of the
first large library screen of lipoplexes for gene transfer to the lung [187]. The study
included several remarkable aspects: screening a huge number of cationic lipids;
screening for the best formulation using the most authentic small animal model, which
is the mouse lung in vivo; and discovery of the optimized formulation (containing lipid
#67, a spermine — cholesterol derivative linked in T-shape configuration). This
formulation was >100-fold more potent that previously tested lipoplexes. For

development of novel cationic polymers with improved delivery and biocompatibility,
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the initial screen focused on replacement of PLL with linear and hyperbranched poly
(amino esters) [188, 189]. Short oligoethylenimines were converted by reaction with
1,4-butanediol diacrylate or 1,6-hexanediol diacrylate into degradable PEIs which are
applied as transfection carriers in vitro and also in vivo [190-192]. Also, linear beta-
amino ester polymers were produced via the same Michael addition starting from 4-
aminobutanol [193]. The degradable PEI mimics showed favorable transfection
activities. The team of Robert Langer developed a breakthrough concept, by
generating | arge combinat or i-aninokstelsy(RBAk),es of
based on Michael addition of a series of primary or secondary amine monomers to
several different diacrylates (Figure 4A) [194-196]. Such a large, 2350-member library
was screened by a semi-automated high-throughput process for pDNA delivery, and
46 polymers were identified with higher transfection activity than the gold standard PEI
[196]. A second generation library was generated containing 486 PBAEs which were
characterized for biophysical and pDNA transfection properties [197]. Interestingly, the
top nine polymers all contained amino alcohols as building blocks, and the three top
polymers differed in structure by only one carbon. The two best polymers condensed

pDNA to the smallest particle sizes of 71 and 79 nm.
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Figure 4. Lipidoids for siRNA delivery. (A) Combi nat or i al ' i braries of Db

amino esters) via Michael addition of a series of primary or secondary amine monomers to
several different diacrylate monomers [195]. (B) Lipidoid 98-N12-5 [198]. (C) Epoxide addition
based libraries [199]. (D) Lipidoid C12-200 [199].
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For siRNA delivery, Robert Langer, Daniel Anderson and colleagues designed an
analogous Michael addition-based combinatorial library of over 1,200 structural diverse
structures termed lipidoids [200]. These lipid-like structures were obtained by
combinatorial Michael addition of lipidic acrylate esters or amides to various mono- to
oligoamines. Lipidoid 98-N12-5, based on addition of five dodecylacrylamides to
triethylentetramine (Figure 4B), performed best in vitro, and upon formulation with
cholesterol and PEG-lipid, also mediated excellent in vivo gene silencing in liver
hepatocytes of treated mice [198, 200]. A novel combinatorial library based on
epoxide-addition chemistry (Figure 4C) yielded the highly potent lipidoid C12-200
(Figure 4D) which were able to mediate in vivo gene silencing in mouse liver at doses
below 0.01 mg/kg [199, 201]. A subsequent high-throughput study of 1,536 structurally
distinct nanopatrticles with cationic cores and variable hydrophilic shells was performed
by Daniel Siegwart and Anderson based on epoxide-functionalized hydrophilic block
polymers that were combinatorially cross-linked with a diverse library of amines [202].
Cross-linkers with tertiary dimethylamine or piperazine groups and potential buffering
capacity, as well as thin hydrophilic shells were favorable. Covalent cholesterol
attachment to the polymeric carrier allowed for siRNA transfection to mouse liver

hepatocytes in vivo.

The mentioned reports make clear that the cargo (pDNA or siRNA or other nucleic
acids) as well as the specific application dictate the optimum nanocarrier, which needs
to be identified by individual library screening. Consistently, using a library of low
charge density poly(amine-co-ester) terpolymers generated by enzyme catalyzed
polymerization, the Mark Saltzman lab demonstrated that different PACE polymers are

required for optimized transfection of either pPDNA, mRNA, or siRNA [95].

2.2.5 Sequence-defined macromolecules

Multifunctional molecular conjugates present a real challenge for precise chemical
production. Nevertheless, their structure is by far exceeded in complexity, functionality,
and high precision by natural macromolecules. The secret of natural proteins is their
definition and information storage as (linear) sequences. Such sequences present
virtual information, in nature stored on DNA or RNA templates, with this information

translated into functional real structure by reading via the genetic code. For biomimetic
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evolution of artificial macromolecular carriers, their definition as sequences is a key
requirement. In short, sequences per se present perfectly defined information of an
intangible construction plan in biomacromolecules, which can be stored on material
templates (as in nature) or in digital virtual form (in artificial synthetic evolution).
Execution of the construction plan may proceed in alternative ways; either by direct
use of the digital code for artificial assembly by a chemical synthesizer into sequence-
defined macromolecules; or via reading an artificial code from a real template by

recognition with building block-loaded adapter molecules.
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The cargo (DNA, siRNA, miRNA, PMOQ, natural products, proteins, others)
and application (tissue, ex/in vivo) dictates the optimal motifs and carrier sequence

Figure 5. Chemical evolution strategy for optimizing sequence-defined nanocarriers. The
endosomally cationizable diamino-ethane motif is displayed as example of a delivery motif
which can be converted into an artificial amino acid and subsequently applied in the SPS

sequence assembly.

Chemical synthesis of peptide and oligonucleotide sequences is well established, and
the generation of precise sequence-defined artificial macromolecules is a recently
emerging field [203-205]. We and others aimed at development of peptide-like
chemical evolution strategies for intracellular macromolecule delivery (Figure 5),

where artificial amino acids with superior carrier properties would be integrated. Initial
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evolution of sequence-defined transfection agents was based on standard peptides.
First studies explored the requirements for nucleic acid binding by introducing the
cationic amino acids lysine, arginines or ornithines [206, 207], disulfide-forming
nanoparticle-stabilizing cysteines [208, 209], endosomal-buffering histidines [209-215]
or membrane-destabilizing peptides [216, 217]. In their pioneering work, Christian
Plank et al. [207] synthesized a series of branched oligocationic peptides and found
that minimally six to eight cationic amino acids (arginine > lysine ~ ornithine) are
required to condense pDNA into active gene delivery particles. The team of James
Mixson systematically evaluated linear and branched peptide libraries containing
lysines (for nucleic acid binding) and histidines (for endosomal buffering) in various
ratios (e.g. HK, H2K, H3K) and numbers of branches (e.g. linear, four or eight
branches). Addition of a histidine-rich tail, for example in peptide H2K4bT, significantly
improved pDNA gene transfer activity, most likely by enhanced buffering capacity of
the carrier [211]. Efficiencies were found to also depend on the target cells. In one
study in combination with cationic liposomes, a linear HK peptide was found to
transfect primary cells more effectively than the branched analogue [212]. Initial
cellular uptake or size of the complexes could not explain the differences. Interestingly,
a strong relation was found between the optimal type of HK carrier and the differing
endocytic vesicle pH of different cell types. By altering the fraction of cationizable
histidines, the endosomal pH of a cell may determine the amount of DNA released
from the linear or branched HK polymer. In the primary cells in which the linear HK
liposomes were the best carriers, the endolysosomes were highly acidic (pH of <5.0).
Conversely, in cell lines where the branched HK liposomes were optimal, the pH of
endolysosomes was above 6.0. These results with the HK liposome carriers were
predictive of which cells could be transfected efficiently by the branched HK polymers
alone. Whereas the linear HK polymers without liposomes were ineffective pDNA
carriers in all tested cell cultures, the branched HK polymers without liposomes
effectively transfected cells with a higher endosomal pH. For siRNA complexes, the
H3K8b peptide was highly effective in gene silencing, whereas the effective pDNA
carrier H2K4b was ineffective for siRNA [213].

In addition to natural amino acids, also artificial building blocks were introduced, such
as triethylene tetramine or analogues developed by Zheng-Rong Lu and collaborators
[218-220]. Fatty acids were also incorporated as lipophilic domains [219], such as in
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the evolution of the PepFect cell-penetrating peptide series of Ulo Langel and
colleagues [217, 221, 222]. Bradley Pentelute and coworkers introduced innovative
technologies for peptide library synthesis i ncl udi ng-cambinficail al amn
acids for generation of xenopeptides and xenoproteins, and nano shotgun LC-MS/MS
sequencing for high-throughput library screening [223-226]. The potency of their novel
chemical evolution methodology was demonstrated by identification of xenoprotein
interactors (Figure 6A) and or protein - protein interaction (PPI) inhibitors (Figure 6B)
with far higher potency compared to previous conventional peptides. For innovative
drug delivery, the Pentelute lab introduced several artificial macrocyclization
technologies to improve peptide-based drugs, such as providing an enhanced transfer
of a transportan-10 analogue or a BIM BH3 domain across the blood-brain-barrier
[227]. To improve the intracellular delivery of splice-switching phosphorodiamidate
morpholino oligonucleotides (PMOs), they conjugated PMOs with arginine-rich cell-
penetrating peptides (CPPs) that had been first optimized by perfluoroaryl
macrocyclization and bicyclization [228]. In addition, based on results with 64 PMO-
CPP conjugates, machine learning algorithms were developed for computational
prediction of suitable CPPs, and validated with seven novel CPP sequences that all
proved to be effective [229]. Thus, empirical library screen and machine learning might

synergize in a chemical evolution process.
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for identifying protein-protein interaction inhibitors, compare [224]; the example displays MDM2

binders identified from a third evolution library containing non-canonical amino acids.

Laura Hartmann, and Hans Borner [59, 230-234] adopted solid phase synthesis (SPS)
for the sequence-defined alignment of completely unnatural chemical units. Instead of

i ncor po ramind acgls with standard protective groups, they performed

alternating coupl i ng-Nonkthyddippyanmine,or abi8 (tB8C)-di a mi n

protected spermine, or a disulfide-containing unit) followed by succinic acid anhydride
as dicarboxylic acid unit in each round of coupling. The resulting oligo(amidoamines)
were applied for pDNA polyplex formation and thus, to our knowledge, present the first
examples of completely artificial sequence-defined nanocarriers. Subsequently, to
combine the known efficient transfection properties of PEI with the methodology of
automated Fmoc peptide synthesis, David Schaffert and colleagues designed artificial

oligo(aminoethylene) amino acids with amino-terminal Fmoc and internal tBoc
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protective groups [60, 235, 236]. These artificial amino acids contain three to five
repeats of the protonatable aminoethylenimine motif. The novel building blocks were
assembled in combination with standard Fmoc and side chain protected a-amino acids
by SPS into more than 1000 defined oligo(ethanamino)amide (OAA) sequences.
Oligomer architectures included linear [60, 237], two-arm [60], three-arm [60, 238],
four-arm [60, 236, 239] and comb architectures [240]. Branching points were provided
by the two (a, €) amines of lysine introduced as either via bis(Fmoc) lysine or Fmoc
/Dde lysine , which after simultaneous or subsequent deprotection during synthesis
can result in pseudo-symmetric or asymmetric branches. Optionally, lipo-
oligoaminoamides were designed with i-shape, T-shape, or U-shape topology [60, 238,
241] by introducing bis (acyl)-modified lysines as hydrophobic polyplex stabilizating
domains (Figure 7). In several different topologies, terminal cysteines served for the
stabilization of polyplexes by formation of bioreducible disulfide bridges. Due to the
precision of the chemical design, simple open questions on structure —activity
relationships were addressable. Testing the length of a linear sequence based on the
building block Stp (succinyl TEP, containing three protonatable nitrogens per unit when
integrated into the oligomer backbone) as requirement for pPDNA compaction and gene
transfer, an optimum length of 20 Stp units was identified, representing 61 protonable
nitrogens and in total 100 nitrogens. pDNA transfection efficiency was about 5-fold
higher and cytotoxicity about 10-f ol d | ower as compared with ¢tF
PEI 22kDa, which contains around 500 (£ 200) protonable nitrogens [237].
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Figure 7. Protected artificial amino acid Fmoc-Stp(Bocs)-OH and sequential assembly into Stp-
based oligo(ethanamino)amide (OAA) sequences with different structural topologies [60, 236-

240]. Stp, succinoyl tetraethylene pentamine; C, cysteine; K, lysine; A, alanine; FA, fatty acid.

