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Chapter 1

Introduction



1.1 Nanomedicine and its history

Many drug candidates show potent biological activity but also exhibit poor water solubility, chemical
instability, short half-lives in circulation, or inefficient cell uptake, and will therefore likely face
significant delivery challenges.! Fortunately, a recent advance in nanotechnology for healthcare
applications, named nanomedicine, could address those shortcomings and limitations, enhance the
therapeutic efficacy of traditional drugs, and revolutionize the pharmaceutical industry landscape.?
Nanoscale delivery vehicles are designed to aid the transport of diagnostic or therapeutic agents
through biological barriers and to improve the physical, chemical, and biological properties (e.g.
solubility, circulating half-life, less off-target side effects) of drug candidates.> * Within the field of
nanomedicine a wide range of applications, such as drug delivery, vaccine development, antibacterials,
diagnostics, imaging tools, wearable devices, implants, high-throughput screening platforms, and
other healthcare-related areas are studied.’

The progress of nanomedicine has undergone different stages during the last 60 years (Fig. 1).6° In
1964, researchers discovered the structure of liposomes and proposed them as carriers for drugs.®
Thereafter a variety of other nanoscale biomaterials including dendrimers,'¢ polymers,’ targeted
liposomes,'> and PLGA nanoparticles'* were explored for their potential to deliver drugs. With the
FDA approval in 1995 of doxorubicin-loaded liposomes, marketed as Doxil®,!" the field of
nanomedicines entered a new era, and many other lipid-based pharmaceuticals entered the clinic to
treat cancer, fungal infections, pain management, and to function as anti-viral therapies (Table 1).!”
30 To date, a variety of organic and inorganic nanomaterials have been applied as drug delivery
vehicles.”!> 31 32 In 2018 the first siRNA lipid nanoparticle (Onpattro) was approved and the
successful authorization for two mRNA Covid-19 vaccines in 2020 kickstarted the era of gene therapy
taking center stage in the field of nanomedicine.>-%*
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The clinically approved liposome and albumin nanoparticles are defined as so-called first-generation
nanomedicines, which overcome physicochemical barriers such as poor solubility or passive diffusion
of drug molecules.> * Compared to conventional pharmaceuticals, nanomedicines generally have a
large specific surface area and flexibility of surface functionalization enabling different drug loading,
retention, and controlled release. As a result, these nanocarriers improve the solubility of poorly-
soluble hydrophobic drugs, improve bioavailability, therapeutic effects, and/or release drugs in a
sustained, controlled, or stimuli-triggered manner.>® With these properties, systemic side effects and
administration dosage and frequency could be substantially reduced.

More recently, nanomedicines have developed into more advanced nanosystems, so-called second-
generation drug delivery systems. These formulations have increased circulation half-life and reduced
immunogenicity, while targeting moieties have been introduced to promote cell-specific targeting.
Typically these targeting moieties are designed to specifically bind to overexpressed receptors on the
surface of cells to target high selectivity for a variety of applications.’” As targeting moieties, a variety
of molecules are being used including small peptides, natural proteins, monoclonal antibodies,
aptamers, polymers, carbohydrates, and small targeting molecules (Fig. 2).



Table 1. Clinically approved liposome-based products

Doxil™ {1995)

Doxorubicin

HSPC:Cholesterol:PEG200-DSPE  Ovarian, breast cancer, Kaposi’s

Sequus Pharmaceuticals

(56:39.5:5) sarcoma
Abelcet™ (1995) v Amphotericin B DMPC:DMPG (70:30) Tnvasive severe fungal infections  Sigma-Tau
Pharmaccuticalsy
Amphotec® (1996) v, Amphotericin B Cholesteryl sulphate: Amphotericin  Severe fungal infections Ben Venue Laboratories
B(1:1) Inc,
DaumoXome® (1996) iv. Daunorubicin DSPC:Cholesterol (2:1) AlDS-related Kaposi’s sarcoma  NeXstar Pharmaceuticals
Ambisome® (1997) Lv Amphotericin B HSPC:DSPG:Cholesterol: Amphote  Presumed fungal infections Astellas Pharma
ricin B (2:0.8:1:0.4)
Inflexal®V  (1997) Lm. Inactivated DOPC:DOPE (75:25) Influenza Crucell, Berna Biotech
hemaglutinine of
Influenza virus strains
Aand B
Depocyt® (1999) Spinal Cytarabine/Ara-C DOPC, DPPG, Cholesterol and Neoplastic meningitis SkyPharma Tnc.
Triolein
Epaxal® (1999) im, Inactivated hepatitis — DOPC:DOPE (75:25) Hepatitis A Crucell, Berna Biotech
A virus(strain RGSB)
Myocet™ (2000} L. Doxorubicin EPC:Chelesterol (55:45) Combination therapy with Elan Pharmaceuticals
cyclophosphamide in metastatic
breast cancer
Visudyne® (2000) iv Verteporphin Verteporphin, DMPC EPG Choroidal neovascularisation Novartis
Mepact™ (2001) iv. Mifamurtide DOPS:POPC (30:70) High-grade, resectable, non- Takeda Pharmaceutical
metastatic osteosarcoma Limited
DepoDur™® (2004) Epidural Morphine sulfate DOPC,DPPG,Cholesterol, and Pain management SkyPharma Inc.
Triolein
Exparel® (2011) 1.y Bupivacaine DEPC,DPPG,Cholesterol, and Pain management Pacira Pharmaccuticals,
Tricaprylin Inc.
Margibo™ (2012) v Vineristine SM:Cholesterol (60:40) Acute lymphoblastic leukacmia  Talon Pharmaceutics, Tnc.
Onivyde™® (2015) iv. Irinotecan DSPC:MPEG-2000:DSPE Combination therapy with Merrimack Pharmaceutics,

(3:2:0.015)

fluorouracil and leucovorin in

Inc.

metastatic adenocarcinoma of
the panereas

1.v. (intravenous); i.m. (intramuscular); HSPC (hydrogenated soy phosphatidylcholine); PEG (polyethylene glycol);
DSPE  (distearoyl-sn-glycero-phosphoethanolamine); = DSPC  (distearoylphosphatidylcholine);  DOPC
(dioleoylphosphatidylcholine); DPPG (dipalmitoylphosphatidylglycerol); EPC (egg phosphatidylcholine); DOPS
(dioleoylphosphatidylserine); POPC (palmitoyloleoylphosphatidylcholine); SM (sphingomyelin); MPEG (methoxy
polyethylene glycol); DMPC (dimyristoyl phosphatidylcholine); DMPG (dimyristoyl phosphatidylglycerol); DSPG
(distearoylphosphatidylglycerol);  DEPC DOPE

(dierucoylphosphatidylcholine); (dioleoly-sn-glycero-

phophoethanolamine)

1.2 Lipid-based nanomedicines

Lipid-based nanoparticles are still the most widely employed nanocarrier in drug delivery and
diagnostic applications.>®*%3? Liposomes have been successful in delivering anti-cancer, anti-fungal,
antibiotic, anesthetic, anti-inflammatory, and gene-based drugs. By careful design, long-circulating
(e.g. by PEGylation), triggered release, and ligand-targeted delivery is obtained in vivo.*8



As a drug delivery system, lipid-based nanomedicines such as liposomes possess multiple advantages:
(1) liposomes can deliver both hydrophobic and hydrophilic molecules due to their amphiphilic lipid
molecules that self-assemble into a hydrophilic core and a hydrophobic lipid layer; (ii) lipids are non-
toxic and biodegradable; the large pool of lipid varieties enable us to manipulate the liposome
structures and properties to achieve different goals by changing the lipid types and ratios; (iii)
liposomes exhibit higher tissue accumulation through the enhanced permeability and retention (EPR)
effect and better pharmacokinetics, which leads to enhanced therapeutic efficacy and reduced toxicity;
(iv) liposomes protect the encapsulated drug, improving drug stability and prolonging its circulation
half-life; (v) the large surface of liposomes could be further decorated with different functional
moieties (polymers, ligands, and antibodies) to construct targeting and controlled-release drug
delivery systems.*®*° In summary, lipid-based nanomedicines have a proven track record in the
successful delivery of a wide range of therapeutics for various diseases.
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Figure 2. The schematic representation of engineered nanomedicines. The various surface modifications that are

commonly pre-engineered could specifically target cells, and the types of encapsulated cargos are highlighted.

1.3 RNA therapy

Gene therapy has attracted attention over the last decades, as it possesses the potential to treat a
genetic disorder from its origins by counteracting or replacing a malfunctioning gene within the cells
adversely affected by the condition.*! Genetic cargo containing DNA, mRNA, small interfering RNA
(siRNA), and microRNA (miRNA) mimics, can either express specific genes, knockdown gene
expression, or upregulate target genes via several mechanisms.** For DNA therapy, once the DNA
cargo is internalized into target cells and released into the cytoplasm, it still needs to undergo nuclear
trafficking and transcription into RNA, and its functionality depends on the nuclear envelope
breakdown during cell division; this represents a major hurdle to DNA delivery efficacy.*> ** In
contrast, RNA delivery is relatively simple as it only needs to reach the cytoplasm of cells to be
functional and typically (m)RNA is less immunogenic compared to DNA.

Messenger RNA (mRNA) has recently come into focus as a potential new drug class to deliver genetic

information, which provides tremendous flexibility and a broad therapeutic utility.* Potential
applications include protein replacement therapies, vaccines, and gene editing (Fig. 3).
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Figure 3. Therapeutic applications of mRNA-nanomedicines include: (i) protein replacement therapies, (ii) vaccine
candidates, and (iii) CRISPR gene editing therapeutics.

transport

The development of in vitro-transcribed (IVT)-mRNA-based therapeutics has the following
advantages: (1) mRNA has no potential risk of insertional mutagenesis since it do not integrate into
the genome; (ii)) mRNA degradation can be achieved by physiological metabolic pathways; (iii)
industrial production of IVT mRNA is relatively simple and inexpensive.*® The IVT-mRNA produced
from a plasmid DNA backbone contains a 5’ cap, a 5° untranslated sequence (UTR), an open reading
frame coding for the protein of interest, a 3’ UTR, and a poly(A) tail (Fig. 4), all of these fragments
can influence mRNA stability and translation. 44

5'Cap open reading frame

@ - - L AAAAAA

5'UTR 3UTR
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Figure 4. The key structural elements of in vitro-transcribed (IVT) mRNA.

1.3.1 mRNA as a protein replacement therapy

Genetic disorders originate from inherited or acquired gene mutations, resulting in abnormal protein
expression.®® Using IVT mRNA as a therapeutic drug to express a desired protein is the most
straightforward application. The therapeutic proteins translated by mRNA are generally engineered
to display low immunogenicity, prolonged stability, and efficient expression.** mRNA exerts its effect
at the cytoplasm and expresses protein transiently and degrades via extracellular ribonucleases easily,
which avoids the adverse effect of permanent expression. Therapeutic mRNA can be applied to
restore the malfunction of a single defined protein caused by rare monogenic diseases, and it can be
translated to modulate cellular behavior by expressing transcription of growth factors like vascular
endothelial growth factor (VEGF) and cystic fibrosis transmembrane conductance regulator
(CFTR).*

mRNA as a therapeutic has been studied to treat a range of hereditary or acquired metabolic diseases
and regenerative medicine.’® For example, in a mouse model of a lethal congenital lung disease
caused by surfactant protein B (SP-B) deficiency, local delivery of modified SP-B mRNA to the lung
greatly restored wild-type SP-B expression, and treated mice survived.’! In another study
intramyocardial injection of modified mRNA encoding human vascular endothelial growth factor A
(VEGF-A) improved heart regeneration in the myocardial infarction mice model.>? Finally, sustained
mRNA delivery expressing therapeutic human a-galactosidase protein resulted in clinically relevant
biomarker reduction in a mouse Fabry disease model.*

1.3.2 mRNA vaccines

Vaccines play a critical role in maintaining global health by preventing infection and transmission of
multiple diseases worldwide. Vaccines work by exposing a patient to a part or whole pathogen, thus
activating the immune system of the subject.’* Traditional vaccines include live-attenuated,
inactivated, and replication-defective pathogens as well as subunit and conjugate vaccines.”
Traditional vaccine technologies have been used across a wide range of bacterial and viral pathogens,
and the widespread utilization of clinically approved live-attenuated vaccines completely eradicated
the smallpox virus and greatly reduced the incidences of polio, measles-mumps-rubella (MMR),
yellow fever, and other childhood diseases.’® However, they have not been successful in some
diseases such as persistent infections, rapidly evolving pathogens with high sequence variability,
complex viral antigens, and emerging pathogens.>* The newly emerging infectious virus outbreaks
require rapid vaccine technology development and large-scale production, and non-infectious disease
like cancer also demand novel vaccine technology since conventional approaches are not applicable.
Thus, novel vaccine platforms are highly needed.

Recently, novel in vitro-transcribed (IVT) mRNA vaccine technology offers the potential to
revolutionize vaccine development as they are well-suited to address the limitations of existing
conventional vaccine technology, especially as vaccine platforms against infectious diseases and
several types of cancer.*®* mRNA-based vaccines possess multiple advantages over conventional
vaccines. First, multiple proteins can be translated: mRNA can be engineered to translate into different

13



types of proteins to act as antigens to stimulate immune responses.’” 3 Second, safety: mRNA
translation is achieved by the ribosomes in the cytoplasm, requiring no need to enter the nucleus, thus
efficacy can be greatly enhanced compared to DNA-based vaccines, which also rule out the potential
risk to integrate into genomes.>”>® Third, efficacy: diversified modification and delivery vectors can
enhance the stability and translation efficiency of mRNA.>"->® The functional carriers enable the rapid
uptake and efficient expression of mRNA in the cytoplasm and can be administered repeatedly.
Finally, production: mRNA vaccines are capable of rapid and large-scale manufacturing with the in
vitro transcription technology advances greatly boosting the process of vaccine development.®’ 8
Researchers have successfully adopted mRNA vaccines to elicit protective immunity against many
infectious diseases (e.g. Zika virus, powassan virus, HIV-1 virus, influenza virus) in animal models
with the technology of LNP-mRNA delivery tools.>*-%?

14



Table 2. Representative clinical trials of lipid nanoparticle-mRNA therapeutics against infections,
cancer, and genetic disorders

Name Disease Encoded protein Administration ClinicalTrials.gov Phase
route identifier
Infections
CVnCoV SARS-CoV-2 Spike i.m. NCT04652102 1
LNP-nCoVsaRNA SARS-CoV-2 Spike i.m. ISRCTN17072692 I
ARCT-021 SARS-CoV-2 Spike im. NCT04728347 T
ARCoV SARS-CoV-2 Receptors-binding domain i.m. ChiCTR2000034112 T
mRNA-1440 Influenza HIONS Haemagglutinin Lm. NCTO03076385 I
mRNA-1851 Influenza H7TNS Haemagglutinin L. NCT03345043 L
mRNA-1893 Zika virus Pre-membrane and envelope Lm. NCT040649-5 I
glycoproteins
mRNA-1345 Respiratory syncytial virus F glycoproteins Lm. NCT04528719 I
mRNA-1653 Metapneumovirus and MPV and PIV3 F glycoproteins  L.m. NCT03392389 L
parainfluenza virus type 3
(MPV/PIV3)
mRNA-1647 Cytomegalovirus Pentameric complex and B L. NCT04232280 u
glycoproteins
mRNA-1388 Chikungunya virus Chikungunya virus L. NCT03325075 L
antigens
CV7202 Rabies virus G glycoproteins L. NCT03713086 L
mRNA-1944 Chikungunya virus Antibody against L. NCT03829348 I
chikungunya virus
Cancer
mRNA-5671/V941 Non-small-cell lung cancer, KRAS antigens L. NCT03948763 1
colorectal cancer, pancreatic
adenocarcinoma
mRNA-4157 Melanoma Personalized neoantigens Lm. NCT03897881 u
mRNA-4650 Gastrointestinal cancer Personalized neoantigens im. NCT03480152 /It
FixVac Meclanoma NY-ESO-1, tyrosinase, MAGE- i.v. NCT02410733 I
A3, TPTE
TNBC-MERIT Triple-negative breast cancer Personalized ncoantigens iv. NCT02316457 I
HARE-40 HPV-positive cancers HPV oncoproteins E6 and E7 id. NCTO03418480 /I
RO7198457 Melanoma Personalized neoantigens LV. NCTO03815058 I
W_oval Ovarian cancer Ovarian cancer antigens LV. NCT04163094 I
Genetic disorders
mRNA-3704 Methylmalonic acidaemia Methylmalonyl-CoA LV. NCT03810690 Vi
mutase
mRNA-3927 Propionic acidaemia Propionyl-CoA L. NCT04159103 i
carboxylase
MRT5201 Ornithine transcarbamylase Ornithine LV. NCT03767270 L
deficiency transcarbamylase
MRT5005 Cystic fibrosis Cystic fibrosis transmembrane  Inhalation NCT03375047 1L
conductance regulator
NTLA-2001 Transthyretin amyloidosis with CRIPR-Cas9 gene L. NCT04601051 1

polyneuropathy

editing system

HPYV, human papillomavirus; i.m., intramuscular; i.v., intravenous; KRAS, Kirsten rat sarcoma 2 viral oncogene
homologue; MAGE-A3, melanoma antigen family A; NY-ESO-1, New York esophageal squamous cell carcinoma;
SARS-CoV-2, severe acute syndrome coronavirus 2; TPTE, putative tyrosine-protein phosphatase; CoA, coenzyme
A; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR associated protein
9.
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1.4 mRNA delivery with lipid nanoparticles

mRNA is very large (300-5,000 kDa, ~1-15 kb), hydrophilic, and membrane impermeable due to its
negative charges. Furthermore, mRNA is inherently unstable and susceptible to endonuclease
degradation with an intracellular half-life < 7 hours.®> RNA delivery needs to overcome multiple
barriers, such as enzymatic degradation, uptake by the reticuloendothelial system, lack of selective
tissue accumulation, kidney filtration, and limited intracellular entry and endosomal escape.®* An
ideal mRNA delivery vector must therefore protect against serum endonucleases, evade immune
detection, prevent nonspecific interactions, avoid renal clearance, and promote cell entry.*?

