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ARTICLE INFO ABSTRACT

Keywords: Double pH-responsive xenopeptide carriers containing succinoyl tetraethylene pentamine (Stp) and lipo amino
CRISPR Cas9 fatty acids (LAFs) were evaluated for CRISPR/Cas9 based genome editing. Different carrier topologies, variation
Delivery

of LAF/Stp ratios and LAF types as Cas9 mRNA/sgRNA polyplexes were screened in three different reporter cell
lines using three different genomic targets (Pcsk9, eGFP, mdx exon 23). One U-shaped and three bundle (B2)-
shaped lipo-xenopeptides exhibiting remarkable efficiencies were identified. Genome editing potency of top

Genome editing
Lipid nanoparticle

mRNA
Polyplexes carriers were observed at sub-nanomolar ECsg concentrations of 0.4 nM sgRNA and 0.1 nM sgRNA for the top U-
Xenopeptide shape and top B2 carriers, respectively, even after incubation in full (> 90%) serum. Polyplexes co-delivering

Cas9 mRNA/sgRNA with a single stranded DNA template for homology directed gene editing resulted in up to
38% conversion of eGFP to BFP in reporter cells. Top carriers were formulated as polyplexes or lipid nano-
particles (LNPs) for subsequent in vivo administration. Formulations displayed long-term physicochemical and
functional stability upon storage at 4 °C. Importantly, intravenous administration of polyplexes or LNPs mediated
in vivo editing of the dystrophin gene, triggering mRNA exon 23 splicing modulation in dystrophin-expressing
cardiac muscle, skeletal muscle and brain tissue.

1. Introduction

At current >32 gene therapies and > 28 RNA therapies have been
approved as medical drugs [1]. Due to their superior in vivo potency,
viral vectors such as AAV pioneered the development of novel in vivo
gene therapies. Nevertheless, a continuous development of synthetic,
non-viral nucleic acid delivery systems over five decades resulted in the
recent global medical impact of lipid nanoparticles (LNPs) in SARS-CoV-
2 mRNA vaccines [2]. Additionally, LNPs were approved as hepatocyte-
targeted siRNA drug Onpattro for treatment of hereditary transthyretin
amyloidosis [3]. The chemical space of synthetic carriers [4,5] ranges
from small cationic lipids applied in lipoplexes [6-10] and lipid nano-
particles (LNPs) [3,10-17], over medium-sized sequence-defined

xenopeptides to macromolecular polycations applied in polyplexes and
polymer micelles [18-36]. In general, the efficacies of synthetic vectors
are still moderate on nanoparticle basis, but can be compensated by
enhanced nanoparticle dose, as well tolerated formulations can be
produced in precise form and at large scale. In recent years numerous
novel synthetic mRNA carriers have been developed [37-39]. The
transient expression of mRNA might be seen as weakness for some
application. However, for the Nobel Prize-winning CRISPR/Cas9 tech-
nology, short-term function is clearly advantageous both in terms of
genetic safety and immunogenicity reasons [40]. The first ex vivo
CRISPR/Cas9 application, CASGEVY™, recently received the approved
drug status for treatment of sickle cell anemia [41,42]; electroporation is
applied for intracellular delivery of Cas9/sgRNA ribonucleoproteins

* Corresponding author at: Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-Maximilians-Universitat Munich, Butenandtstrasse 5-13, Munich

81377, Germany
E-mail address: ernst.wagner@lmu.de (E. Wagner).

https://doi.org/10.1016/j.jconrel.2024.04.037

Received 18 January 2024; Received in revised form 17 April 2024; Accepted 22 April 2024

Available online 27 April 2024

0168-3659/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ernst.wagner@lmu.de
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2024.04.037
https://doi.org/10.1016/j.jconrel.2024.04.037
https://doi.org/10.1016/j.jconrel.2024.04.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2024.04.037&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Germer et al.

(RNPs) into hematopoietic stem cells. The in vivo LNP therapy NTLA-
2001, transferring Cas9 mRNA/sgRNA into liver hepatocytes, just
entered advanced clinical evaluation in global phase 3 studies [43].
Nevertheless, for applications beyond local administration or delivery
into hepatocytes, efficient and safe delivery of the Cas9 system remains a
challenge.

The CRISPR/Cas9 system consisting of the RNA-guided endonu-
clease Cas9, a single guide RNA (sgRNA) and - optionally - donor DNA in
case of homology-directed recombination repair (HDR) can be delivered
with different non-viral formats [44,45]. Constructs encoding the
nuclease based on pDNA, on mRNA co-delivered with sgRNA, or direct
delivery of the recombinant Cas9 protein with sgRNA as RNP formula-
tion have been utilized [46-48]. Starting point of the current study was a
novel design strategy of sequence-defined xenopeptide carrier libraries
by chemical evolution [49-52]. Notably, different nucleic acid cargos
possess differing delivery demands, due to diverse physicochemical
properties (lengths and type of nucleic acid) and diverging biological
functions and locations such as the cytosol or nucleus [36,53]. Opti-
mized carriers for Cas9/sgRNA RNPs delivery with high efficiency at
sub-nanomolar concentration had been identified [50,51] that however
display only moderate RNA delivery potential (our unpublished data). A
recent carrier library of double pH-responsive lipo-xenopeptides
comprising ionizable lipo amino fatty acid (LAF) domains includes
excellent RNA carriers with efficacy at very low dose, comparable to
viral vectors, when formulated into either mRNA polyplexes [52] or
LNPs [54]. Different library members trigger potent pDNA transfer,
others present effective siRNA delivery [52]. As demonstrated in the
following, potency of mRNA carriers and formulations may but need not
necessarily be predictive for Cas9 mRNA/sgRNA delivery. Cas9mRNA
(4.5 kb) is more than twice as large as luciferase mRNA (1.9 kb), and co-
delivery with smaller sgRNA, and ideally also ssDNA for homology
directed repair (HDR) makes it a more demanding cargo. To address this
question, we screened in the current work the new LAF lipo-xenopeptide
library for dual formulation of pDNA and mRNA, for Cas9 mRNA/sgRNA
polyplex or LNP formulation, and present identified potent carriers for
their application in genome editing in vitro and in vivo.

2. Experimental section/methods
2.1. Materials

Cas9 mRNA, ie. CleanCap® Cas9 mRNA (5moU), Luc mRNA, i.e.
CleanCap® FLuc mRNA (5moU) and mCherry mRNA, i.e., CleanCap®
mCherry mRNA (5moU) were obtained from Trilink Biotechnologies
(San Diego, CA, USA). Plasmid pEGFP-N1 (encoding eGFP under control
of cytomegalovirus promotor and enhancer) was obtained from Clon-
tech Laboratories; Inc. (now Takara Bio USA, Inc., San Jose, CA, USA).
Single guide RNA (sgRNA) sgPcsk9, substituted with 2’-O-methyl resi-
dues and phosphorothioate backbone modifications [55,56], was pur-
chased from AxoLabs GmbH (Kulmbach, Germany). Other sgRNA have
phosphorothioated 2’-O-methyl modifications on the first 3 and penul-
timate 3 RNA bases and were purchased from Integrated DNA Tech-
nologies (IDT; Coralville, lowa, USA). The sequences and modification
pattern are shown in Table S1. Cas9 protein expression and purification
was performed in house as previously described [57]. HEPES was ob-
tained from Biomol (Hamburg, Germany), glucose as well as disodium
ethylenediaminetetraacetic acid (EDTA) from Merck (Darmstadt, Ger-
many). Agarose BioReagent — low EEO and RNase-free water were
purchased from Sigma Aldrich (Munich, Germany), and heparin-sodium
salt 5000 L.U. mL~! from B. Braun SE (Melsungen, Germany). All cell
culture consumables were obtained from Faust Lab Science (Klettgau,
Germany). Cell culture media, fetal bovine serum (FBS), trypsin/EDTA,
antibiotics, as well as paraformaldehyde (PFA) were purchased from
PANBiotech (Aidenbach, Germany) and Sigma Aldrich (Munich, Ger-
many). Cell culture 5x lysis buffer, GoTaq® Hot Start polymerase, and D-
luciferin sodium salt were obtained from Promega (Walldorf, Germany).
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyiltetrazolium bromide (MTT),
4',6-diamidino-2-phenylindole (DAPI), dithiothreitol (DTT), adenosine
5'-triphosphate (ATP) disodium salt trihydrate, coenzyme A trilithium
salt, and propidium iodide from Sigma-Aldrich (Munich, Germany).
Lipofectamine™ MessengerMAX™, Quant-iT™ RiboGreen RNA Assay-
Kit, RNAlater™ Stabilization Solution as well as rhodamin-phalloidin
(Invitrogen) were purchased from Thermo Fisher Scientific (Schwerte,
Germany). Peqlab peqGOLD, total RNA Kit qScript™, DNA Ladder 1 kb,
c¢DNA SuperMix (QuantaBio), RNASolv and GelRed 10,000x were
purchased from VWR (Darmstadt, Germany). QIAmp DNA Mini Kit,
QIAquick Gel Extraction kit and QIAquick PCR purification Kit were
purchased from QIAGEN (Hilden, Germany). One Tag® DNA Polymerase
and Tag® DNA Polymerase were purchased from NEB (New England
Biolabs, Ipswich, Massachusetts, USA). All further solvents and other
reagents were purchased from Sigma-Aldrich (Munich, Germany), Iris
Biotech (Marktredwitz, Germany), Merck (Darmstadt, Germany), or
AppliChem (Darmstadt, Germany). Cholesterol was purchased from
Sigma-Aldrich (Munich, Germany). 1,2-Distearoyl-sn-glycero-3-phos-
phocholine (DSPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) 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 SM-102 was ordered from
Biosynth Carbosynth. Further information regarding materials and
methods is provided in the Supporting Information.

2.2. Synthesis of ionizable nucleic acid carriers

The solid phase synthesis of the LAF-Stp carrier library was per-
formed as previously described by Thalmayr et al. [52]. Succinylated
branched PEI 25 kDa (succPEI; succinylation degree of 10%) was syn-
thesized and analyzed as described previously [58]. The starting mate-
rial branched PEI (brPEI) 25 kDa was purchased from Sigma Aldrich
(Munich, Germany).

2.3. Polyplex formation

Either Luc mRNA or a combination of Cas9 mRNA and sgRNA at a
fixed weight ratio of 1:1 were mixed and diluted in HBG (20 mM of
HEPES, 5% (w/v) glucose, pH 7.4). The calculated amounts of amino-
lipid carrier at indicated N/P (nitrogen/phosphate) ratio were diluted in
separate tubes of HBG. All secondary amines, terminal amines and the
tertiary amines of the carrier structure were considered in the N/P ratio
calculations. Equal volumes of nucleic acid solution and aminolipid
solution were mixed by rapid pipetting and incubated 40 min at RT in a
closed Eppendorf reaction tube. The final concentration of nucleic acid
in the polyplex solution was 12.5 pg mL™* (6.25 pg mL™! Cas9 mRNA
plus 6.25 pg mL-! sgRNA or 12.5 pg pg mL-! Luc mRNA) for in vitro
experiments. For in vivo experiments polyplexes were mixed achieving a
final concentration of 20 pg mL ™! (or 67 pg mL ™) and 60 pg mL~! (or
200 pg mL 1) total RNA (Luc mRNA or Cas9 mRNA and sgRNA at weight
ratio 1:1) for intravenous and intramuscular application, respectively.