For further optimization of pDNA carriers, the design of four-arms based on two
branching lysines strongly reduced the number of coupling steps, and terminal
cysteines increased polyplex stability and transfection efficiency. With regard to the
total number of nitrogens, the type of selected polyamino acid played a more critical
role than extending the length of arms beyond three building blocks. Units containing
pentaethylene hexamine (Sph) were more effective than tetraethylene pentamine
(Stp), which were more effective than triethylene tetramine (Gtt) building blocks [236].
A closer inspection of the total protonation capacity as well as the cationization pH
confirmed indepeandléntidyl ¢ hehi"elvemad be
and colleagues (see section 2.2). Gtt and Sph with even numbered protonatable amino
groups displayed higher total endolysosomal buffer capacity than the odd number
analogue Stp. Within the relevant endolysosomal pH range, Gtt has a maximum buffer
capacity at pH 5, and Stp a maximum around pH 7. Alternating incorporation of

histidines increased the total buffer capacity with a more continuous cationization pH
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profile and, especially for the *odd’ Stp bu
both in the in vitro and in vivo setting [239]. The even-odd rule was well applicable
when comparing linear and comb topologies and their differing properties in pDNA
complex formation, endosomal buffer capacity, cellular binding and intracellular
uptake, and gene expression. In linear topologies, the two terminal amines of building
blocks are consumed by amidation, this resulting in three (odd) or four (even) amines
for Stp and Sph oligomers, respectively. Branched topology (with only one amine
amidated) reverses properties, with four (even) and five (odd) protonatable amines for
Stp and Sph. Consistently, the comb topology increased endosomal pH buffering for
the Stp comb structures, but reduced endosomal buffering for the Sph comb structures.
For both carriers, the combs mediated a higher overall cellular uptake in comparison
to the linear topologies. In sum, Stp combs displayed a combined advantage in both
buffering and cellular uptake and a strong (up to >100-fold) increase in pDNA
transfection, whereas Sph combs mediated only a moderately (up to fourfold)
enhanced transfection over the linear topology [240]. Incorporated Gtt building blocks
enhance endosomal buffering but (due to lowest number of nitrogens) but display less
pDNA binding; this could be compensated by incorporating cysteines which form

polyplex-stabilizing disulfide cross-links [239].

Beyond pDNA compaction and core nanoassembly, incorporation of surface shielding
and targeting domains was considered. Sequence-defined solid-phase-assisted
assembly enables all-in-one synthesis of peptide or small-molecule targeting ligands
attached to precise monodisperse PEG molecules and the nucleic-acid binding and
endosomal buffering core OAA backbone. For example, monodisperse PEGylated
two-arm oligomers with targeting ligands such as cRGD or B6 [242], folate [239, 243],
c-Met binding peptide [244, 245], EGFR-binding peptide GE11 [246], or an IL-6
receptor binding peptide [247] were synthesized with defined uniform molecular
weight, and receptor-mediated cellular uptake of polyplexes was confirmed resulting
in enhanced gene transfer. By variation of the molecular weight of the PEG domain, its
influence on biophysical and biological properties was elucidated. PEGylation was
found to interfere with the endosomal escape function of the PEI-like OAA polyplexes,
which is a limitation that also was previously detected for targeted, PEG-shielded PEI

polyplexes [248, 249]. Importantly, enhancement of endosomal buffer capacity by
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incorporation of histidines into the cationic OAA backbone compensated for this
bottleneck [239, 243, 244].

PEGylation and incorporation of related hydrophilic domains affected also pDNA
compaction; screening PEG domains from 12 to 72 ethylenoxide (EO) units
demonstrated optimum compaction without PEG or 12 EO units, moderate compaction
with 24 EO and lack of compaction with 48 or 72 EO repeat units [250]. In other studies
similar low-molecular-weight PEG was found as favorable with ligand-PEG-shielded
nanoparticles [251] or liposomes [252]. pDNA compaction was found as important
requirement for intravenous systemic administration in vivo in mice in a HUH7
hepatocellular carcinoma xenograft model. pDNA gene transfer via a cMet binding
peptide — (EO)24 — (Stp/His)-Cys two-arm OAA was highly successful, but only if 1/3 of
oligomers was substituted by an analogous PEG-free three-arm compacting oligomer.
The formulation without or with compacting oligomer did not significantly differ in cell

culture transfection [244].

Incorporation of tyrosine tripeptides at both ends of ligand-PEG-two arm
oligoaminoamides was <considered for -m
stacking [243] also improved pDNA polyplex compaction. In a recent study, pDNA was
compared with far smaller minicircle (MC) DNA in OAA formulations [253]. While the
DNA type (number of base pairs) controlled the nanoparticle size, the carriers
dominated the shape of polyplexes. c-Met-targeted, tyrosine tripeptide-containing OAA
polyplexes presented compact structures with a rod size of 65—100nm for pDNA and
35—-40nm for MC. As compared to their tyrosine-free pDNA analogues, the optimized
MC nanostructure facilitated an ~200-fold enhanced gene transfer in c-Met-positive

DU145 prostate carcinoma cells.

An alternative strategy for designing well-compacted surface-shielded polyplexes is
the pre-formation of compacted pDNA core nanoparticles followed by post-modification
with a shielding / targeting shell [254]. One recent example was the design of pDNA
polyplexes with four-arm OAAs post-modified with acid-labile pHPMA. This enabled
‘“deshielding’ i n the endosomal environ
tumor cells in vitro and in vivo [255]. Another example presents the disulfide-based
modification of pDNA lipopolyplexes with a bidentate PEG-GE11 agent for EGF

receptor-mediated gene transfer [256].
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Optimization for other cargos such as small molecule drugs [257, 258],
phosphorodiamidate morpholino oligomer (PMO), siRNA, mRNA, or proteins including
Cas9/ sgRNA ribonucleoprotein (RNP) particles revealed significantly different
requirements for nanocarriers as outlined in other sections. For example, in the
evolution of siRNA carriers, polyplex stabilization by hydrophobic fatty acid domains
was highly important (see section 3.2). PMO present a chemically different class of
small, uncharged nucleic acid analogues that has already resulted in the exon-skipping
drug Exondys, which is FDA-approved for treatment of Muscular Dystrophy. After
screening a fatty acid lipo-OAA mini-library for small PMO molecules, Ulrich Lachelt
and colleagues identified linolenic acid-containing oligomer PMO conjugates as most
potent RNA slice-switching agents [259]. Far superior endosomal escape properties of
the linolenic acid (containing three double bonds) over the analogous saturated stearic
acid derivative appear as the most likely explanation for this non-predictable finding.
Screening an analogous T-shaped lipo-OAA library for delivery of Cas9/sgRNA RNPs
revealed a hydroxy-stearic acid (OHSteA) containing lipo-OAA as superior over
analogues with unsaturated or saturated fatty acids without hydroxylation, displaying
improved cellular uptake and endosomal release, an increased nuclear association
and the highest CRISPR/Cas9 mediated gene knock-out [260].

Another example illustrating the advantage of sequence-defined artificial peptide-
based evolution is the recent work by Séren Reinhard and colleagues [90]. He realized
that the artificial Stp-based OAAs are not degradable by the lysosomal enzyme
cathepsin B. A degradability of OAA nanocarriers in lysosomes however might be
highly advantageous, blocking undesired cytotoxic lysosomal lytic activity of the
nanocarrier. Designing a mini-library by inserting single natural (L) amino acids or
dipeptides into a Stp backbone, followed by a library screen exposing to cathepsin B
under endolysosomal conditions, resulted in the discovery of simple dipeptide
cathepsin cleavage sites. Inserting for example (L)-RR into lipo-OAAs for intended
lysosomal degradation resulted in siRNA nanocarriers with strongly reduced

cytotoxicity as compared to their (D)-rr analogues.

A different assembly mode of sequence-defined macromolecular structures is the
direct supramolecular assembly on a real template, as it happens in the natural
evolutionary process. Such a DNA template-assisted synthesis was reported by David

Liu and colleagues, where monomers were pre-arranged at a DNA template and
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translated in an enzyme-free process into sequence-defined synthetic polymers [261].
In a recent study, the same group designed highly functionalized nucleic acid polymers
(HFNAPs) assembled by ligase-mediated DNA-templated polymerization, starting with
32 building blocks that on a DNA backbone contain diverse side chains [262].
Repeated evolution cycles of polymer translation, selection and reverse translation, led
to HFNAPs which can bind PCSK9 with high nM affinity.

2.2.6 Barcoded evolution of nanoagents in vivo

For chemical evolution of nanocarriers and their nucleic acid nanoparticles, analytical
methods for high-throughput screening of compound libraries are of utmost
importance, both in vitro, but even more in vivo. As reviewed above (section 2.5),
Pentelute and coworkers applied nano shotgun LC-MS/MS sequencing as high-
throughput method for screening compounds with defined unique molecular mass such
as peptide analogues. Phage display library screening presents a commonly used
molecular biology approach for fishing target-binding, phage-displayed peptides by
panning the library to the desired target, followed by identifying the selected peptide
via the phage-encoded nucleic acid sequence. This potent evolution strategy has been
transferred into the chemistry field. For example, DNA-encoded chemical libraries
[263, 264] have been generated by coupling chemical molecules to unique nucleic acid
sequences (DNA barcodes). James Dahlman and colleagues [265] introduced DNA
barcoding for high throughput screening and identification of suitable nanocarriers for
in vivo delivery (Figure 8). Single-stranded DNA barcodes were approximately 60
nucleotides long, terminally phosphorothioate—stabilized oligonucleotides, containing
ei ght to ten central nucl eotides as barcod
sequences for subsequent lllumina deep sequencing. Individual barcodes can be
incorporated into the interior of different nanoparticles without affecting their activity.
Upon simultaneous injection in a single mouse, the biodistribution of thirty different
nanoparticles to eight tissue was monitored by deep sequencing [265, 266]. A follow-
up paper analyzed differences of nucleic acid nanoparticle in vivo delivery between
wild-type and Cav1 knockout mice; for this purpose, the authors optimized the barcode
secondary structure, thereby making the DNA amplification much easier, and enabling

concurrent ddPCR readouts [267]. In addition, the researchers made the following
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important observation; by comparing delivery of 281 barcoded lipid nanoparticles
(LNPs) to endothelial cells and macrophages in vitro and in vivo, the researcher found
that in vitro delivery to immortalized mouse macrophages (RAWSs) did not predict in
vivo delivery to macrophages, and in vitro delivery to mouse aortic endothelial cells
(IMAECs) did not predict in vivo delivery to endothelial cells of heart, lung, or bone
marrow [96]. In many cases LNPs that performed well in vivo did not rank highly in vitro
and thus would have been lost by an in vitro pre-screen; and LNPs top ranking in vitro

did not perform well in vivo.