Developing safe and effective gene vectors has been the main focus. Gene vectors can be categorized
into two major classes: viral and nonviral vectors. In fact, ~70% of gene therapy clinical trials carried
out so far have used modified viruses such as retroviruses, lentiviruses, adenoviruses, and adeno-
associated viruses (AAVs).*?
potential carcinogenesis,®> immunogenicities,*® broad tropisms,®” limited packaging capacity, and
difficult industrial manufacturing limited their wide applications.®® Non-viral vectors could overcome

Viral vectors can efficiently transduce mammalian cells, however, the

those limitations with different biomaterial designs and modifications, including lipids, lipid-like
materials, polymers, and inorganic nanoparticles.*

Lipid-based nanocarriers are the oldest and most commonly used vector for nucleic acid delivery.**
6971 Initially, permanent cationic lipids were used to encapsulate and transfect RNA to target cells.
The positively charged (cationic) amine head groups form an electrostatic complex with the
negatively charged RNA, permitting compaction of the RNA in the core of the lipid-based
nanoparticles.”” However, these cationic liposomes often suffered from poor pharmaceutics, cellular
toxicity, aggregation with erythrocytes, recruitment of the immune response (interaction with Toll-
like receptor or other intracellular proteins), and rapid plasma clearance.”’> 7 ™ Thus, lipid
nanoparticles composing ionizable lipids with less toxicity were designed to encapsulate RNA. These
lipids are charged at mildly acidic pH and form a complex with RNA to assemble into stable lipid-
nanoparticles (LNPs) that are neutral under physiological pH conditions.”! These LNPs consist of
both amorphous and lamellar core structures, whereas the core structure contains a mixture of
amorphous, unilamellar, and polymorphic structures.”> ’® They possess no extra charges, therefore
they are exempt from maintaining the balance of the charges and transfection efficacy. They have
been considered the most advanced methods for RNA-based therapeutics, as evidenced by the clinical
approvals of three LNP formulations, Alnylam’s Patisiran (ONPATTRO™), Pfizer’s BNT162b2 and
Moderna’s mRNA-1273.77 Many other lipid nanoparticle-mRNA formulations have been developed
and are under clinical evaluation for the prevention and treatment of virus infections, cancer, and
genetic diseases (Table 2).4% 474850, 54, 78-84

LNPs are composed of (i) an ionizable lipid or cationic lipid or polymeric biomaterials bearing tertiary
or quaternary amines that can efficiently condense mRNA; (ii) a zwitterionic lipid that serves as a
helper lipid to enhance stability and fusogenicity, such as DSPC, DOPE; (iii) cholesterol or
cholesterol analogs to stabilize the formulation by modulating membrane integrity and rigidity; (iv)
a polyethylene glycol (PEG)-lipid to enhance the stability by decreasing particle aggregation, and to
prolong blood circulation time.?% 83
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After administration, there are multiple extracellular and intracellular barriers awaiting LNP-mRNA
formulations to overcome in order to function in vivo (Fig. 5).* % 80 First, mRNA needs to be
protected from extracellular ribonucleases abundantly present in blood and skin after systemic or
local delivery.* %% Second, LNPs should avoid clearance by renal glomerular filtration and the
mononuclear phagocyte system (MPS).*>3% 80 Third, LNPs need to reach the target tissue and organs,
cross the cell membrane, and be internalized by the target cells.*>>%*° Finally, the mRNA must escape
from endo/lysosomes, and be transported into the cytoplasm.*> 3% 8¢

Lipid nanoparticle-mRNA formulations are usually manufactured by rapid microfluidic mixing where
mRNA 1is encapsulated in the interior core through electrostatic interactions with the ionizable
lipids.*”> 8 This stable nanostructure protects mRNA molecules from nuclease degradation in
physiological fluids.*” 3¢ The PEG-lipids reduce recognition by the MPS and clearance by renal
filtration, improving the stability and circulation lifetime of LNPs.*”>87-8 The targeted delivery of
LNP-mRNA can be improved by modifying and optimizing the nanoparticles, for example, selective
organ targeting (lung, spleen, and liver, respectively) can be achieved by the addition of supplemental
molecules.?® Moreover, surface modification of nanoparticles with targeting moieties (e.g. antibodies)
can also be engineered to deliver mRNA into inflammatory leukocytes for treating inflammatory
bowel disease,” and targeting epidermal growth factor receptor (EGFR)-positive tumor cells for
cancer treatments.”! Once LNP-mRNA reaches target cells, they are usually internalized by cells
through multiple endocytosis mechanisms depending on nanoparticles’ properties and cell types,
including macropinocytosis and clathrin-mediated and caveolae-mediated endocytosis.*”> °2* After
cellular internalization, LNP-mRNA needs to escape from the endosome into the cytoplasm, which

is crucial for effective mRNA delivery and translation into the corresponding protein.”>*’

17
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Figure 5. Physiological barriers (extracellular and intracellular) for lipid nanoparticle-mRNA (LNP-mRNA)

nanomedicine after systemic and local delivery.

1.5 Endosomal escape

LNPs gain entry into the cells by exploiting membrane-derived endocytic pathways, the genetic cargo
accumulates in the early endosome, which acts as a sorting and recycling organelle from which

genetic cargo should rapidly escape into the cytosol to avoid progressive and fatal degradation.”®

Their transfection performance depends on this endo/lysosomal escape efficiency. Studies showed
that only <2% of siRNA delivered by LNPs was able to escape endosomal compartments into the

18



cytoplasm.”> For mRNA it was found that less than 5% delivered by LNPs was able to reach the
cytoplasm.” In general, LNP enter cells via the formation of early endosomes (EE), where the pH
gradually lowers from 6.5 to 5.5. Maturation into late endosomes further lowers the pH 5.5-5.0.
Finally, LNPs fuse with lysosomes with pH down to 4.5-5.5, where multiple enzymes (lipases,
nucleases, glycosidase, proteases, phosphatases, sulfatases) dismantle the LNP assembly.!%

The delivery vectors are considered able to escape from endosomes through the proton sponge eftfect,
the buffering capacity attenuates the decline of acidic endosomal pH, thus driving the osmotic
pressure increase and ultimate endosomal rupture.® 1°- 192 Current research is focused on amplifying
endosomal escape and minimizing the toxicity of delivery vectors, therefore achieving satisfactory
transfection performances. To accomplish these challenging goals, new materials have been designed,
which are responsive to external stimuli, such as light, redox state, enzymes, and pH.!% For LNPs,
optimizing the pKa of ionizable lipids, using branched tails and biodegradable lipids, modulating the
type (e.g. cholesterol, helper lipids [DSPC, DOPE]) and the ratio of lipids have been reported to
increase the endosomal escape.”® %3 104-113

1.6 Membrane fusion

Membrane fusion, one of the most fundamental processes in life, mediates housekeeping functions-
endocytosis, constitutive secretion, and recycling of membrane components.!'* It underlies many
cellular activities, such as viral infection, fertilization, and neurotransmitter release, and usually
occurs when two separate lipid membranes merge into a single continuous bilayer.!!> The most typical
membrane fusion is exocytosis, whereby an incoming vesicle docks to the membrane, opposing
membranes are connected forming a hemifusion stalk, then fusion pores expand to release their
contents (e.g. hormones or neurotransmitters) into the extracellular milieu, or to deposit receptors,
transporters, channels or adhesion molecules into the limiting membrane.!!® 117

Unlike typical endocytosis which needs to undergo endosome/lysosome degradation after
internalization, membrane fusion has been recognized as able to overcome endosomal entrapment by
driving direct fusion with the plasma membrane and subsequent delivery into the cytosol (Fig. 6).!'8
With membrane fusion, the delivery efficiency of nanomedicine could be greatly improved. Among
membrane fusion machinery components, SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) proteins have been well-characterierized and identified as critical
components for multiple processes.!!'” Inspired by SNARE proteins, our lab has innovated artificial
coiled-coil peptides that could mediate efficient liposomal delivery with enhanced therapeutic
effect.!20-122
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1.7 Aim and outline of this thesis

This thesis focuses on the application of lipid-based nanomedicine in drug delivery, including small
molecular antitumor drugs and biomacromolecules including mRNA, and evaluates their biological
performance. We have modified liposomes and LNPs with fusogenic coiled-coil peptides to enhance
the drug/mRNA delivery efficiency (Chapter 2-4), and also investigated how the lipid composition
of LNPs influences the immune response (Chapter 5).

In Chapter 2 fusogenic coiled-coil peptides are used to facilitate mRNA delivery in vitro. By
modifying LNPs with coiled-coil peptides, we show that enhanced transfection efficiency can be
achieved independent of cell type. This study shows that the fusogenic coiled-coil LNP system
enhances mRNA transfection and holds great promise for future mRNA-based therapies.

In Chapter 3 we will demonstrate that a coiled-coil peptide dimer facilitates drug delivery within
cells and is mainly driven by membrane fusion. By careful peptide dimer design, we investigated
their structural differences, membrane binding affinity, cellular uptake efficiency, and
pharmacological effects after encapsulating antitumor drugs. It was shown that the parallel PK4 dimer
induces the highest cellular uptake, and superior antitumor efficacy compared to the other designs.
This study offers important mechanistic insights into the design of coiled-coil driven membrane
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fusion systems and also provided novel strategies to develop peptide-based biomaterials to induce
improved drug delivery efficiency.

In Chapter 4, we further applied the coiled-coil peptide modified LNP to transfect the human-induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). Different incubation methods of coiled-
coil peptide modified LNPs are compared and a novel 1-step incubation protocol is developed
resulting in a high mRNA transfection efficiency. Furthermore, the enhanced mRNA transfection was
independent of LNP lipid composition when following the 1-step incubation protocol. This study
forms the basis of future in vivo research towards the development of efficient cardiomyocyte
transfection and stimulation of cardiac repair and ultimately regeneration to rescue the ischemic
myocardium.

In Chapter S, we evaluated the influence of lipid compositions of LNPs on immune responses by
studying a panel of LNP formulations. This was done by keeping the ionizable lipids constant,
replacing cholesterol with B-sitosterol, and changing the fusogenic helper lipid DOPE content. We
studied the ability of this LNP library to induce antigen presentation and T cell proliferation, and
identified four leading LNP formulations (C12-200-cho-10%DOPE, C12-200-sito-10%DOPE, cKK-
E12-cho-10%DOPE and cKK-E12-5ito-30%DOPE) that induced robust T cell proliferation and
enhanced IFN-y, TNF-a, IL-2 expression. This study proved that T cell proliferation is strongly
dependent on LNP composition.

Chapter 6 summarizes the main finding of this thesis and discusses the future perspectives about the
coiled-coil peptides modified nanomedicines and their use in mRNA-based therapies.
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Abstract

Gene delivery has great potential in modulating protein expression in specific cells to treat diseases.
Such therapeutic gene delivery demands sufficient cellular internalization and endosomal escape. Of
the various nonviral nucleic acid delivery systems, lipid nanoparticles (LNPs) are the most advanced.
Unfortunately most nonviral delivery systems like LNPs, are very inefficient in delivering nucleic
acids to cells as the large majority is unable to escape endosomes/lysosomes. Here, we develop a
highly efficient gene delivery system using fusogenic coiled-coil peptides. We modified LNPs,
carrying EGFP-mRNA, and cells with complementary coiled-coil lipopeptides. Coiled-coil formation
between these lipopeptides induced fast nucleic acid uptake and enhanced GFP expression. The
cellular uptake of coiled-coil modified LNPs is likely driven by membrane fusion thereby omitting
typical endocytosis pathways. This direct cytosolic delivery circumvents the problems commonly
observed with the limited endosomal escape of mRNA. Therefore fusogenic coiled-coil peptide
modification of existing LNP formulations to enhance nucleic acid delivery efficiency could be
beneficial for several gene therapy applications.
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Introduction

An understanding of both the human genome and disease mechanisms has expanded our knowledge
of gene-dysregulation related diseases, paving the way for novel gene therapies.”* Gene therapy
potentially enables the treatment of disease at the genetic level by correcting or replacing
malfunctioning genes.* This repair or replacement could be achieved by delivering exogenous nucleic
acids such as DNA, mRNA, small interfering RNA (siRNA), microRNA (miRNA), or antisense
oligonucleotides (ASO) to the tissue or organ of interest.> However, the complexity of cell membranes
and cellular barriers impedes the efficient transfer of the genetic cargo into the organs, tissue, and
cells of interest, resulting in a poor therapeutic effect.*>

Since nucleic acid-based drugs are unable to enter cells and are inherently unstable in vivo, a drug
delivery system is required. An ideal gene vector should transfect the desired tissue or organ
efficiently, while the vector should be non-toxic, non-immunogenic, and ideally easy to formulate.
State-of-the-art gene vectors are divided into two major classes: viral and nonviral. As viral vectors
typically possess high cellular transduction efficiency, many gene therapy clinical trials are using
modified viral vectors such as lentiviruses, retroviruses, adenoviruses, and adenovirus-associated
viruses.*%® However, widespread use of viral vectors is hampered because of side-effects including
potential carcinogenesis, immunogenicity, broad tropism, limited DNA packaging capacity, and
difficulty of vector production.>%!° In contrast, nonviral vectors could potentially circumvent these
limitations, especially in terms of safety and the size of encapsulated genetic cargo.!! Nonviral gene

vectors in (pre)clinical applications are commonly composed of lipids,'? lipoids,'* or are polymer-
based.?

Currently, the most advanced nonviral nucleic acid delivery system is lipid nanoparticles (LNPs).!*1>
LNPs are composed of an ionizable lipid to condense the genetic cargo and release it after entering
the cells; a cholesterol moiety to stabilize the LNP structure; a helper lipid; and a PEGylated lipid to
improve colloidal stability and reduce protein absorption.'¢ The first siRNA drug, named Onpattro
(Patisiran), was approved in 2018 by the FDA and was designed to treat polyneuropathies induced by
hereditary transthyretin-mediated amyloidosis (hATTR) in adults. This therapy has been a milestone
for nonviral nucleic acid-based therapies.! Onpattro is a lipid nanoparticle (LNP) formulation that
upon intravenous administration binds serum apolipoprotein E (ApoE), which acts as an endogenous
targeting ligand to the low-density lipoprotein receptor present in hepatocytes.!’

LNPs cell entry relies on endocytosis, and the efficacy is dependent on the delivery of encapsulated
siRNA to the cytoplasm.'> However, LNPs (and other nanoparticles) transport the encapsulated
macromolecules to different subcellular destinations, the majority of which accumulates in lysosomes
for degradation.'® Studies showed only <2% of the siRNA in LNPs was able to escape endosomal
compartments, resulting in release into the cytoplasm;'® and <5% of cytoplasmic mRNA of LNPs
was distributed outside of endosomes, corresponding to endosome escaped events.?’ Therefore, there
is an urgent need to overcome this major limitation of inefficient nucleic acid delivery into cells.
Many attempts have been reported to facilitate endosomal escape by using polyplex-mediated
endosomal swelling nanomaterials,?!** cell-penetrating peptides (CPPs),>** or exogenous stimuli-
responsive biomaterials responding to specific biochemical conditions, such as a change in pH or
redox state but to date, there is still a lack of modified systems resulting in efficient endosomal
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escape.?l'?

One way that cells transfer components is via membrane fusion. Therefore, membrane fusion is
critical for many biological processes, including organelle inheritance in cell growth and division,
chemical synaptic transmission in the nervous system, and the modulation of synaptic strength in
memory and learning.?® The docking of transport vesicles to the target plasma membrane in neuronal
exocytosis is triggered by coiled-coil formation between complementary SNARE protein subunits.?’
Inspired by the SNARE protein complex, our group has developed a synthetic membrane fusion
system based on a heterodimeric coiled-coil peptide pair and we have demonstrated direct drug
delivery into the cytosol of living cells in vitro and in vivo.?%3°

In this study, we applied our fusogenic coiled-coil peptides to efficiently deliver LNPs into cells to
enhance genetic cargo transfection efficacy via membrane fusion. We developed coiled-coil peptide
modified LNPs encapsulating EGFP-mRNA to induce efficient cellular delivery and concomitant
GFP expression (Scheme 1). The Onpattro LNP formulation was modified with lipopeptide CPE4
(CPE4-LNP) while cells were pretreated with the complementary lipopeptide CPK4. The addition of
CPE4-LNP to the cells resulted in efficient LNP uptake and protein expression, which was observed
and studied by confocal microscopy and flow cytometry. By applying different endocytosis inhibitors
and a lysosome tracker, the internalization pathway was investigated. This study demonstrates that,
by utilizing coiled-coil peptides, significant amounts of genetic cargo can be delivered to cells by
evading endocytosis pathways.

Results

Comparison of K3/E3 and K4/E4 coiled-coil interactions

Our previous studies showed that both the K3/E3 and K4/E4 coiled-coil pairs (where 3 and 4
correspond to the number of heptad repeats within the peptides), induced efficient and targeted
membrane fusion between liposomes, and liposomes with cells, both in vitro and in vivo.?** In order
to determine which pair was most suitable for this study we evaluated their coiled-coil forming and
cargo delivery properties. Circular dichroism (CD) spectroscopy (SI Fig. 1a), confirmed both K3/E3
and K4/E4 pairs formed coiled coils efficiently. The K4/E4 pair is composed of one additional heptad
repeat compared to K3/E3, and as expected the former peptide pair yielded a more-folded complex.
Cellular internalization of En-modified fluorescent liposomes in Kn-modified HeLa cells was
subsequently quantified by flow cytometry (SI Fig. 1b), demonstrating that both K3/E3 and K4/E4
induced cellular uptake, however K4/E4 exhibited significantly higher cell uptake. When comparing
the mean fluorescence intensity (MFI) of fluorescent cells (SI Fig. 1c-1d), we observed that the
K4/E4 pair is the most fusogenic as the cells showed the highest levels of fluorescence. We also
observed that CPK4 modified liposomes were able to enter cells efficiently, even in the absence of
E4 on the cell surface, presumably dues to interactions between the positively charged CPK4
lipopeptides and the negatively charged cell membranes.

Next, we studied whether these findings were also valid for the delivery of LNPs to cells. We
formulated LNPs encapsulating Alexa488-labeled nucleic acid and modified these with 1 mol% of
either CPE3 or CPE4 yielding CPE3-LNP and CPE4-LNP. HeLa cells were pretreated with the
complementary CPKn and internalization of the LNPs was quantified by fluorescence measurements.
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Again, the CPK4/CPE4 pair exhibited enhanced cellular internalization as compared to the
CPK3/CPE3 pair (SI Fig. 1e-1f).

Therefore, we utilized the K4/E4 peptide pair with CPK4 at the cell membrane and CPE4 in the LNPs
in the following experiments to achieve optimal coiled-coil formation and to exclude undesirable
electrostatic interactions between positive CPK4 decorated LNPs and negatively charged cell
membrane.
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Scheme 1. Schematic representation of the nonviral lipid nanoparticles (LNPs) that induce efficient mRNA delivery

within cells when modified with fusogenic coiled-coil peptides.

Lipid nanoparticle characterization

The lipid composition of the clinically approved LNP formulation Onpattro (Dlin-MC3-
DMA:cholesterol:DSPC:DMG-PEG2K=50:38.5:10:1.5) has been optimized for potent silencing of
protein expression in cells by delivery of siRNA.! To investigate the efficacy of coiled-coil mediated
mRNA delivery into cells, we opted to formulate CPE4-LNPs with the same lipid composition as
Onpattro and added 1 mol% of CPE4 (Fig. 1a-b). Dynamic light scattering (DLS) was used to
determine the hydrodynamic diameters of both plain and CPE4-modified LNPs after encapsulating
EGFP-mRNA. These diameters were found to be 80 and 95 nm respectively with low polydispersities
(PDI) (Fig. 1¢). Both formulations had a near-neutral zeta-potential, thus the presence of 1 mol%
CPE4 did not influence the surface charge significantly. mRNA encapsulation efficiency was slightly
lower for CPE4-LNP, which might be due to electrostatic repulsion between the negatively charged
peptide E and the mRNA (Fig. 1c). Nonetheless, the encapsulation efficiency exceeded 85%.
Cryogenic transmission electron microscopy (cryo-EM) imaging revealed a spherical morphology for
CPE4-LNP, similar to plain LNP, and the majority of both LNPs (>80%) had a diameter of 30-70 nm
(Fig. 1d-e). The long-term colloidal stability of both LNPs was determined for 10 days and no
discernable deviations were observed in either diameter or PDI, indicating that both LNP formulations
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were stable over this timeframe (Fig. 1f). Upon replacing EGFP-mRNA with Alexa488 labeled
nucleic acid, the size distribution and morphology were identical to the EGFP-mRNA encapsulated
LNPs (SI Fig. 2a-2¢). In summary, the addition of 1 mol% of coiled-coil peptide CPE4 to Onpattro
LNPs did not change the physicochemical properties of LNPs, thus differences in cell uptake and
protein expression can be related to the presence of coiled-coils (vide infra).
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Figure 1. Design and characterization of LNPs carrying EGFP-mRNA. (a) Structures of lipids used for the
preparation of LNPs. (b) Lipid composition of LNPs (mol %). (¢) Characterization of LNPs. (d) Cryo-EM images
of LNPs. Scale bar is 50 nm. (e) Size distribution of EGFP-mRNA encapsulated LNPs as determined by cryo-EM.
The values were calculated from the size distribution frequency. (f) Long-term stability of LNPs. LNPs were stored
at 4 °C in PBS buffer. The nanoparticle diameter and PDI were monitored by DLS (mean + s.d., n = 3).

Cell uptake of LNPs

The uptake of LNPs containing Alexa-488 nucleic acid in HeLa cells and the influence of the E4/K4
coiled-coil pair was studied using confocal microscopy and flow cytometry measurements for
qualitative and quantitative analysis (SI Fig. 3a). The Onpattro LNP formulation served as a control,
and 1 mol % of red-fluorescent PE-LR was added to follow the uptake and location of the lipids.
Confocal microscopy imaging revealed that CPK4 decorated HeLa cells induced abundant Alexa488-
labeled nucleic acid internalization after only 15 minutes of incubation with CPE4-LNP (Fig. 2a). If
LNPs enter cells via a process of membrane fusion, it is expected that the lipid dye LR-PE remains
mainly bound to the plasma membrane while the content (i.e. nucleic acid) enters the cytoplasm.’!-3
Interestingly, colocalization of Alexa488 nucleic acid and LR-PE decreased, indicating that
membrane fusion and content nucleic acid release indeed had occurred when using the coiled coils
peptides CPE4/CPK4. In contrast, in plain LNP or control experiments in which only one of the
coiled-coil peptides was present, only limited nucleic acid and lipid uptake could be detected.