2.4. Lipid nanoparticle (LNP) formation

LNPs of commercially available positive control ionizable lipid SM-
102 or the LAF carrier 1621 were formulated by mixing an acidic
aqueous phase containing the nucleic acid with an ethanolic phase
containing helper lipids and the ionizable lipid by rapid pipetting. The
aqueous phase was prepared in citrate buffer (10 mM, pH 4.0) con-
taining either Luc mRNA or a mix of Cas9 mRNA and sgRNA at weight
ratio 1:1. The ethanolic phase includes a mixture of the lipidic compo-
nents at molar ratio of 38.5:10:1.5:50 mol% (Chol:DSPC:PEG-DMG:SM-
102) or 47.6:23.8:4.8:23.8 mol% (Chol:DOPE:PEG-DMG:1621) [59] at
the N/P ratio of 6 (for SM-102) or 24 (for 1621), respectively. The
aqueous nucleic acid solution and ethanolic lipid mixture were mixed at
a defined volumetric ratio of 3:1 (lipid mixture: nucleic acid solution) by
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rapid pipetting. Following 15 min incubation at RT, the solutions were
dialyzed for 2 h against HBG in 1 kDa MWCO tubes at 4 °C. If needed
HBG was added to obtain final concentration of 20 pg mL ™! and 60 pg
mL! total RNA (Luc mRNA or Cas9 mRNA and sgRNA at weight ratio
1:1) for intravenous and intramuscular application, respectively.

2.5. Cas9 mRNA/sgGFP/ssDNA polyplex formation for eGFP to BFP
conversion study

Cas9 mRNA and sgGFP at a fixed weight ratio of 1:1 were mixed with
indicated molar ratios of total sgGFP to the single stranded DNA (ssDNA)
template (IDT, Coralville, IA, USA) and diluted in HBG. Equal volumes of
this nucleic acid solution in HBG and LAF-Stp carrier 1611 solution in
HBG were mixed by rapid pipetting resulting in an N/P ratio of 18 and
incubated 40 min at RT in a closed Eppendorf reaction tube. The final
totallconcentration of nucleic acid in the polyplex solution was 7.5 ug
mL™ .

2.6. Particle size and zeta-potential measurements

Polyplexes and LNPs were formulated in HBG as described above and
if needed diluted with HBG to a concentrations of 12.5 pg mL ! total
RNA (Cas9 mRNA sgRNA at weight ratio 1:1 or Luc mRNA). Measure-
ments of size and zeta potential were performed with a Zetasizer Nano
ZS (Malvern Instruments, Malvern) in a folded capillary cell (DTS1070)
by dynamic and electrophoretic laser-light scattering (DLS, ELS). Size
and polydispersity index were measured in 80 pL of polyplex or LNP
solution using the following instrument settings: equilibration time 30 s,
temperature 25 °C, refractive index 1.330, viscosity 0.8872 mPa*s.
Samples were measured three times with six sub-runs per measurement.
For measurement of the zeta potential, all samples were diluted to 800
pL with HBG directly before measurement. Parameters were identical to
the size measurement apart from an equilibration time of 60 s. Three
measurements with 15 sub-runs lasting 10 s each were performed, and
zeta potentials were calculated by the Smuchowski equation.

2.7. Encapsulation efficiency

The encapsulation efficiency (EE (%)) of LNPs and polyplexes was
determined using the Quant - iT™ RiboGreen RNA Assay-Kit (Thermo
Fisher Scientific). Polyplexes and LNPs were mixed as above and diluted
with 1x TE (10 mM Tris-HCIl, 1 mM EDTA, pH 7.5 in RNase-free water)
to an mRNA concentration of 2 pg mL™'. 50 pL of the diluted nano-
particles was either mixed with 50 pL of 1 x TE as untreated controls or
added to 50 pL of 1 x TE containing 2% (v/v) Triton X-100 as treated
samples. Additional 250 1.U. mL™! heparin was added for complete
dissociation of polyplexes. After a 10 min incubation at 37 °C under
constant shaking at 150 rpm and cooling down to RT, 100 pL of Ribo-
Green reagent 200-fold in 1x TE was added to each sample. Fluores-
cence was measured after 5 min in a Tecan microplate reader
(Spectrafluor Plus, Tecan, Mannedorf, Switzerland) at excitation/emis-
sion wavelength of 485/535 nm in duplicates. Background was
measured with pure HBG in 1x TE, 1x TE supplemented with Triton X-
100 for LNP or 1x TE supplemented with Triton X-100 and heparin for
polyplexes, treated in the same manner as the respective nanoparticle
samples. The following formula was used to calculate encapsulation
efficiency after background subtraction of each sample:

mean emisSiONuuireated control

EE(%) = 100% — x 100%

mean emiSSIONreated sample

2.8. Agarose gel shift assay

A 1.5% (w/v) agarose gel for Cas9 mRNA / sgRNA polyplexes was
prepared by heating up agarose (Agarose BioReagent, Sigma-Aldrich,
Merck, Darmstadt) in TBE buffer (18.0 g of tris(hydroxymethyl)
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aminomethane, 5.5 g of boric acid, 0.002 M disodium ethyl-
enediaminetetraacetic acid (EDTA) at pH 8, in 1 L of water). After
cooling down to about 50 °C, 1x GelRed™ (Biotium, Hayward, CA,
USA) was added. The agarose solution was casted into an electrophoresis
unit and cooled down for gelification. Polyplexes and LNP were
formulated as described in the section 2.3 “polyplex formation” and 2.4
“LNP formation”, respectively. 3 pL of loading buffer (6 x; prepared from
6 mL of glycerol, 1.2 mL of 0.5 M EDTA, 2.8 mL of H,0, 0.02 g of
bromophenol blue) was added to 15 pL of the polyplex solution. Samples
were loaded to the pockets of the gel and electrophoresis was performed
at 120 V for 70 min in TBE buffer. Free Luc mRNA or a combination of
Cas9 mRNA and sgRNA (weight ratio 1:1) diluted in 15 uL HBG to a total
RNA concentration of 12,5 g/mL were used as control. Control groups
for the evaluation of nanoparticles after incubation in full fetal bovine
serum (FBS) were either 15 pL pure FBS, free RNA in 15 pL FBS or free
RNA in 15 pL HBG buffer.

2.9. Cell culture

Hepa 1-6 Pcsk9'47°™@ (3 Hepa 1-6 cell line stably expressing
tdTomato in the 3’UTR of the Pcsk9 gene, generated by HDR-mediated
insertion of the 2 A-tdTomato-pA cassette post Cas9-induced double
strand break in exon 12 of Pcsk9) [60], HeLa mCherry-DMDgxo3 (stably
expressing an artificial mCherry construct, interrupted by a dystrophin
exon 23 sequence, derived from the murine Duchenne muscular dys-
trophy (DMD) mdx model) [61], CT26 eGFP-Luc (stably expressing the
green fluorescent protein/luciferase (eGFP-Luc) fusion gene) [50], and
HeLa GFPd2 (stably expressing destabilized eGFP) [50] were cultured in
Dulbecco’Ss modified Eagles’s medium (DMEM)-low glucose (1 g L™}
glucose) supplemented with 10% (v/v) fetal bovine serum (FBS), 4 mM
of stable glutamine, 100 U mL™! of penicillin, and 100 pg mL™! of
streptomycin. The cells were cultured at 37 °C and 5% CO2 in an
incubator with a relative humidity of 95%.

2.10. Genome editing reporter cell lines

2.10.1. Pcsk9 knock out

For Pcsk9 knock out studies, sgPcsk9 which binds and directs the
Cas9 protein to the first exon of the Pcsk9 gene was used on the Hepa 1-6
Pcsk9'dTomato cel] line. Thus, the expression of the tdTomato reporter
protein is inactivated by the Cas9 induced destruction of the Pcsk9 gene.
The gene knock out of the Pcsk9 gene can be quantified by flow
cytometry as described as described in section 2.11.

2.10.2. mdx DMDg,»3 splicing modification

The positive read-out reporter cell line HeLa mCherry-DMDgyo3 was
used to test the transfection efficiency of Cas9 mRNA/sgDMDgyxo3 pol-
yplexes. Cas9 induced cleavage at the 3’ prime end of the artificial mdx
exon 23 construct triggers alternative mRNA splicing with mdx exon 23
skipping and mediates expression of functional mCherry protein. The
transfection efficiency can be quantified by the percentage of mCherry
positive cells measured by flow cytometry as described in section 2.11.

2.10.3. HDR mediated eGFP to BFP conversion

The homologous directed repair (HDR) efficacy was assessed by the
conversion of eGFP to BFP in the HeLa GFPd2 cell line expressing
destabilized eGFP. HDR-mediated repair following the Cas9-induced
double strand break (DSB) of the DNA can replace the 66th amino
acid tyrosine (code: TAC) in eGFP sequence with histidine (code: CAT)
[62]. In flow cytometric analysis after treatment with Cas9 mRNA/
sgGFP/ssDNA-template polyplexes three cell populations were ex-
pected: eGFP positive cells representing non-edited cells; eGFP and BFP
negative cells indicating gene knock out by non-homologous end joining
(NHEJ) of the DSB and BFP positive and eGFP negative cells suggesting
HDR-mediated gene correction.
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2.11. Invitro evaluation of cellular gene editing efficiency of Cas9
mRNA/sgRNA containing nanoparticles by flow cytometry