Beyond monitoring biodistribution only, in the next step the barcode-based system was

further developed to measure functional delivery of hundreds barcoded LNPs within a

single mouse. This novel strategy for in vivo evolutonwas t er med * Fast

of nanoparti cl €2682&0]. iIFunetiongl ddliviery &f R)NA, such as Cre
mMRNA or specific siRNA, in the appropriate reporter mouse models (Lox-Stop-Lox-
tdTomato mice or GFP mice, respectively) results in gene editing or gene silencing,
which triggers induction/reduction of a reporter signal in the successfully transfected
cells/organs. Successfully transfected cells can be isolated by cell sorting and
analyzed for the barcoded bioactive LNPs. LNPs had been previously optimized to
deliver Cas9 mRNA and sgRNA to hepatocytes. In their novel work, Sago et al [268]
measured the functional mMRNA delivery of more than 250 LNPs in vivo to multiple cell
types. They identified two LNPs (7C2 and 7C3) with an altered tropism that efficiently
deliver siRNA, mRNA, and single-guide RNA (sgRNA) to endothelial cells.
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Figure 8. High throughput nanocarrier in vivo screening by DNA barcode sequences. DNA
barcoded nanoparticles for high throughput in vivo nanoparticle delivery. (A) Nanoparticles
carry individual DNA barcodes. (B) Each nanoparticle carries a distinct barcode. Particles are
then pooled and administered simultaneously to mice. Tissues are then isolated, and delivery
is quantified by sequencing the barcodes. In this example, nanoparticle 1 delivers to the lungs,
nanoparticle 2 delivers to the liver, and nanoparticle N delivers to the heart. (C) The barcode-
based practice enables multiplexed nanoparticle-distribution studies in vivo. Reproduced from
Dahlman et al. [265] with permission of Proc. Natl. Acad. Sci. U. S. A.

By combining FIND with bioinformatics, in vivo RNA delivery was optimized in a
directed evolution process. For example, Dah
that delivers siRNA or sgRNA to bone marrow endothelial cells (BMECs). BMEC
tropism was not related to the size of LNP, but changed with cholesterol content and
PEG structure in the formulation [269]. Apparently, significant changes to vascular
targeting can be made by simple changes in chemical composition instead of using

active targeting ligands.

The same research group applied FIND to quantify in vivo delivery of 75 distinct mMRNA
LNPs to 28 cell types. They discovered that an LNP containing oxidized cholesterol
delivers Cre mRNA for DNA editing into hepatic endothelial cells and Kupffer cells at

low dose of 0.05 mg kg™, fivefold more potently than into hepatocytes. Cholesterol
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oxidation on the hydrocarbon tail linked with sterol ring D outperformed cholesterol
modifications on sterol ring B [270]. Most recently Dahl man’s t e
barcoded siGFP nanoparticles for identifying functional siRNA in vivo delivery to nine
cell types in transgenic eGFP mice. Constrained lipid nanoparticles (cLNPs),
containing an adamantly lipid, deliver siRNA and sgRNA to T lymphocytes at low doses
and (in contrast to previously reported LNPs) do not preferentially target hepatocytes
[271]. In sum, within a short period the barcode-based design has already proven as
powerful strategy of chemical evolution towards optimized nanocarriers [272],
providing solutions which would not have been predictable by rational design and
classical screening. Provided that barcodes can be integrated from the interior of stable
nanoparticles, and those would not expose or exchange nucleic acid barcodes with
each other, the strategy could also be applied to polyplexes or other class of

nanomaterials.

2.3 Optimizing for various macromolecular cargos

Delivery requirements of various macromolecular cargos are different (Table 1), based
on their different sizes, charges, chemical properties and different intracellular sites of
action [13, 15, 92-95]. Conversely, different classes of nanocarriers offer
characteristics which are more or less suitable for a given cargo. For standard cationic
polymers [6, 15], polyplex formation is an entropy-driven process based on the
electrostatic interaction between the multivalent polycationic polymer with the
polyanionic nucleic acid cargo. A larger number of charges per polycationic carrier and
also the polyanionic nucleic acid is favorable for stability of these polyelectrolyte
complexes (PECs). Clear differences between large (pDNA, higher polyplex stability)
and small (siRNA, lower polyplex stability) cargos can be seen. Covalent conjugates
between siRNA and cationic polymers have been investigated to overcome the stability
problem [273, 274].

In case of LNPs [71], hydrophobic lipid-lipid interactions, co-assembly of (mono/di)-
cationic lipids into polycationic lipid micelles and liposomal structure dominate,
resulting in incorporation and encapsulation of the nucleic acid cargo. Obviously

electrostatic interactions are only partly responsible for LNP formation, therefore the
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size of nucleic acid cargo is less influential, and formulations are also suitable for small

cargos such as siRNA.

Lipopolyplexes present an intermediate class of nanomaterials based on lipid-

conjugated polycations which self-assemble into larger polycationic micelles and

electrostatically interact with negatively charged nucleic acid cargos. For all classes of

carriers, optimization for a specific cargo type requires variation of the cationic domain

(size, number of charges) and lipid domain of the carrier, optionally mixed lipid

compositions (cationic lipid, cholesterol, phospholipid, PEG-lipid), N/P charge ratio and

the formulation process.

Table 1. Differences in physicochemical properties of the different cargos and their

requirements for delivery

isoelectric point, hydrophilicity,
stability, bioactivity

Cargo Physicochemical properties Requirements for delivery

pDNA large (5-15 kbp) ds DNA, circular, Compaction into nanoparticle
bacterial vector backbone; dimension,

MC DNA | minicircle (3-4 kbp) without Protection against nucleases,
backbone Intranuclear delivery

siRNA small (21-23 bp) ds RNA, Stable incorporation into nanoparticle
can be partly/completely chemically | or chemical conjugation to targeting
modified to reduce innate immune | unit, Cytosolic delivery, incorporation
responses and enhance biostability | of guide strand into the RNA-induced
lower polyplex stability silencing complex

mMmRNA medium sized ss RNA, instable, Synthetically modifications of the
can be partly modified to reduce MRNA, binding to the translational
immunogenicity and enhance machinery
stability

Proteins | Variable in (medium) size, charge/ | Extra/intracellular, various organelles,

release in bioactive form; carriers
need to be adjusted for every protein

cargo

bp, base pairs; ds, double stranded; kbp, kilo base pairs; mMRNA, messenger RNA; ss, single
stranded [15, 93, 275, 276].
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The main challenges for successful delivery of all types of cargo are the formation of
stable nanoparticles with suitable size, protection of the cargo against destabilization
by serum proteins and degradation, a delayed elimination from the blood circulation
(renal clearance, liver and spleen uptake) and lack of inflammatory and immune
responses. Nanoparticle shielding and targeting ligands were introduced, particle size
and colloidal stability of nanoparticles variegated to obtain homing to target tissues,
such as tumors via passive targeting and the enhanced permeation and retention (EPR
effect) due to vascular leakage, or active transendothelial transport [277, 278]. Within
target cells, successful intracellular transport, including endosomal escape, cargo
release, cytosolic migration and optionally nuclear import have to be achieved [93, 275,
279]. In the following, chemical evolution-based optimization of nanocarriers is
illustrated for the cargos pDNA, siRNA, mRNA, proteins and genome-editing

nucleases.

2.3.1 pDNA delivery

A long-term experience with antitumoral pDNA polyplexes is largely based on targeted
and surface shielded PEI conjugates. Tumoral delivery of therapeutic agents was
enhanced by targeting ligands such as transferrin or EGF and included pDNA encoding
TNF-a [143, 148, 280] or sodium iodide symporter (NIS) [149, 281], and tumor
regressions were observed in mouse tumor models. In both therapeutic modality, gene
transfer to a subpopulation of tumor target cells is sufficient, because the secreted
TNF-a may react at neighboring cells (includi
targeted radionucleotide therapy with a strong by-stander effect on neighbouring

untransfected tissue.
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Figure. 9. PEG crowding as decisive factor in pDNA packaging into polyplexes. PM, polymer
micelles; RTD, reduced tethering density. Reproduced from Takeda et al. [156] with

permissions of American Chemical Society. Copyright 2017.

PEIl is an effective pDNA transfection agent but displays significant, molecular-weight
dependent cytotoxicity and low degradability. Kazunori Kataoka and colleagues had
optimized biodegradable PEG-polyamino acid diblocks (see section 2.2) for pDNA
compaction. They observed a higher in vitro gene expression with more extended rod-
shaped nanoparticles than with compact globular shaped polyplexes [156]. However,
a small polyplex size was important for in vivo efficiency [154]. The researchers applied
a series of PEG-pLys block copolymers with various molecular weights of pLys and
PEG segments for pDNA complexation. These studies showed that rod-shaped
polyplexes formed when the tethered PEG chains covering pDNA in a pre-condensed
state were dense enough to overlap each other (reduced tethering density (RTD) > 1)
(see Figure 9), whereas globular polyplexes were obtained when PEG segments did
not overlap (RTD < 1) [156]. The observations are consistent with related studies using
other PEG-polycation polyplexes [282, 283]. Importantly, in a cell-free system the rod-
shaped more extended nanoparticles mediated higher gene expression than the
globular polyplexes [156].

The lab advanced the pDNA binding carrier structures by designing amidated PEG-
poly(aspartic acid) (pAsp) derivatives with good buffering capacity in the
endolysosomal range, yielding PEG-pAsp(DET) and PEG-pAsp(TEP) as most
effective carriers [161]. For further optimization of in vivo delivery, the cyclic RGD
peptide was installed as tumor targeting ligand, and cholesterol was attached to the
other end of the nanocarrier for improved packaging by hydrophobic stabilization. The
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latter step was critical for efficacy and enabled the use of high-molecular weight (20
kDa) PEG, which on the other hand improved polyplex blood circulation. The created
cRGD-PEG-pAsp(DET)-cholesteryl polyplexes were tested in a subcutaneous BxPC3
pancreatic cancer xenograft mouse model, achieving improved accumulation at the
tumor site. Potent tumor growth suppression was obtained by antiangiogenic sFlt-1
gene transfer [284]. The expression of soluble sFlt-1 exerts antiangiogenesis by
trapping angiogenic molecules (VEGF); such a paracrine strategy by-passes the need

of transfecting the majority of tumor target cells.

Jianjun Cheng and colleagues developed poly(glutamic acid vinyl-benzylester)
pGlu(OBzV) i nto a | i br ar y-heledl pDblA hanocanriers
pGlu(OBz-X) [285]. For this purpose, the vinylgroups were oxidized to the
benzaldehyde derivatives which were reductively aminated with a mini-library of 31
amines and oligoamines (see Figure 10). The nanocarriers were evaluated for pDNA
delivery, with the top candidate outperforming the gold standard PEI by 12-fold.
Subsequently the delivery system was also applied for Cas9 pDNA/sgRNA co-delivery
[286].
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Figure 10. (A) Polypeptide with charged side chains and the random

coil to helix

transformation in response to elongated side chains. (B) Synthesis of polypeptides. (C) Amines

used to synthesize pGlu(OBz-X). Reproduced from Gabrielson et al. [285] with permission.
Copyright 2012 WILEY WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Jordan Green and coworkers extende-dminb
esters) (PBAEs, see section 2.4) for synthesis of multifunctional branched poly(ester
amine) quadpolymers (BEAQs). Synthesis occurred via A2 + B2/B3 + C1 Michael
addition, starting from small acrylate and amine monomers, followed by subsequent
capping with amine-containing small molecules [287]. These BEAQs present
advantages over previously reported linear PBAEs, particularly for volume-limited
applications. A moderate degree of branching was favorable for effective pDNA
transfer to retinal pigment epithelial cells. Structural properties, including good
endosomal buffering capacity and sufficient tertiary amine content, correlated with

gene transfer efficacy.