Flow cytometry was used to quantify the cellular uptake of the LNPs. The most efficient uptake was
observed when HeLa cells were pretreated with CPK4 and incubated with CPE4-LNP, in accordance
with the confocal microscopy study. Within 15 minutes of incubation 99.9% of the cells had nucleic
acid internalized, while plain LNP or the control experiments revealed negligible delivery (Fig. 2b).
In addition, the mean fluorescence intensity (MFI) analysis of the Alexa488-nucleic acid internalized
by cells was significantly higher when coiled-coil peptides were used over all other LNPs (Fig. 2¢-
2d). These results confirmed that the fusogenic coiled-coil system induced rapid and efficient nucleic
acid internalization.

To study whether the E4/K4 pair is able to enhance nucleic acid delivery in other cell types, Chinese
hamster ovary (CHO), mouse fibroblast NIH/3T3, and human T cell lymphocyte Jurkat cells were
transfected with LNPs. Again, CPK4-pretreated cells incubated with CPE4-LNP for 15 minutes
resulted in the highest uptake of nucleic acid, regardless of cell type (Fig. 3a, SI Fig. 3b-3¢). In line
with previous experiments in HeLa cells, negligible nucleic acid delivery was observed for plain LNP
and all control groups with CHO and NIH/3T3 cells, consistent with flow cytometry data (Fig. 3b-
4c). Jurkat cells are regarded as a hard-to-transfect cell line.>>**3¢ By applying our fusogenic coiled-
coil peptides, CPK4-pretreated Jurkat cells incubated with CPE4-LNPs produced superior nucleic
acid internalization (Fig. 3a-3c, SI Fig. 3d), as compared to all other groups, which showed only
limited nucleic acid uptake.

Altogether, this cell uptake study confirmed that fusogenic coiled-coil modified LNP can efficiently

deliver nucleic acid in high yields to various cell lines as compared to the clinically approved Onpattro
LNP formulation.
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Figure 2. Nucleic acid delivery to HeLa cells using fusogenic coiled-coil LNPs. (a) Confocal microscopy images
of cellular internalization of LNPs with HeLa cells. HeLa cells were pretreated with micellar CPK4 (10 uM, 200
puL) for 2 hours. After removal of the supernatant, cells were incubated with CPE4-LNP containing Alexa488-
nucleic acid (200 uM, 200 pL) for 15 minutes, washed, and imaged. Blue: Hoechst 33342; green: Alexa488-nucleic
acid; red: LR-PE; BF: bright field. Scale bar is 20 um. (b) Cellular internalization efficiency of LNPs with HeLa
cells quantified by flow cytometry. (c-d) Fluorescence intensity of cells treated with LNPs carrying Alexa488-
nucleic acid. An unpaired student t-test was used to determine the significance of the comparisons of data indicated
ind (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). In all panels, error bars represent the mean +
s.d. (n=3).

Evaluation of lysosome colocalization

Effective nucleic acid internalization and subsequent transfection require efficient escape of the
genetic cargo from endosomes/lysosomes into the cytosol.>”*® However, this is typically an inefficient
process, as most of the cargo is not released thus the therapeutic effect is lowered. Therefore novel
approaches that facilitate direct cytosolic delivery, and bypass endosomal entrapment, resulting in
enhanced transfection efficiency are needed.

Coiled-coil mediated uptake of LNPs was studied as a function of time. For this, CPK4-pretreated
cells were incubated with CPE4-LNPs encapsulating fluorescent nucleic acids for 15 minutes and cell
uptake was studied. Confocal imaging revealed negligible nucleic acid colocalization with lysosomes
during the following 0-8 h, with the majority being dispersed in the cytosol (Fig. 4a,b). In contrast,
Gilleron et al quantified siRNA delivered to cells using LNPs and found that up to 70% was
colocalized with lysosomes. '’

Our data strongly suggests that fusogenic coiled-coil peptides enhance the cellular uptake of LNPs
and increase the delivery of genetic cargo to the cytosol of cells, bypassing accumulation in
endosomes and lysosomes. Therefore this approach holds promise for efficient transfection of cells
with functional mRNA.
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Figure 3. Evaluation of cellular nucleic acid delivery by coiled-coil functionalized LNPs with other cell lines.
(a) Confocal images of LNPs with CHO, NIH/3T3, and Jurkat cells. Blue: Hoechst 33342; green: Alexa488-nucleic
acid. Scale bar is 20 um. (b-¢) The fluorescence intensity of internalized LNPs in CHO, NIH/3T3, and Jurkat cells.
Alexa488- nucleic acid served as the fluorescent dye. Cells were pretreated with a micellar CPK4 solution (10 puM,
200 pL, 2 h), and after removal of the medium LNPs containing Alexa488-nucleic acid were added (200 pM, 200
pL, 15 min), and the cells were washed again before confocal and flow cytometry measurements. Unpaired student
t-test was used to determine the significance of the comparisons of data indicated in b (*P < 0.05; **P < 0.01;
**p < 0.001; ****P < 0.0001). In all panels, error bars represent mean + s.d. (n=3).
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Cellular internalization of LNPs

As our fusogenic coiled-coil system appears to facilitate membrane fusion, we wanted to discover
whether the internalization mechanism of coiled-coil peptide modified LNPs was different from
plain LNPs. Therefore coiled-coil mediated cell uptake of LNPs was studied in the presence of
different cellular endocytosis inhibitors (i.e. Wortmannin,***° Nocodazole,*' Pitstop 2%
Dynasore,*>* Genistein,***® Methyl-B-cyclodextrin (MBCD),***” and Sodium azide*®).

Cellular internalization of nucleic acid in the presence of endocytosis inhibitors was analyzed by flow
cytometry (Fig. 4¢), and the fluorescence intensity was normalized against the non-inhibitor treated
group (control: CPK4-HeLa+CPE4-LNP). None of the endocytosis inhibitors appeared to influence
nucleic acid internalization, although incubation at 4°C seemed to decrease the internalization
efficiency slightly. Confocal imaging also demonstrated that there was no apparent adverse effects on
nucleic acid delivery as the overall distribution in the presence of all tested inhibitors was still
comparable to the control group (SI Fig. 4a). These results support the hypothesis that the dominant
pathway for coiled-coil mediated nucleic acid delivery is independent of endocytosis and is mainly
membrane fusion mediated. This pathway avoids endosomal entrapment of genetic cargo and results
in enhanced transfection.

For unmodified LNP, cell entry is dependent on endocytic pathways.*®* Jerome et al. showed that
dynasore reduced LNP uptake by around ~75%." Hence, unmodified LNP were evaluated as a
contrast to the fusogenic coiled-coil LNP system. As expected, after 4 hours of incubation, flow
cytometry and confocal imaging of the cellular uptake of plain LNP showed nucleic acid
internalization was remarkably reduced by NaNj3, dynasore, and incubation at 4 °C (Fig. 4d, SI Fig.
4b). These results confirm that internalization of unmodified LNP is mainly mediated by clathrin-
dependent endocytosis.

In summary, while unmodified LNP uptake is mediated by the clathrin-dependent endocytic pathway,
our fusogenic coiled-coil LNP system successfully delivered nucleic acid into cells through
membrane fusion, avoiding endosomal entrapment of nucleic acid and resulting in enhanced nucleic
acid delivery.
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Figure 4. Investigation of cellular delivery pathways of LNPs by fusogenic coiled-coil peptides. (a) Confocal
images of coiled-coil mediated uptake of LNPs as a function of incubation time in HeLa cells after 15 min uptake;
lysosome colocalization is studied by staining lysosomes with lyso-tracker deep red. HeLa cells were pretreated
with CPK4 (10 pM, 200 pL) for 2 hours and incubated with CPE4-LNP carrying Alexa488-nucleic acid (200 puM,
200 pL) for 15 min, washed, and replaced by medium. Imaging was performed as a function of time. Blue: Hoechst
33342; green: Alexa488-nucleic acid; red: lyso-tracker deep red. Scale bar is 10 um. (b) Quantitative colocalization
analysis of Alexa488-nucleic acid (green curve) and lysosomes (red curve) in the dashed arrow area of the merge
channel as a function of time. (¢) Quantification of Alexa488-nucleic acid delivery to CPK4-pretreated HeLa cells
using CPE4-LNP (200 puM, 200 pL) after incubation for 15 min in the presence of various endocytosis inhibitors.
Fluorescence intensity was normalized to Alexa-488-nucleic acid delivery in the absence of inhibitors. (d)
Quantification of cellular internalization efficiency of unmodified LNP (200 pM, 200 pL) after a 4 h incubation
period in the presence of various endocytosis inhibitors. Error bars represent mean + s.d. (n=3).

mRNA Transfection

Gene therapy requires a high transfection efficiency to fulfill successful gene modulating effects. We
have shown that fusogenic coiled-coil peptides can improve the delivery of nucleic acids to the
cytosol of cells. We then evaluated the transfection performance of the modified LNPs. For this,
EGFP-mRNA was encapsulated in LNPs and after transfection, the expression of green fluorescent
protein (GFP) was quantified as an easily detectible indicator for functional mRNA delivery. The
mRNA concentrations of LNPs were determined by the RiboGreen RNA assay.

Four cell lines were used to study the gene transfection efficiency: HeLa, CHO, NIH/3T3, and Jurkat.
Confocal imaging of transfected HeLa cells showed that CPK4-pretreated HeLa cells incubated with
CPE4-LNP carrying EGFP-mRNA for 2 hours achieved the highest level of GFP expression, as
almost every cell produced strong and uniform GFP expression (Fig. 5a). In contrast, the commonly
used commercial transfection reagent lipofectamine 3K only transfected a few cells. Onpattro LNP
and the control groups that lack one of the peptides achieved only minor GFP expression. Quantitative
analysis by flow cytometry confirmed the confocal imaging study (Fig. Sb). The fusogenic coiled-
coil mediated LNP delivery achieved almost quantitative GFP expression in all cells (99.9%), while
lipofectamine 3K mediated transfection resulted in 54.7% GFP positive cells. In addition, all other
groups lacking either one or both peptides failed to induce relevant levels of GFP expression. Analysis
of the GFP mean fluorescence intensity also illustrated that coiled-coil mediated delivery induced a
50-fold increase in GFP expression as compared to Onpattro LNP and all other groups (Fig. 5c-5d).
Interestingly, non-CPK4 pretreated HeLa cells incubated with CPE4-LNP induced a reasonable level
of GFP-positive cells. However, the MFI in these GFP-positive cells was significantly lower as
compared to the fusogenic coiled-coil group. The prolonged incubation time of the cells with CPE4-
LNP in this experiment (2 hours) might be the cause for this observation.

Next, transfection of cells with EGFP-mRNA was investigated in other cell lines. CHO and NIH/3T3
cells also showed a robust GFP expression using the fusogenic coiled-coil peptides (SI Fig. 5a-5d).
Again, the peptide-mediated delivery of mRNA was superior compared to plain LNP or the control
groups lacking one of the peptides. Transfection enhancement by the fusogenic coiled-coil LNP
system compared to plain LNP was >50-fold in HeLa cells, 63-fold in CHO cells, and 29-fold in
NIH/3T3 cells (SI Fig. 7a-7c¢).

41



Finally, mRNA transfection in T lymphocyte Jurkat cells was studied. Confocal imaging and flow
cytometry data revealed that most Jurkat cells became GFP positive and GFP expression intensity
(MFI) was highest when the fusogenic coiled-coil peptides were used (SI Fig. 6a-6d). Again,
transfection was significantly higher when compared to plain LNP or control groups missing one of
the peptides. Interestingly, lipofectamine 3K transfection of Jurkat cells was very inefficient. Overall,
GFP expression levels in Jurkat were lower compared to HeLa cells, but still, the fusogenic coiled-
coil LNP system induced a significant level of transfection enhancement, which was >3-fold higher
compared to Onpattro LNP (SI Fig. 7d).

In summary, LNP-mediated mRNA delivery using fusogenic coiled-coil peptides is an effective
approach to obtaining high levels of protein expression in various cell lines and could act as a potent
nonviral vector able to achieve efficient mRNA transfection of cells.
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Figure 5. Transfection efficiency of the coiled-coil system with HeLa cells. (a) Confocal images of the EGFP-
mRNA transfection of LNPs. Lipo3K: lipofectamine 3K; GFP: green fluorescent protein; BF: bright field. Scale bar
is 20 pum. (b) The quantification of EGFP-mRNA transfection efficiency of LNPs. (c-d) The GFP expression
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fluorescence intensity (GFP MFI) of LNPs. HeLa cells were first incubated with CPK4 (10 uM, 200 pL, 2 h),
followed by incubation with EGFP-mRNA encapsulated LNPs (1 pg/mL, 2 h). Cells were then washed 3 times and
cultured for another 18-24 h before confocal and flow cytometry measurements. Unpaired student t-test was used
to determine the significance of the comparisons of data indicated in b, and ¢,(*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001). In all panels, error bars represent mean + s.d. (n=3).

Cytotoxicity assay of LNPs

For successful nucleic acid-based therapies it is important to keep a balance between transfection
efficiency and cytotoxicity of the gene vector. Thus, the expression of GFP was studied as a function
of the dose of LNPs carrying EGFP-mRNA, and the cell viability was determined in parallel. Near
quantitative GFP expressing cells were obtained at a dose of 1 ug/mL EGFP-mRNA (SI Fig. 8a).
Next, cell viability after transfection was determined using the cell proliferation reagent WST-1. No
significant toxicity was observed at all tested doses of EGFP-mRNA, and cell viability differences
between plain LNP and coiled-coil modified LNP were not statistically significant. Interestingly, at
higher doses the commercial reagent Lipofectamine 3K was shown to be more toxic (SI Fig. 8b).
Altogether, these results demonstrate that our coiled-coil gene delivery system achieves potent
transfection efficiency without altering the cytotoxicity profile of LNPs.

Discussion and conclusion

Nonviral vectors can be used to encapsulate a wide variety of nucleic acid-based cargoes with a large
range of molecular weights, including RNA (e.g. siRNA, mRNA, microRNA, ASO), DNA (e.g.
plasmids), and genome editing tools (e.g. CRISPR/Cas, base editing, prime editing). The delivery of
these cargoes using these vectors greatly facilitates precise and permanent correction of diseased
genes.>**>! Furthermore, multiple variants can be encapsulated and delivered using the same vector.
To date, the design of novel nonviral vectors mainly focuses on establishing effective formulations
capable of silencing, correcting, or introducing specific genes with minimal adverse effects.>>>

In this study, we showed that fusogenic coiled-coil peptides can induce efficient cellular
internalization and potent transfection of nucleic acids in vitro. The introduction of 1 mol% of
lipopeptide CPE4 to the Onpattro LNP formulation did not alter physicochemical parameters such as
size, zeta-potential, and mRNA encapsulation efficiency. However, CPE4 exerted a significantly
enhanced internalization and transfection effect when target cells were pretreated with the
complementary lipopeptide CPK4. Qualitative evaluation of transfection with confocal microscopy
and quantitative analysis with flow cytometry revealed efficient nucleic acid uptake within 15 minutes
of incubation when the fusogenic coiled-coil peptides were used. In contrast, plain LNP and all control
groups were unable to deliver measurable amounts of nucleic acid within this time frame. Coiled-coil
mediated LNP transfection to cells is fast (within 2 hours of incubation) when compared to other
cationic and lipid nanoparticles; these typically require longer incubation times (up to 24-72 h) to
obtain significant transfection.**** Furthermore we confirmed that the coiled-coil system is functional
on various cell lines including CHO and the hard to transfect Jurkat cells.

Gene delivery into cells using non-viral vectors often suffers from a poor ability to escape from the
endosomal and/or lysosomal compartments. For siRNA, the endosomal escape was determined to be
around 1-2%, making delivery very inefficient and thus lowering the potential therapeutic effect.'
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This is because endosomal escape is often spatio-temporally limited and only occurs in the brief stage
of endo-lysosomal maturation.!*® Various approaches have been investigated to enhance endosomal
escape efficiency, examples are the introduction of cell-penetrating peptides,?*** endosome disrupting
peptides,>*> and photochemical internalization.’®>” However, these approaches typically lack cell
selectivity’® and cause membrane destruction®’ resulting in  cytotoxicity.**® Using fusogenic
coiled-coil peptides we managed to circumvent endosomal entrapment, resulting in direct cytosolic
delivery of nucleic acid. This direct delivery was proven by performing uptake studies in the presence
of common endocytosis inhibitors and quantifying the fraction of nucleic acid inside CPE4-LNP
localized in lysosomes. Transfection of cells with EGFP-mRNA using fusogenic coiled-coil peptides
resulted in an enhanced transfection performance as shown by the near-quantitative number of GFP
positive cells and the high expression level of GFP in these cells as compared to plain LNP (up to a
63-fold increase in GFP expression). Furthermore, the control studies revealed that both coiled-coil
peptides are required for efficient transfection, highlighting the importance of the coiled-coil
interaction for the delivery of mRNA and concomitant protein expression. Our approach also
outperformed the commercial reagent lipofectamine 3K in all studies. Thus using fusogenic coiled-
coil peptides lowers the amount of mRNA required to reach a desired expression level, which is also
beneficial for cell viability. In this study, EGFP-mRNA was used, but any other nucleic acid could be
delivered in a similar fashion.

The current approach requires pretreatment of cells with CPK4, rendering it impractical for in vivo
applications via systemic administration. Nevertheless, in vitro/ex vivo delivery and other in vivo
delivery approaches other than i.v. injections, such as local/subcutaneous injections may be feasible.
A potential application could be adoptive cell therapy.!**% Except for viral transduction, other
attempts of lymphocyte transfection often apply electroporation and nucleofection to deliver
exogenous genes into T cells,*®° but it requires specialized equipment, disrupts membrane, produces
cytokine, causes cytoplasmic content loss and cytotoxicity, and unable to penetrate membrane across
cells consistently.®%” Coiled-coil mediated LNP delivery might also be applicable to the gene-editing
field, such as CRISPR/Cas9 editing®®%° and prime gene editing.”® The highly efficient, transient, non-
integrating Cas9 expression could greatly reduce the off-target effects, immune responses, and
integration into the genome, which could be accomplished by our nonviral fusogenic coiled-coil
delivery system.

In conclusion, fusogenic coiled-coil peptides can significantly enhance the delivery of nucleic acid to
cells using LNPs. By circumventing the endosomal pathway, the genetic cargo is delivered to the
cytosol of cells. For EGFP-mRNA this resulted in an up to a 63-fold increase in protein expression
as compared to unmodified LNP, opening new avenues for nucleic acids based therapies. Furthermore,
we showed efficient transfection in various cell lines with substantial improvement as compared to
the commercial transfection reagent lipofectamine 3K. Thus modification of LNPs with fusogenic
coiled-coil peptides could serve as a promising strategy to enhance LNP efficacy to deliver nucleic
acid based therapies in vitro, ex vivo, and potentially in vivo.
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Methods

Chemicals.

All Fmoc-protected amino acids were purchased from Novabiochem. Piperidine, trifluoroacetic acid,
acetonitrile, dimethylformamide (DMF) were purchased from Biosolve; dichloromethane (DCM),
and ethanol were purchased from Sigma-Aldrich. 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(PE-NBD), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(PE-LR), were purchased from Avanti Polar Lipids, DLin-MC3-DMA was purchased from Biorbyt
(Cambridge, England), and dynasore, wortmannin, nocodazole, pitstop2, genistein, methyl-f-
cyclodextrin (MBCD), sodium azide (NaN3), cholesterol was purchased from Sigma-Aldrich. Lyso-
tracker deep red was purchased from Thermofisher. Triton™ X-100 was purchased from Acros
Organics. QuantiT™ RiboGreen® RNA reagent and rRNA standards were purchased from Life
Technologies. WST-1 reagent was purchased from Sigma-Aldrich. Nucleic acid: Alexa488-nucleic
acid (Alexa488-5’-AACCATACACCTACTACCTCA-3’) was purchased from Integrated DNA
technology; cleancap EGFP-mRNA was purchased from Trilink biotechnology.

Lipopeptide synthesis and purification.