All transfections were performed in triplicate in 96-well plates
(Corning® Costar, Sigma-Aldrich, Germany). Hepa 1-6 Pcsk9'Toma®,
CT26 eGFP-Luc, HeLa GFPd2 and HeLa mCherry-DMDgyo3 cells were
seeded 24 h prior to transfection (7500 cells/well). On the next day, the
medium was replaced with 80 pL of fresh pre-warmed medium con-
taining 10% (v/v) FBS. The nanoparticles were prepared as described in
sections 2.3 and 2.4 resulting in a total RNA concentration of 12.5 pg
mL™! (6.25 pg mL~! Cas9 mRNA and 6.25 pg mL~! sgRNA). Required
volumes of nanocarrier solutions were pipetted to the corresponding
wells and if needed HBG was added to reach the final volume of 100 pL
per well. For testing the efficiency of a further reduced dose nano-
particles were 1:10 (v/v) diluted with HBG right before the transfection
to ensure precise volumetric dosage. The negative control was repre-
sented by 20 pl of HBG. After 24 h of incubation HeLa mCherry-DMDgy23
cells were trypsinized, expanded and incubated for an additional 2 days.
All other cell lines were expanded after 48 h and incubated for an
additional 3 days. For flow cytometric evaluation, cells were collected
and resuspended in PBS solution containing 10% (v/v) FBS (FACS
buffer). All samples were analyzed by flow cytometry using a CytoFLEX
S Flow Cytometer (Beckman Coulter, Brea, CA, USA). Shortly before the
measurement, 1 ng pL.~! of 4’,6-diamidino-2-phenylindole (DAPI) was
added and used to discriminate between viable and dead cells. The
cellular fluorescence was assayed by excitation of DAPI at 405 nm and
detection of emission at 450 nm. For eGFP to BFP conversion studies
DAPI was replaced by 1 ng pL ™! propidium iodide (PI). The cellular
fluorescence was assayed by excitation of PI at 561 nm and detection of
emission at 610 nm. Only isolated viable cells were evaluated. The
transfection efficiency on HeLa mCherry-DMDgyo3 cells was determined
as the percentage of mCherry positive cells. The cellular mCherry
expression was assayed by excitation at 561 nm and the detection of
emission at 610 nm. The cellular tdTomato expression in Hepa 1-6
Pcsk9'dToma® cells was assayed by excitation at 561 nm and the detection
of emission at 585 nm. The Pcsk9 knock out efficiency was determined as
the percentage of tdTomato negative cells. The cellular GFP expression
in CT26 eGFP-Luc and HeLa GFPd2 was assayed by excitation at 488 nm
and the detection of emission at 530 nm. The GFP knock out efficiency
was determined as the percentage of GFP negative cells normalized to
the control measurements with HBG buffer-treated cells. In eGFP to BFP
conversion study the loss of GFP indicated gene knock out mediated
NHEJ; BFP expression represented conversion from the GFP reporter
protein to BFP by homology-directed repair while GFP expressing cells
show non-edited reporter cells. BFP expression was assayed by excita-
tion at 405 nm and the detection of emission at 450 nm. Flow cytometry
data were analyzed using FlowJo™ v10.8 flow cytometric analysis
software by FlowJo, LLC (Becton, Dickinson and Company, U.S.).

2.12. Incubation of polyplexes in high serum

All transfections were performed in triplicate in 96-well plates
(Corning® Costar, Sigma-Aldrich, Germany). HeLa mCherry-DMDgyo3
cells were seeded 24 h prior to transfection (7500 cells/well). On the
next day, the medium was replaced with 80 pL of fresh pre-warmed
medium containing 10% (v/v) FBS. The nanoparticles were prepared
as described in section 2.3. To assess the efficiency in high serum of LAF
containing carriers, the polyplexes were 10-20-fold diluted with 100%
FBS. After incubation of the polyplexes for 2 h at 37 °C, volumes
resulting in the indicated concentration were added to the correspond-
ing wells. To reach a final volume of 100 pL per well in all experiments,
either HBG buffer or FBS were added for HBG diluted and serum incu-
bated particles, respectively. Addition of 20 pL HBG buffer was used as
negative control. The cells were incubated for 24 h. Afterwards, the cells
were trypsinized, expanded and incubated for additional 2 days. Flow
cytometric evaluation and analysis was performed as described in
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section 2.11.

2.13. Assessment of the relative metabolic activity of cells via MTT assay

Transfections were performed as described in section 2.11. At 24 h
post transfection, 10 pL dimethylthiazol (MTT) (5 mg mL-!) were added
to each well, reaching a final concentration of 0.5 mg mL™'. The su-
pernatant was removed after incubation at 37 °C for 2 h. The plates were
stored at —80 °C for at least 1 h. Afterwards, the purple formazan
product was dissolved in 100 pL. DMSO. After incubation for 30 min at
37 °C under constant shaking (125 rpm), quantification was done
photometrically using a Tecan microplate reader (Spectrafluor Plus,
Tecan, Mannedorf, Switzerland). Absorbance was measured at wave-
length A = 590 nm with background correction at A = 630 nm. Experi-
ments were carried out in triplicates. Relative metabolic activity related
to control wells (HBG-treated cells) was calculated by the equation:

control
2.14. Invitro DNA cleavage assay

To confirm the specificity of the cleavage of the mCherry reporter
gene and the genomic donor splice site downstream the physiological
dystrophin exon 23 by the RNP complex formed with sgDMDgyo3
compared to no cleavage by RNP complex formed with other sgRNAs in
vitro, 300 ng of a linearized plasmid or PCR amplicon surrounding the
physiological dystrophin exon 23 containing the sgDMDgx23 target site
was generated. The linear DNA or PCR amplicon was then incubated
with the precomplexed RNPs (150 ng of Cas9 protein and 60 ng of
sgRNA) for 2 h at 37 °C. The reaction mixture was analyzed by agarose
gel electrophoresis (1.5% agarose gel). Because of the asymmetric
location of the sgDMDgxo3-target sequence within the amplicon, suc-
cessful cleavage by the Cas9/sgRNA complex results in two bands on the
agarose gel.

2.15. Splicing modulation assay of Cas9 treated HeLa mCherry-DMDgx23
cells

The reporter cell line HeLa mCherry-DMDgyo3 was treated with 1611
polyplexes (N/P 18) containing either Cas9 mRNA/sgDMDgxo3 (weight
ratio 1:1) or Cas9 mRNA/sgPcsk9 (weight ratio 1:1), resulting in con-
centrations of 10 nM sgRNA. After three days total RNA was isolated
from cells using RNASolv (VWR International GmbH, Darmstadt, Ger-
many) according to the manufacturer’s protocol. The cDNA synthesis
was carried out using the qScript cDNA synthesis kit (Quantabio, Bev-
erly. Massachusetts, USA), utilizing 400 ng of RNA following the man-
ufacturer’s protocol. For the amplification of the exon skipping region, a
nested PCR was conducted with 150 ng of cDNA, employing Taq poly-
merase (New England Biolabs, Ipswich, Massachusetts, USA). The spe-
cific primer sequences used for the first amplification step were
mCherry-DMDex23_SpliSwi_fwd  (5’-GGAGGATAACATGGCCATCA-3")
and mCherry-DMDex23_SpliSwi_rev (5’-GTCCTTCAGCTTCAGCCTCT-
3"). The PCR conditions used were as follows: initial denaturation (94 °C,
305s), 30 cycles (94 °C, 30s /60 °C, 1 min / 68 °C, 1 min), final extension
(68 °C, 5 min). The PCR product was purified using the PCR purification
kit from Qiagen (Hilden, Germany) following the manufacturer’s pro-
tocol. To selectively enrich the splicing product leading to functional
mCherry expression, 1 pg of the purified PCR amplicon was subjected to
an overnight digestion with 2 units of Nde I. The restriction enzyme was
removed by adding 1.25 pL of 10% sodium dodecyl sulfate (SDS, w/v)
(resulting in 0.2% SDS) into the reaction solution and incubating for 10
min at 65 °C. The removal of SDS and the restriction enzyme was
accomplished by purifying the digested DNA using the PCR purification
kit (Qiagen, Hilden, Germany) in accordance with the manufacturer’s
protocol. For the subsequent second amplification of the nested PCR
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300 ng of the digested and purified DNA as template were used. The PCR
was carried out with the primers mCherry-DMDgyo3 SpliSwi nested_fwd
(5-GGAGTTCATGCGCTTCAAGG-3") and mCherry-DMDgyo3 SpliSwi
nested_rev (5’-GCCGTCCTCGAAGTTCATCA-3) under the following
conditions: initial denaturation (94 °C, 30 s), 30 cycles (94 °C, 30 s /
55 °C, 1 min / 68 °C, 1 min), final extension (68 °C, 5 min). The PCR
product obtained from nested PCR was subjected to analysis on a
GelRed® (Biotium, Hayward, CA, USA) containing 1% agarose gel in 1 x
TBE buffer. Electrophoresis was conducted for 1.5 h at 100 V, and the gel
was analyzed using the Dark Hood DH-40 (biostep, Burkhardtsdorf,
Germany) along with the biostep argusX1 software. The specific target
band, indicating the presence of the DNA sequence with skipped dys-
trophin exon 23 (~280 base pairs (bp)) was excised from the gel. The
isolated DNA was purified using the QIAquick® Gel Extraction Kit
(Qiagen, Hilden, Germany). For sequence determination, the purified
DNA fragments were sequenced (Sanger) by Eurofins GATC Biotech
(Konstanz, Germany) using mCherry-DMDgyo3 SpliSwi nested_fwd (5°-
GGAGTTCATGCGCTTCAAGG-3") and mCherry-DMDgx»3 SpliSwi neste-
d_rev (5°-GCCGTCCTCGAAGTTCATCA-3') primers at a concentration of
10 ng pL L.

2.16. Confocal laser scan microscopy (CLSM) of Cas9 treated HeLa
mCherry-DMDgy23 cells

Transfections of HeLa mCherry-DMDgyo3 cells were performed as
described above. Cells treated with 1611 containing polyplexes con-
taining either Cas9 mRNA and sgDMDeyo3 (weight ratio 1:1) or Cas9
mRNA and sgPcsk9 (weight ratio 1:1) resulting in a concentration of 10
nM sgRNA in 96-well plates (Corning® Costar, Sigma-Aldrich, Ger-
many). After 48 h of treatment cells were collected and 20,000 cells
were seeded into 8 well-Ibidi p-slides (Ibidi, Planegg/Martinsried, Ger-
many) in a total volume of 300 pL medium per well. Cells were incu-
bated at 37 °C and 5% CO; for 24 h. The next day, cells were washed
twice with 300 pL pre-warmed PBS before fixation with 4% para-
formaldehyde in PBS for 40 min at RT. The wells were washed again
twice with PBS. The cytoskeleton was stained overnight under light
exclusion at 4 °C with rhodamin-phalloidin (4 pg mL ! in 300 pL PBS).
The cell nuclei were stained with DAPI (2 pg mL ™! in 300 pL PBS) for 20
min under light exclusion at RT. The staining solution was removed and
300 pL of PBS was added. The images were recorded using a Leica TCS
SP8 SMD confocal laser scanning microscope (CLSM) equipped with an
HC PL APO 63 x 1.4 objective (Germany). DAPI and mCherry emission
was recorded at 460 nm and 610 nm, respectively. All images were
processed using the LAS X software from Leica.