In optimizing sequence-defined OAAs (see section 2.5) for pDNA delivery, Petra Kos
et al faced the dilemma between polyplex shielding and pDNA compaction. In their
case, co-formulation of ligand-PEG-two-arm OAAs with PEG-free three-arms was
critically required for polyplex stabilization and functional in vivo delivery into tumors
[244]. Furthermore, the presence of a tumor—targeting ligand (such as c-Met binding
peptide) as well as the presence of protonatable histidines in the carrier backbone was
strictly necessary for the in vivo gene transfer. Based on this concept, c-Met targeted
pDNA polyplexes were able to systemically deliver NIS pDNA into a subcutaneous
HUH7 hepatocellular carcinoma xenograft in mice [245]. Functional NIS expression
was detected using the diagnostic radioisotope iodide '23| by scintigraphy. Three cycles
of intravenous polyplex and therapeutic radioiodide administration retarded the tumor

growth and prolonged the survival of mice.

By introducing the antitumoral cascade targeting ligand peptide lsP7, Rongqin Huang
and collaborators generated glioma-targeted pDNA polyplexes [247]. The interleukin-
6 peptide fragment 1sP7 provides multiple functions, including blood-brain-barrier
crossing, glioma-targeting, and direct tumor-inhibition by binding the IL-6 receptor
without cellular activation. Intravenously applied 1sP7-Stp-His/pDNA polyplexes were
delivered into orthotopic U87 glioma in the mouse xenograft model; delivered pDNA
encoding inhibitor of growth 4 (pING4) was successfully expressed in the glioma, which
significantly prolonged the survival time of treated mice.

Nonviral pDNA carriers have also been developed for indications different from cancer.
Zheng-Rong Lu and collaborators had optimized the cationizable lipopeptide like

carrier ECO as pDNA and siRNA carrier (see also next section 3.2) in several chemical
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evolution cycles by SPS. They applied ECO/pDNA nanoparticle for gene therapy of
inherited retinal di sorders by subreti
congenital amaurosis (LCA) [288] and Stargardt disease (STGD) [289], demonstrating

therapeutic effects in these forms of blindness.

2.3.2 siRNA delivery

Small interfering RNA (siRNA, 2 nm helix diameter, 7 nm length, 21-23 base pairs)
presents a far smaller double-stranded nucleic acid than pDNA. This opens a far
broader range of formulation options, with small sizes of chemically modified small
conjugates of free siRNA, unimolecular siRNA nanoplexes (with, for example, an only
1 nm thick coat), to various liposomal or polymer micelle formulations, which usually
are in the size range of around 100 nm. Obviously, a greater flexibility provides an
opportunity [57, 81, 290], but also a challenge for chemical evolution processes: should
siRNA be chemically further minimized into drug-like molecules (to better diffuse into
tissues)? Or should multiple siRNAs be formulated into larger virus-like delivery
nanoparticles (to provide disease-focused localization) [291]? Quo vadis? Which
direction to go? Irrespective of these challenging alternative choices, the siRNA drug
concept has already proven to be a success story. Within two decades since discovery
of the RNAi mechanism, the first siRNA drug product, Patisiran (Onpattro™) [22],
reached the medical market in 2018, for therapy of hereditary transthyretin (TTR)-
mediated amyloidosis (ATTR amyloidosis). Mutations in the TTR gene (producing a
tetrameric protein, also called pre-albumin) result in tetramer destabilization, amyloid
fibrils and plaques, and rapidly progressive, debilitating morbidity (polyneuropathy,
cardiomyopathy) with high mortality. Patisiran contains siRNA directed against TTR
MRNA formulated into 60 — 100 nm PEGylated LNPs. The design of LNPs for delivery
is based on a long-term development by Cullis and collaborators [41, 71]. The
formulation contains four lipidic excipients: cholesterol, distearyl phosphatidyl choline;
DLin-MC3-DMA as special cationic lipid, consisting of a dimethylamino-propionic ester
of a carba-analogue of di-linoleic acid glyceride; and the sheddable PEG derivative
PEG2k-C-DMG. The cationic lipid DLin-MC3-DMA supports nucleic acid incorporation
and endosomal membrane destabilization. The dimyristylated PEG agent stabilized
the formulation but is gradually shed off in blood circulation; this triggers incorporation
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of an apolipoprotein E corona [292], which results in targeted delivery to the LDL

receptor and subsequent gene silencing in liver hepatocytes.

Alternative nanoformulations include siRNA conjugates with cholesterol [293], which
enhanced the biodistribution to a series of tissues. More recently, conjugates with tri-
(N-acetyl-galactosamine)-PEG ligand were designed for targeting the hepatocyte-
specific asialoglycoprotein receptor (ASGPR); combined with complete chemical
modification of siRNA backbone, upon administration via the subcutaneous route this
opened another very potent way for liver-specific RNA interference therapy [82, 83].
ASGPR-targeted siRNA-PEG-GalNAc conjugates are currently evaluated in several
advanced clinical studies with target genes being located in liver hepatocytes. The first
subcutaneous siRNA-PEG-GalNAc conjugate product Givosiran, targeting
aminolevulinic acid synthase 1 (ALAS1) for the treatment of acute hepatic porphyria,
received market approval in November 2019. Gene silencing of ALAS1 reduces build-
up of neurotoxic aminolevulinic acid (ALA) and porphobilinogen (PBG) metabolites
[294].

Further chemical evolution of LNP formulation focused on higher potency at low doses,
thus enhancing the biocompatibility at therapeutic dosage. By screening combinatorial
libraries Daniel Anderson, Robert Langer and colleagues had identified cationic
lipidoids such as 98-N12-5 [198, 200] or C12-200 [199, 201], which as part of siRNA
LNP formulations were able to mediate in vivo gene silencing in mouse liver; in case
of C12-200 efficient gene silencing was seen at doses below 10 ug/kg. Hideyoshi
Harashima and coworkers invested efforts in optimizing pH-responsive cationic lipids
as well as active targeting strategies beyond the liver [295, 296]. In recent work they
systematically derivatized the hydrophilic head group and hydrophobic tails of YSK12-
C4, a pH-sensitive cationic lipid that was previously developed in their laboratory.
Studies revealed that hydrophilic head significantly affected the apparent pKa of the
final LNP product, which is a key factor in both intrahepatic distribution and endosomal
escape. In contrast, the hydrophobic tail strongly affected intrahepatic distribution
without depending on apparent pKa. A structure-activity relationship study enabled the
selection of a potent LNP composed of a pH-sensitive cationic lipid CL4H6 that showed
efficient gene silencing at very |l ow dose (5
and good biocompatibility. Compared to the previously developed LNPs, a superior

efficiency for endosomal escape, cytosolic release and in vivo gene silencing was
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observed [297]. Furthermore, the same research group developed tumor-targeted
siRNA LNP formulations. They compared RGD peptide-modified lipid nanoparticles
(RGD-LNPs) with analogous PEG-LNPs in a lung tumor metastasis model.
Accumulation of PEG-LNPs in the tumor-bearing lung was lower than that for the RGD-
LNPs. Intravenous administration of siRNA RGD-LNP induced gene silencing in the
metastasized but not the normal lung. RGD-LNP of antiangiogenic siRNA against

DLL4 greatly prolonged the survival of tumor mice [298].

Existing LNP and GalNAc conjugate technologies appear to be suitable for medical
developments where the target cells are liver hepatocytes. For systemic targeting other
tissues and organs, delivery technology still needs to be explored and optimized. As a
significant step towards therapy, tumor-targeted siRNA polyplexes have already been
evaluated in first clinical studies in cancer patients. The nanoparticles were based on
transferrin-coated cyclodextrin-oligocation for active targeting the transferrin receptor.
Complexes of siRNA against the M2 subunit of ribonucleotide reductase demonstrated

gene silencing (and target protein reduction) in distant patient tumor tissue [152].

Zheng-Rong Lu and coworkers designed lipo-peptide like cationizable siRNA carriers
with endosomal pH-dependent membrane disruptive capabilities, for the intracellular
endosomal release of the internalized siRNA. These carriers consist of three domains:
cationizable head, amino acid-based linkers including cysteines, histidines or lysines,
and two terminal hydrophobic oleic acids. Initial studies (published between 2007 and
2009) identified (1-aminoethyl) iminobis [N-(oleoyl cysteinyl histinyl-1-aminoethyl)
propionamide] (EHCO) as potent siRNA carrier, which upon attachment of bombesin
or a RGD peptide via PEG spacers triggered receptor-mediated uptake and gene
silencing in tumors in vitro and in vivo [219, 299, 300]. As published in 2013 [220], a
new mini-library screen of SPS-prepared lipopeptides was performed to optimize the
number of protonable amines and pKa of the cationic domain, the degree of
unsaturation of the lipid tail, and the presence of histidines. The histidine-free carriers
ECO (bis-oleic acid) and ECLn (bis-linolic acid) mediated the best siRNA silencing
activity. Subsequently, ECO was successfully applied in RGD-PEG siRNA
nanoformulations for therapeutic tumor-targeting. Intravenous injections of RGD-
targeted ECO/sibeta3 nanoparticles reduced MDA-MB-231 breast tumor growth and
metastasis [301]. Most recently, the system was used for therapeutic gene silencing of
the onco-IncRNA DACR, resulting in reduced tumor growth [302].
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In our own optimization of tumor receptor-targeted sequence-defined OAAs (compare
section 2.5) for siRNA delivery, two different strategies were pursued. The first strategy
aimed at generation of small unimolecular siRNA nanoplexes with a thin coat of ligand-
PEG-OAA two arm molecules; nanoplex sizes increased only by 2 nm or 4 nm beyond
free siRNA, depending on the length of PEG of 24 or 48 EO units, respectively [303].
Nanoplexes required stabilization by cysteine-based disulfide bridges within the OAA
coat; furthermore, siRNA conjugation with an endosomal escape peptide (INF7) was
strictly required for gene silencing efficacy. Folic acid (FolA) [303] or glutaminylated
methotrexate [304] were used as targeting ligands. With the latter ligand, which also
may act as intracellular dihydrofolate reductase inhibitor, antitumoral activity (50%
cures of mice) was obtained after intratumoral administration of siRNA nanoplexes
against spindle motor protein EG5 [304]. Systemic administration, however, was
ineffective, as the nanoplexes were rapidly cleared via the kidney and could be

recovered from the urine of treated mice.

As second strategy, for systemic administration, siRNA polyplexes of sizes around 100
nm were formulated by including non-PEGylated OAAs. For siRNA delivery, polyplex
stabilization was required, either by defined cysteine-based disulfide cross-links and
/or the incorporation of hydrophobic lipid domains [238]. Including terminal tyrosine
tripeptide sequences -Mmori ntsegradagtliierat iremsulvt &
improvement [305]. A mini-library screen of lipo-OAAs for the effect of incorporated
fatty acids on efficacy and biocompatibility revealed an impact on polyplex stability,
endosomolytic activity and also cytotoxicity. The cytotoxicity issue was resolved by
incorporation of designer cleavage sites into the lipo-OAA carrier, such as an SSBB
disulfide building block between cationic and lipid domain, which are cleavable in the
cytosol [306], or lysosomal cathepsin B cleavage sites for intended lysosomal
degradation [90].