Peptide E3 (EIAALEK);, K3 (KIAALKE)3, E4 (EIAALEK)4 and K4 (KIAALKE)4 were synthesized
using Fmoc chemistry and standard solid-phase peptide synthesis protocols on a 0.1 mmol scale as
described previously.?® Fmoc deprotection was performed using 20% piperidine in DMF at 90 °C for
60 s. Amide coupling was achieved using 5 eq. of protected amino acid, 5 eq. DIC as activator and 5
eq. Oxyma as activator base, heated at 95 °C for 240 seconds. Lipidated peptides (CPK3, CPE3,
CPK4, CPE4) were made on resin via the coupling of 2.5 equivalents of N3- PEG4-COOH, with 2.5
eq of HBTU and 5 eq. of DIPEA in DMF overnight at room temperature. After washing the resin with
DMEF, the azide was reduced using 10 eq. of PME3 (1 M in toluene), with 4:1 dioxane:water as solvent
for 2.5 hours. The resin was then washed thoroughly with 4:1 dioxane:water, MeOH and DMF.
Lipidation was achieved using 2 eq. cholesteryl hemisuccinate, 2 eq. HBTU and 4 eq. DIPEA in 1:1
DMEF:DCM. After the final coupling the resin was washed with DMF, MeOH, and DCM, dried under
vacuum, and the peptide was cleaved using a mixture of TFA:TIPS:EDDT:water (92.5:2.5:2.5:2.5)
for 1 hour, after which the peptide was precipitated in cold diethyl ether, collected via centrifugation
and lyophilized. All peptides were purified by HPLC on a Shimadzu system consisting of two KC-
20AR pumps and an SPD-20A or SPD-M20A detector equipped with a Kinetix Evo C18 column.
Eluents consisted of 0.1% TFA in water (A) and 0.1% TFA in MeCN (B), with all peptides eluted
using a gradient of 20-90% B over 35 minutes, with a flow rate of 12 mL/min. Collected fractions
were checked for purity via LC-MS, with the pure fractions being pooled and lyophilized. LC-MS
spectra were recorded using a Thermo Scientific TSQ quantum access MAX mass detector connected
to an Ultimate 3000 liquid chromatography system fitted with a 50x4.6 mm Phenomenex Gemini 3
um C18 column.

Lipid nanoparticles formulation.
Lipids and lipopeptides were combined at the desired molar ratios and concentrations from stock
solutions dissolved in chloroform:methanol (1:1). Solvents were evaporated under a nitrogen flow
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and residual solvent was removed in vacuo for at least 30 minutes. The lipid film was dissolved in
absolute ethanol and used for assembly (total [lipid] was 1 pmol). A solution of mMRNA was made by
diluting nucleic acid (Alexa488-nucleic acid or EGFP-mRNA) in 50 mM citrate buffer (pH = 4,
RNase free H>0). The solutions were loaded into two separate syringes and connected to a T-junction
microfluidic mixer. The solutions were mixed in a 3:1 flow ratio of nucleic acid:lipids (1.5 mL/min
for the nucleic acid solution, 0.5 mL/min for the lipids solution, N/P ratio was 16:1). After mixing,
the solution was directly loaded in a 20 k MWCO dialysis cassette (Slide-A-Lyzer™, Thermo
Scientific) and dialyzed against 1 x PBS overnight. After overnight dialysis, mRNA encapsulation
efficiency was determined by Quant-iT™ RiboGreen™ RNA Assay Kit as described below. For
confocal cellular uptake experiments, 1 mol% of PE-LR was added with the other lipids.

Biophysical characterization.
The size and zeta potential of LNPs were measured using a Malvern zetasizer Nano ZS. Long term
stability of LNPs was assessed by measuring the hydrodynamic radius using DLS for 10 days.

The morphology of LNPs was analyzed by cryogenic transmission electron microscopy (cryo-EM).
Vitrification of concentrated LNPs (lipids ~10 mM) was performed using a Leica EM GP operating
at 21 °C and 95 % room humidity (RH). Sample suspensions were placed on glow discharged 100
pum lacey carbon film supported on 200 mesh copper grids (Electron Microscopy Sciences). Optimal
results were achieved using a 60-second pre-blot and a 1-second blot time. After vitrification, sample
grids were maintained below -170 °C, and imaging was performed on a Tecnai T12 (Thermo Fisher)
with a biotwin lens and LaB6 filament operating at 120 keV equipped with an Eagle 4 Kx4 K CCD
camera (Thermo Fisher). Images were acquired at a nominal underfocus of -2 to -3 um (49,000x
magnification) with an electron dose of ~2000 e/nm2. The size distribution of LNPs was based on
100 particles (Fiji ImageJ) from cryo images normalized by percentage distribution.

Circular dichroism measurements: CD spectra were recorded on a JASCO J-815 CD spectrometer
fitted with a Peltier temperature controller. Unless otherwise specified, samples were measured at
20 °C in a quartz cuvette with a 2 mm path length. Spectra were recorded from 200 to 250 nm at 1
nm intervals, with a bandwidth of 1 nm, with the final spectrum consisting of the average of 5
sequentially recorded spectra. The mean residue molar ellipticity (0, deg cm? dmol™! ) was calculated
according to equation ([8] = (100 * [@]obs )/(c * n * [)), [@]obs representing the observed ellipticity
in mdeg, c the peptide concentration in mM, n the number of peptide bonds and 1 the path length of
the cuvette in cm.

mRNA encapsulation efficiency.

The encapsulation efficiency (EE%) of EGFP-mRNA was measured using a Quant-iT™
RiboGreen™ RNA Assay Kit (Invitrogen). For the determination of non-encapsulated EGFP-mRNA,
LNPs after dialysis were diluted with 1 x TE buffer (RNase free) and treated with the RiboGreen™
reagent. For the determination of the total amount of EGFP-mRNA, LNPs after dialysis were treated
with 1% Triton X-100 in TE buffer (RNase free) and incubated for 5 minutes followed by dilution
with TE buffer and treatment with the RiboGreen™ reagent. The supplied RNA standards were used
to generate a standard curve and changes in fluorescence was measured in 96-well plates using a
TECAN Infinite M1000 Pro microplate reader. The percentage of mRNA encapsulation (EE%) was
determined using the fraction of (Ftotal RNA — Ffree RNA)/Ftotal RNA * 100%.
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Cell culture, and cell uptake study.

Cell culture: HeLa, CHO, NIH/3T3, and Jurkat cell lines purchased from ATCC were cultured
according to ATCC guidelines. The DMEM and RPMI-1640 growth media (Sigma Aldrich)
containing sodium bicarbonate, without sodium pyruvate and HEPES, were supplemented with 10%
fetal bovine serum (Sigma), 1% L-glutamine (Thermo Fisher Scientific), and 1%
penicillin/streptomycin (Thermo Fisher Scientific). HeLa, CHO, and NIH/3T3 were cultured with
DMEM medium, and Jurkat was cultured with RPMI-1640 medium, at 37 °C in the presence of 5%
COz.

Cell uptake (flow cytometry measurements): Flow cytometry analysis (FACs) of cellular uptake
efficiency was performed to compare internalization efficiency differences. All lipids with a certain
ratio (molar ratio DOPC:DOPE:cholesterol=2:1:1, 1 mol% of NBD-PE) were dried under N flow,
hydrated with PBS and sonicated at 55°C for 3 min. The CPE and CPK modified liposomes (CPE3-
lipo, CPE4-lipo, CPK3-lipo, and CPK4-lipo) were made the same way while adding 1 mol% of CPE3,
CPE4, CPK3, and CPK4 into the lipid mixture. CPK3, CPK4, CPE3, CPE4 lipid films were made,
hydrated with complete DMEM, and sonicated for 10 min at room temperature. For cellular uptake
efficiency tests, HeLa cells were pretreated with CPK3, CPK4, CPE3, CPE4 in DMEM for 2 h, then
NBD labeled liposomes CPE3-lipo, CPE4-lipo, CPK3-lipo, and CPK4-lipo were added to the cells
(15 min). After 15 min incubation, the medium was removed and cells were washed with PBS,
digested with trypsin, washed, and resuspended in PBS, followed by flow cytometry measurements.
For the cellular internalization efficiency of CPE3-LNP and CPE4-LNP, both LNPs were prepared as
previously described by encapsulating Alexa488 nucleic acid, 1 mol% of CPE3 and CPE4
lipopeptides were added to the other lipids, and then proceeded to form LNPs, as described above,
was followed.

Cell uptake (confocal imaging): Cells were seeded in an 8-well confocal slide at a density of 5*10*
cells/well and incubated at 37 °C in 5% CO», and after 18 h, the medium was removed and medium
containing CPK4 (10 uM, 200 pL) and Hoechst 33342 (5 uM, 200 uL) was added and incubated for
2 hat 37 °C in 5% COz. Next, cells were washed with PBS (3X), and incubated with CPE4-LNP (200
uM, 200 pL) containing Alexa488 labeled nucleic acid for 15 min. The supernatant was removed and
cells were washed with PBS, and DMEM free of phenol red indicator was added for confocal
microscopy measurements using a Leica TCS SP8 confocal laser scanning microscope. For flow
cytometry measurements, cells were seeded in 24-well plates at a density of 2.5%10° cells/well, the
rest of the procedure was the same as for the confocal measurements.

Endocytosis inhibitor assay (confocal imaging): HeLa cells were pretreated with nocodazole (40 uM),
wortmannin (0.25 uM), dynasore (80 uM), pitstop2 (20 uM), genistein (200 pM), methyl-B-
cyclodextrin (MBCD, 10 mM) or sodium azide (0.1% w/v) in DMEM medium for 1 h, after which
the medium was replaced with medium containing lyso-tracker deep red (75 nM), CPK4 (10 uM),
and fresh inhibitors and incubated for 2 h, then Alexa488 nucleic acid encapsulated CPE4-LNP (200
uM) were incubated in the presence of the inhibitors. After 15 min, the cells were washed three times,
and phenol red indicator free DMEM was added for confocal microscopy imaging. When performing
cellular uptake assays at 4 °C, cells were first incubated with lyso-tracker deep red (75 nM) and CPK4
(10 uM) for 2 h at 37 °C, then 1 h at 4 °C. The medium was removed and cells were washed and
incubated for 15 min at 4 °C in the presence of CPE4-LNP (200 uM), followed by confocal imaging.
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Endocytosis inhibitor assay (flow cytometry measurements): Cells were seeded on 24-well plates at
a density of 2.5%10° cells/well. After 18 h, the medium was removed and cells were incubated with
inhibitors and CPK4 in medium (10 uM) for 2 h. Then Alexa488 nucleic acid encapsulated CPE4-
LNP (200 uM, 15 min) was added in the presence of fresh inhibitors. The cells were washed, digested,
and flow cytometry measurements using a Guava easyCyte machine (Luminex Corporation) were
performed.

For the endocytosis pathway assay of unmodified LNPs, the cells were preincubated with endocytosis
inhibitors for 2 h, then LNPs were added to the cells in the presence of fresh inhibitors and incubated
for 4 h, and washed before the confocal imaging and flow cytometry measurements.

Lysosome colocalization study.

HeLa cells were seeded on 8-well confocal plates at a density of 5*10%*ells/well. After overnight
growth the cells were treated with lyso-tracker deep red (75 nM) and CPK4 (10 uM) for 2 h. The
supernatant was removed, and Alexa488 nucleic acid encapsulated CPE4-LNP (200 uM) was added
and incubated for 15 min. The medium was removed, and lyso-tracker deep red (75 nM) in DMEM
was added and incubated at different times before confocal imaging.

Transfection assay.

CPE4-LNPs and LNPs encapsulating EGFP-mRNA were prepared as described previously. HeLa,
CHO, NIH/3T3, and Jurkat were cultured in 8-well confocal plates at the density of 2*10* cells/well
overnight before cells were pretreated with CPK4-medium (10 pM) for 2 h, washed three times with
PBS, then LNPs (1 pg/mL) were added to the cells and incubated for 2 h, then the medium was
removed and washed three times, refreshed with fresh medium for continuous 18-24 h culturing
before confocal imaging and flow cytometry measurements. The concentration of LNPs was
determined by Quant-iT Ribogreen RNA assay. The commercial transfection agent lipofectamine
3K/EGFP-mRNA was prepared according to the manufacturers protocol using the same amount of
EGFP-mRNA, and cells were transfected for 2 h and refreshed with medium before 18-24 h culturing.

Cell viability measurements.

HeLa cells were seeded on 96-well plates at a density of 1*10* cells per well overnight, then the same
procedure as previously described was followed but different concentrations of LNPs (0.25 pg/mL,
0.5 pg/mL, 1 pg/mL, 1.5 pg/mL, 2 pg/mL) were added. After 24 h incubation, cell proliferation
reagent WST-1 solution (20 pL, Sigma-Aldrich) was added to the medium (200 pL) and cells were
incubated for another 4 h at 37 °C. The absorbance at 450 nm was measured at room temperature
using a Tecan infinite M1000. The cell viability was normalized with a control (blank HeLa cells),
which was set at 100% cell survival.

Statistical analysis.

All experiments were performed in triplicate (n=3) unless specified otherwise, and the significance
was determined using an unpaired student t-test (Graphpad Prism) for all comparisons. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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SI Figure 1. Evaluation of coiled-coil peptide pair mediated uptake in liposomes and LNPs. (a) CD spectra of
K3/E3 and K4/E4 pairs. Peptides were dissolved at a total concentration of 10 uM in PBS at pH 7.4, and spectra
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were measured at 20°C. (b) Cellular uptake of liposomes in HeLa cells. Uptake efficiency was calculated by
quantifying the NBD-positive cells. (c-d) The fluorescence intensity (MFI) of cellular internalization of liposomes
with HeLa cells. Lipid compositions of liposomes: DOPC/DOPE/cholesterol=2:1:1, 1 mol% of the NBD-PE served
as the fluorescent dye, 1 mol% of the CPK (3 or 4) or CPE (3 or 4) were added for lipopeptide modified liposomes.
E+K: both E and K peptide included; E+: only E peptide included; K+: only K peptide included. (e-f) The
fluorescence intensity of cellular internalization of LNPs encapsulated nucleic acid by CPE3/4-LNP with HeLa cells
pretreated with CPK3/4. Alexa488 labeled nucleic acid was encapsulated and served as the fluorescent dye.
Unpaired t-test was used to determine the significance of the comparisons of data indicated in b, ¢, and d (*P < 0.05;
**P <0.01; ***P <0.001; ****P <0.0001). In all panels, error bars represent mean * s.d. (n=3).
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SI Figure 2 (a) Cryo-EM images of Alexa488-nucleic acid encapsulated CPE4-LNP and LNP. (b) Size distribution
of Alexa488-nucleic acid encapsulated LNPs as determined by cryo-EM. The values derived from the frequency

distribution graphs represent mean =+ s.d. (n=100). Scale bar is 50 nm. (¢) Size distribution of Alexa488-nucleic acid
encapsulated LNPs according to DLS.
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SI Figure 3. (a) Schematic representation of the LNPs uptake experiments with cells. (b) Confocal microscopic
images of LNPs uptake with CHO cells. (¢) with NIH/3T3 cells. (d) with Jurkat cells. Cells were preincubated with
a micellar CPK4 solution (10 uM, 200 pL, 2 h). After removal of the medium, the LNPs containing Alexa488-
nucleic acid were added (200 uM, 200 pL, 15 min), then cells were washed before imaging. Blue: Hoechst 33342;
green: Alexa488-nucleic acid; red: LR-PE; BF: bright field. Scale bar is 20 um.
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SI Figure 4. (a) Confocal microscopic images of cellular uptake of CPE4-LNP with CPK4-HeLa cells in the
presence of endocytosis inhibitors. HeLa cells were first treated with different endocytosis inhibitors (1 h), followed
by lyso-tracker deep red (75 nM, 200 pL) and CPK4 (10 pM, 200 pL, 2 h, in the presence of fresh inhibitors)
incubation, then CPE4-LNP (200 uM, 200 pL, 15 min) were added together with fresh inhibitors, then cells were
washed and added with phenol red free DMEM before imaging. Blue: Hoechst 33342; green: Alexa488-nucleic
acid; red: lyso-tracker deep red. (b) Confocal microscopic images of cellular internalization of LNP with HeLa cells
with endocytosis inhibitor dynasore. HeLa cells were pretreated with dynasore (80 uM, 200 pL, 1 h), then LNP (200
uM, 200 pL, 4 h) were incubated with the presence of fresh dynasore, and cells were washed before imaging. Blue:
Hoechst 33342; green: Alexa488-nucleic acid. Scale bar is 20 um.
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SI Figure 5 (a) Confocal microscopic images of the EGFP-mRNA transfection of LNPs with CHO cells. Scale bar
is 20 um. (b) The GFP expression fluorescence intensity (GFP MFI) of LNPs with CHO cells. (¢) Confocal
microscopic images of the EGFP-mRNA transfection of LNPs with NIH/3T3 cells. Scale bar is 20 um. (d) The GFP
expression fluorescence intensity (GFP MFI) of LNPs with NIH/3T3 cells. Cells were pretreated with CPK4
solution (10 uM, 200 pL, 2 h), after removal of the medium, EGFP-mRNA encapsulated LNPs were added (1 pg/mL,
200 pL, 2 h), and then cultured for another 18-24 h before imaging and flow cytometry measurements. Lipo3K:
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lipofectamine 3K; GFP: green fluorescent protein; BF: bright field. Unpaired student t-test was used to determine
the significance of the comparisons of data indicated in b, and d (¥*P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 6. Transfection efficiency of the fusogenic coiled-coil peptide system with Jurkat cells. (a) Confocal
microscopic images of the EGFP-mRNA transfection of LNPs. Lipo3K: lipofectamine 3K; GFP: green fluorescent
protein; BF: bright field. Scale bar is 20 pm. (b) The quantification of EGFP-mRNA transfection efficiency of LNPs.
(c-d) The GFP expression fluorescence intensity (GFP MFI) of LNPs. Jurkat cells were first incubated with CPK4
(10 uM, 200 pL, 2 h), followed by EGFP-mRNA encapsulated LNPs were incubated (1 pg/mL, 200 puL, 2 h), after
that, cells were washed 3 times and cultured for another 18-24h before imaging and flow cytometry measurements.
Unpaired student t-test was used to determine the significance of the comparisons of data indicated in b, and ¢ (*P
< 0.05; **P < 0.01; ***P < 0.001; ****P < (0.0001). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 7. GFP fluorescence enhancement. The protein expression fold number of GFP fluorescence intensity
(GFP MFI) of groups normalized to plain LNP (a) with HeLa cells, (b) with CHO cells, (¢) with NIH/3T3 cells, (d)
with Jurkat cells. In all panels, error bars represent mean * s.d. (n=3).
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SI Figure 8 (a) Transfection efficiency of different concentrations of EGFP-mRNA encapsulated CPE4-LNP with
HeLa cells pretreated with CPK4. HeLa cells were first incubated with CPK4 (10 uM, 200 pL, 2 h), followed by
different concentrations of EGFP-mRNA encapsulated CPE4-LNP incubation (2 h), then the medium was removed,
cells were washed and cultured for another 18-24 h before flow cytometry measurements. (b) The cell viability
evaluation of EGFP-mRNA encapsulated LNPs after transfection. HeLa cells were first incubated with CPK4 (10
uM, 200 pL, 2 h), followed by different concentrations of EGFP-mRNA encapsulated LNPs incubation (2 h), then
the medium was removed, and cells were washed and cultured for another 24 h. After that, WST-1 solution (20 pL)
was added to the medium (200 pL) and incubated for 4 h before measuring. Unpaired student t-test was used to
determine the significance of the comparisons of data indicated in b (*P < 0.05; **P < 0.01; ***P < 0.001;

#FxFp < (0.0001). In all panels, error bars represent mean + s.d. (n=3).
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Chapter 3

Coiled-coil Peptide Dimers Enhance Liposomal Drug Delivery
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Abstract

An ideal nanomedicine design improves the therapeutic efficacy of a drug. However, most
nanomedicines enter the cell via endosomal/lysosomal pathways and typically only a small fraction
of cargo enters the cytosol inducing a therapeutic effect. To circumvent these inefficient drug delivery
pathways, alternative approaches are desired. SNARE proteins, and related peptide mimics, mediate
the fusion of membranes and can be used to trigger fast, productive drug delivery in vitro and in vivo.
Previously we used the heterodimeric peptide pair E/K to induce membrane fusion. In this study, we
synthesized dimeric coiled-coil peptide variants of peptide K to facilitate liposome fusion with
peptide E modified liposomes and cells. Various dimer designs were compared and the parallel PK4
dimer induced the strongest coiled-coil interaction resulting in a higher cellular uptake of the
liposome-encapsulated cargo, as compared to linear dimer designs. Using a wide spectrum of
endocytosis inhibitors, it was shown that membrane fusion was the main cellular uptake pathway.
Delivery of the antitumor drug doxorubicin (DOX) resulted in enhanced cellular delivery and
concomitant antitumor efficacy in vitro. These findings not only offer important mechanistic insights
into the design of coiled-coil driven membrane fusion systems but also provide novel strategies to
develop peptide-based biomaterials.
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Introduction

During the last decades, nanomedicines with improved drug delivery efficiency have been developed
by amplifying drug bioavailability, improving pharmacokinetic/pharmacodynamic profiles, and/or
minimizing undesired off-target or other side effects of encapsulated drugs.'- Several nanomedicines
based on liposomes, albumin NPs, and polymeric micelles have been approved for cancer treatment
and several nanomedicine candidates for chemotherapy, hyperthermia, radiation therapy, gene therapy,
and immunotherapy are in clinical trials.*® Nanomedicines have been customized to enter cells
through different endocytosis pathways, delivering their cargo to the cell.” ® However, endocytosis
often impedes drug delivery efficiency since the majority of the nanomedicine cargo faces
endo/lysosome degradation, lowering the therapeutic efficacy. Therefore, novel drug delivery systems
circumventing endo/lysosome pathways and/or entrapment would greatly enhance intracellular drug
delivery efficiency.