2.17. Invivo studies using Cas9 mRNA / sgDMDEx23 polyplexes and
LNPs

In vivo experiments were performed according to the guidelines of
the German Animal Welfare Act and were approved by the animal ex-
periments ethical committee of the Government of Upper Bavaria
(accreditation number Gz. ROB-55.2-2532.Vet_02-19-19). The study
utilized 6-weeks-old female BALB/c mice from Janvier, Le Genest-Saint-
Isle, France. Mice were randomly divided into groups of four (n = 4 for
all formulations) and were housed in isolated ventilated cages under
specific pathogen-free conditions with a 12 h day/night interval, and
food and water ad libitum. Weight and general well-being were moni-
tored continuously. For testing the effect of Cas9 mRNA/sgDMDgxo3
formulations in vivo on the physiological dystrophin gene, nanocarrier
formulations were prepared as described above right before intravenous
or intramuscular injection (Cas9 mRNA and sgDMDgyo3 at weight ratio
1:1). For systemic application, 150 pL carrier solution containing either
3 pg total RNA in 1762 polyplexes, 1621 LNP and SM-102 LNP or 10 pug
total RNA in 1611 polyplexes was intravenously injected into the tail
vein at three timepoints (day 0, day 2, day 7). Local administration was
performed after subcutaneous treatment with Carprofen at a dose of 5
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mg/kg. Single or triple applications (day 0, day 3, day 14) were tested by
the injection of 50 pL carrier solution containing either 3 pg total RNA in
1762 polyplexes, 1621 LNP and SM-102 LNP or 10 pg total RNA in 1611
polyplexes into the left musculus biceps femoris. Seven days after the
last injection, mice were euthanized and the brain, heart, spleen and
musculus biceps femoris (injected left and contralateral right muscle)
were harvested. For stabilization of the mRNA, the organs were incu-
bated in RNAlater solution (Thermo Fisher Scientific, Waltham, MA)
overnight at 4 °C and stored at —20 °C. Each organ was manually ho-
mogenized in liquid nitrogen using mortar and pestle.

2.18. Splicing modulation by Cas9/sgRNA in vivo on mRNA level

The mRNA was isolated for the evaluation of splicing-modulation in
the physiological dystrophin gene using the peqGOLD Total RNA Kit
(VWR International GmbH, Darmstadt, Germany) according to manu-
facturer’s protocol. 400 ng of the RNA was used to generate cDNA using
the total RNA Kit qScript™ cDNA SuperMix (Quanta Biosciences, Gai-
thersburg, MD, USA) according to manufacturer’s protocol. To amplify
the region of the exon 23 skipping, 1-5 pL of the cDNA solution were
used to perform a PCR using Taq® polymerase (New England Biolabs,
Ipswich, Massachussets, USA) and the primers amplifying dystrophin-
Ex20-26. Following PCR primers and conditions were used:
DMD_Ex20-26 fwd (5-CAGAATTCTGCCAATTGCTGAG-3) [63];
DMD_Ex24/25 rev (5’-TCACCAACTAAAAGTCTGCATTG-3") [64]; initial
denaturation (94 °C, 30 s), 30 cycles (94 °C, 30 s / 55 °C, 1 min / 68 °C,
1 min), final extension (68 °C, 5 min). The PCR products were purified
using the PCR purification kit (Qiagen, Germany). 50 ng of the purified
PCR product was used to perform a second PCR with One Tag® DNA
polymerase and the primers DMD_Ex20/21 fwd (5’-AAAATTTGTAAG-
GATGAAGTCAAC-3"), DMD_Ex20-24 rev (5-CAGCCATCCATTTCTG-
TAAGG-3"). Following PCR conditions were used: initial denaturation
(94 °C, 30 s), 30 cycles (94 °C, 30 s / 57 °C, 1 min / 68 °C, 1 min), final
extension (68 °C, 5 min).

After performing agarose gel electrophoresis (2% agarose gel; 100 V;
2 h), the PCR products were subjected to band intensity analysis using
ImageJ software. The additional bands observed were quantified and
compared to the 586 bp full-length dystrophin exon 20-24 sequence. To
confirm the exon 23 skipping event in Cas9 mRNA/sgDMDgy23 treated
mice, bands of animal #1 treated with LNP 1621 were purified by gel
extraction using QIAquick® Gel Extraction Kit (Qiagen, Hilden, Ger-
many). Sanger sequencing of the purified sequences was performed by
Eurofins GATC Biotech (Konstanz, Germany) with primers DMD_Ex20/
21 fwd and DMD_Ex20-24 rev [65] at a concentration of 20 ng pL_l.

2.19. Genome editing by Cas9/sgRNA in vivo at genomic level

Genomic DNA was isolated for the evaluation of gene editing in the
physiological dystrophin gene, using the QITAMP DNA Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer’s protocol. To amplify the
region surrounding the targeted sequence downstream of the exon 23,
100 ng of the DNA solution was used to perform a PCR using TaqR po-
lymerase (New England Biolabs, Ipswich, Massachussets, USA).
Following PCR primers and conditions were used: DMD genomic fwd
(5“-AAACTTCTGTGATGTGAGGACA-3°); DMD genomic rev (5'-
ACAAATGGCCAACTATGAGAAAC-3”); initial denaturation (94 °C, 30
s), 30 cycles (94 °C, 30 s / 58 °C, 1 min / 68 °C, 1 min), final extension
(68 °C, 5 min). The PCR products were purified using the PCR purifi-
cation kit (Qiagen, Germany). Sanger sequencing of the purified se-
quences was performed by Eurofins GATC Biotech (Konstanz, Germany)
with primers DMD genomic sequencing fwd (5‘-GAAACTCATCAAA-
TATGCGTGTTAGTG-3) and DMD genomic sequencing rev (5
GGCAAGTTGCAATCCTTTGA-3") at a concentration of 20 ng pL’l.
Sanger sequencing data was evaluated by the TIDE web tool (https://tid
e.nki.nl/) applying an indel size range of 25 and default settings for
decomposition and alignment windows [66,67]. R? values above 0.9
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assured the reliability of the model for the analysis of the in vivo
experiments.

2.20. Statistical analysis

Data were presented as arithmetic mean + standard deviation (SD)
out of at least triplicates, if not otherwise stated. Unpaired Student’s
two-tailed t-test with Welch’s correction was performed using GraphPad
Prism™ 10 to analyze statistical significances. Significance levels were
indicated with symbols: ns p > 0.05; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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3. Results and discussion
3.1. LAF-Stp carriers for Cas9 mRNA/sgRNA delivery

Scheme 1 displays the design of nucleic acid carriers applied in the
current study. As described in [52], polar cationizable succinoyl tetra-
ethylene pentamine (Stp) units [68,69] were combined with a dynamic
lipophilic domain featuring a central tertiary amine positioned between
their hydrocarbon chains. Branching lysines were utilized to covalently
connect the novel moieties to different positions of the polar Stp units
(Scheme 1A). These lipo amino fatty acid (LAF) units introduce a pH-
dependent switch of polarity to the hydrophobic moieties. As a result
of this combination, the dual pH-responsive carriers and the corre-
sponding nucleic acid nanoparticles can behave like molecular chame-
leons in their microenvironment [52]. Their water solubility and

A Building blocks B pH responsiveness
H H o ) neutral pH acidic pH o0+ full
NN N N N y OH | Stp - polar units cationizable polarity + + polarizez
polar Stp —switch ' : carrier
o cationizable N N (
HoN ‘ OH|(L)- K -a, € amide connector apolar LAF \ I/ N
NH,
R O C carrier topologies
N OH LAF - pH dependant polarity switch
x-1 U1
V\VA\/A\/\)A): RN~
NN A RoN_ .~ ?
NS A 2T QOH U3
NN RoN_~ ~_~_ToH
R: 12: dodecyl Bu: 4-aminobutyric acid
8:octyl 14 : tetradecyl He: 6-aminohexanoic acid
10 : decyl 16: hexadecyl Oc: 8-aminooctanoic acid

(@)

D Exemplary carrier S

HN

H H
HO A~ N~ ~ N~
B2 carrier
ID 1621 O\ N N
(1:4-Stp:LAF-80c) NS~ N~~~
(0) ! T T
H
(0] H H (0] H O ,
HoN. A~ N~ ~ N N. Aoy U1 carrier
H H i ID 1611
(1:2-Stp:LAF-120c)
HN.__O HN._O

L~~~ A

N T VN Vs VT N 2 N VI g N N N g

S

E Polyplex formation

turbulent mixing

Incubation: 40min RT
Self assembly

N

Scheme 1. Lipo amino fatty acid (LAF) - succinoyl tetraethylene pentamine (Stp) carriers as cationizable carriers for polyplex formulation. (A) Building
blocks used for the synthesis of LAF-Stp carriers for Cas9 mRNA/sgRNA delivery: Polar Stp (blue) units are connected via lysines (yellow) to different LAFs (red). (B)
pH dependent polarity switch of apolar LAF unit at neutral pH to protonated polar unit at acidic pH (C) Chemical motif of four leading LAF-Stp carrier topologies (D)
Exemplary chemical structures shown for B2 carrier ID# 1621 (80c) and U1 carrier ID# 1611 (120c). Stp, succinoyl tetraethylene pentamine; (L)-K, lysine; LAF, lipo
amino fatty acid. Nomenclature of LAFs: The number (8, 10, 12, 14, and 16) represents the number of C-atoms of the terminal alkyl chains, and the two letters express
the w-amino fatty acid (“Oc”, 8-aminooctanoic acid; “He”, 6-aminohexanoic acid; “Bu”, 4-aminobutanoic acid). For bundles, m = 1, 2; for U-shapes, m = 1,2 andn =
1, 2 (U1). Individual carriers were designated a 4-digit ID number. (E) Schematic illustration of polyplex preparation. LAF-Stp carrier and RNA, consisting of Cas9
mRNA and sgRNA (weight ratio, 1:1) are diluted in equal volumes HBG buffer. After combining of both solutions by turbulent mixing and incubation for 40 min at

room temperature, polyplexes formed via self-assembly.
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insolubility switches depending on their protonation (Scheme 1B).
When the tertiary amines become protonated within the endosomal
environment, aqueous solubility of carriers strongly increases (about
100-fold), reducing hydrophobic interactions and stability of the nano-
particles. All these factors, along with the increased ability of the
amphiphilic carriers in protonated stage to disrupt membranes, is
assumed to be beneficial for facilitating transmembrane transport and
efficient cargo release at the intended intracellular site of action. A li-
brary of sequence defined carriers with different topologies was gener-
ated by standard Fmoc solid phase assisted peptide synthesis (SPPS). The
arrangements of the LAF and Stp units resulted in U-shaped and bundle-
shaped topologies with apolar LAF units on both, C- and N-terminus or
only the N-terminal side of the Stp, respectively (Scheme 1C). The LAF
unit itself was synthesized by reductive amination of different amino
fatty acids with fatty aldehydes of numerous lengths. By varying the
chain length of both the amino fatty acid and the fatty aldehydes, the
position of the tertiary amine within the LAF building block is shifted.
Our previous studies revealed that the resulting different LAF types
impact both the physicochemical properties and the activity of the
corresponding nucleic acid nanoparticles [52,54]. In the LAF nomen-
clature provided in Scheme 1A, the carbon chain lengths of the terminal
alkyl chains are denoted by numerical values (8, 10, 12, 14, 16), and the
amino fatty acids within the LAF building block are represented by two-
letter abbreviations (Bu, He, Oc). Individual carriers were designated a
4-digit ID number. In total, 20 different LAF-Stp carriers were assessed in
the study; Table S3 provides an overview over the compound library.
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Exemplary chemical structures of lead carrier 1621 (B2-1:4-Stp:LAF-
80c) and 1611 (U1-1:2-Stp:LAF-120c) are shown in Scheme 1D.