For incorporation of active targeting function, targeted combination polyplexes (TCPs)
were generated [307]. In the siRNA polyplex formation, a targeted FolA-PEG two-arm
or four-arm OAA was reacted with a non-PEGylated three-arm OAA. The reaction was
performed by fast directed coupling of thionitrobenzoic acid (TNB) cysteine-modified
OAA with the free terminal cysteine thiol groups of the other OAA via disulfide
formation. In a variation of the strategies, Dian-Jang Lee et al designed targeted
lipopolyplexes (TLPs) by combination of the targeted FolA-PEG two-arm with a T-
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shaped lipo-OAA [308]. For both TCP and TLP, optimized combinations were tested
in vivo and demonstrated gene silencing in a subcutaneous L1210 mouse leukemia

model after intravenous administration.

Well-compacted surface-shielded siRNA lipopolyplexes were also formulated in an
alternative mode, by pre-formation of compacted siRNA core complexes followed by
post-modification with a PEG- targeting ligand shell. FolA, transferrin, or an EGFR
binding peptide was immobilized via a cysteine-based linkage [309-311]. More
recently, the strategy was expanded to the use of orthogonal, copper-free click
chemistry. Lipo-OAAs were synthesized with a terminal azido function, and formulated
siRNA lipoplexes were treated with DBCO-PEG-ligands. By these means, FolA-
targeted siRNA nanoparticles were generated, which upon intravenous application
presented tumor-targeted EG5 gene silencing and antitumoral action in combination
with the antitumoral natural product pretubulysin [312]. Analogously, EGF receptor-
targeted lipopolyplexes were formulated for EG5 siRNA/methotrexate co-delivery [313]
or EG5 siRNA/pretubulysin co-delivery [314], demonstrating clear combination effects
as tested in EGFR positive tumor cell cultures. As a novel type of combination therapy,
a dual antitumoral conjugate of EG5 siRNA with the pro-apoptotic peptide KLK was
designed [315]. For tumoral delivery, this bioreducible siRNA conjugate was
formulated in a T-shaped azido-lipo-OAA and click-coated with DBCO-PEG-AP1 as
ligand construct for targeting the IL4 receptor [315]. Both mitochondrial destabilization
by cytosolic released KLK peptide and EG5 silencing triggered mitotic block was

demonstrated.

An extension of t hi s enh forhstRMA delivery carvieos! [316] i

addressed the question about a possible beneficial role of histidines. As reported
above, histidines as endosomal buffering components had been found beneficial for
pDNA delivery. However, histidines (which carry no charge at physiological pH), may
also reduce polyplex stability. For pPDNA polyplexes which (due to the far larger number
of base pairs) are more stable than siRNA polyplexes, this usually does not present a
problem. For example, pDNA/PEI polyplexes require >1M salt for dissociation,
whereas PEI polyplexes of siRNA dissociate already with 0.5M sodium chloride [317].
For siRNA polyplex performance, incorporation of histidines can be a balancing act.
Extra measures have to be taken for polyplex stabilization to counteract an unfavorable

histidine effect. In case of T-shaped lipo-OAAs with a short cationizable Stp backbone
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without and with incorporated histidines, the histidine-free carrier displayed a better
gene silencing performance [315]. Analogous siRNA lipo-polyplexes formed with lipo-
OAAs containing an extended Stp backbone (40 aminoethylene nitrogens) were found
to be more stable, and incorporation of alternating histidines further improved gene
silencing efficiency [318]. The observations are well consistent with published data.
For siRNA carriers like ECO that contain only short cationic domains but Iytic fatty acid
domains, histidines might be dispensable, as reported by Lu and collaborators [220].
Histidines integrated into lipid-free larger cationic oligolysine peptides, such as the
highly effective gene silencing H3K8b peptide, are required for endosomal escape
activity [213].

2.3.3 mRNA delivery

Therapeutic mMRNA delivery has become increasingly attractive in recent years. It has
a great potential for addressing medical applications like immunotherapy, gene editing,
regenerative medicine and vaccines [319, 320]. To improve the stability of the nucleic
acid under physiological conditions and to decrease the immune response,
synthetically modifications of the rather unstable mRNA are necessary. In addition, the
development of efficient delivery carriers for mRNA is required to protect the cargo as
well as for effective cellular uptake and cytosolic release [320]. The new therapeutic
procedure offers new challenges and opportunities for the delivery of polymers.
Because of the poor pharmacokinetic properties of mRNA, Rudolf Zentel and
colleagues developed decationizable block copolymers containing disulfide-linked
primary amines (Figure 11A) that form polyplexes with negatively charged mRNA.
Different translation functionalities and polyplex structures were found depending on
the composition of the block copolymers. They noted mRNA release of the nano-sized
polyplexes in the reducing environment of the cytosol [321]. Christian Dohmen and
collaborators evaluated cationic lipids and polymers formed with different defined
oligoamines. They found that a modified PEl-like carrier with an (aminoethylene-
aminopropylene-aminoethylene) sequence (Figure 11B) is more efficient than
aminoethylene or aminopropylene based carriers, and leads to enhanced mRNA
transfection [322].
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Several researchers developed different degradable polymer-lipid nanoparticles for
systemic delivery of mRNA to the lung [319, 320, 323]. James Kaczmarek et al
formul ated mMRNA nanopart i-anineesteriipid (RBAE-Bpglr ad a b |
for functional delivery to the lungs. Through coformulation with lipid-PEG they obtained
serum-stable nanoparticles with increased in vitro potency and most potent in vivo
mMRNA delivery to the lungs [323]. By means of polymer synthesis and nanoparticle
formulation the potency of the degradable, polymeric nanoparticles can be increased.
They also demonstrated the ability of particles to functionally deliver mRNA to
pulmonary endothelial and immune cells by using Cre reporter gene mice [320].
Moreover, a combinatorial polyester library (Figure 11C) containing 480 distinct
chemical structures was generated by Daniel Siegwart and coworkers with the aim to
identify mRNA carriers. Surface shielding with 5% pluronic F127 improved the stability
of mMRNA polyplexes and enabled predominant lung gene transfer upon intravenous

application in mice [319].

To enable tissue-selective mMRNA delivery, novel ionizable amino-polyesters were
designed by Piotr Kowalski et al (Figure 11D). Carriers were synthesized by ring
opening polymerization of lactones with tertiary amino-alcohols and applied for mMRNA
formulation into LNPs. Effective mRNA expression in lung endothelium, liver
hepatocytes, and splenic antigen presenting cells was found [324]. Standard LNPs as
developed for the siRNA therapeutic Patisiran (see section 3.2) show effective
hepatocyte delivery by LDL receptor mediated uptake; the small fraction (~1%) of
cargo released into the cytosol is an early event (5-15 minutes after endocytosis [325,
326]). The efficiency on other tissues and cell types is highly variable. Recently, Arwyn
Jones, Marianne Ashford and colleagues evaluated intracellular trafficking of mRNA
LNPs in 30 different tumor cell lines, comparing highly transfecting cell lines with
moderately or poorly transfecting cell lines [327]. High-transfecting cells showed rapid
LNP uptake and trafficking through an organized endocytic pathway to lysosomes or
rapid exocytosis was observed in well transfectable cells. Low-transfecting cells
displayed slower endosomal trafficking of LNPs to lysosomes and defective endocytic
organization and acidification. In line with [325, 326], efficient LNP transfection relies

on an early and narrow endosomal escape window.

Wenfei Dong and collaborators generated stable polymeric nanoformulations by
complexing mRNA with poly(N-isopropylacrylamide) (PNIPAM)-pLys—thiol (Figure
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11E) and cRGD-PEG-pLys-thiol for systemic delivery to tumors. Thermo-responsive
PNIPAM was incorporated for stabilization and mRNA protection during systemic
circulation, redox-responsive disulfide linkages for extracellular stabilization and
intracellular mRNA release. Furthermore, the PEG-conjugated cRGD ligand on the
surface of the nanoformulation improved tumor accumulation and achieved potent
gene expression of the loaded mRNA via integrin-facilitated cellular uptake [328].

Hydrophobic polyplex stabilization was also essential in the work of Kataoka and
coworkers for optimizing systemic mRNA delivery by PEG-pAsp(TEP) block
copolymers (Figure11F) . A chol est er ol mo i et y-termimuws
of the copolymer for enhanced blood retention upon intravenous administration. The
i.v. administration of PEG-pAsp(TEP)-Chol polyplexes for the delivery of mRNA
encoding the anti-angiogenic protein sFlt-1 resulted in a remarkable growth inhibition

of pancreatic cancer in a subcutaneous inoculation mouse model [163].

Amphiphilic charge-altering releasable transporters (CARTSs) are degradable materials
for mMRNA transfer and have been developed by Robert Waymouth and coworkers
(Figure 11G). The step-economical synthesis of CARTs was achieved by an
organocatalytic oligomerization. These transporters are capable of first building CART
/ mRNA complexes, protecting and delivering mRNA into cells. Subsequently CARTs
undergo a degradative intramolecular rearrangement, degrading to neutral small
molecules by controlled self-immolation, resulting in the release of mRNA into the
cytoplasm and translation into protein [329]. Evolutionary optimization was possible
using CART libraries incorporating different lipidic side groups. CART / mRNA
complexes were demonstrated to successfully transfect lymphocytes in vitro and in
mice in vivo [330]. Upon intratumoral injection, they can effectively trigger antitumor

immune responses [331].
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Figure 11. mRNA delivery carriers. (A) Reductive decationizable block copolymers [321]. (B)
Ethylenimine-propylenimine-ethylenimine (EPE) sequence motif as superior building block
[322]. (C) Functional and degradable poly(trimethylolpropane allyl ether-co-suberoyl chloride)
library [319]. (D) Ring opening polymerization of lactones initiated by a tertiary amino-alcohol
[324]. (E) PNIPAM pLys(SH) [328]. (F) PEG-pAsp(TEP) block copolymers [163]. (G)
Biodegradation of a CART copolymer [329].

2.3.4 Intracellular protein delivery

Extracellularly active recombinant therapeutic proteins such as growth factors and
antibodies have already captured a major fraction of the pharmaceutical market [332].
Delivery of proteins to intracellular target locations is a recent emerging task, fueled by
developments of nanobodies with intracellular molecular targets or high-precision DNA
endonucleases such as Cre recombinase, zinc finger nuclease, TALENs, or Cas9
protein for genome editing (see also section 3.5). In this novel research area,
numerous different delivery approaches have been recently reported [333, 334]. These
include physical incorporation into degradable hydrogels [335-339] or lipidic carriers,
conjugation or complexation with polymers such as phenyl-biguanide modified [340] or
phenyl-boronic acid modified [341] polycations (Figure 12), targeting ligands or other
functional transduction domains [342-346], or covalent reversible recharging followed
by electrostatic polycation complex formation [347-349]. In contrast to the previously

discussed cargos DNA, siRNA, and mRNA, which are physicochemically uniform
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within their compound class, protein cargos may very much differ in size, charge/
isoelectric point, hydrophilicity and stability. When screening libraries of sequence-
defined OAA oligomers for delivery of different protein cargos (such as enhanced green
fluorescent protein (eGFP), LacZ, RNase, or nanobodies), our own learning
experience has been that different carriers or carrier concepts were best for the
different protein cargos. In the nutshell, for every protein cargo an independent

"chemical evolution search" for the most suitable nanocarrier has to be performed.
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Figure 12. Polycationic protein carriers. (A) Phenyl-biguanidine-benzoic acid (PBGBA)
modified branched PEI (25 kDa) containing in average 60 PBGBA per bPEI [340]. (B) Protein
interactions with phenyl-boronic acid modified cationic G5 PAMAM dendrimer via nitrogen-
boronate complexation, cation- and ionic interactions enables dendrimer binding with either

negatively or positively charged proteins [341].