Peptides have attracted great attention in the nanomedicine field due to their diversity and ease of
modification and conjugation to drug delivery nanoparticles.” '° For example, cell-penetrating
peptides (CPP) have been widely investigated for their cell-penetrating abilities'" 1> and chemically
synthesized CPPs covalently or noncovalently conjugated to biomaterials greatly enhanced cell
penetration and drug efficacy.!> !* Besides direct penetration, CPP-cargo conjugates mainly gain their
entry to the cells through energy-dependent endocytosis, such as macropinocytosis or clathrin-
mediated endocytosis.!>!” Moreover, CPP dimerization significantly lowered the cell-penetrating
concentration required by efficient Tat-TAR interaction inhibition of HIV-1,!! and achieved potent
antitumor effects.!® '° Based on the advances made in this field, various CPP-derived peptide
therapeutics have been clinically evaluated.?*>* Unfortunately, to date there are no CPP-based drug
conjugates/nanomedicines approved by the FDA. This might be due to their lack of cell and tissue
specificity, drug delivery inefficiency, slow drug release profile, poor stability, rapid renal clearance,
and severe adverse effects like high toxicity.?!> >4 2

Thus there is still a pressing need to find alternatives to deliver drugs efficiently into cells. Membrane
fusion is a vital process for the transport of (bio)chemicals across membranes in eukaryotic cells,
from the exquisite compartmental organization of cells to the precise timing of chemical synaptic
transmission of nervous system activities.?%® The docking of transport vesicles to the target plasma
membrane in neuronal exocytosis is triggered by the coiled-coil formation of complementary SNARE
protein subunits.?’ Inspired by the SNARE protein complex to trigger the membrane fusion process
between liposomes and cells, we previously developed complementary pairs of coiled-coil peptides
K/E conjugated to lipids able to trigger membrane fusion, inducing fast and efficient liposomal drug
delivery in vitro and in vivo.*>! Peptide K is an amphipathic helical peptide and was specifically
designed to interact with peptide E, but when confined to a membrane, it also interacts with lipid
bilayers.*

Due to this dual affinity to both peptide E and lipid membranes, in this chapter, we investigate whether
dimerization of peptide K could enhance liposomal drug delivery to cells. The influence of peptide
dimerization on their solution properties was studied as well as the ability to induce fusion of
liposomes with cells to control drug delivery (Scheme 1). By varying the position of peptide
conjugation, three novel dimer designs were synthesized. Coiled-coil interactions and cell membrane
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binding affinities were compared by circular dichroism spectroscopy and flow cytometry
measurements. Next, the cellular uptake of liposomes was also evaluated by flow cytometry and
confocal microscopy. The in vitro antitumor effect of the chemotherapeutic doxorubicin (DOX)
encapsulated in liposomes was quantified as a function of dimer design. This study could aid the
development of efficient delivery systems of drugs into cells using liposome-cell fusion.
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Scheme 1. Schematic illustration of the cell-liposome membrane fusion process trigged by K4-dimers and E4.
(a) schematic representation of K4-dimers and coiled-coil structure of K4-dimers with complementary E4. (b)

Liposomal drug delivery to cells through membrane fusion induced by different coiled-coils.

Results and discussion

Peptide design

Peptide K was previously designed to form a parallel heterodimeric coiled-coil complex with peptide
E,* but we discovered it also has a high affinity to fluid phospholipid membranes. Upon binding,
peptide K induces positive membrane curvature and destabilization, facilitating membrane fusion.*’
35 Due to these competing interactions, we rationalized that a Peptide K-dimer might interact
simultaneously with peptide E as well as with a membrane, resulting in enhanced fusion. How these
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dual interactions will result in membrane fusion is most likely dependent on the exact structure of
these dimers. In this study, we designed three K4-dimers by peptide K4 dimerization via a disulfide
bond. For this, a cysteine was introduced at either the N- or C-terminus, or at the f-position in the 2"
heptad of peptide K. Upon oxidative dimerization the parallel dimer PK4 and the linear dimers NK4
(N-terminal conjugation) and CK4 (C-terminal conjugation) were obtained (Scheme 1a). Based on
the structure, linear K4-dimers may form a ‘tetramer-like” homodimer structure or a hairpin structure,
stabilizing the a-helix structure. Since the hydrophobic faces of both K peptides are oriented in
opposite directions, it was expected that PK4 may not be able to dimerize, but rather interact with
other dimers resulting in aggregation.

The secondary structure of the peptide dimers and their ability to interact with peptide E was studied
using circular dichroism (CD) spectroscopy. In line with previous studies, peptide K4 folds into an a-
helix as evidenced by the two minima at 208 and 222 nm. Peptides NK4 and CK4 also adopt a highly
helical conformation comparable to monomeric K4. In contrast, PK4 adopted a skewed non-a-helix
spectrum, indicative of aggregation (Fig. 1a, Table S3). Peptide E4 adopts an a-helical secondary
structure and upon mixing with equimolar PK4 coiled-coil formation was observed (Fig. 1b). The
helicity observed for the PK4+E4 mixture is much higher as compared to the calculated average,
which assumes no interaction (Table S3). The linear dimer NK4 also adopts an a-helical structure,
and the helicity increased upon mixing with E4 (Fig. 1¢, Table S3). In contrast, the CD-spectrum of
a mixture of linear dimer CK4 and E4 did not indicate effective coiled-coil formation (Fig. 1d, Table
S3). This suggests that the ‘tetramer-like' homodimer or helical hairpin of CK4 is too stable,
preventing interaction with E4, but the less stable homodimer of NK4 does form heteromeric coiled
coils with E4, and the parallel PK4 forms highly enhanced coiled-coil interactions with E4.
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Figure 1. CD spectra of (a) K4 monomer and K4-dimers, (b) PK4 + E4, (¢) NK4 = E4, and (d) CK4 + E4. Solid
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lines are measured spectra, dotted lines are calculated average spectra from the K4-dimers and peptide E4. Spectra
were recorded in PBS (pH 7.2) at 20 °C. K4-dimer, 5 uM; K4 monomer, 10 uM; E4, 10 uM.

Cell membrane labeling efficiency between dimers

In previous studies, the addition of a fluorescently labeled E4 peptide, dubbed Fluo-E4, to CPK4-
pretreated cells resulted in a uniformly fluorescent cell membrane due to the formation of coiled coils
between CPK4 and Fluo-E4. To confirm whether coiled-coil formation between K4-dimers and E4
also occurs at the surface of cells, a cell membrane labeling assay was performed. HeLa cells were
preincubated with CPE4 as described previously.>' Next, the cells were treated with the various K4-
dimers and finally carboxyfluorescein-labeled E4 (Fluo-E4) was added (Fig. 2a). Interestingly, cell
membrane labeling efficiency varied between the various K4-dimers (Fig. 2b). PK4 displayed the
highest fluorescence on the cell membrane, indicating efficient coiled-coil formation between PK4
and CPE4. In contrast, the linear K4-dimers NK4 and CK4 showed a lower degree of fluorescence.
We also studied the importance of pretreating cells with CPE4. Plain cells incubated with PK4 also
exhibited membrane binding albeit the observed fluorescence was not homogeneously distributed (SI
Fig. 1a). Most likely, the positively charged PK4 peptides form aggregates in solution which bind to
the negatively charged cell membrane via attractive electrostatic interactions. The addition of the
linear dimers NK4 or CK4 to plain cells did not result in any detectable binding.

The differences in binding of the various K4-dimers was quantified by flow cytometry (Fig. 2c).
CPE4 pretreated cells revealed a high binding affinity for K4 and K4-dimers. In contrast, in the
absence of CPE4 hardly any peptide K(-dimer) binding was observed. These results were consistent
with the CD and confocal imaging results. PK4-dimer associated effectively with the cell membrane
by either forming coiled-coils with CPE4 or directly interacting with the cell membrane. In contrast,
the linear dimers NK4 and CK4 showed a weaker ability to induce coiled-coil interactions, resulting
in a low cell membrane affinity.
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Figure 2. Cell labeling and cell uptake studies. (a) Schematic representation of the cell labeling and cell uptake
experiments of K4 dimer with cells. (b) Confocal images of cell membrane labeling between K4 monomer and
dimers with complementary Fluo-E4. Green: fluorescein-E4; BF: bright field; scale bar is 30 um. (¢) Quantification
of cell membrane labeling efficiency by flow cytometry measurements. (d) Confocal images of K4 monomer and
dimers with fluorescent NBD-PE labeled CPE4-liposomes. (e-f) Quantification of NBD-liposome intensity between
monomer and dimers. Green: NBD-PE; blue: Hoechst 33342. BF: bright field; scale bar is 30 um. Unpaired student
t-test was used to determine the significance of data comparisons (****P <0.0001; ***P <0.001; **P <0.01;

*P <0.05). In all panels, error bars represent mean + s.d. (n=3).

Cell uptake efficiency of dimers

After examining coiled-coil formation at the cell membrane between the K4-dimers and CPE4, cell
uptake of CPE4-liposomes was investigated using the same approach. Again, cells were preincubated
sequentially with CPE4 and the K4-dimers before fluorescent CPE4-liposomes were added and cell
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uptake was quantified (Fig. 2a). As expected, CPE4-liposomes were homogeneously distributed on
the cell membrane (Fig. 2d). However, marked differences were observed for the different K4-dimers.
PK4 induced strong and enhanced cell-liposome uptake efficiency, while the linear dimers NK4, and
CK4 were less efficient. When the CPE4 preincubation step of cells was omitted, PK4 also induced
some binding, but the fluorescence was randomly dispersed on the cell membrane (SI Fig. 1b). As
mentioned earlier, attractive interactions between PK4 and the cell membrane might be the cause for
this observation. As expected, the linear dimers NK4 and CK4 were unable to bind to cells without
CPE4 preincubation. The cell uptake efficiency differences between groups was again quantified with
flow cytometry (Fig. 2e-f). Consistent with confocal imaging, the PK4 coiled-coil pair showed the
highest cell uptake efficiency, which was superior to monomeric K4 and the linear dimers NK4 and
CK4. Not surprisingly, in cells without CPE4 preincubation, the dimers resulted in weaker cell uptake
efficiency (SI Fig. 1¢). Combined, these studies revealed that PK4 interacts very efficiently with
CPE4-preincubated cells.

Liposome-cell membrane fusion --NBD/propidium iodide (PI) delivery of dimers

Next, membrane fusion between liposomes and cells was studied using propidium iodide (PI) as a
model drug. This dye binds to DNA and is membrane impermeable requiring a drug delivery carrier
to enter cells. Cells were sequentially pretreated with CPE4 and the K4-dimers before PI encapsulated
in CPE4-liposomes was added to induce liposome-cell membrane fusion and concomitant PI delivery
(Fig. 3a). Confocal imaging showed the green fluorescent dye NBD incorporated in CPE4-liposomes,
evenly distributed on cell membranes, while PI was observed in the cytosol and nucleus of cells (Fig.
3b). As expected, CPK4-liposomes are able to deliver PI into cells, consistent with our previous
study.®! Importantly, PK4 induced the highest PI delivery inside cells and the dye was present in the
cytosol and nucleus. In contrast, the linear K4-dimers induced only a low PI delivery efficiency. NK4
induced weak fluorescence both on the cell membrane and in the cytoplasm, and almost no membrane
and cytoplasm fluorescence was observed when CK4 was used. When the cells were not pretreated
with CPE4, PK4 was still able to induce liposome-cell fusion resulting in some PI uptake (SI Fig.
2a). Furthermore, liposomes lacking CPE4 showed neither PI delivery nor NBD-labeling of the cell
plasma membrane irrespective of the K-dimer used (SI Fig. 2b). Next, the same experiment was
performed using Chinese hamster ovary (CHO) cells to confirm that PI delivery is cell-type
independent. Consistent with the previous studies in HeLa cells, PI was observed in CHO cells when
PK4 was used, while CPK and the linear K-dimers were less efficient (SI Fig. 3a). Again, omitting
the CPE4 preincubation step resulted in inefficient PI delivery (SI Fig. 3b).

In summary, these results revealed that all K4-dimers mediate cell-liposome membrane fusion
resulting in cytosolic and nuclear PI delivery. The PK4-dimer outperformed all other designs due to
the enhanced coiled-coil interaction between PK4 and E4, combined with the membrane affinity of
PK4 facilitating efficient PI delivery efficiency.
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Figure 3. Liposomal delivery (PI and DOX) to cells. (a) Schematic representation of the liposomal delivery of PI
and DOX to cells. (b) Confocal images of liposomal PI delivery by K4 monomer and dimers. Green: NBD-PE; red:
PI; BF: bright field; scale bar is 30 pm. (¢) Confocal images of DOX uptake facilitated by K4 monomer and dimers
in HeLa cells. Red: DOX; BF: bright field; scale bar is 30 pm. (d) Quantification of DOX uptake percentages
facilitated by K4 monomer and dimers in HeLa cells. (e-f) Quantification of internalized DOX intensity facilitated
by K4 monomer and dimers. Unpaired student t-test was used to determine the significance of data comparisons
(****P <0.0001; ***P <0.001; **P <0.01; *P <0.05). In all panels, error bars represent mean = s.d. (n=3).

Delivery of doxorubicin.

After proving that K4-dimers efficiently mediate liposomal PI delivery into cells via membrane fusion,
drug delivery efficiency and subsequent pharmacological effects were further evaluated using
doxorubicin (DOX) (Fig. 3a). This drug is an effective and frequently used chemotherapeutic agent
for various malignancies, but cardiomyopathy is a life-threatening side effect.® 3’ Therefore targeted
DOX delivery is highly desired because it would increase the therapeutic dose while limiting the side
effects. Furthermore, DOX becomes more fluorescent upon binding to DNA and tRNA, making it
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suitable for cellular imaging and quantification.

CPE4-preincubated cells were treated with the K4-dimers before CPE4-liposomes containing DOX
were added. Confocal imaging confirmed successful DOX delivery as its fluorescence was observed
in both the nucleus and cytosol of cells (Fig. 3¢). Again, PK4 induced the most effective DOX cellular
delivery, as compared to the linear K4-dimers or CPK4. Untreated cells showed negligible DOX
delivery confirming that CPE4 and K4-dimers are required for efficient drug delivery (SI Fig. 4a).

DOX delivery was quantified by flow cytometry. All coiled-coil pairs facilitated liposome-cell fusion
resulting in a high percentage of DOX positive cells, >85% in all cases (Fig. 3d), indicative of
successful DOX delivery. Importantly, the internalized DOX intensities varied significantly between
the groups. In line with all previous results, PK4 achieved the highest DOX intensities in cells as
compared to CPK4 and the linear K4-dimers (Fig. 3e-f). DOX was delivered by PK4 to cells that
were not pretreated with CPE4, albeit with a lower intensity than CPE4-preincubated cells. All control
groups did not show significant DOX delivery (SI Fig. 4b). These results demonstrate that the
CPE4/PK4 pair achieved the highest DOX delivery in all experimental groups.

DOX uptake efficiency after endocytosis inhibitors

CPE4/CPK4-mediated fusion of liposomes with cells was confirmed in a previous study using well-
known endocytosis inhibitors.?! In this study, PK4 was the most efficient at delivering content to cells
and therefore we studied the uptake mechanism in the presence of common endocytosis inhibitors.
After incubation of cells with the endocytosis inhibitors, uptake of liposomes and concomitant
delivery of content was quantified. Flow cytometry was employed to quantify the intensity differences
of internalized DOX with each endocytosis inhibitor treatment and compared to delivery in the
absence of the inhibitors. Since the PK4-dimer is positively charged, we included cationic liposomes
(DOTAP: DOPC, 1:1) in this study for comparison.

Nocodazole is an inhibitor of micropinocytosis, a microtubule-disrupting agent that prevents tubule
formation and leads to the distribution of IgA-containing vesicles throughout the cytoplasm.®®
Wortmannin blocks PI3-kinase activity and acts as a micropinocytosis inhibitor.’* *° Dynasore is
reported to inhibit GTPase and dynamin activities reversibly,*' which is indispensable for clathrin-
mediated and caveolae-mediated endocytosis in eukaryotic cells.*> #* Pitstop 2 is an inhibitor of
clathrin-mediated endocytosis as it blocks the endocytotic ligand association with the clathrin
terminal domain.** % Genistein blocks the tyrosin-phosphorylation process in Cav 1 and caveola-
dependent endocytosis.*® 47 Methyl-B-cyclodextrin (MPCD) is usually used to determine whether the
endocytosis is dependent on the integrity of lipid rafts.*’”- *® Sodium azide (NaN3) is an ATP energy
depletion agent that inhibits cytochrome C oxidase in the mitochondria of cells.*’

The cellular uptake of cationic liposomes was greatly inhibited in the presence of NaN3, MBCD,
wortmannin and incubation at 4 °C. This experiment revealed that cationic liposome uptake is energy-
dependent, mainly driven by micropinocytosis and depends on lipid raft integrity (SI Fig. 5a).>°

Next, the effect of endocytosis inhibitors on cellular uptake of liposomes encapsulating DOX using
the PK4 coiled-coil dimer was investigated (Fig. 4a). Most of the endocytosis inhibitors seemed to
have a minimal effect on DOX uptake efficiency except for MBCD, which disrupts the cholesterol-
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rich caveolae-containing membrane microdomains by removing cholesterol from the plasma
membrane.’! Unlike the cationic DOTAP liposomes, the ATP energy depletion agent NaN3 exerted
no effect on the uptake efficiency for PK4-dimer, only the 4 °C incubation reduced the uptake
efficiency slightly. This demonstrated that the cellular uptake of the PK4-dimer was mainly driven by
membrane fusion independent of energy consumption, and also demands lipid integrity. We also
tested the endocytosis inhibitors’ effect on the PK4-dimer when the cells were not pretreated with
CPE4 (SI Fig. 5b). Similar to the PK4 coiled-coil pair, MBCD and 4 °C incubation resulted in major
cellular uptake reduction. Meanwhile, nocodazole and dynasore reduced the cellular uptake by about
25% and 15% respectively, indicating micropinocytosis and clathrin-mediated endocytosis were also
involved. Taken together, these results prove that cellular DOX uptake of the PK4-dimer was mainly
induced by membrane fusion requiring the presence of cholesterol. Due to the positive charges of the
PK4 particles, it could also partially facilitate the lipopeptide CPE4-modified liposomes entering the
cell through endocytosis, and this could further facilitate cellular delivery.
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Figure 4. (a) Quantification of DOX uptake efficiency of HeLa cells with endocytosis inhibitors in the presence of
the PK4-dimer pair. (b) Cytotoxicity evaluation of K4 monomer and dimers after delivery of DOX. Two-way
ANOVA analysis was used to determine the significance of data comparisons (****P <(.0001; ***P <0.001;
**P <0.01; *P <0.05). In all panels, error bars represent mean =+ s.d. (n=3).

In vitro antitumor effect evaluation after delivery of DOX

After confirming that CPE4/PK4 delivers liposomal DOX efficienctly into cells, the antitumor effect
induced by DOX delivery was evaluated. HeLa cells were decorated with CPE4, treated with the K4-
dimers and then incubated for 2 h with CPE4-modified liposomes encapsulating DOX. Next, the cell
viability was determined after 36 h. Efficient DOX cellular uptake requires both peptides to be
present, thus we mainly focused on the comparison of the HeLa cytotoxicity differences between K4
monomer and dimers in which both peptides were included after the delivery of DOX. The K4
monomer and dimers induced an in vitro antitumor effect in a concentration-dependent manner (Fig.
4b). The parallel PK4-dimer induced potent cytotoxicity, and the viability of HeLa cells was
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significantly lower than with the monomer and linear dimers for all the concentrations, demonstrating
an improved antitumor effect by PK4-mediated delivery of DOX.