Formulation of Cas9 mRNA and sgRNA with LAF-Stp carrier into
Cas9 polyplexes (Scheme 1E) was carried out by turbulent mixing of
equal volumes of nucleic acid (Cas9 mRNA and sgRNA at fixed weight
ratio 1:1) and LAF carrier solutions in HBG buffer (20 mM HEPES, 5%
glucose; pH 7.4). The choice of a 1:1 weight ratio for Cas9 mRNA /
sgRNA which presents a high molar excess of sgRNA was based on
preliminary testing (Fig. S1) and literature precedents [43,70], with the
rational that the sgRNA needs to persist in the cytoplasm until Cas9
protein is translated and the RNP is assembled.

After 40 min incubation at room temperature (RT) self-assembly of
polyplexes occurred by electrostatic and hydrophobic interactions of
nucleic acids and LAF carrier. The N/P ratio calculation corresponds to
the molar ratio of amines to the negatively charged phosphates of the
nucleic acid cargo (sum of phosphates of Cas9 mRNA and sgRNA). All
protonable secondary, tertiary, and terminal amines of the LAF-Stp
carrier structure (Table S3) were considered for the N/P calculation,
irrespective of their actual far lower protonation.

In the following we evaluated the formulated Cas9 polyplexes in
terms of their size, polydispersity, surface charge, and nucleic acid
compaction/encapsulation (Fig. 1A,B). According to previous findings
for Luc mRNA polyplexes [52] we herein focused on four promising LAF
carrier topologies, namely U1; U3; U4 with LAF-120c and B2 with LAF-
80c at different Stp/LAF ratios. The physicochemical characterization of
Cas9 polyplexes with N/P ratios 12, 18 and 24 was evaluated via DLS
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Fig. 1. Physicochemical and biological evaluation of LAF-Stp polyplexes for Cas9 mRNA/sgRNA co-delivery. (A) DLS and (B) ELS measurements of Cas9
polyplexes containing Cas9 mRNA and sgPcsk9 at weight ratio 1:1, formed with LAF-Stp carriers (specified by carrier ID number) at indicated N/P ratios and a total
RNA concentration of 12.5 pg mL ™! (n = 3, mean + SD). (C) In vitro Pcsk9 gene knockout efficiency by Cas9 polyplexes formed with LAF-Stp carriers at optimal N/P
ratios. Hepa 1-6 Pcsk9"47°ma® cells were treated with Cas9 polyplexes at concentrations of 2.5 nM sgPcsk9, 5 nM sgPcsk9 and 10 nM sgPcsk9. Lipofectamine™
Messenger MAX™ lipoplexes (LF) were formed with Cas9 mRNA and sgPcsk9 according to manufacturer’s protocol and transfected resulting in a concentration of 15
nM sgPcsk9 in 96-well plates. Gene knockout efficiency was determined by the percentage of tdTomato negative cells 5 days post treatment (n = 3, mean + SD). (D)
Metabolic activity of transfected Hepa 1-6 Pcsk947°™® cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (n = 3,
mean + SD). Statistical significance levels: ns-not significant p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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and ELS (Fig. 1A,B; Table S4).

Topology independent, all LAF-Stp carriers with two Stp resulted in
smaller particles (=75-125 nm) with higher zeta potential (+ 5-35 mV)
than their analogs with only one Stp (exception for B2-2:4; 1730 at N/P
18 (—5.4 mV)). In general, all LAF carrier of the 1 Stp series required
higher N/P ratios than those with 2 Stp units for stable polyplex for-
mation. Probably the flexibility of two Stp units led to better electro-
static interactions between cargo and carrier and thereby providing
more stability than LAF carriers with a lower Stp/LAF ratio. For the most
part, a Stp/LAF ratio of 1:4 was more challenging for nanoparticle for-
mation which might be caused by the steric bulkiness of the LAF
building blocks. In U1 carriers, in contrast to the other topologies, where
LAF units are linked to the alpha and epsilon amines of lysines, there is
maximally one LAF linked per lysine. This seems to result in a better
distribution of the sterically demanding LAF within the carrier. Hence,
the carrier 1718 (U1-1:4) is the only tested carrier with a Stp/LAF ratio
1:4 able to form small and positively charged Cas9 polyplexes (144-152
nm; + 11-38 mV) at any tested N/P ratios. In the case of 80c bundle,
B2-1:4 (1621), only Cas9 polyplexes with at N/P ratio > 18 were able to
form positively charged particles of acceptable size and PdI whereas,
B2-2:4 carrier (1730), obtained stable particles at all tested N/P ratios.
Relatively balanced Stp/LAF ratio (i.e., 1:2 or 2:4) and the additional Stp
unit might be beneficial here as well. Similar tendencies were observed
for U3 and U4-shaped structures. These findings were supported by an
agarose gel shift assay showing complete binding of both Cas9 mRNA
and sgRNA by all carriers but the negatively charged polyplexes formed
with 1612 (Fig. S2). Overall, the Ul topology seemed to be most
promising in terms of polyplex formation. At any tested N/P ratio, Ul
carriers resulted in small Cas9 polyplexes showing no positive effect for
increasing the N/P ratio from 18 to 24. For most other LAF-Stp carriers,
however, a N/P ratio of 18 resulted in increased polydispersity and a
tendency to aggregation indicating to be close to the critical minimal
carrier concentration needed for stable particle formation. Rising the N/
P ratio to 24, however, led to a more homogenous particle formation.
Furthermore, analogues of 1611 (U1-1:2) and 1621 (B2-1:4) with
different LAF were evaluated (Table S4; Fig. S3). For Ul-shaped
structures only a LAF with longer terminal alkyl chains (tetradecyl,
hexadecyl) showed a slight increase in particle size. Nevertheless, all
LAF were able to form positively charged Cas9 polyplexes with a size
below 150 nm. B2-shaped carrier with longer LAF (120c, 14He; 16Bu)
resulted in increased polydispersity and aggregation, despite the high N/
P ratio 24. Shorter LAF on the other hand formed monodisperse particles
with acceptable size.

The ability of LAF-Stp carriers to co-deliver Cas9 mRNA and sgRNA
and induce specific Pcsk9 gene knock out was evaluated in a Hepa 1-6
cell line, namely Hepa 1-6 Pcsk9/470ma®  stably expressing tdTomato
from the Pcsk9 gene (Fig. 1C,D). The sgPcsk9 binds and directs the Cas9
protein to the first exon of the Pcsk9 gene thus the expression of the
tdTomato reporter protein is inactivated by the Cas9 induced destruc-
tion of the Pcsk9 open reading frame. The gene knock out of the Pcsk9
gene was quantified by flow cytometry. The metabolic activity of cells
upon transfection was determined via MTT assay to assess the tolera-
bility of the carriers. Cas9 polyplexes formed with LAF carriers at N/P
ratio 12, 18, and 24 were transfected at 2.5 nM-10 nM sgPcsk9 (= 16
ng-66 ng total RNA, weight ratio 1:1 for Cas9 mRNA and sgPcsk9) in
Hepa 1-6 Pcsk9'7°™% and compared to gold standard lipofection of
100 ng total RNA (=~ 15 nM sgPcsk9) with Lipofectamine™ Messenger
MAX™, Overall Ul and B2 shaped carrier outperformed the other U
shape topologies. At 6-fold lower dose, U1 and B2 Carriers with only one
Stp showed significantly higher knock out than the Lipofectamine con-
trol. In contrast to their superiority for nucleic acid compaction and
particle formation, carriers with a Stp/LAF ratio of 2:4 showed signifi-
cantly reduced efficiency compared to their analogs containing only one
Stp. This indicates that the right balance in between nucleic acid
compaction and cargo release at its site of action is crucial for the
transfection efficiency of Cas9 polyplexes. It is interesting to note that at
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lower N/P ratios, knock-out events showed a strong correlation with the
transfected dose, whereas editing events after transfection with nano-
particles at N/P 24 were nearly dose independent (Fig. S2). This dem-
onstrates that the transfection efficiency is mainly dependent on the
amount of carrier reaching each cell, rather than the cargo concentra-
tion. We assume that, upon acidification in the endosomes, a critical
minimal amount of LAF units is needed to enable endosomal escape and
release of the nucleic acid cargo. The pronounced effect for carriers with
an Stp/LAF ratio of 2:4 supports this hypothesis. The transfection effi-
ciency of LAF-Stp containing Cas9 polyplexes was also confirmed by GFP
knock out on CT26 eGFP-Luc and HeLa GFPd2 cells (Fig. 2), however,
variations in efficacy were observed. The different transfection effi-
ciencies across diverse cell types have been frequently observed in our
own and other studies for various nucleic acid cargos, based on differing
cell entry routes, intracellular trafficking and endosomal escape [36,71].
Furthermore, effects of LAF side chain variations (Nitrogen Catwalk) in
the best performing topologies (U1-1:2; B2-1:4) on gene editing effi-
ciencies in different cell types were assessed (Fig. S4, Fig. S5). Gene
editing efficiency upon transfection of Cas9 polyplexes was assessed at
further reduced dose (0.5 nM-5 nM sgRNA) and compared to gold
standard transfections with 100 ng total RNA (=~ 15 nM sgRNA) Lip-
ofectamine™ Messenger MAX™, or 250 ng total RNA (~ 38 nM sgRNA)
as polyplexes formed with succinylated PEI (succPEI) at weight ratio
4:1, succPEI: total RNA [72]. Longer terminal carbon chains (tetradecyl;
hexadecyl) which have already demonstrated negative effects on parti-
cle properties, showed almost no gene editing events on any tested cell
line. Among the various LAF chain lengths, the initially tested LAF-Stp
1611 (120c) demonstrated the highest gene editing events compared
to its analogs (Fig. S4). Gene editing events were scarce in all cell lines
following the transfection with 1746, an Ul analog with LAF 80c. On
the other hand, for B2 carriers, LAF 120c revealed counterproductive
effects on both gene editing and polyplex formation, whereas the four
shorter LAFs (80c, 12Bu, 100c, 12He), formed small Cas9 polyplexes
demonstrating gene editing efficiency on all tested cell lines (Fig. S5).
Cell line dependent effects where more pronounced for B2 carriers.
Transfection of Hepa and CT26 with B2 carriers containing 80c or 100c
did not hamper the metabolic activity of the cells. Concentrations of only
2.5 nM sgRNA yielded equal to or higher knock out results than those of
both positive control groups, despite the manifold higher concentration.
In HelLa cells, all B2 carrier containing one of the four shorter LAF (80c,
12Bu, 100c¢, 12He) exhibited a very high gene editing efficiency over
50%. Even at lowest tested concentrations of 0.5 nM sgRNA, both pos-
itive control groups were outperformed. It is worth noting that struc-
tures exhibiting greater transfection effectiveness often display higher
toxicity, compared with structures of lower efficiency. It is likely that the
mechanisms responsible for effective delivery, such as destabilizing lipid
membranes, initiate certain levels of cytotoxicity. Nonetheless, this
toxicity can be managed by reducing the concentration. Overall, varia-
tions of the LAFs influenced polyplex formation and physicochemical
properties (Table S4, Fig. S3), transfection potency and toxicity
(Fig. S4; Fig. S5) of corresponding Cas9 polyplexes. Consistent with
Thalmayr et al. [52], 120c containing 1611 emerged as the most
promising among Ul-shaped carriers, while for bundles, a shorter LAF
not only enhanced nanoparticle formation but also yielded superior
results in gene editing. Carrier-1762, which contains the intermediate
length LAF (100c), demonstrated an improved metabolic activity profile
among those tested, without compromising the carrier’s effectiveness.