A main delivery effort is the specific attachment of the protein formulation to the target
cell, in order to trigger cellular uptake by endocytosis or related mechanisms.
Subsequent release to the cytosol is the next challenge, followed by intracellular
release at the target location (cytosol, nucleus) in bioactive form. Thus, in our work,
proteins were bioreversibly conjugated with sequence-defined carriers. Optionally,
linkers were used that are removed traceless under endosomal acidic conditions [350,
351]. Alternatively, redox-sensitive disulfide linkages were applied for bioreduction in
the cytosol [352, 353].

Screening a sequence-defined oligoaminoamide (OAA) library for eGFP protein
delivery presented a tetra oleoyl-modified protonatable OAA containing a folate-PEG

domain for receptor targeting and nanoparticle shielding, and a protein disulfide
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linkage, as the best intracellular e GFP delivery agent into folate receptor-expressing
tumor cells [353] (Figure 13A). The formulation consisted of small worm-like
nanomicelle rods with approximately 10 nm in diameter and 30 nm hydrodynamic
diameter. Formulation of the bioreversible carrier conjugates with helper lipid resulted
in formation of 50 nm proteoliposomes with similar protein delivery efficiency [354].
Replacing eGFP by antitumoral RNase A resulted in highly effective cytosolic delivery

and the desired tumor cell killing.
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Figure 13. Protein delivery strategies by solid-phase synthesized nanocarriers. (A)
Bioreversible protein disulfide linked lipo-OAA [353, 354]. (B) Folate-PEG linked four-arm
OAAs for bioreversibly caging nanobody cargos [355]. (C) Traceless reversible protein
conjugation with a targeting ligand (folate-PEG) and an endosomal escape peptide (INF7)
[356].

Interestingly, when screening the library for intracellular delivery of very small (2 nm)
nanobodies, the disulfide-linked lipo-OAA was not the most suitable delivery solution.
Instead, a folate-PEG linked four-arm OAA containing a terminal cysteine on each arm
(Figure 13B) was found as most effective, surprisingly without covalent linkage to the
nanobody protein [355]. The very small size of the nanoplexes and the strict
requirement of the cysteines on the carrier with disulfide forming capacity is consistent
with bioreversible caging of the nanobodies within a disulfide cross-linked OAA net
coating the nanobody. Nanoplexes were internalized via receptor-mediated
endocytosis and partly released into the cytosol. Bioreductive cytosolic release of
nanobodies was verified via intracellular staining of nanobody target proteins in living

cells. Figure 13C illustrates the third protein delivery strategy as evaluated in our
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group. In contrast to the other approaches, carrier-free delivery formulations of eGFP
or RNase A were developed by direct, traceless reversible protein conjugation with
folate-PEG targeting ligands and influenza-derived endosomal escape peptide (INF7)
functionalization [356]. Folate ligand incorporation was required and sufficient for
cellular uptake. For the smaller and basic RNase A protein, additional INF7
functionalization was required and sufficient for cytosolic delivery and potent cell killing;
for the larger non-basic eGFP protein, cytosolic delivery was limited despite INF7
incorporation. In another complementary approach, Ulrich Lachelt and colleagues
generated multifunctional hybrid nanosystems by coordinative self-assembly of His-
tagged proteins (such as Hes-eGFP or He-transferrin), apoptotic peptides, or
mitochondrial cytochrome contometal —or gani ¢ f r a nMB&7} tntrakedula( MOF s )

delivery and cell killing by the apoptotic cargos was observed.

In summary, on the one hand, the biochemical difference of proteins enables the
exploration of many different delivery strategies; on the other hand, generic protein
delivery solutions are futile, and individual protein cargos request individual

optimizations by chemical evolution.

2.3.5 Delivery of genome-editing nucleases

Over the past several years great advances in precise genome modifying nucleases
such as zinc finger nucleases (ZFN), transcription activator-like effector nucleases
(TALEN), meganucleases (MN), or CRISPR Cas9 / sgRNA [7, 358] and others have
opened a new era for genetic manipulation of model organisms [359] as well as the
development of gene therapeutics [360-362]. For this purpose, nonviral vectors offer a
broad and safer alternative to viral vectors, to overcome viral vector problems such as
high occurrence of preexisting or induced immune response, or unintended sustained
expression of programmable nucleases, which might lead to off-target cleavage.
Transient expression profiles of nonviral vectors, which usually present a disadvantage
for treatment of most genetic diseases, can be advantageously applied for transient
expression of genome—modifying nucleases. Different intracellular delivery modalities
for the genome-editing agents can be pursued: as gene expression constructs based
on pDNA [363] or mRNA [362]; as recombinant protein, or as Cas9 protein/sgRNA
ribonucleoprotein formulation [260, 361]. Especially, the easy design of the CRISPR-
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associated protein 9 (Cas9) / single guide RNA (sgRNA) system has boosted genome
editing strategies. CRISPR/Cas9 is considered to be an innovative tool for highly
efficient genome engineering [361, 363, 364]. Therefore development of efficient and
safe delivery technologies, as also reviewed in this ADDR issue [365-367], is of utmost

importance.

Kam Leong, Jianjun Cheng and collaborators appliedt h e ¢ a thelicalpolypeptide
p o | -4-((2y(piperidin-1-yl)ethyl)aminomethyl)benzyl-L-glutamate) which was
developed out of a library screen (see Figure 10) for the co-delivery of sgRNA and
pDNA expressing Cas9. PEGylated nanoparticles were obtained by including PEG-
polythymidineso in the polyplex formulation. Single or multiplex gene editing was
performed in vitro with an up to 47% efficiency. In vivo targeting gene deletion of polo-
like kinase 1 (Plk1) suppressed the growth of HeLa tumors in mice and prolonged the

animal survival rate [286].

Junjui Huang and colleagues developed a new strategy for the delivery of large pDNA
coding for Cas9 and sgRNA f or-glabid,irhormboid5
homolog 1) by using PEI-3-cyclodextrin as cationic polymer to form nanocomplexes
[363]. Zheng-Rong Lu and coworker optimized their bis (oleoyl-cysteine)
oligoaminopeptide system ECO (see sections 3.1 and 3.2) by introducing triamino-
triethylamine as a novel cationizable head group and optionally additional linker lysine
or histidines. ECO and iECO (without any further linker amino acids) presented the
most effective agents for intracellular delivery of pDNA expressing CRISPR/Cas9,

resulting in genome editing [368].

Gleb Sukhorukov and colleagues reported on pDNA-based delivery of CRISPR Cas9
components, improved by polymeric and hybrid microcarriers made of degradable
polymers coated by a biocompatible shell of silica [369]. Using a combinatorial design
of p-@arinoediers) (see section 2.4), Jordan Green and colleagues had developed
branched ester-amine quadpolymers (BEAQs) for pDNA transfer (see section 3.1).To
co-encapsulate and deliver Cas9 pDNA and sgRNA in the same biodegradable
nanoparticle system, Green and collaborators extended the chemical evolution to the
design of reducible BEAQs (rBEAQs), with a library varying the polymer branching,
reducibility and hydrophobicity. These variations resulted in 40% Cas9-facilitated gene
knockout in human embryonic kidney 293T cells, which also confirms the presence as

well as the bioactivity of the two components in the same cell [370].
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mRNA delivery enables high and transient expression of genome-modifying
nucleases. Anthony Conway et al co-formulated LNPs with a novel ionizable lipid and
MmRNA encoding ZFNs. They achieved highly effective in vivo genome editing of
several therapeutic gene targets such as the TTR or PCSK9 gene in hepatocytes [371].
Standard LNPs (see sections 2.4 and 3.2) preferably deliver nucleic acids (such as
siRNA or mRNA) into liver hepatocytes. James Dahlman and coworkers applied their
high-throughput barcode-based technology FIND (see section 2.6) to measure efficient
LNP-based in vivo delivery mRNA and sgRNA into multiple organs. In this directed
evolution process, they found more than 250 LNPs delivering mRNA to multiple cell
types. They also identified two LNPs, 7C2 and 7C3, that efficiently deliver sgRNA and
MRNA to endothelial cells. The LNP 7C3 was found to deliver Cas9 mRNA and sgRNA
to splenic endothelial cells as efficiently as to hepatocytes, opening the opportunity for
endothelial cell gene editing [268]. The team of Daniel Siegwart designed zwitterionic
amino lipids nanoparticles for delivery of Cas9 mRNA plus sgRNAs. Co-delivery of
Cas9 mRNA / LoxP sgRNA via an intravenous route resulted in rescued tdTomato
fluorescent protein expression in the liver, lung, and kidneys of Lox-Stop-Lox tdTomato

transgenic mice [372].

As the CRISPR-Cas9 protein activity is required only for the short period of the genome
editing process, direct intracellular protein delivery into the cell nucleus is a further
attractive option, preferable in form of an active Cas9 protein/sgRNA ribonucleoprotein
complex. Delivery of protein cargos across cell membranes as well as endosome
escape is a persistent challenge, which has to be met by strategies as outlined in
section 3.4. Jennifer Doudna and colleagues designed CRISPR-Cas9 protein
conjugates, harboring N-acetylgalactosamine (GalNac) trimers as targeting ligands to
achieve effective ASGPR-mediated endocytosis into hepatocytes for liver-specific
genome editing [373]. They could demonstrate gene editing in HepG2 cell culture when

co-applied together with an endosomolytic peptide ppTG21.

David Liu and collaborators developed protein delivery for Cre recombinase, TALE, or
Cas9 nuclease by conversion into negatively supercharged proteins followed by
complexation with standard cationic liposomes. Supercharging was achieved by
recombinant fusion with other negatively charged proteins or, in case of Cas9, by
loading with the negatively charged sgRNA [374]. Subsequently the same research

group applied bioreducible lipid carriers for improved intracellular release of the
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ribonucleoprotein agent [375]. Yoo Kyung Kang et al followed a different approach for
CRISPR Cas9 protein delivery. They conjugated Cas9 endonuclease covalently with
cationic branched PEI, and subsequently used the cationic conjugate for complexation
with sgRNA. The formed nanoparticles were applied for genome editing of methicillin-

resistant Staphylococcus aureus (MRSA) [361].

Yuan Ping, Yijun Cheng and coworkers had generated effective carriers for
intracellular protein delivery by modifying cationic amine-terminated polyamidoamine
(PAMAM) generation 5 dendrimers with phenylboronic acid (PBA) residues (see also
section 3.4). This modification has made it possible to bind with either negatively or
positively charged proteins, assembling them into nanoparticles with potent cytosolic
delivery, and maintaining the protein bioactivity after intracellular release. Amongst
several protein cargos, they demonstrated efficient Cas9 protein/sgRNA co-delivery
and gene editing [341]. Wenfu Zheng, Xingyu Jiang and colleagues reported on
genome editing hybrid nanoparticles assembled from a core of gold nanoclusters
modified with HIV tat peptide, Cas9 protein and sgRNA expressing pDNA, coated with
a PEG-lipid shell. Using sgRNA targeting Polo-like kinase-1 (Plk1), a more than 70%
down-regulation of PlIk1 was observed in melanoma cells in vitro and a 75%

suppression of melanoma growth in mice in vivo [376].