An MTT assay was used to proof that the peptides and lipomes in the absence of DOX were non-
toxic. For this, cells were decorated with CPE4 and the K4-dimers were added, followed by the
addition of CPE4 modified liposomes (without encapsulated DOX). The cell viability remained above
90% for all liposome concentrations, demonstrating the drug delivery system itself was biocompatible
and presented no obvious cytotoxicity (SI Fig. 5c). Taken together, we showed that coiled-coil peptide
dimers can be safely applied to facilitate cellular drug delivery, and the CPE4/PK4 pair can induce
highly efficient cellular liposomal delivery with an enhanced therapeutic effect after loading
antitumor drugs into the liposomes.

Conclusion

We designed three coiled-coil peptide-K dimers by varying the conjugation position and investigated
their structural differences, cellular uptake efficiency, and pharmacological effects after encapsulating
an antitumor drug. CD spectroscopy revealed distinctive differences in helical structures between
dimers, where PK4 exhibited the strongest coiled-coil interactions with the complementary peptide
E4. The cell membrane labeling assay showed that PK4 triggered the highest cell membrane affinity
while linear K4-dimers hardly interacted with the cell membrane. Cellular uptake studies showed
liposome delivery into cells was depending on the dimer used. Among the three dimers, PK4 elicited
the strongest cellular liposomal delivery and DOX cellular uptake. The uptake mechanism study
proved that the efficient liposomal DOX delivery achieved using PK4, was mainly mediated by
membrane fusion, although endocytosis was partially involved due to the non-specific interactions
between positively charged PK4 and cell membranes. Consistent with the DOX cellular uptake result,
a cytotoxicity evaluation confirmed PK4 induced an enhanced antitumor effect in vitro, which was
superior to CPK4 and the linear dimers NK4 and CK4. These results indicate that PK4 possesses the
strongest coiled-coil interaction with peptide E, leading to significant membrane fusion and
concomitant efficient cellular liposomal delivery. Moreover, the high affinity of PK4 to lipid
membranes aids fusion. In comparison, coiled-coil formation of linear dimers is notably weak and
their lipid membrane affinity is also low, therefore they are unable to induce efficient membrane
fusion. These results confirm our hypothesis that dimerization of peptide K could increase membrane
fusion and lipid affinity, which is pivotal for achieving enhanced liposomal drug delivery. In summary,
this study of peptide dimerization design and their cellular delivery evaluation not only contributes
to the design and development of coiled-coil peptide-based membrane fusion systems but also
provides a more efficient system for future drug delivery applications.

74



Methods

Chemicals and reagents

All Fmoc-protected amino acids were purchased from Novabiochem. Piperidine, trifluoroacetic acid,
acetonitrile, dimethylformamide (DMF), dichloromethane (DCM), and ethanol were purchased from
Sigma-Aldrich. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (PE-NBD), N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP) were purchased from Avanti Polar Lipids, propidium iodide, 5(6)-
carboxyfluorescein, dynasore, wortmannin, nocodazole, pitstop2, genistein, methyl-f-cyclodextrin
(MBCD), sodium azide (NaN3), doxorubicin hydrochloride (DOX), cholesterol was purchased from
Sigma-Aldrich. DMEM growth medium, and fetal bovine serum were purchased from Sigma- Aldrich.
L-glutamine, penicillin, and streptomycin were purchased from Thermo Fisher Scientific. Sephadex
(25 size-exclusion PD-10 Columns were purchased from GE-Healthcare.

Lipopeptide, peptide dimers synthesis, and purification

All peptides were synthesized using Fmoc chemistry on a CEM Liberty Blue microwave-assisted
peptide synthesizer. The synthesis of peptides E4-GW, K4-GW, and lipopeptides CPE4, and CPK4
was described in Chapter 2.

For the synthesis of Fluo-K4 and Fluo-E4, two additional glycine residues were coupled to the N-
terminus of the peptides on resin, before fluorescein was manually coupled by the addition of 0.2
mmol 5(6)-carboxyfluorescein, 0.4 mmol HCTU and 0.6 mmol DIPEA in 3 mL DMF. The reaction
was shaken at room temperature overnight, the peptide was cleaved from the resin using 3 mL of a
cleavage mixture (TFA:triisopropylsilane:H20=95:2.5:2.5%) and shaken for 1.5 hours. The peptides
were precipitated by pouring the reaction mixture into 45 mL cold diethyl ether (-20 °C) and isolated
by centrifugation. The crude peptides were redissolved in H2O (20 mL) and lyophilized.

K4-dimer synthesis routes are shown in SI Scheme 1, and all the peptide sequences are listed in Table
S1. A Tentagel HL RAM resin (0.22 mmol/g) was used for peptide synthesis. The Fmoc group was
removed with 20% piperidine in DMF by heating to 90 °C for 1 min. In the reaction, 5 eqv. of DIC
and 5 eqv. Oxyma and 5 eqv. of amino acid were added to the reaction vessel and heated to 90 °C and
kept for 4 minutes. DMF was used as the solvent. Except for the lipidated and fluorescent peptides,
all peptides were acetylated at the N-terminus.

Synthesis of PK4: K4GW-Cysl14 (66 mg, 20 pmol) was dissolved in water (15 mL) and added
dropwise to 2,2'-Dithiobis(5-nitropyridine) (62 mg, 200 umol) dissolved in 5 mL of acetone and
stirred overnight. The yellow reaction mixture was filtered and dried under a N> flow. The crude
peptide was dissolved in water (20 mL) and purified by HPLC (see below), after lyophilization
K4GW-Cys14-S-nitropyridine was obtained as a solid powder (50 mg, 14.5 umol, yield: 72.5%).
K4GW-Cys14-S-nitropyridine (20 mg, 5.8 umol) was mixed with peptide K4-Cys14 (20 mg, 6.6
umol) in 10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes
the peptide was purified by injecting the reaction mixture into the HPLC (see below). After
lyophilization, a white powder was obtained of PK4 (22mg, 3.5 umol, yield: 59.8%).
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Synthesis of NK4: CG-K4GW (70 mg, 20 umol) was dissolved in 15 mL of water in a flask and 5
mL 2,2'-Dithiobis(5-nitropyridine) (62mg, 200 pmol) solution in acetone was added dropwise while
stirring. After filtration, the reaction mixture was dried under N> flow. The crude peptide was
dissolved in 20 mL water and purified by HPLC (see below) and lyophilized yielding a white CG-
K4GW-S-nitropyridine solid powder (60 mg, 16.5 pmol, yield: 82%). Peptide CG-K4GW-S-
nitropyridine (20 mg, 5.5 umol) was mixed with peptide CG-K4 (20 mg, 6.2 umol) and dissolved in
10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes, the peptide
was purified by directly injecting the reaction mixture into the HPLC (see below) and lyophilization
to yield a white powder (20 mg, 3 umol, yield: 54.2%).

Synthesis of CK4: WG-K4GC (70 mg, 20 umol) was dissolved in 15 mL of water in a flask and 5 mL
2,2'-Dithiobis(5-nitropyridine) (62 mg, 200 umol) solution in acetone was added dropwise while
stirring. After filtration, the reaction mixture was dried under N> flow. The crude peptide was
dissolved in 20 mL water and purified by HPLC (see below) and lyophilized yielding a white WG-
K4GC-S-nitropyridine solid powder (55 mg, 15,7 umol, yield: 78%). Peptide WG-K4GC-S-
nitropyridine (20 mg, 5.5 pmol) was mixed with peptide K4-GC (20 mg, 6.2 pmol) and dissolved in
10 mL HEPES buffer (pH 8.1). The solution turned yellow gradually and after 30 minutes, the peptide
was purified by directly injecting the reaction mixture into the HPLC (see below) and lyophilized to
yield a white powder (18 mg, 2.7 umol, yield: 48.8%).

Peptides were purified by HPLC on a Shimadzu system consisting of two KC-20AR pumps and an
SPD-20A or SPD-M20A detector equipped with a Kinetix Evo C18 column. Eluents consisted of 0.1%
TFA in water (A) and 0.1% TFA in MeCN (B), with all peptides eluted using a gradient of 20-90% B
over 35 minutes, with a flow rate of 12 mL/min. Collected fractions were checked for purity via LC-
MS, with the pure fractions being pooled and lyophilized. LC-MS spectra were recorded using a
Thermo Scientific TSQ quantum access MAX mass detector connected to an Ultimate 3000 liquid
chromatography system fitted with a 50x4.6 mm Phenomenex Gemini 3 um C18 column. All peptides
were characterized by LC-MS, see Table S2.

Circular dichroism comparison of coiled-coil peptide dimers interaction

CD spectra were recorded on a JASCO J-815 CD spectrometer fitted with a Peltier temperature
controller. Ac-K4GW, and Ac-E4GW were dissolved in H,O and diluted in PBS to a concentration
of 10 uM separately, the same procedure was used for Ac-PK4GW, Ac-NK4GW, Ac-CK4GW groups
with a concentration of 5 uM. The CD spectrum was baseline corrected with PBS. Unless otherwise
specified, samples were measured at 20 C in a quartz cuvette with a 2 mm path length. Spectra were
recorded from 200 to 250 nm at 1 nm intervals, with a bandwidth of 1 nm, with the final spectrum
consisting of the average of 5 sequentially recorded spectra. The mean residue molar ellipticity (9,
deg-cm?-dmol™!) was calculated according to equation ([6] = (100 * [8]obs)/(c * n * 1)), [0]obs
representing the observed ellipticity in mdeg, c is the peptide concentration in mM, n is the number
of peptide bonds and 1 is the path length of the cuvette in cm. The percentage of helicity of the peptides
(Fnetix) can be calculated by equation: Fnelix =100% ([0]222 - [0]0) / ([0]max - [0]0), [0]222 represents the
mean residue molar ellipticity of peptide at 222 nm, [0]o is the mean residue ellipticity of the peptide
when the peptide is in an entirely random coil conformation, [0]max is the maximum theoretical mean
residue ellipticity (Table S3).
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Fluorescent peptide labeling experiments

Cell culture: HelLa, and CHO cells purchased from ATCC were cultured according to ATCC
guidelines. The DMEM growth medium containing sodium bicarbonate, without sodium pyruvate
and HEPES, was supplemented with 10% fetal bovine serum, 1% of L-glutamine, and 1%
penicillin/streptomycin, at 37 °C in the presence of 5% COx.

HeLa cells were seeded on 8-well confocal plates at the density of 5*10* cells/well on the day before
experiments were performed. After 18 h incubation, CPK4 and CPE4 lipopeptides (10 uM, 200 uL)
were added to the cells and incubated for 1-2 h. After the removal of the medium and washing 3 times
with PBS, the medium containing PK4, NK4, and CK4 dimers were added and incubated for 15 min,
then washed 3 times, fluorescein-E4 peptide (10 uM, 200 uL) was added and incubated for 15 min,
washed 3 times and supplemented with phenol-red-free medium before confocal imaging (Leica TCS
SP8). Quantification of interaction differences was conducted by flow cytometry (Guava easyCyte)
with cells seeded on 24-well plates at 2.5%10° cells/well, then the same procedure was followed before
measuring.

Liposome preparation and characterization

NBD-PE labeled liposomes: lipids were dissolved in CHCI3 in the molar ratio DOPC, DOPE, and
cholesterol 2:1:1 (total lipid concentration, 1 mM, with 1 mol% of NBD-PE) was dissolved in CHCIs.
The solvent was evaporated, and then lipids were hydrated with 1X PBS, and sonicated at 55°C for 3
min. CPE4-modified liposomes were made by adding 1 mol% of CPE4 into the lipid film.

PI encapsulated liposomes: lipids were dissolved in CHCl3 in the molar ratio DOPC, DOPE, and
cholesterol of 2:1:1 (total lipid concentration, I mM, 1 mol% of NBD-PE). Then lipids were hydrated
with propidium iodide (10 mg/mL dissolved in PBS, 1 mL), then sonicated at 55°C for 3 min. Free
PI was removed by size exclusion chromatography using a Sephadex G25 size-exclusion PD-10
Columns.

DOX encapsulated liposomes: lipids were dissolved in CHCI3 in the molar ratio DOPC, DOPE,
cholesterol 2:1:1 [total lipid concentration] = 4 mM. Liposomes were prepared by mixing the
appropriate amount of lipids in a glass vial and evaporating the solvents under air to form lipid films.
These films were hydrated with 20 mM citrate buffer (pH 2.5) and extruded 11 times with 200 nm
pores. The citrate buffer was replaced by PBS (pH 7.4) through Sephadex G25 size-exclusion PD-10
Columns. Doxorubicin (DOX) was added to the liposomes at a drug-to-lipid molar ratio of 1:3 and
subsequently rotated overnight. Free DOX was removed by size exclusion chromatography using a
Sephadex G25 size-exclusion PD-10 Columns. The DOX concentration was determined using
UV—vis spectrophotometry with a standard curve of different DOX concentrations. The liposomes
were post-modified with CPE4. For this, lipopeptides in 1X PBS were added to the DOX-loaded
liposomes [final CPE4] = 1 mol%, vortexed for 1 minute, and incubated for another 2 h at RT before
use.

All liposomes were characterized by dynamic light scattering (DLS) at 25 °C to determine the average
diameter (see Table S4).

Cellular uptake efficiency experiments
Flow cytometry analysis of cellular uptake efficiency was carried out using peptide-modified
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liposomes to compare the uptake efficiency differences. CPK4 and CPE4 lipid films were made,
hydrated with complete DMEM, and sonicated for 10 min at room temperature (final concentration
is 10 uM). For cellular uptake efficiency study, HeLa cells were seeded on 24-well plates at the
density of 2.5%10° cells/well 18 h in advance, then pretreated with a medium containing CPK4 or
CPE4 for 1-2 h (10 uM, 500 pL), after the removal of medium, PK4, NK4, CK4 dimers (5 uM, 500
uL) were added and incubated for 15 min, and the cells were washed 3 times with PBS, NBD labeled
liposomes modified with CPE4 (CPE4-Liposome-NBD) were added to the cells (200 uM, 500 uL)
and after 15 min incubation, the medium was removed and cells were washed with PBS 3 times, then
digested with trypsin, washed, and resuspended in 1X PBS, followed by flow cytometry
measurements.

Propidium iodide (PI) cellular delivery

HeLa cells were seeded on 8-well confocal plates at a density of 5*10* cells/well. After 18 h, the cells
were preincubated with a micellar solution of CPK4 and CPE4 (10 uM, 200 pL) for 1-2 h. After the
removal of the medium and washing 3 times with PBS, the medium containing dimers PK4, NK4,
and CK4 was added (5 uM, 200 pL) and incubated for 15 minutes, and the cells were washed 3 times
with PBS before NBD-PE labeled CPE4-liposomes containing PI were added and incubated for 15
min. Next, the cells were washed 3 times with PBS, supplemented with the phenol-red-free medium,
and cultured another 30 min before confocal imaging.

Doxorubicin uptake experiment

To test the delivery of liposomal doxorubicin (DOX) with different dimers, HeLa cells were seeded
on 8-well confocal plates at a density of 5%10* cells/well the day before the experiment. After 18 h,
HeLa cells were preincubated with a medium containing CPK4, and CPE4 for 1-2 h (10 uM, 200 pL),
and subsequently exposed to the medium containing PK4, NK4, or CK4 dimer (5 pM, 200 pL) and
incubated for 15 min. After removal of the medium and 3 times washing with PBS, CPE4 decorated
liposomes encapsulating DOX were added and incubated for another 15 min. Cells were washed 3
times and supplemented with phenol-red-free medium and cultured another 30 min before confocal
imaging. Quantification of DOX uptake followed a similar procedure in which cells were seeded in
96-well plates at the density of 2*10* cells/well, then followed the same treatment of peptides and
CPE4-liposomes encapsulated DOX (CPE4-Liposome-DOX) before flow cytometry measurements.

DOX uptake efficiency after endocytosis inhibitors incubation

To test the cellular uptake pathway of liposomal doxorubicin (DOX) delivery of PK4, HeLa cells
were seeded on a 96-well plate at the density of 2*10* cells/well the day before the experiment. After
18 h, HeLa cells were preincubated with CPE4 (10 uM, 100 pL) for 2 h, and subsequently exposed
to different endocytosis inhibitors: nocodazole (40 pM), wortmannin (0.25 uM), dynasore (80 uM),
pitstop2 (20 uM), genistein (200 uM), methyl-B-cyclodextrin (MBCD, 10 mM) sodium azide (0.1%
w/v) in DMEM medium (100 pL) together with fresh CPE4 for 2 h. The medium was removed and
replaced by a medium containing PK4 dimer (5 uM, 100 pL) and incubated for 15 min. After the
removal of the medium and 3 times washing with PBS, CPE4 decorated liposomes containing DOX
were added and incubated for another 15 min (200 pM, 100 pL). Cells were washed 3 times and
incubated for 30 min and analyzed by flow cytometry. The 4 °C treatment was carried out by putting
the cells into the fridge and then following the same procedure as above. The uptake mechanism of
cells without CPE4 pretreatment was carried out the same way by using CPE4 modified liposomes
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without DOX encapsulation.

For comparison, NBD-labeled cationic DOTAP liposomes (DOTAP: DOPC, 1:1, 1 mol% PE-NBD)
were used to study the cellular uptake efficiency in the presence of endocytosis inhibitors. Cells were
pretreated with different endocytosis inhibitors for 2 h, after removal of the medium DOTAP
liposomes (200 uM, 100 uL) were added and cultured for 2 h, then analyzed by flow cytometry.

Cell viability measurements

The cytotoxicity of the peptides and liposomes in the absence of DOX was determined by a MTT
assay. HeLa cells were seeded on a 96-well plate at a density of 1.0%10* cells/well, HeLa cells were
incubated with a medium containing CPK4, CPE4 (10 uM, 100 pL) for 2 h. After the removal of the
medium and 3 times washing with PBS, different dimers PK4, NK4, and CK4 (5 uM, 100 uL) were
added to the cells and incubated for 15 min, then cells were washed 3 times (PBS), and treated with
a series of diluted CPE4 decorated liposomes without DOX encapsulation for 2h, the concentration
of liposomes ranged from 500 uM to 0. 01 puM (500 uM, 300 uM, 150 uM, 75 uM, 30 uM, 15 pM,
7.5 uM, 3 uM, 1.5 uM, 0.75 uM, 0.3 uM, 0.15 pM, 0.05 pM, 0.01 uM). Next, the medium was
removed from the wells, and cells were incubated in a fresh medium for another 36 h. After that, the
MTT reagent was added to cells (final concentration is 0.5 mg/mL) and incubated for 4 h. Next, 50
uL. medium was removed and 100 uL of DMSO was added to solubilize the purple formazan crystals
and the spectrophotometric absorbance of the samples was measured using a microplate reader (Tecan
Infinite M1000). The absorbance at 570 nm was measured with a reference wavelength at 650 nm.
HeLa cells without any treatment were set at 100% cell survival.

For the cell viability assay after DOX delivery, HeLa cells were seeded on a 96-well plate at a density
of 1.0*10* cells/well, then incubated with a medium containing CPK4, CPE4 (10 uM, 100 uL) for 2
h. After the removal of the medium and 3 times washing with PBS, different dimers PK4, NK4, and
CK4 (5 uM, 100 pL) were added to the cells and incubated for 15 min. Then cells were treated with
a series of diluted CPE4 decorated liposomes loaded with DOX; the final concentration of DOX in
the liposomes ranged from 100 uM to 0.01 uM (100 uM, 50 pM, 25 uM, 10 uM, 5 uM, 2.5 uM, 1
uM, 0.5 uM, 0.25 uM, 0.1 pM, 0.05 puM, 0.01 uM). After 2 h, all the medium was removed from the
wells, and cells were incubated in a fresh medium for 36 h before the MTT assay.

Statistical analysis

All experiments were performed at least in triplicate (n=3) unless specified otherwise, and the
significance was determined using an unpaired student t-test or two-way ANOVA analysis (Graphpad
Prism). (****P <0.0001; ***P <0.001; **P <0.01; *P <0.05)
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SI scheme 1. (a) Synthetic route of K4-dimers, (a) PK4, (b) NK4, and (c¢) CK4.