3.2. LAF-Stp carrier 1611 for HDR mediated eGFP to BFP conversion

Having demonstrated that LAF-Stp carriers form potent polyplexes
for Cas9 mRNA and sgRNA delivery, enabling gene knockouts through
non-homologous end joining (NHEJ), we aimed to broaden its utility by
exploring the co-delivery of Cas9 components and a single-stranded
DNA (ssDNA) template for facilitating gene knock-ins via homology-
directed repair (HDR). Firstly, we evaluated whether LAF-Stp carriers
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Fig. 2. In vitro eGFP knockout efficiency and metabolic activity of different reporter cell lines after treatment with Cas9 polyplexes containing Cas9 mRNA
and sgGFP at weight ratio 1:1, formed with LAF-Stp carriers at optimal N/P ratios. Lipofectamine™ Messenger MAX™ lipoplexes (LF) were formed with Cas9 mRNA
and sgGFP according to manufacturer’s protocol and transfected resulting in a concentration of 15 nM sgGFP in 96-well plates. Gene knockout efficiency was
determined by the percentage of GFP negative cells normalized to HBG treated cells, 5 days post treatment. (n = 3, mean + SD) (A) top: CT26 eGFP-Luc cells were
treated with Cas9 polyplexes at concentrations of 2.5 nM sgGFP, 5 nM sgGFP and 10 nM sgGFP. bottom: Metabolic activity of transfected CT26 eGFP-Luc cells in
relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (B) top: HeLa GFPd2 cells were treated with Cas9 polyplexes at
concentrations of 2.5 nM sgGFP, 5 nM sgGFP and 10 nM sgGFP. bottom: Metabolic activity of transfected HeLa GFPd2 cells in relation to HBG buffer treated control

cells determined via MTT assay at 24 h after transfection.

could form stable polyplexes containing both RNA and DNA compounds.
Therefore, a small selection of 1-Stp Ul and B2 carriers were tested as
polyplexes with mCherry mRNA and GFP pDNA at weight ratio 1:1. The
nanoparticles were transfected in different cell lines and mCherry and
GFP expression was assessed by flow cytometry (Fig. S6A—I). For the
physicochemical evaluation, DLS and ELS measurement as well as an
agarose gel shift assay were performed (Fig. S6J, K). Although the
binding of pDNA was incomplete, the carriers, which exhibited robust
transfection capabilities for Cas9 mRNA/sgRNA, were also able to
effectively co-deliver both mRNA and pDNA into cells yet demonstrating
a stronger transfection profile for mRNA. The carrier 1611 was found to
be highly effective in co-delivering mRNA and pDNA across all tested
cell lines, leading to its selection for the gene knock-in studies through
HDR. For this research, a HeLa cell line that expresses a less stable
variant of green fluorescent protein (HeLa GFPd2) was utilized [50].
Through HDR-mediated DNA repair, the eGFP gene sequence can
potentially be converted into blue fluorescent protein (BFP) gene
sequence, and therefore be evaluated by flow cytometry (Fig. 3A,B). All
1611 polyplexes at N/P ratio 18, with Cas9 mRNA plus sgGFP (weight
ratio 1:1), with and without a single-stranded DNA template (ssDNA) at
three different ratios to the sgRNA, formed small homogeneous particles
with positive zeta potential (Table S5). These polyplexes were trans-
fected at different concentrations in HeLa GFPd2 cells. As expected, gene
knock out efficiency after transfection with Cas9 polyplexes without
additional ssDNA template was in line with previous results of trans-
fections in this cell line (Fig. S4C) and no BFP positive cells could be
detected. Within the tested ratios of sgRNA to ssDNA, ranging from 1:05
to 1:2, we observed that the HDR efficiency increased with higher ratios
of ssDNA template, resulting in up to 38% BFP converted cells (Fig. 3C).
Interestingly, the overall gene editing efficiency defined by the sum of
GFP knock out and BFP converted cells decreased at higher ssDNA ra-
tios. The highest transfected concentrations reached 86%, 82%, 72%
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and 58% gene edited cells for sgRNA to ssDNA ratios from 1:0 to 1:2,
respectively. This suggests that while the RNP’s ability to induce double-
strand breaks (DSB) is hindered when there are elevated single-stranded
DNA (ssDNA) concentrations, the chances of achieving homology-
directed repair (HDR) integration are higher when the ssDNA template
is in close proximity. To exclude that lower editing efficiencies are
triggered by increased carrier concentrations, we tested different sgRNA
to ssDNA ratios while keeping the total transfected nucleic acid amount
constant (Fig. S7). Once more, a decline in general editing effectiveness
can be noted with increased template ratios. Instances where 3.9 nM
sgRNA were applied with polyplexes lacking ssDNA triggered over 85%
GFP knock out, whereas utilizing polyplexes at sgRNA to ssDNA ratios of
1:2 and 1:6 with the same sgRNA concentration yielded total edited cell
percentages of only 40% and 21%, respectively (Fig. S7). The HDR
percentage of total edited cells, however, increased with higher template
ratios even though the overall efficiency was reduced (Fig. S8).

3.3. Positive read out reporter model for genome editing triggering exon
skipping

A reporter cell line HeLa mCherry-DMDgyo3, expressing mCherry
interrupted by a Duchenne muscular dystrophy (DMD) dystrophin exon
23 with nonsense mutation, was recently designed by Lessl et al. [61]
(see Fig. 4A). It enabled efficient in vitro screening of the antisense ac-
tivity of phosphorodiamidate morpholino oligomers (PMOs) and their
conjugate formulations. The specific PMO(Exp3) sequence blocks a
splice site of dystrophin pre-mRNA and prompts the skipping of mutated
dystrophin exon 23. Such an exon skipping has been therapeutically
applied in the well-established murine DMD mdx model. Notably, this
specific genetic sequence can also trigger exon skipping of the healthy
dystrophin in wild-type mice. To ensure the effective use of the same
PMO(Ex33) sequence in both the in vitro reporter system and in vivo
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experiments, the donor splice site of the intron downstream of mdx exon
23 was designed based on the physiological donor splice site sequence of
dystrophin intron 23. We now selected a sgRNA (sgDMDgx23) [64,73]
targeting the same specific donor splice site and evaluated the feas-
ability of a Cas9-based single-cut gene editing approach on this positive
read-out reporter model to test the efficiency of Cas9 mRNA/sgDMDgxa3
polyplexes. According to reports, precise genetic modification is not
necessary for the correction of DMD defects via exon skipping. Rather,
any indels introduced by NHEJ disrupting a splice donor or acceptor
sequence in a mutant exon can lead to exon skipping [73]. By the
sgDMDgxo3 a double strand break (DSB) in the proximity of the donor
splice site of the targeted dystrophin exon 23 is generated. INDELs
introduced in the target locus after NHEJ repair lead to the correction of
the reporter gene open reading frame (ORF) resulting in observable
functional mCherry expression through fluorescence detection (Fig. 4A).

The ORF can be restored by: (i) exon skipping if the INDELs disrupt
the splice consensus site of the targeted exon, or (ii) exon reframing if
the right number of INDELs is generated in the exonic region [74]. To
confirm the specificity of the sgDMDgxo3 to the target sequence in the
reporter construct, we performed an in vitro cleavage assay (Fig. 4B). The
reporter plasmid DNA construct was linearized and then exposed to
ribonucleoprotein complexes (RNPs) containing either sgDMDgxos,
sgGFP, or sgPcsk9. Only incubation with the Cas9/sgDMDgy23 complex
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induced cleavage of the reporter DNA resulting in two bands on the
agarose gel (Fig. 4B). The reporter cell line HeLa mCherry-DMDgyo3 was
treated with 1611 polyplexes (N/P 18) containing either Cas9 mRNA/
sgDMDgyo3 (weight ratio 1:1) or Cas9 mRNA/sgPcsk9 (weight ratio 1:1).
Three days post treatment, total RNA was extracted from treated cells
and reverse transcribed into cDNA. The splicing product leading to
functional mCherry expression was amplified and analyzed via gel
electrophoresis. The band resulting from mdx exon 23 skipping (~280
bp) was only detected in cells treated with sgDMDgyo3 and exon 23
skipping was confirmed by Sanger sequencing (Fig. 4C). Additionally,
the presence of mCherry protein was further determined by confocal
laser scanning microscopy (CLSM) images of HeLa mCherry-DMDgyo3
cells 72 h after transfection with 1611 polyplexes (N/P 18) containing
either Cas9 mRNA and sgDMDgxo3 or sgPcsk9 (Fig. 4D). mCherry fluo-
rescence was detectable solely in cells treated with sgDMDgyo3. For
genomic evaluation of the Cas9 induced edits on the mCherry-DMDgx23
reporter, total genomic DNA was isolated from HeLa mCherry-DMDgyo3
cells 2 weeks after treatment with either 1611 (N/P 18) or 1752 (N/P
24) polyplexes containing Cas9 mRNA and either sgPcsk9 or sgDMDgyo3
(Fig. $10). In groups treated with Cas9 mRNA/sgPcsk9, gel electro-
phoresis of the PCR products revealed only one band with the expected
length (841 bp) of the complete unedited sequence. Additional bands of
approximately 450 bp were observed in all groups treated with Cas9
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Fig. 4. Positive read-out reporter model for genome editing. Functional mCherry expression is induced in HeLa mCherry-DMDex23 reporter cell line after Cas9
induced DSB. (A) Schematic illustration showing the structure of mCherry-DMDgyo3 construct and its mechanism in presence or absence of Cas9 induced DSB at the
donor splice site downstream the mdx exon 23. (B) In vitro cleavage of the plasmid DNA which was used for the generation of the HeLa mCherry-DMDgyo3 cell line
after overnight digestion of the plasmid DNA with the restriction enzyme Bsal to linearize the DNA. The linearized DNA was incubated with RNP for 2 h at 37 °C and
subsequently analyzed on a 1.5% agarose gel. Untreated linearized plasmid was used as control group; 1: linearized plasmid treated with RNP containing sgDMDgy»3;
2: linearized plasmid treated with RNP containing sgGFP; 3: linearized plasmid treated with RNP containing sgPcsk9. (C) Detection of mdx exon 23 skipping of
mCherry-DMDgy23 mRNA by RT-PCR. Total RNA was extracted from cells 3 days after treatment with Cas9 polyplexes formed with LAF 1611 at N/P 18 (10 nM
$sgDMDgyo3 or 10 nM sgPcsk9). The sequence surrounding mdx exon23 in mCherry-DMDEx23 was amplified by RT-PCR. The band resulting from mdx exon 23
skipping is shown (~280 bp) and exon 23 skipping was confirmed by Sanger sequencing. (D) CLSM images of HeLa mCherry-DMDgyo3 cells 72 h after transfection
with 1611 polyplexes (N/P 18) containing either Cas9 mRNA and sgDMDgyo3 (weight ratio 1:1) or Cas9 mRNA and sgPCSK9 (weight ratio 1:1) resulting in a
concentration of 10 nM sgRNA. Nuclei were stained with DAPI (blue), cytoskeleton was stained with rhodamine phalloidin (green) and mCherry is shown in red.
Scale bar represents 50 pm. RNP: ribonucleoprotein; CLSM: confocal laser scanning microscopy. Complete gels of B) and C) are provided in Fig. $9. (E) Nitrogen
Catwalk of LAF-Stp carriers with U1 topology (left) or B2 topology (right), comparing editing efficiencies in HeLa GFPd2 and HeLa mCherry-DMDex23 reporter cell
lines. For details see Fig. S4 and Fig. S5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mRNA/sgDMDgyo3, indicating large genomic deletions (Fig. S10A). data on the HeLa GFPd2 cell line confirming the suitability of this re-
Sanger sequencing of the isolated bands confirmed the full sequence of porter model for library screening (Fig. 4E and Fig. S4 and S5).