2.4 Conclusions

Extracellular and intracellular delivery of therapeutic nucleic acids or proteins has been
the focus of numerous activities now already over 58 years, since first successful
enhancement of poliovirus RNA delivery with basic proteins [377]. About three-

thousand gene therapy clinical trials (see http://www.abedia.com/wiley [5]) have been

performed, yielding at current stage nine gene therapy products. Numerous chemistry
efforts resulted in one siRNA and at least eight synthetic oligonucleotides that were
approved as drug products. Further nucleic acid products are in advanced clinical
evaluation and will reach the market soon. In all these nhanomedicine developments,
efficient and safe transfer of the therapeutic nanoagent into the desired target tissues

and cells of patients are still the most critical limitation and bottleneck.

Nature designed viruses as highly potent intracellular delivery agents, using a very

limited tool-box of chemical building blocks assembled under physiological conditions.
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We may learn from the elaborative mechanisms of viruses for infecting cells and might

try to imitate them by generating ‘“artifici
classes of viruses with widely different entry mechanisms exist. To paraphrase the

guote from Richard Feynman ‘ What I cannot
fascinated about viruses, does not mean to understand them and being able to create

them. Viruses may be regarded as snapshots of natural evolution, and their diverse

optimized processes may not be general applicable in an artificial setting. It might be

more useful to learn from the general principles of natural evolution and adopt them to

artificial synthetic designs and selection processes ter med
evolution”. I n theory, refined synthetic nan
of chemical building blocks and synthesized using a whole range of optimized chemical
conditions might be more effectivei n del i very than natural viru

knowledge about their perfect construction plan.

Figure 14. Chemical evolution of nanocarriers. Chemical libraries can be combinatorial or
sequence-defined. Screening in appropriate in vitro or in vivo test models is supposed to
(physically or functionally) enrich nanocarriers with favorable properties. Nanocarriers can be
identified either directly (by sequence) or indirectly (by barcoding), providing input for the next

evolution cycle.
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General design principles for synthetic chemical evolution of nanocarriers (Figure 14)

could be as follows:

i. Generation of libraries of chemical structures defined as retrievable

Sequences’, assembled from a set of chem
i. Definition as ‘' Sequences’ can be based on
on integrated (DNA or peptide) barcodes
ii. A ‘Sequence’ can be linear (as in natur al
contain branching (such as in dendrons)
“ Sequenc e Déretrieeablelin terms of structure identification (high-end
analytics from genomics/proteomics) and regeneration of the structure (directed
synthesis). The sequence information should be storable in silico or on a
template (compare with the genetic code in natural evolution).
v. Libraries may be the result of random or designed small changes in sequence
of building blocks (‘mutations’), or rea
domains (‘shuffling’”). Analogous ge&ane shu
artificial evolution (just for example, note the abundant use of DNA binding zinc
fingers in ~2800 human proteins [378]).
vi.  Screening of the library has to be performed in appropriate test models, for
identification and selection of most suitable nanocarrier candidates as starting
point for the next refined library and next evolution cycle.
vii.  Different macromolecular cargos (illustrated here for pDNA siRNA, mRNA,
proteins, and genome—editing agents) may require different nanocarriers due to
their different physicochemical properties and their different intracellular target
sites and modes of action.
viii.  The different therapeutic modes (transient or permanent action; low or high level
of intervention required for therapeutic effects) as well as the various different
target organs and cell types, may dictate different requirements to the
nanocarrier. Optimization for ex vivo delivery into cultured cell most likely will
not correlate with optimal in vivo delivery. Therefore, applying the most relevant
screening model is of utmost importance. Keep in mind: even in the best case,

you only get what you actually asked / screened for.

Chemical evolution may involve rational design of improved building blocks based on
a better understanding of the delivery processes. It may be fueled by empirical
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screening of diverse chemical compound libraries, computational prediction by
machine learning algorithms, virtual screening. Chemical evolution can also be
regarded as an evolution of knowledge. To illustrate this with one example of
endosomal escape: in the early nineties, when this step was discovered to be
ineffective in nonviral gene transfer, viral endosomolytic mechanisms were introduced
to overcome this bottleneck [58, 379]. It also triggered the search for endosomolytic
agents and the discovery that a simple cationizable polymer, PEI, can overcome the
endosomal barrier via “ Thé¢ercpllsthe wwusesslipmohge: A
ex pl (880t 381]. A refined molecular understanding of the aminoethylene
protonaton c har acteri stics was developeddandf fdest
[161] which pointed out that not every proton sponge might be applicable. Evolution
continues with the notion that different intracellular endolysosomal sorting mechanisms
in different cell types and tissues may strongly influence the selection of the most

productive mechanism of cationizable nanocarriers [212, 327].

In conclusion, different chemical evolution strategies have already been pursued, as
reported herein. Starting from rational design of multifunctional molecular conjugates
and block copolymer libraries, screening of combinatorial chemistry libraries or
sequence-defined peptide-like macromolecules has been performed, largely ex vivo in
cell culture, but in part also in more relevant in vivo mouse models. DNA- or peptide-
barcoded nanoagents, combined with high-end genomics / MS analytics for
identification of nanocarriers, present encouraging options for future in vivo chemical

evolution.
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Abstract

Messenger RNA (mRNA) is a powerful tool for nucleic acid-based therapies and
vaccination, but efficient and specific delivery to target tissues remains a significant
challenge. In this study, we demonstrate lipoamino xenopeptide carriers as
components of highly efficient mMRNA LNPs. These lipo-xenopeptides are defined as
2D sequences in different 3D topologies (bundles or different U-shapes). The polar
artificial amino acid tetraethylene pentamino succinic acid (Stp) and various lipophilic
tertiary lipoamino fatty acids (LAFs) act as ionizable amphiphilic units, connected in
different ratios via bisamidated lysines as branching units. A series of more lipophilic
LAF4-Stp1 carriers with bundle topology is especially well suited for efficient
encapsulation of mRNA into LNPs, facilitated cellular uptake and strongly enhanced
endosomal escape. These LNPs display improved, faster transfection kinetics
compared to standard LNP formulations, with high potency in a variety of tumor cell
lines (including N2a neuroblastoma, HepG2 and Huh7 hepatocellular, and Hela
cervical carcinoma cells), J774A.1 macrophages, and DC2.4 dendritic cells. High
transfection levels were obtained even in the presence of serum at very low sub-
microgram mRNA doses. Upon intravenous application of only 3 yg mRNA per mouse,
in vivo mRNA expression is found with a high selectivity for dendritic cells and

macrophages, resulting in a particularly high overall preferred expression in the spleen.

Double pH-responsive carriers for mMRNA LNPs
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3.1 Introduction

Over the last decades, lipid nanoparticles (LNPs) have evolved to become the most
advanced nonviral platform for safe and highly effective nucleic acid delivery in vivo,
since they can encapsulate and deliver a wide variety of therapeutic agents. The first
FDA approved small-interfering RNA (siRNA) drug, Onpattro (Patisiran), is an LNP
formulation that after intravenous application delivers siRNA into liver hepatocytes for
the treatment of hereditary transthyretin amyloidosis [383]. More recently, messenger
RNA (mRNA) LNPs have gained importance as intramuscularly applied vaccines in
the context of the COVID-19 pandemic [384] and for other vaccination directions, such
as antitumoral immunotherapy [385]. In addition, other work uses LNPs for the co-
delivery of different nucleic acid molecules, such as CRISPR-Cas9 mRNA and single
guide RNA to the liver, as evaluated in a recent clinical study for the treatment of

transthyretin amyloidosis [386].

LNPs typically consist of four lipidic components: cholesterol, phospholipids,
polyethylene glycol (PEG)-lipids, and cationizable lipids [387]. These components
enable monodisperse particle formation and high encapsulation efficiency of nucleic
acid, improve particle stability, and promote endosomal escape of nucleic acid after
cellular uptake via endocytosis. The main focus in LNP research is the optimization of
ionizable lipids since these are mainly responsible for efficient complexation of the
negatively charged nucleic acid and endosomal escape after cellular uptake. Most
recently, LNP optimization through variation of phospholipids, PEG lipids, replacement
of cholesterol as well as ratio optimization of the individual components has come to
the fore [388, 389]. For example, by replacing zwitterionic 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) with anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(DSPG) in Onpattro (Patisiran), the LNP surface charge can be switched from neutral
to anionic and thus target the reticuloendothelial system (RES) [390]. Furthermore, the
combination of appropriate helper lipids is crucial. By changing the head group of
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) to ethanolamine (DOPE, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine), the LNP formulation containing cationic
lipid DODAP (1,2-dioleoyl-3-dimethylammonium propane) facilitates a transition from
the LDL (low density lipoprotein) receptor-mediated hepatocyte delivery via
apolipoprotein E (ApoE) to predominant spleen targeting via complement receptors

[391, 392]. Currently, the most advanced LNP formulations base on standard
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cationizable lipids with a single positive charge or lipidoids with several positive
charges [393, 394]. In vivo, the LNP composition dictates protein corona formation in
the bloodstream, which in turn affects biodistribution and cellular uptake. Due to ApoE-
mediated liver targeting and good blood perfusion, the liver represents an ideal organ
for LNP delivery and a major site of drug metabolism [395]. In addition to that, the LNP
composition influences the physico-chemical properties (particle size, charge, surface
shielding), which enables organ-selective targeting in the absence of receptor targeting
moieties. For example, particle size can be regulated by altering the PEG lipid
concentration to reach hepatocytes by passing through liver fenestrae (100-160 nm
depending on species) [396]. Further, negatively charged particles show high spleen
preference as reported for lipoplexes [397]; and larger particle sizes, ranging from 200

to 500 nm, are beneficial for targeting splenic dendritic cells [398].

Despite the potent delivery of LNPs to the liver and the overall established medical
usefulness of hepatocyte-directed nucleic acid therapies, it may be desirable to redirect

the particles to other therapeutically relevant tissues. A new approach to minimize liver
accumulation, is selective organ targeting (SORT). This method involves the addition

of a fifth, “sorting” molecul e to tspeeificl i pi d
delivery and activity of the LNPs [399-401]. Most recently, peptide ligands specifically

binding receptors/cell types were identified by in vivo phage peptide biopanning and
conjugated to mRNA LNPs for photoreceptor targeting of the neutral retina after sub-

retinal injection [402]. Additionally, there are strategies to address leukocytes; e.g.,
conjugation of a f usi on sBpintegtineekpressedvon gut-h addr
homing | eukocytes, to the surface of the LNF
gut and therapeutic efficacy in experimental colitis [44]. Another approach is the design

of new libraries of ionizable amino lipids based on ethanolamine, hydrazine, or
hydroxylamine linkers for efficient siRNA delivery into leukocytes [403]. Library
screening and evaluation with Fast Identification of Nanoparticle Delivery (FIND), a
high-throughput DNA barcode-based in vivo LNP screening, facilitates the
characterization of chemically distinct LNPs for efficient RNA delivery to T-lymphocytes

or splenic immune cells in vivo via chemical targeting [404, 405]. Also, the additional
incorporation of the bioactive phospholipid phosphatidylserine into LNPs promotes

MRNA transfection efficiency in secondary lymphoid organs both in vitro and in vivo

[406, 407].
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A critical issue in successful nucleic acid delivery is the endosomal escape. Due to
their ionizable character, LNPs are neutral at physiological pH, but become protonated
in the acidic environment of endosomes. This aids in the fusion of their lipids with the
endosomal membrane and facilitates nucleic acid delivery to the cytosol [408, 409].
Nevertheless, most of the cargo remains inactive by accumulation in late endosomes
and lysosomes [387, 410]. There are several factors and limitations to endosomal
escape that can hinder the efficiency of nanocarrier-mediated drug delivery, resulting
in a cargo escape rate of only 1-2% [411, 412]. Overcoming these barriers is critical

for the efficiency of therapeutic agents [84, 413].