Table S1. Sequences of peptides used in this work

Peptides Sequences
ef gabcdef gabcdef gabcdef gabcdef ga

K4 KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
E4 EIAALEK EIAALEK EIAALEK EIAALEK GW-NH,
Fluo-K4 Fluo-GG KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
Fluo-E4 Fluo-GG EIAALEK EIAALEK EIAALEK EIAALEK GW-NH,
K4-Cys14 KIAALKE KIAALKC KIAALKE KIAALKE -NH,
K4GW-Cys14 KIAALKE KIAALKC KIAALKE KIAALKE GW-NH,
CG-K4 CG KIAALKE KIAALKE KIAALKE KIAALKE -NH,
CG-K4GW CG KIAALKE KIAALKE KIAALKE KIAALKE GW-NH,
K4-GC KIAALKE KIAALKE KIAALKE KIAALKE GC-NH,
WG-K4GC WG KIAALKE KIAALKE KIAALKE KIAALKE GC-NH,
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Table S2. Theoretical and observed mass of peptides using LC-MS

Peptide Mass(calculated)/Da Mass(Found)/Da
[M+5H]>* 1268.2 1267.5
PKd [M+4H]* 1585.0 1584.3
[M+3H]*" 2113.0 2113.0
[M+5H]>* 1342.4 1341.8
NK4 [M+4H]*" 1677.8 1677.2
[M+3H]** 2236.7 2237.5
[M+5H]>* 1342.4 1341.8
CK4 [M+4H]* 1677.8 1677.9
[M+3H]** 2236.7 2237.5
Fluo-E4 [M+3H]3* 1252.7 1250.6
[M+2H]?* 1878.5 1876.0
Fluo-K4 [M+3H]?* 1251.2 1249.3
[M+2H]?* 1876.5 1874.0
CPK4 [M+3H]3* 1246.2 1244.3
[M+2H]?* 1869.4 1866.4
CPE4 [M+3H]>" 1247.8 1245.4
[M+2H]*" 1871.2 1868.8
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Table S3. Normalized mean residue molar ellipticity and percentage helicity of peptides

Peptide [0] / deg cm? dmol! Helicity (%)?
K4 -29894.2 89
E4 -25063.8 80
PK4 -8550.3 25
NK4 -34322.4 92
CK4 -39613.2 105
PK4+E4 -34330.3 90
NK4+E4 -31438.4 83
CK4+E4 -35300.8 92

2 The percentage of a-helicity was calculated using the equation in section of experimental 3. The percentage of
helicity of the peptides (Frelix) can be calculated by equation: Freiix =100% ([0]222 - [0]0) / ([0]max - [0]0), [0]222
represents the mean residue molar ellipticity of peptide at 222 nm, [0]o is the mean residue ellipticity of the peptide

when the peptide is in an entirely random coil conformation, [0]max is the maximum theoretical mean residue

ellipticity.

Table S4. Characterization of liposomes used in this study

Liposomes Size(nm) PDI Zeta-potential(mV)
Liposome-NBD 121.0£3.9  0.168+0.042  -3.23+2.31
CPE4-liposome-NBD 96.7+5.2 0.129+0.023 -4.23+2.56
Liposome-NBD-PI 151.1£7.2  0.150+0.035 -4.87+1.23
CPE4-liposome-NBD-PI 157.245.8  0.105+0.021 -5.23+£2.06
Liposome-NBD-Dox 146.2+4.8 0.116+£0.034 -5.35+£3.27
CPE4-liposome-NBD-Dox 171.6+2.8 0.093+£0.043 -3.67+£2.23
DOTAP-liposome-NBD 1542432  0.126+£0.027 54.23+3.73
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SI Figure 4. (a) Confocal images of DOX uptake of K4 monomer and dimers in HeLa cells of control groups. (b)
Quantification of internalized DOX intensity of K4 monomer and dimers of all groups. Red: PI; BF: bright field;
scale bar is 30 pum. Unpaired student t-test was used to determine the significance of data comparisons
(*¥***P <0.0001; ***P <0.001; **P <0.01; *P <0.05). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 5. (a) Quantification of uptake efficiency of the cationic liposome DOTAP (DOTAP: DOPC=1:1, 1 mol%
NBD-PE) with endocytosis inhibitors in HeLa cells. (b) Quantification of uptake efficiency of PK4 dimer with
endocytosis inhibitors in HeLa calls without CPE4 pretreatment. (¢) Cell viability of liposomes without DOX
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Chapter 4

Efficient mRNA Delivery to Cardiomyocytes in vitro Using Fusogenic LNPs
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Abstract

Heart failure usually results from the loss of billions of specialized cardiac muscle cells known
as cardiomyocytes (CMs), in a process induced by myocardial infarction (MI). To minimize health
issues relating to the loss of cardiomyocytes, cardiac tissue repair is essential. However, optimizing
cardiac tissue repair is difficult. This process could be improved by transient mRNA expression that
regulates the behavior and fate of progenitor cells, thus a robust mRNA therapy could result in the
regeneration of lost myocardium. Cardiomyocytes derived from induced pluripotent stem cells (iPSC-
CMs) represent the best cell source for cardiac regeneration but require efficient mRNA delivery. To
date, lipid nanoparticles (LNPs) represent the most efficient mRNA delivery platform. However, the
transfection efficiency of LNPs is still hampered by endosomal entrapment after endocytosis by the
cells. Enhanced mRNA transfection efficiency has been achieved by the introduction of fusogenic
coiled-coil peptides into LNPs. Here, we modified LNPs with the coiled-coil peptide CPE4, while
iPSC-CMs were pretreated with the complementary coiled-coil peptide CPK4, and we achieved
improved mRNA transfection efficiency. Different incubation methods of coiled-coil peptide-
modified LNPs were compared, and it was shown that the 1-step incubation protocol achieved a
higher mRNA transfection efficiency. mRNA transfection enhancement of iPSC-CMs using this 1-
step incubation protocol was independent of the LNP lipid composition. This study shows that the
modification of LNPs with fusogenic coiled-coil peptides significantly improved mRNA expression
in iPSC-CMs and holds great promise for future heart regenerative therapies.
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Introduction

Heart failure is a leading cause of morbidity and mortality worldwide.! In Europe alone, more than
3.5 million people are diagnosed with heart failure every year; 50% of these will die within 4 years.>
3 Moreover, due to aging and improved survival after myocardial infarction (MI), the incidence and
prevalence of heart failure is increasing. To date, there is no cure, and treatment options are limited
to drug therapies and a limited number of heart transplantations. One of the main causes leading to
heart failure is the massive loss of cardiomyocytes (i.e. heart muscle cells) as a result of acute or
chronic ischemia. Because the adult mammalian heart has limited capacity for regeneration after MI,*
this loss of cardiomyocytes is considered to be irreversible, eventually leading to a loss of pump
function and heart failure. Existing medical and device-based therapies can ameliorate the effects of
heart failure but cannot regenerate the loss of functional myocardium.®> Endogenous replenishment of
cardiomyocytes is insufficient to repair the myocardial injury after M1, thus efficient delivery systems
can deliver DNA, RNA, or proteins with specific functions to induce cardiac repair and ultimately
facilitate regeneration of cardiomyocytes to rescue the ischemic myocardium are needed.®

Primary cardiomyocytes are difficult to isolate and have a short lifespan, thus many techniques have
been adopted to obtain reliable sources of human cardiomyocytes, including bone marrow-derived,
embryonic stem cells (ESCs), and induced pluripotent stem cells (iPSCs).” ® iPSC-derived
cardiomyocytes (IPSC-CMs) are the most promising cell source for cardiac repair research, as they
can proliferate indefinitely and differentiate into cardiac lineages, including cardiomyocytes, smooth
muscle cells, endothelial cells, and cardiac progenitors.”!! iPSC-CMs mimic primary cardiac cell
functional performance by expressing the correct electrical and physiological properties of the
developing heart, which makes iPSCs an advantageous candidate for preclinical drug screening and
cardiac research about signaling pathways that underpin myocardial development.® 1% 13

Cardiac-specific protein expression, such as Yes-associated protein (YAP), VEGF, and angiopoietin-
1 (Angl), in adult mice could drive cardiomyocyte proliferation and improve cardiac function after
ML!*! The cardiac-specific protein expression needs to be tightly controlled, since continuous
expression may lead to uncontrolled cardiac repair.!” Fortunately, messenger RNA (mRNA) activity
is temporary as a result of its natural degradation, allowing temporal control over protein expression
to stimulate regeneration while avoiding uncontrolled long-term growth. mRNA therapeutics have
shown the ability to induce vascular regeneration after myocardial infarction in vitro and in vivo.'®
2022 However, the major challenge remaining is the delivery of relevant therapeutic doses of mRNA
to cardiomyocytes in vivo. For efficient functional cytosolic delivery to, and release within, target
cells these highly charged, immunogenic, and membrane-impermeable mRNA molecules require the
use of delivery systems.?*2* To this end, lipid nanoparticles (LNPs) serve as the state-of-the-art vector
that can package, protect and release RNA molecules inside cells.>> LNPs have realized the translation
of RNA therapeutics to the clinic, highlighted by the successful use of the LNP-siRNA (Onpattro®)
formulation for the treatment of polyneuropathies induced by hereditary transthyretin amyloidosis
and the FDA approval of two Covid-19 LNP-mRNA vaccine formulations in 2020 that were
optimized for mRNA delivery.>>*’ To achieve efficient transfection, disruption of the LNP structure
and the endosomal membrane is crucial for sufficient RNA delivery into the cytoplasm.’* However,
in this process the majority (>98%) of RNA molecules delivered with LNP systems remain trapped
inside the endo/lysosome, leading to degradation or efflux out of the cell.?!:3? Thus there is room to
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improve the therapeutic efficacy of mRNA therapies if cytoplasm delivery could be enhanced.

Fusion of lipid membranes occurs in many biological processes, including organelle inheritance in
cell growth and division, chemical synaptic transmission in the nervous system, and the modulation
of synaptic strength in memory and learning evolvement.>* These fusion events are controlled by
complementary specialized SNARE protein subunits, which form so-called coiled-coil complexes
driving the docking of transport vesicles to the target plasma membrane resulting in membrane fusion
and cargo delivery (e.g. in neuronal exocytosis).** Coiled-coil induced membrane fusion independent
of endocytosis could be beneficial to facilitate endo/lysosome escape and boost the transfection
efficiency of mRNA in cells.

In Chapter 2 we modified LNPs encapsulating mRNA with a heterodimeric coiled-coil peptide
(denoted E4/K4) which induced prompt and highly efficient transfection and in this chapter mRNA
delivery to iPSC-cardiomyocytes was studied. The Onpattro LNP formulation was modified with
lipopeptide CPE4 (denoted as MC3-CPE4) and enhanced transfection of genetic cargo was observed
following a 1-step incubation protocol of cells with a mixture of MC3-CPE4 and the complimentary
lipopeptide CPK4. When this approach was used with the Covid-19 vaccine LNP-mRNA
formulations, significantly enhanced mRNA expression was also obtained. In this study we apply
coiled-coil peptide modified LNPs to transfect iPSC-CMs, resulting in a significant improvement of
transfection (Scheme 1). These findings hold great promise for further in vivo research toward the
development of efficient cardiomyocytes transfection and stimulation of cardiac repair and ultimately
regeneration to rescue the ischemic myocardium.

AAARRAA~ -+ ;
CPK4 R
LNP-CPE4

1-step incubation

iPSC-caimyocytes
expressing GFP

Scheme 1. Schematic representation of fusogenic coiled-coil peptide modified lipid nanoparticles (LNPs) that
induce efficient mRNA delivery within iPSC-cardiomyocytes using different delivery protocols.

Results and discussion

LNP design, formulation, and characterization
The clinically approved LNP formulation Onpattro (short name MC3) was designed for potent
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silencing of protein expression in cells by delivering siRNA (Fig. 1a-b).>> 3® Two other LNP
formulations with ionizable lipids either ALC0315 or SM102 were also studied (SI Fig. 1a). In this
study, lipopeptide CPE4 (1 mol%) was added to the LNP formulations, resulting in CPE4-modified
LNPs (Fig. 1b, SI Fig. 1b). After encapsulating EGFP-mRNA, the hydrodynamic diameter,
polydispersities (PDI), zeta potential, and mRNA encapsulation efficiency of these LNPs was not
changed by the addition of lipopeptide CPE4 (Fig. 1¢, SI Fig. 1b). This showed that various clinically
approved LNP formulations can be modified with lipidated coiled-coil peptides without altering the
physicochemical characteristics.

In chapter 2 we showed that coiled-coil peptide modification of LNPs significantly improved the
transfection efficiency in many cell lines in vitro. Here we studied whether these fusogenic peptides
could be used to transfect cardiomyocytes. For in vivo applications, the intramyocardial injection
volume of mice is very small (10 puL) requiring a high concentration of LNPs to obtain a sufficient
mRNA dose. Dynamic light scattering measurements (DLS) revealed that the observed hydrodynamic
diameter of the MC3-CPE4 was independent of concentration (Fig. 1d).
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Figure 1. Design and characterization of LNPs carrying EGFP-mRNA. (a) Structures of lipids used for the
preparation of MC3-LNPs. (b) Lipid composition of LNPs. (¢) Characterization of LNPs. (d) Hydrodynamic
diameter of MC3-CPE4 as an indication for concentration and dilution. (e¢) Hydrodynamic diameter changes over
time after mixing MC3-CPE4 with CPK4. (f) Hydrodynamic diameter changes over time of the mixture of MC3-
CPE4 and CPK4 after 10% FCS addition. The nanoparticle diameter and PDI were monitored by DLS (mean + s.d.,
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n = 3). (g) Representative cryo-EM images of coiled-coil peptide modified MC3-CPE4 before and after mixing with
the complimentary peptide. Scale bar is 50 nm. (h) Fluorescence intensity changes of fluorescein-labeled K4 peptide
after addition to LNPs.

Nanoparticle characterizations of the 1-step incubation approach

Initially, we used a 2-step incubation protocol to deliver mRNA to cells, which requires the
pretreatment of target cells before complementary LNPs are added. Cardiac mRNA delivery is usually
achieved by direct intramyocardial injection of mRNA formulations in an open-chest surgery, and a
shorter time of surgery will be beneficial for mouse survival.?’ Therefore a 1-step incubation protocol
would be favorable. For this, we evaluated whether a 1-step incubation protocol was able to
successfully transfect cells by premixing MC3-CPE4 and the complementary peptide CPK4 before
mixing with cells. The hydrodynamic diameter change of this mixture was monitored by DLS as a
function of time. After 2.5 h a slight increase in size was observed (Fig. 1e). Still, the overall diameter
remained rather stable for a prolonged period of time and no massive aggregation was observed,
which suggests that premixing does not negatively impact the colloidal stability of LNPs enabling a
1-step incubation protocol in future in vivo studies.

Next, the stability of the mixture MC3-CPE4 and CPK4 in the presence of 10% fetal calf serum (FCS)
was studied. Again, no obvious size increase was observed (Fig. 1f). Cryogenic electron
microscopy (cryo-EM) was applied to observe the morphology of MC3-CPE4 before and after mixing
with the complimentary peptide CPK4 (Fig. 1g). No apparent changes in structure or aggregation was
observed. Both amorphous and lamellar core structures of MC3-CPE4 were still present, whereas the
core structure contained a mixture of amorphous, unilamellar, and polymorphic structures, as has
been previously reported for mRNA containing LNPs 373

LNP formulations consist of PEG chains (PEG2K), and mRNA delivery induced by coiled-coil
peptide modified LNPs requires both coiled-coil peptides to be accessible, therefore to study whether
CPE4 located on the surface of LNPs is still accessible to CPK4 even though the PEG chains are
longer than the peptides, a fluorescence assay was used. Fluorescence intensity changes were
monitored as an indication of binding affinity between peptides E and K after adding fluorescein-
labeled K4 peptide (F-K4) to LNPs (Fig. 1h). Free F-K4 peptide served as a control, exhibiting 100%
fluorescence intensity. As expected, when F-K4 was added to MC3, the fluorescence intensity was
similar to free F-K4, demonstrating that free F-K4 failed to interact with the unmodified LNPs in the
absence of CPE4. In contrast, when F-K4 was added to MC3-CPE4, the fluorescence intensity
showed a significant reduction to 40%, indicating that F-K4 successfully binds to CPE4 at the LNP
surface. When F-K4 was added to the mixture of MC3-CPE4 and CPK4, the fluorescence intensity
was 96%, close to free F-K4, revealing that all CPE4 were already occupied by CPK4 via coiled-coil
formation. This assay thus confirmed that the peptides are able to form coiled coils, even though the
peptides are most likely buried in a PEG brush at the surface of LNPs.
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Figure 2. Transfection efficiency evaluation of different incubation protocols with HeLa cells. (a) Confocal
microscopy images of mRNA transfection following different incubation protocols. 2-step incubation: cells were
pretreated with CPK4 (10 uM, 200 pL) for 2 h, then the medium was removed and MC3-CPE4 was added (1 pg/mL,
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200 pL) and incubated for 24 h before imaging. 1-step incubation: medium containing CPK4 and MC3-CPE4 (1
pg/mL, 200 pL, final concentration of CPK4:CPE4=1:1) was added to the cells and incubated for 24 h before
imaging. GFP: green fluorescent protein; BF: bright field; scale bar is 20 um. (b) Flow cytometry measurements of
GFP expression intensity (GFP MFI) of the two protocols. MFI of the 1-step incubation was normalized to the 2-
step incubation. Unpaired student t-test was used to determine the significance of data comparisons (****, P <
0.0001, *** P < 0.001, ** P <0.01, *, P <0.05, ns, no significant difference). In all panels, error bars represent
s.d. (n=3). (c) Transfection efficiency of CPK4:CPE4 ratio optimization following the 1-step incubation protocol.
All LNPs were formulated using MC3 lipids and encapsulated with EGFP-mRNA. The EGFP-mRNA concentration
encapsulated in MC3-CPE4 was 1 pg/mL.

Transfection performance of different incubation protocols

Next, we compared the transfection efficiencies between the 1-step and the 2-step incubation
protocols as the former will be beneficial for future in vivo studies. Surprisingly, the 1-step incubation
induced the strongest GFP expression (Fig. 2a). Flow cytometry analysis confirmed that the 1-step
incubation indeed resulted in a higher mRNA transfection efficiency compared to the 2-step
incubation, the former resulting in a 3-fold stronger GFP expression level (Fig. 2b). This experiment
demonstrated that the 1-step incubation protocol is efficient and enables the future use in in vivo
studies.

Next, we optimized the CPK4:CPE4 ratio for the 1-step incubation protocol. The mRNA
concentration of MC3-CPE4 was kept constant while CPK4 and MC3-CPE4 were used at different
final ratios. The highest GFP expression was obtained when an equimolar ratio of CPK4:CPE4 was
used (Fig. 2¢). In summary, the 1-step incubation protocol is a viable delivery approach, and the 1:1
ratio of CPK4:CPE4 is the most optimal ratio to achieve maximal transfection efficiency
enhancement.
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Figure 3. Transfection efficiency using fusogenic coiled-coil modified LNPs is independent of lipid
composition. (a-b) The GFP expression fluorescence intensity (GFP MFI) of LNPs after encapsulating EGFP-
mRNA (1 pg/mL, 24 h) within HeLa and Jurkat cells using ALC0315 from Pfizer/BioNTech Covid-19 LNP-mRNA
formulation following the 1-step incubation protocol and incubating for 24 h. (¢-d) The GFP expression fluorescence
intensity (GFP MFI) of LNPs after encapsulating EGFP-mRNA (1 pg/mL, 24 h) within HeLa and Jurkat cells using
SM102 from Moderna Covid-19 LNP-mRNA formulation following the 1-step incubation protocol and incubating
for 24 h. Unpaired student t-test was used to determine the significance of data comparisons (**** P <0.0001, ***,
P <0.001, **, P<0.01, *, P <0.05, ns, no significant difference). In all panels, error bars represent mean + s.d.
(n=3).

Transfection performance with other ionizable lipids

LNP formulations contain ionizable lipids that condense the genetic cargo and once inside the cell
will influence the endosomal escape affecting the transfection performance.*”*° Coiled-coil peptide
modified LNPs using MC3 as the ionizable lipid showed enhanced mRNA transfection. Now we
wondered whether this enhancement of transfection efficiency could be achieved using other
ionizable lipids (i.e. ALC0315 and SM102 from two Covid-19 LNP-mRNA vaccine formulations).
28 Improved GFP expression was again observed with the introduction of coiled-coil peptides to these
LNP formulations when using the 1-step incubation protocol (Fig. 3a-d). Thus enhanced mRNA
transfection was not only observed in the Onpattro LNP formulation but also in other clinically
approved LNPs when using the fusogenic coiled-coil peptides.
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Figure 4. Transfection efficiency of the fusogenic coiled-coil modified LNPs using MC3 in iPSC-CMs in vitro.
(a) The GFP expression fluorescence intensity (GFP MFI) of LNPs with iPSC-CMs was monitored by flow
cytometry. (b) The GFP expression intensity normalized to MC3 (2-step incubation, 2 h). 2-step 2h: iPSC-CMs
were pretreated with CPK4 (10 uM, 100 pL, 2 h), followed by incubation of MC3-CPE4 (2 pg/mL, 100 pL) for 2
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h, the supernatant was removed and cells were cultured for another 24 h before flow cytometry measurements. 1-
step 2h incubation: a medium containing CPK4 and MC3-CPE4 (2 pg/mL, 100 pL, the final ratio of
CPK4:CPE4=1:1) was added to the iPSC-CMs and incubated for 2 h, then the medium was removed and cells were
cultured for another 24 h before flow cytometry measurements. For the 2-step 24h and 1-step 24h groups: iPSC-
CMs were incubated with LNPs for 24 h before measuring, all other steps in the protocol remained the same. All
LNPs were formulated using ionizable lipids MC3 and encapsulated with EGFP-mRNA. Unpaired student t-test
was used to determine the significance of data comparisons (¥***, P <0.0001, *** P <0.001, **, P<0.01, *, P<

0.05, ns, no significant difference). In all panels, error bars represent s.d. (n=3).