the unedited 841 bp band and a 388 bp long deletion, surrounding the
Cas9 cut side, for the shorter band (Fig. S10D). The untypical large
deletion after Cas9 induced double strand break might be caused by
locus specific properties of the artificial construct surrounding the mdx-
DMDgxo3 sequence [75,76]. Nevertheless, the specificity of the reporter
for the testing of sgDMDgyo3 containing Cas9 formulations was proven
by the comparison to sgPcsk9 containing formulations as stated above.
Additionally, gene editing results on HeLa mCherry-DMDgyo3 cells
evaluated by flow cytometry strongly correlate with the GFP knock out

3.4. Characterization of top performing polyplexes for in vivo application

While it was evident that 1611 proved to be the optimal carrier for
the U-shaped LAF-Stp topology, the trends associated with various B2-
shaped carriers were less distinct. Consequently, the subsequent anal-
ysis focused on 1611 alongside three promising representatives of B2-
shaped carrier candidates, specifically 1621, 1752, and 1762, at a
further reduced dosage. As pathways and routes differ between various
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cell types, also efficiency ranking of different carriers can be different, as
demonstrated in Fig. 5 for Hepa and HeLa. The Pcsk9 knock out after
treatment with a dose range from 0.25 nM to 15 nM sgPcsk9 was eval-
uated in Hepa 1-6 Pcsk9'47°™ cells and compared to Lipofectamine™
Messenger MAX™ lipoplexes, resulting in sgPcsk9 concentrations of 5
nM, 10 nM, and 15 nM as positive control. All LAF-Stp carriers achieved
2-5-fold higher knock out efficiencies than the positive control at cor-
responding concentrations. Carrier 1611 showed an ECs( (defined as the
concentration of delivered sgRNA required to provoke 50% gene edited
cells) of ~1 nM sgRNA whilst all B2 carriers resulted in ECsg > 4.0 nM
sgRNA (Fig. 5A, Table S6). Given the previously shown high efficiency
of LAF-Stp carriers on HeLa cells, we chose an ultra-low dose range from
50 pM to 2.5 nM sgRNA for the evaluation on HeLa mCherry-DMDgxo3.
Interestingly, a strong benefit of the B2 topology could be observed in
this cell line resulting in >10-fold lower ECs values (0.1 nM to 0.4 nM
sgDMDgyo3) compared to the ECsg in Hepa 1-6. Gene editing of 1611
polyplexes (ECsp: 0.7 nM sgDMDgyo3), on the other hand, was compa-
rable to the results on Hepa cells (Fig. 5B). Consistent with prior
research, a connection between increased potency and toxicity at
elevated doses was evident. Notably, while among all the evaluated
carriers only compound 1611 reduced the metabolic activity of Hepa
1-6 cells at higher doses, the metabolic activity of HeLa cells was only
reduced by higher doses of the B2 carrier 1621 (Fig. S11).

There is a significant disparity between the in vitro conditions in cell
culture and those in animal models (in vivo). Upon intravenous admin-
istration of nanoparticles, their interaction with blood components may
critically influence on their performance [77,78]. Hence, transfection
efficiency was evaluated after pre-incubation of the polyplexes in full (>
90% v/v) serum at 37 °C for 2 h (Fig. 5C). Notably, despite full serum
incubation efficacies of top carriers were not reduced, with sub-
nanomolar ECsy values of as low as 0.4 nM sgDMDgxo3 for carrier
1611 and 0.1 nM sgDMDgyo3 for carrier 1762. Consequently, carrier
1611 at N/P 18 and carrier 1762 at N/P 24 emerged as the most suitable
candidates for in vivo evaluation of Ul and B2 topologies, respectively.
Concentrated formulations intended for in vivo application underwent
testing for their physicochemical properties, demonstrating resistance
toward full serum, long-term stability upon storage at 4 °C for up to 127
days, and high transfection efficiency after 14 days storage at 4 °C
(Table S7, Fig. S12, Fig. $13). Successful delivery of nanocarriers into
specific tissues is often facilitated by their surface interactions with
distinct serum proteins and subsequent binding to their cognate re-
ceptors [13,79] and following productive intracellular routing. There-
fore, the transfection efficiency of the nanocarriers was assessed
subsequent to dilution of the concentrated formulations in full serum
(Fig. S13). These results further confirm the feasibility of using these
structures for in vivo testing.

3.5. In vivo editing of dystrophin gene

Optimized LAF-Stp carriers formulated with mRNA either as poly-
plexes [52] or as cationizable component in LNPs [54] were found to
efficiently deliver luciferase mRNA at low 1-10 pg mRNA/mouse doses
upon intravenous application in A/J mice. Combined with the current in
vitro findings, we selected the promising carriers 1611 and 1762 for
polyplex formulation as well as a 1621-based LNP formulation for Cas9
mRNA/sgRNA delivery in vivo. Biophysical characterization of 1621
LNP is presented in Tables S8, §9; Fig. S14. Similar to the polyplexes,
the selected LAF-Stp LNP formulations exhibited remarkable long-term
stability (storage at 4 °C for 127 days). In contrast to parallel tested
gold standard SM-102-containing LNP, they still induced gene editing
upon transfection following 14 days of storage at 4 °C (Fig. S13).

For Cas9-induced dystrophin gene editing in healthy mice in vivo, the
same sgDMDgxo3 SgRNA sequence can be applied as in the positive read-
out reporter model described in section 3.3 and originally designed for
assessment of splice-switching oligonucleotides by Lessl et al.
(Fig. S9C). Using PMO(Ex23) conjugates of related sequence-defined
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xenopeptides, Lessl et al. could demonstrate in vivo dystrophin exon
23 skipping in several organs. By Cas9 mediated genomic disruption of
the donor splice site, the efficiency of gene editing can be assessed by: (i)
examining the genomic sequence in the vicinity of the specific cleavage
site, and (ii) analyzing exon skipping at the mRNA level. Genome editing
and mRNA splicing modulation after intravenous injection with Cas9
polyplexes and Cas9 LNPs in BALB/c mice is displayed in Fig. 6. During a
7-day period, BALB/c mice were subjected to three intravenous in-
jections, receiving either 1762 polyplexes or 1621 LNPs, both containing
3 g total RNA (Cas9 mRNA and sgDMDgyo3 at a weight ratio of 1:1).
Well tolerable 1611 polyplexes contained 10 pg total RNA. Good
biocompatibility of all formulations was demonstrated by standard
plasma parameters (ALT, alanine transaminase; AST, aspartase amino-
transferase; Crea, creatinine; BUN, blood urea nitrogen) and monitoring
the body weight of animals (Fig. S15, $16). The ex vivo assessment of
dystrophin genome editing and mRNA exon 23 skipping was performed
only with organs exhibiting high dystrophin expression [80], i.e. brain,
heart, and biceps femoris muscle. We aimed to minimize other factors
that might compromise gene editing efficiency i.e. chromatin modifi-
cations and DNA packaging that can block eukaryotic genome editing
[81]. Analysis was performed seven days after final intravenous
administration and compared to results of untreated BALB/c mice.
Confirmation of the desired exon 23 skipping in the physiological dys-
trophin mRNA was achieved by representative Sanger sequencing of the
RT-PCR products isolated from an agarose gel (Fig. 6C, D). RT-PCR
products showed significant exon skipping in various groups (Fig. 6F).
The 1621 containing LNP formulation resulted in significantly higher
exon 23 skipping rates in heart tissue (5.7% =+ 1.1%; mean + SD) than
both polyplex formulations. Splicing modulation in the brain was
evident across all examined formulations. Especially, 1762 polyplexes
elicited an high exon skipping rate of 13.1% =+ 4.4% (mean + SD) in
brain tissue. Both the 1611 polyplex and the LNP 1621 group displayed
considerable variability, with certain individual animals exhibiting
higher splicing modulation compared to others. Considerable variability
was similarly observed in skeletal muscle across all groups. High splicing
modulation values of up to 17%, stood in contrast to low levels of other
individuals.

Such differences in between the individual groups, tissues and in-
dividuals were not observed in the genomic evaluation of the gene
sequence surrounding the expected cut site at the dystrophin exon 23.
Using the TIDE analysis tool, total gene editing efficiencies of 2.5% -
4.7% were detected in organs of treated animals compared to a back-
ground signal of <0.7% in untreated animals (Fig. 6G). Even though
significant gene editing values could be detected in most groups the
editing values are lower than splicing modulation values in corre-
sponding animals (Table S11). On the one hand it remains unclear
which exact indel sequence causes a change in the splicing pattern of
exon 23, on the other hand possible larger genomic deletions, as shown
in the mCherry-DMDgy23 reporter model, would not be detectable by the
TIDE analysis tool. The positive control LNP SM-102 mediated compa-
rable genome editing efficiencies as LNP 1621.