The present study aimed at the evaluation of mMRNA LNP formulations with improved
intracellular cargo release. For this purpose, a small library of recently developed
double pH-responsive lipo-xenopeptides [80] was evaluated as cationizable

components in mMRNA LNPs.

These sequence-defined xenopeptides were synthesized via solid phase-assisted
peptide synthesis (SPPS). The double pH-responsiveness was implemented by
combining cationizable polar aminoethylene units in form of the artificial amino acid
succinoyl tetraethylene pentamine (Stp) [414], with cationizable apolar units in form of
lipo amino fatty acids (LAFs) [80], yielding different 2D sequences and 3D topologies.
These LAF-Stp carriers show a molecular chameleon character due to the pH-
dependent switch in polarity and high endosomolytic activity. Selected library members
were already found highly effective in standard mRNA lipopolyplexes [80]. To identify
the best suitable LAF-Stp carriers for mMRNA LNPs in comparison to standard ionizable
lipids that contain only single tertiary amines (i.e., SM-102, and DLin-MC3-DMA) [384,
387, 415, 416], our multi-protonatable carriers with 6-10 protonatable amines were

tested in different molar lipid, molar charge, and N/P ratios.

The LAF-Stp carriers formulated as LNPs turned out to be very potent, mediating high
MRNA expression in vitro and in vivo, with an interesting specificity for the spleen as a
central immune organ, displaying a far higher spleen/liver expression ratio than
established standard SM-102 and DLin-MC3-DMA LNPs. All in all, our novel LAF-Stp

carriers proved to be an interesting alternative to ionizable lipids in LNPs.

71



Lipoamino bundle LNPs for efficient mRNA transfection of dendritic cells and macrophages
show high spleen selectivity

3.2 Materials and methods

3.2.1 Materials

Chemically modified CleanCap® FLuc mRNA (5moU), CleanCap® mCherry mRNA
(5moU), and CleanCap® eGFP (5moU) encoding firefly luciferase, fluorescent protein
mCherry, or enhanced green fluorescent protein (eGFP), respectively, were obtained
from Trilink Biotechnologies (San Diego, CA,
mMmRNA (5-moUTP) was ordered from Apexbio Technology LLC (Houston, USA).
Cholesterol was purchased from Sigma-Aldrich (Munich, Germany). 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG 2000) were obtained from Avanti Polar
Lipids (Alabaster, AL, USA). The ionizable lipid DLin-MC3-DMA was ordered from
MedChemExpress (Monmouth Junction, NJ, USA) and SM-102 from Biosynth
Carbosynth (Staad, Switzerland). HEPES was purchased from Biomol (Hamburg,
Germany), hydrazinium hydroxide, glucose, and disodium ethylenediaminetetraacetic
acid (EDTA) from Merck (Darmstadt, Germany). Agarose BioReagent — low EEO was
purchased from Sigma Aldrich (Munich, Germany), and GelRed 10,000 as well as

ethanol absolute from VWR (Darmstadt, Germany).

Antibodies for flow cytometric analyses (immunostaining experiment, see section
2.6.3). eFl450-labeled anti-F4/80 (clone BM8), SB702-CD45 (30-F11), PE-CD32b
(AT130-2), PE-Cy7-CD11c (N418), eFI506-CD3 (145-2C11), SB600-CD11b (M1/70),
PE-CD11c (N418), PE-eFI610-Ly6G (1A8- L6g), and eFI780-FVD (for live/dead cell
discrimination) were purchased from ThermoFisher (Waltham, MA, USA). APC-CD19
(1D3) was purchased from BD Biosciences (Franklin Lakes, NJ, USA).

All cell culture consumables were obtained from Faust Lab Science (Klettgau,

Germany). Cell culture media, fetal bovine serum (FBS), antibiotics, trypsin/EDTA as

well as paraformaldehyde (PFA) were purchased from Sigma Aldrich (Munich,

Germany) and PAN-Biotech (Aidenbach, Germany). Cell culture 5% lysis buffer, and

D-luciferin sodium salt were ordered from Promega (Mannheim, Germany); 6-(p-
toluidino)-2-napht hal enesul f onyl -mersaptoethandle 3-(45T NS) ,
dimethylthiazol-2-yl)-2,5-d i phenyi | tetrazol i um -diamidnor2-d e (W~
phenylindole (DAPI), di t htripbospghatee(ATP odisodignd T T ) , z
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salt trihnydrate, coenzyme A ftrilithium salt, bafilomycin A1, and protease and

phosphatase inhibitor cocktail from Sigma-Aldrich (Munich, Germany).

Polypropylene syringe microreactors were obtained from Multisyntech (Witten,
Germany). Fmoc-Stp(Boc)s-OH was synthesized in house according to published
protocols [80]. Fmoc-protected amino acids Fmoc-L-Lys(Dde)-OH and Fmoc-L-
Lys(Fmoc)-OH, 2-chlorotritylchloride polystyrene resin, dimethylformamide and
piperidine were acquired from Iris Biotech (Marktredwitz, Germany).
Diisopropylethylamine (DIPEA), 1-hydroxybenzotriazole hydrate (HOBL), triton X-100,
triisopropylsilane (TIS) were purchased from Sigma-Aldrich (Munich, Germany).
(Benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was
procured from Millipore (Oakville, Canada). Oleic acid was bought from ThermoFisher
(Kandel, Germany). Trifluoroacetic acid was obtained from Acros Organics (Geel,

Belgium). Sephadex G10 was acquired from GE Healthcare (Uppsala, Sweden).

3.2.2 Synthesis of cationizable carriers

The library of ionizable LAF-Stp carriers (Table 1) was synthesized by Melina Grau
(Pharmaceutical Biotechnology, LMU Munich) via solid phase-assisted peptide
synthesis (SPPS) as described in Thalmayr et al. [80]. The synthesis of OleA carrier
1829 was likewise carried out as described below, replacing the terminal LAF units

with oleic acid (OleA) analogously as previously described [47, 60, 417].

Synthesis of OleA carrier 1829

The OleA-Stp carrier with bundle topology, 1829 (Figure 4), was synthesized by
Tobias Burghardt (Pharmaceutical Biotechnology, LMU Munich) via solid phase
peptide synthesis (SPPS) analogously as described in Thalmayr et al. [80] but
replacing LAF with oleic acid (OleA) as previously described [47, 417, 418].

A 2-chlorotritylchloride resin (1.56 mmol/g chloride) was loaded with Fmoc-Stp(Boc)s-
OH at a density of 0.1 ymol/mL. For this purpose, 750 mg of resin were added to a
syringe reactor and pre-swollen for 20 min in dry DCM. The swollen resin was
incubated with 0.1 eq. of the respective amino acid and 0.3 eq. DIPEA dissolved in dry
DCM at RT for 1.5 h. The solution was discarded, and the resin was next treated with
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capping solution consisting of 2 mL dry DCM, 1.5 mL MeOH, and 250 yL DIPEA at RT
for 30 min. The fully capped resin was then washed thrice with DMF and thrice with
DCM and dried overnight. The loading was determined based on the absorption of
Fmoc [N-(9H-fluoren-9-ylmethyl)]-piperidine. Triplicates of 5-10 mg of the dry resin
were weight into tubes and 1 mL of 20% (v/v) piperidine in DMF was added. The
vessels were briefly vortex and incubated at RT for 90 min. The vessels were vortexed
again and 25 L of the supernatant were diluted with 975 uL DMF. The absorption was
measured at 301 nm on a Genesys 10S UV-VIS spectrophotometer (Thermo Scientific;
Dreieich, Germany) against DMF as blank. The resin loading was calculated as follows:
amino acid loading [mmol/g] = (Aso1 x 1000) / (m[mg] x 7800 x D); D being the dilution

factor. The pre-loaded resin in Fmoc-deprotected state was stored at 4 °C.

Prior to all manipulations, dry resins were swollen for 20 min in DCM. For general
coupling steps, 4 eq. of the respective Fmoc-protected amino acid were dissolved in
1.5 mL DCM, and 8 eq. of DIPEA were added. The activating agents HOBt (4 eq.) and
PyBOP (4 eq.) were dissolved in 1.5 mL DMF and then added as well. The solution
was drawn up into the syringe reactor and the resin was incubated tor 1.5 h at RT
under constant agitation. After the coupling step, the resin washed 3x with DMF and
3x with DCM and a Kaiser test (ninhydrin reaction to detect free amino groups) was
performed as in-process-control to ensure reaction had occurred. Fmoc-deprotection
was achieved by treating the resin 4x with 20% (v/v) piperidine in DMF for 10 min each.
Next, the resin was washed 3x with DMF and 3x with DCM, and a Kaiser test was
performed to ensure successful deprotection. Then the next amino acid was coupled

as described above.

In case of 1829, at the two consecutive symmetrical branching points Fmoc-L-
Lys(Fmoc)-OH was coupled. For the final fatty acid coupling, 5 eq. oleic acid were
dissolved in 1.5 mL of 2% (v/v) triton X-100 in DCM, and 5 eq. DIPEA were added. The
activating agents HOBt (5 eq.) and PyBOP (5 eq.) were dissolved in 1.5 mL DMF and
then added as well. The fatty acid solution was drawn up into the syringe reactor
enclosing as little air as possible. The syringe reactor was then covered in aluminum
foil to protect the product from light and incubated for three days at RT under constant
agitation. Afterwards, the resin was washed 5x with DMF and 5x with DCM. A Kaiser
test was performed on a sample of the resin as in-process-control. The resin was dried
overnight under reduced pressure.
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Cleavage from the resin and whole deprotection was achieved by incubating the dry
resin for 30 min with 2-3 mL of ice-cold cleavage solution consisting of DCM, TFA, TIS,
and H20 (v/v 60:35:2.5:2.5). During this time the syringe was covered in aluminum foil.
Afterwards, the cleavage solution was drained into 40 mL ice-cold n-hexane. The resin
was washed once with 3 mL DCM and this washing solution collected as well. From
now on the crude product was constantly kept on ice. The vessel was vigorously mixed
and then centrifuged for 15 min at 4000 rpm and at 4 °C. The upper phase was carefully

pipetted off and the remaining lower phase was dried under nitrogen flow.

Purification and salt exchange of the crude product was carried out with size exclusion
chromatography using a Sephadex G10 column (300 x 16 mm) and the Aktapurifier 10
FPLC system (GE Healthcare Biosciences AB (Uppsala, Sweden)) equipped with a P-
900 solvent pump module, a UV-900 UV/Vis multi-wavelength detector, a pH/C-900
conductivity module and a Frac-900 automated faction collector and UNICORN 5.31
software. Theresiduewas redi ssolved in 400 pL BLOH, an
with mobile phase (0.01 M HCI/ACN, v/v 7:3). 2 mL were injected at a time and purified
under isocratic conditions. Pure fractions were pooled, flash-frozen in liquid nitrogen
and then freeze dried (Martin Christ Gefriertrocknungsanlagen (Osterode am Harz,
Germany