The next aim was to investigate genome editing and mRNA splicing
modulation after local intramuscular injection with Cas9/sgRNA poly-
plexes and LNPs. As the i.m. administration of the novel class of carriers
had not been studied in previous work, the efficiencies of polyplexes and
LNPs were first analyzed by intramuscular application using luciferase
reporter mRNA (Table S10, Fig. S18). Within the class of mRNA poly-
plexes, all displayed a very high i.m. luciferase expression around
108-10° RLU/g muscle at 6 h post-injection; the bundle B2 carrier 1762
exhibited significantly higher luciferase expression levels in muscle
tissue compared to all other tested polyplex formulations (Fig. S18).
Based on these results, the 1762 carrier, along with Ul carrier 1611,
which displayed a more favorable toxicity profile [52], were selected for
the in vivo evaluation of polyplexes for Cas9-induced dystrophin modi-
fication. Additionally, luciferase mRNA LNP formulations containing
either 1621 as cationizable component or, as gold standard, the well-
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Fig. 5. Dose titration of best performing LAF-Stp carriers forming Cas9
polyplexes containing Cas9 mRNA and sgRNA at weight ratio 1:1. N/P ratio of
bundle and U1 carriers was 24 and 18, respectively. (A) In vitro Pcsk9 knock out
in Hepa 1-6 Pcsk9'4T°mat cells treated with 0.25 nM-15 nM sgPcsk9. Positive
controls were presented by Lipofectamine™ Messenger MAX™ lipoplexes (LF,
LF 2) used for transfection of Cas9 mRNA and sgRNA according to both man-
ufacturer’s protocol options resulting in a concentration of 5 nM, 10 nM, and
15 nM sgPCSK9. (B) In vitro exon skipping evaluation on HeLa mCherry-
DMDgxo3 cells treated with 50 pM — 2.5 nM sgDMDgy»3. Positive controls were
presented by Lipofectamine™ Messenger MAX™ lipoplexes used for trans-
fection of Cas9 mRNA and sgRNA according to both manufacturer’s protocol
options resulting in a concentration of 15 nM sgRNA. (C) In vitro performance of
LAF polyplexes in presence of full serum. Samples were diluted in full serum (25
pM- 0.5 nM sgDMDgyo3, 98% serum; 1-2.5 nM, 90% serum) and transfected at
iAndicated low doses in HeLa mCHerry-DMDgy03. (n = 3, mean + SD).

established SM-102 lipid were included in the evaluation. Both lucif-
erase mRNA LNPs showed comparable extremely high i.m. luciferase
expression of >10'° RLU/g muscle, about 10~ to 100-fold higher than
the polyplex formulations (Fig. S18). Notably, luciferase activity at the
6 h time point of investigation remained focused to the injected muscle
(Fig. S19); activity in other organs of i.m. injected mice was several 100-
fold to 1000-fold lower.

Genome editing and mRNA splicing modulation after single or triple
intramuscular application of Cas9 polyplexes and Cas9-LNPs in BALB/c
mice is displayed in Fig. 7. Single treatment only yielded very low gene
editing and splicing modulation. Triple application improved results for
all tested formulations, with total gene editing efficiencies of 2.3% -
3.4%, triggering 6.0% - 9.3% splicing modulation (Fig. 7B, C). Inter-
estingly, genome editing and splice modulation efficiencies do not
correlate with the relative expression levels of luciferase mRNA. Intra-
muscularly applied 1762 or 1611 polyplexes mediated slightly higher
genome editing and splice modulating than 1621 or SM-102 LNPs,
despite their far lower luciferase mRNA potency. Furthermore,
comparing the higher genome editing and splice modulation activity in
muscle after intravenous administration with the lower activity in local
intramuscular injection, an even higher discrepancy with the relative
luciferase expression levels (>100-fold higher muscle luciferase
expression upon local injection compared with analogous intravenous
injection [52,54]) is observed. Apparently, in the current case, efficient
mRNA delivery does not present the bottleneck in the genome editing
process in total. Additional hurdles, such as the intracellular assembly of
sgRNA with the Cas9 protein to form the RNP complex, followed by their
nuclear import, must be overcome after the mRNA is translated into
Cas9 protein. Utilization of a non-optimized sgRNA sequence with a
relatively low on-target activity score of 7.8 [82] might explain the
discrepancy. Optimization of the sgRNA sequence or employing a dou-
ble sgRNA double-cut approach to excise the genomic exon region,
presents a potential option for optimizing genome editing.

Controlling the biodistribution and delivering its nucleic acid
payload into specific extrahepatic tissues and cell types remains a major
hurdle for Cas9 mRNA/sgRNA nanocarriers. In this respect, the observed
triggered alternative mRNA splicing with exon 23 skipping in brain
tissue and in cardiac and skeletal muscle is noteworthy. Acknowledging
the open questions raised by our present study and the utilized mouse
model is paramount. Of note, physical delivery of Cas9 mRNA/sgRNA
nanoparticles into tissues, which was not studied in the current study,
may significantly differ from functional activity. The latter requires
productive intracellular uptake, including endosomal escape, trans-
lation into Cas9 protein, assembly into sgRNA RNPs, nuclear delivery,
and successful genome editing of target cells. Moreover, the uptake
mechanisms, including endocytosis, and cellular responses to nano-
particles, are known to vary among species, thereby influencing the
efficacy of functional mRNA delivery [83]. Furthermore, while gene
editing targeting the dystrophin 23 exon holds significance for the mdx
mouse model, it is essential to recognize that a hot spot region of
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Fig. 6. In vivo genome editing and mRNA splicing modulation in BALB/c mice after intravenous injection with Cas9 polyplexes and Cas9 LNPs. Dystrophin
gene editing and mRNA splicing modulation in different organs of BALB/c mice after triple injections of Cas9 polyplexes or Cas9 LNP solution containing Cas9 mRNA
and sgDMDgyo3 at weight ratio 1:1. All LAF-Stp formulations were compared to LNP containing SM-102 at N/P 6 as gold standard. (A) Treatment scheme: triple
intravenous injection of 150 pL polyplex or LNP solution containing either 3 pg total RNA in 1762 polyplexes, 1621 LNP and SM-102 LNP or 10 g total RNA in 1611
polyplexes. Euthanasia at 7 days post last injection, sample preparation and evaluation. Total RNA and genomic DNA was extracted from homogenized dystrophin
expressing organs (brain, heart, muscle tissue) at 7 days after last injection. For the evaluation of splicing modulation, a nested RT-PCR was conducted to amplify
dystrophin exon 20-24. The RT-PCR product was analyzed on a 2% agarose gel and ratios of splicing modulation were determined using ImageJ Software. For the
analysis of the gene editing efficiency a PCR was performed to amplify the region surrounding exon 23. PCR products were purified and sequenced via Sanger
sequencing. The sequencing results were evaluated using the TIDE (Tracking of Indels by Decomposition) analysis tool. (B) Scheme of splicing modulation after of
Cas9 induced DSB at donor splice site downstream dystrophin exon 23 (C) Sanger sequencing of gel extracted bands corresponding to ~568 bp (complete DMD
Ex20-24) (D) Sanger sequencing of gel extracted bands corresponding to ~373 bp fragments for confirmation of exon 23 skipping. (E) Exemplary gel electrophoresis
of RT-PCR products showing splicing modulation in brain, heart, and muscle of animal 1 after triple intravenous treatment with 1621 LNP (N/P 24) containing 3 pg
total RNA. (F) Evaluation of splicing modulation, as described above, after triple intravenous treatment with either 1762 (N/P 24) polyplexes, 1611 (N/P 18)
polyplexes, or LNP 1621 (N/P 24). LNP SM-102 (N/P 6) served as positive control. Individual band intensities were quantified and put into relation to the band of
full-length dystrophin exon 20-24 with a size of 568 bp by using the ImageJ software. The complete gel electrophoresis data are provided in Fig. S17. (G) Evaluation
of gene editing efficiency, as described above, after triple intravenous application of 1762 polyplexes, 1621 LNP and SM102 LNP containing 3 pg total RNA and 1611
polyplexes containing 10 pg total RNA. Sanger-sequenced and evaluated by TIDE (Tracking of Indels by Decomposition) analysis. (n = 4, mean + SD). Asterisks
indicate statistical significance between treated organ to untreated control. Statistical analysis was performed by unpaired Student’s two-tailed t-test with Welch’s
correction; GraphPad Prism™ 10. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, statistically not significant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. In vivo genome editing and mRNA splicing modulation in BALB/c mice (n = 4) after intramuscular injection with Cas9 polyplexes and Cas9 LNPs.
Comparison of dystrophin gene editing and mRNA splicing modulation in muscle tissue of BALB/c mice after single or triple intramuscular injections with polyplexes
or Cas9 LNPs containing Cas9 mRNA and sgDMDgyo3 at weight ratio 1:1 into the left musculus biceps femoris. Only the tissue of the injected muscle was analyzed
after intramuscular application. (A) Injection scheme for single or triple intramuscular injection of 50 L nanocarrier solution containing either 3 pg total RNA in LNP
1621 (N/P 24) and 1762 polyplexes (N/P 24) or 10 pg total RNA in 1611 polyplexes (N/P 18). LNP SM-102 at N/P 6 containing 3 pg total RNA in 50 pL served as gold
standard. (B) For the evaluation of splicing modulation, a nested RT-PCR was conducted to amplify dystrophin exon 20-24. The RT-PCR product was analyzed on a
2% agarose gel and ratios of splicing modulation were determined using ImageJ Software. The complete gel electrophoresis data are provided in Fig. $20. (C) Total
genomic DNA was extracted from homogenized organs and PCR were conducted to amplify the genomic region surrounding the dystrophin exon 23. PCR products
were purified, Sanger-sequenced and evaluated by TIDE (Tracking of Indels by Decomposition) analysis. (n = 4, mean =+ SD). Asterisks indicate statistical significance
between treated organ to untreated control. Statistical analysis was done by unpaired Student’s two-tailed t-test with Welch’s correction; GraphPad Prism™ 10. * p <
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, statistically not significant. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

deletions in Duchenne muscular dystrophy is represented by exons 45 to eGFP to BFP gene conversion. Additionally, a LNP formulation of B2

53. Notably, investigations involving relevant exon 50-deleted mouse carrier 1621 was generated. Selected carrier formulations displayed

and canine models [84,85], alongside a humanized DMD mouse model physicochemical and functional stability upon storage at 4 °C and un-

[40], have been undertaken to assess editing strategies with enhanced affected activity upon incubation in full serum. After intravenous

translational potential to the human DMD condition. administration in mice, Cas9 mRNA/sgRNA formulations successfully
demonstrated in vivo genome editing targeting the dystrophin gene exon

4. Conclusion 23 splice site, thus also triggering alternative mRNA splicing with
skipping of exon 23, as observed in cardiac and skeletal muscle and in

In summary, we evaluated a library of recently reported LAF-Stp brain tissue.

lipo-xenopeptides [52,54] for functional delivery of the Cas9 mRNA/

sgRNA system. By screening physicochemical nanoparticle properties CRediT authorship contribution statement
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