Transfection efficiency in iPSC-CMs

Human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) can produce relevant
proteins found in adult human CMs, spontaneously contract, proliferate limitlessly, and differentiate
into several cell types, therefore, they are often used for customized genome editing, cardiovascular
disease modeling, and high-throughput drug screening.*!* **> Here, we applied coiled-coil peptide
modified MC3-LNPs to evaluate the in vitro transfection performance in iPSC-CMs and compared
the transfection efficiency of different incubation protocols (2-step incubation vs 1-step incubation)
and time (2 vs 24h). As expected, the introduction of fusogenic coiled-coil peptides to the LNPs
induced highly efficient GFP transfection of iPSC-CM:s for both incubation times. These transfection
efficiencies were superior to unmodified LNPs and to the commercial transfection reagent
Lipofectamine 3K (Fig. 4a). In line with previous experiments, the 1-step incubation protocol
achieved better transfection performance than the 2-step incubation protocol, and increasing the
incubation time from 2 to 24 h enhanced GFP expression.

Fusogenic coiled-coil peptides did significantly increase the transfection of iPSC-CMs; with up to a
19-fold increase when using the 1-step incubation protocol for 24 h (Fig. 4b), which is a significant
transfection enhancement as compared to state-of-the-art LNPs.

Confocal microscopy imaging was applied to visualize GFP expression in iPSC-CMs following the
1-step incubation protocol. Intense GFP fluorescence was uniform in the majority of iPSC-CMs when
fusogenic coiled-coil peptide modified LNPs were used to deliver mRNA, independent of incubation
time. In contrast, weak GFP fluorescence was observed when unmodified LNPs were used to transfect
the cells with mRNA (Fig. Sa-b). In summary, the use of fusogenic coiled-coil peptides to modify
LNPs greatly enhanced the transfection of iPSC-CMs in vitro, holding great promise for
cardiomyocyte transfection in vivo.
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Figure 5. (a-b) Confocal images of the EGFP-mRNA transfection of LNPs following the 1-step incubation
protocol. 1-step 2h incubation: a medium containing CPK4 and MC3-CPE4 (2 pg/mL, 500 pL, the final ratio of
CPK4:CPE4=1:1) was added to the iPSC-CMs and incubated for 2 h, then the medium was removed and cells were
cultured for another 24 h before imaging. 1-step 24h incubation: a medium containing CPK4 and MC3-CPE4 (2
pg/mL, 500 pL, the final ratio of CPK4:CPE4=1:1) was added to the iPSC-CMs and incubated for 24 h before
imaging. All LNPs were formulated using MC3 ionizable lipids and encapsulated with EGFP-mRNA. Blue: DAPI;
green: GFP, green fluorescent protein; scale bar is 50 pm.
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Transfection efficiency evaluation on iPSC-CMs of LNPs using other ionizable lipids

The transfection performance of coiled-coil peptide modified LNPs in iPSC-CMs using ALC0315
and SM102 lipids was also evaluated using the 1-step incubation protocol. Flow cytometry analysis
showed that all coiled-coil peptide modified LNPs greatly facilitated the cellular uptake of LNPs
composing the ionizable lipids MC3, ALC0315, and SM102 (Fig. 6a). Consistent with the cellular
uptake efficiency, the introduction of fusogenic coiled-coil peptides to LNPs produced significantly
improved GFP expression compared to three naked LNPs (Fig. 6b). This further proved that enhanced
mRNA transfection performance in iPSC-CMs could be achieved by various LNP formulations after
the introduction of fusogenic coiled-coil peptides.
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Figure 6. Transfection efficiency in iPSC-CMs of the coiled-coil modified LNPs using other ionizable lipids.

(a) The cellular uptake efficiency of LNPs in iPSC-CMs using the 1-step incubation protocol and incubating for 24

h was measured by quantifying DiD fluorescence. 0.5 mol% of DiD was added to the lipids as a. (b) The GFP

expression fluorescence intensity (GFP MFI) of LNPs with iPSC-CMs was measured by flow cytometry using the

1-step incubation protocol and incubating for 24 h. MC3 was used in the Onpattro LNP-siRNA formulation;
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ALCO0315 was used in the Pfizer/BioNTech Covid-19 LNP-mRNA vaccine formulation; SM102 was used in the
Moderna Covid-19 LNP-mRNA vaccine formulation. All LNPs were encapsulated with EGFP-mRNA. Statistical
significance was calculated by an unpaired student t-test on the 1 pg/mL data. (**** P < 0.0001, *** P < 0.001,
** P<0.01, *, P<0.05, ns, no significant difference) In all panels, error bars represent mean + s.d. (n=3).

Conclusions

Enhanced mRNA delivery into hard to transfect iPSC-CMs can be obtained by the introduction of
fusogenic coiled coil peptides into state-of-the-art LNP formulations. In this study MC3-LNPs were
modified with 1 mol% CPE4 lipopeptide, and cells were pretreated with the complementary
lipopeptide CPK4. mRNA delivery was optimized by premixing CPK4 and MC3-CPE4 before adding
this mixture to cells and this 1-step incubation protocol is compatible with future in vivo applications.
Modification of LNPs with these lipopeptides did not change the physicochemical properties of these
mRNA-containing nanoparticles. We also evaluated two Covid-19 LNP-mRNA vaccine formulations,
which also showed enhanced transfection using the 1-step incubation protocol. The in vitro mRNA
delivery in iPSC-CMs proved that the introduction of coiled-coil peptides into different LNP
formulations greatly boosted mRNA transfection efficiency compared to LNPs without modification,
resulting in higher GFP expression when encapsulating EGFP-mRNA. In summary, the introduction
of fusogenic coiled-coil peptides to LNPs could potentially lead to the enhanced mRNA delivery in
future in vivo cardiomyocyte research, which holds great promise for the development of a
myocardium regenerative therapy after injury to prevent or treat heart failure by carrying a functional
mRNA.
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Methods

Chemicals and materials

Lipopeptides CPE4 and CPK4 were synthesized as described in Chapter 2 (SI Fig. 1a). 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 (DMG-PEG2K) were purchased from Avanti Polar Lipids, DLin-MC3-DMA was purchased
from Biorbyt company (Cambridge, England), cholesterol was purchased from Sigma-Aldrich.
Triton™ X-100 was purchased from Acros Organics. 100k MWCO centrifugal filters (Amicon®
Ultra, Merck) were purchased from Sigma. 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine
(DiD), QuantiT™ RiboGreen® RNA Assay Kit was purchased from Life Technologies. Clean cap
EGFP-mRNA was purchased from Trilink biotechnology. The ionizable lipids ALC0315 and SM102
were synthesized according to the literature (SI Fig. 1a).3% %

HeLa and Jurkat cell lines purchased from ATCC were cultured according to ATCC guidelines. The
DMEM and RPMI-1640 growth medium (Sigma Aldrich) containing sodium bicarbonate, without
sodium pyruvate and HEPES, was supplemented with 10% fetal bovine serum (Sigma), 1% L-
glutamine (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific), at
37 °C in the presence of 5% CO». HeLa was cultured with DMEM medium, Jurkat was cultured with
RPMI-1640 medium. iPSC-CMs were cultured with RPMI/B27 medium (Thermo Fisher Scientific).
Maturation media of iPSC-CMs was composed of DMEM without glucose (Thermo Fisher Scientific)
supplemented with 3 mM glucose (Sigma Aldrich), 10 mM L-lactate (Sigma Aldrich), 5 mg/ml
Vitamin B12 (Sigma Aldrich), 0.82 mM Biotin (Sigma Aldrich), 5 mM Creatine monohydrate (Sigma
Aldrich), 2 mM Taurine (Sigma Aldrich), 2mM L-carnitine (Sigma Aldrich), 0.5 mM Ascorbic acid
(Sigma Aldrich), 1x NEAA (Thermo Fisher Scientific), 0.5 % (w/v) Albumax (Thermo Fisher
Scientific), 1x B27 and 1% KOSR (Thermo Fisher Scientific).

Lipid nanoparticle formulation and characterization

Stock solutions of lipids and lipopeptides in chloroform:methanol (1:1, v/v) were mixed in a vial at
the desired molar ratios, the solvents were evaporated under a nitrogen flow and residual solvent was
removed in vacuo for at least 30 minutes. The lipid film was dissolved in absolute ethanol and used
for the assembly ([total lipid] = 1 umol, N/P=16). EGFP-mRNA was diluted in 50 mM RNase free
citrate buffer (pH = 4). The solutions were loaded into two separate syringes and connected to a T-
junction microfluidic mixer. The solutions were mixed in a 3:1 flow ratio of nucleic acid against lipids
(1.5 mL/min for mRNA solution, 0.5 mL/min for lipids solution). After mixing, the solution was
directly loaded into a 20 kDa MWCO dialysis cassette (Slide-A-Lyzer™, Thermo Scientific) and
dialyzed against 1X PBS overnight. mRNA encapsulation efficiency and mRNA concentrations were
determined by a Quant-iT™ RiboGreen™ RNA Assay Kit.

All LNPs encapsulating EGFP-mRNA for transfection evaluation in HeLa, Jurkat, and iPSC-CMs
cells were made in the same way. 0.5 mol% DiD was added to the lipids to prepare DiD-labeled LNPs
for the quantification of LNP uptake on iPSC-CMs.

The hydrodynamic diameter, polydispersities, and zeta potentials of LNPs were measured using a
Malvern zetasizer Nano ZS (DLS, Malvern).
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MC3-CPE4 were concentrated using 100 kDa MWCO centrifugal filters, centrifuged at 4°C, 5000
RCF for 1-2 h. Adjustment and dilution of LNPs were done with 1X PBS. The hydrodynamic
diameter changes over time after premixing CPK4 and MC3-CPE4 were monitored by the DLS
measurements with the ratio of CPK4:CPE4=1:1. The serum stability was tested by measuring the
hydrodynamic diameter changes of the mixture of CPK4 and MC3-CPE4 (CPK4:CPE4=1:1) after
adding 10% FCS.

The morphology of LNPs was analyzed by cryogenic transmission electron microscopy (cryo-EM).
Vitrification of concentrated (~10 mM) LNPs was performed using a Leica EM GP operating at 21 °C
and 95% room humidity (RH). Sample suspensions were placed on glow discharged 100 um lacey
carbon films supported by 200 mesh copper grids (Electron Microscopy Sciences). Optimal results
were achieved using a 60-second pre-blot and a 1-second blot time. After vitrification, sample grids
were maintained below -170 °C, and imaging was performed on a Tecnai T12 (ThermoFisher) with a
biotwin lens and LaB6 filament operating at 120 keV equipped with an Eagle 4Kx4K CCD camera
(ThermoFisher). Images were acquired at a nominal underfocus of -2 to -3 pum (49,000x
magnification) with an electron dose of ~2000 e/nm2. For cryo-EM imaging, CPK4 was added to the
MC3-CPE4 with the ratio of CPK4:CPE4=1:1, then incubated for 1 h before imaging.

For the coiled-coil peptide CPK4 binding assay, fluorescein-labeled K4 peptide was added to the
MC3-CPE4 (final ratio of CPK4:CPE4=1:1) and incubated at RT for 1-2 h, followed by centrifugation
(Amicon Ultra-0.5 Centrifugal Filter Unit, 5000 RCF, 30 min). The solution in the lower tube was
collected the and fluorescence intensity was quantified by Tecan plate reader (excitation wavelength:
480 nm; emission wavelength: 520 nm). The fluorescence intensity was normalized to free
fluorescein-K4.

Transfection of HeLa cells

HeLa cells were seeded in an 8-well confocal plate at a density of 5*10* cells/well. 2-step incubation
protocol: HeLa cells were pretreated with CPK4 (10 uM, 200 pL) for 2 h, then the medium was
removed and MC3-CPE4 (1 pg/mL, 200 pL) was added and incubated for 24 h before imaging. 1-
step incubation protocol: a medium containing CPK4 and MC3-CPE4 (EGFP-mRNA=1 pg/mL,
CPE4=2.5 uM, CPK4=2.5 uM, 200uL, the final ratio of CPK4:CPE4=1:1) was added to the cells and
incubated for 24 h before imaging. Flow cytometry measurements of the two incubation protocols
were carried out with cells seeded in 96-well plates at a density of 1*10* cells/well, then the same
incubation protocols were followed. The mean fluorescence intensity of GFP expression for the 1-
step incubation was normalized to the 2-step incubation.

To determine the optimal CPK4:CPE4 ratio for mRNA transfection, HeLa cells were seeded in a 96-
well plate at a density of 1*10* cells/well. The concentration of EGFP-mRNA added to cells was 1
png/mL. CPK4 and MC3-CPE4 with different final ratios of CPK4:CPE4 (CPK4:CPE4=8:1, 4:1, 3:1,
2:1, 1:1, 0.5:1, 0.2:1, 0.1:1) were added together to cells and incubated for 24 h before analysis by
flow cytometry.

For the transfection evaluation of LNP formulations composing other ionizable lipids ALC0315 and
SM102 using the 1-step incubation protocol, HeLa and Jurkat cells were seeded in a 96-well plate
with a density of 1*10* cells/well, then ALC0315, SM102 (EGFP-mRNA=1 pg/mL, 100 uL),
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ALCO0315-CPE4/CPK4, and SMI102-CPE4/CPK4 (EGFP-mRNA=1 pg/mL, 100 pL,
CPK4:CPE4=1:1) were added to the cells and incubated for 24 h before flow cytometry
measurements.

Transfection evaluation of iPSC-CMs

iPSC-CMs were seeded at the density of 1*10° cells/well in a 96-well plate for flow cytometry
measurements. 2-step incubation 2h protocol: iPSC-CMs cells were pretreated with CPK4 (10 uM,
100 uL) for 2 h, then the medium was removed and MC3-CPE4 (2 pg/mL, 100 puL) was incubated
for 2 h, the supernatant was removed and cells were cultured for another 24 h before flow cytometry
measurements. 1-step incubation 2h protocol: a medium containing CPK4 and LNPs (2 pg/mL, 100
uL, the final ratio of CPK4:CPE4=1:1) was added to the iPSC-CMs and incubated for 2 h, then the
medium was removed and cells were cultured for another 24 h before FACs measurements. 2-step
incubation-24h and 1-step incubation-24h: The same incubation protocols were followed but iPSC-
CMs were incubated with LNPs for 24 h before measuring. All LNPs were formulated using ionizable
lipids MC3 and encapsulated with EGFP-mRNA.

For confocal imaging, iPSC-CMs were seeded at the density of 5*10° cells/well in a 24-well confocal
plate. 1-step 2h incubation group: a medium containing CPK4 and MC3-CPE4 (2 pg/mL, 500 pL,
the final ratio of CPK4:CPE4=1:1) was added to the iPSC-CMs cells, incubated for 2 h, then the
supernatant was removed and refreshed with new medium and cells were cultured for another 24 h
before imaging. LNPs were incubated with iPSC-CMs for 24 h in the group of 1-step 24h incubation.

The transfection of iPSC-CMs of LNP formulations composing other ionizable lipids ALC0315 and
SM102 was carried out by following the 1-step incubation protocol. Cellular uptake efficiency was
measured by quantifying the DiD fluorescence of LNPs (0.5 mol% DiD was added to the lipids) by
flow cytometry measurements. The fluorescence intensity of GFP expression was measured to
compare the transfection efficiency.

Statistical analysis

All experiments were performed at least in triplicate (n=3) unless specified otherwise, and the
significance was determined using an unpaired student t-test (Graphpad Prism) for all comparisons.
sk P <0.0001, *** P <0.001, ** P <0.01, *, P<0.05, ns, no significant difference.
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Lipid compositions of LNPs (mol%).

ALC0315-CPE4 ALCO0315 SM102-CPE4 SM102
ALCO315 50 50 / /
SM102 / / 50 50
Cholesterol 37.5 38.5 375 38.5
DSPC 10 10 10 10
DMG-PEG2K 15 15 15 15
CPE4 1 / 1 /

Characterization of LNP formulations.

LNPs Hydrodynamic diameter (nm) PDI Zeta potential (mV) EE (%)
ALC0315-CPE4 98.5+2.3 0.154+0.05 -7.29%0.88 81.15+5.35
ALCO0315 86.6+3.8 0.132+0.024 -4.01+0.66 90.20+2.71
SM102-CPE4 116.2+1.4 0.134+0.05 -8.13+0.68 82.48+3.47
SM102 95,55+2.7 0.172+0.024 -5.361£0.61 89.54+2.35
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SI Figure 1 (a) Structures of CPE4, CPK4, and lipids ACL0315 and SM107 used for the preparation of LNPs. (b)
Lipids compositions of LNPs. (¢) Characterization of LNPs.
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Lipid nanoparticle-based mRNA candidates elicit potent T cell immune
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Abstract

The induction of a potent T cell response is essential for successful tumor immunotherapy and
protection against many infectious diseases. In the past few years, mRNA vaccines have emerged as
potent immune activators and inducers of a robust T cell immune response. The recent approval of
the Moderna and the Pfizer/BioNTech vaccines based on lipid nanoparticles (LNP) encapsulating
antigen-encoding mRNA has revolutionized the field of vaccines. The advantages of LNPs are their
ease of design and formulation resulting in potent, effective, and safe vaccines. However, there is still
plenty of room for improvement with respect to LNP efficacy, for instance, by optimizing the lipid
composition and tuning LNP for specific purposes. mRNA delivery is known to be strongly dependent
on the lipid composition of LNPs and the efficiency is mainly determined by the ionizable lipids.
Besides that, cholesterol and helper lipids also play important roles in mRNA transfection potency.
Here, a panel of LNP formulations was studied by keeping the ionizable lipids constant, replacing
cholesterol with B-sitosterol, and changing the fusogenic helper lipid DOPE content. We studied the
ability of this LNP library to induce antigen presentation and T cell proliferation to identify superior
LNP candidates eliciting potent T cell immune responses. We hypothesize that using 3-sitosterol and
increasing DOPE content would boost the mRNA transfection on immune cells and result in enhanced
immune responses. Transfection of immortal immune cell lines and bone marrow dendritic cells
(BMDCs) with LNPs was studied. Delivery of mRNA coding for the model antigen ovalbumin (OVA-
mRNA) to BMDCs with a number of LNP formulations, resulted in a high level of activation, as
evidenced by the upregulation of the co-stimulatory receptors (CD40 and CD86) and IL-12 in
BMDC:s. The enhancement of BMDC activation and T cell proliferation induced by the introduction
of B-sitosterol and fusogenic DOPE lipids were cell dependent. Four LNP formulations (C12-200-
cho-10%DOPE, C12-200-sito-10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE)
were identified that induced robust T cell proliferation and enhanced IFN-y, TNF-a, IL-2 expression.
These results demonstrate that T cell proliferation is strongly dependent on LNP composition and
promising LNP-mRNA vaccine formulations were identified.
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Introduction

Messenger RNA (mRNA) is an intermediate genetic carrier that is used by organisms as a
translational template; therefore, it can serve as a tool for protein expression by introducing
exogenous mRNA into target cells.! The recent coronavirus pandemic dramatically accelerated the
development of mRNA-based vaccines and also put a spotlight on other potential applications such
as cancer immunotherapy, infectious disease vaccination, protein replacement, gene editing, and
tissue engineering.>” This surging interest and development of mRNA as a vaccine is driven by the
following advantages: I) There is no potential infection or insertional mutagenesis risk as mRNA is a
non-infectious, non-integrating genetic carrier;® II) mRNA is degraded by physiological metabolic
pathways and the in vivo half-life can be tuned by the introduction of various chemical modifications
and the delivery method;" 7> ® III) in vitro transcription (IVT) enables rapid, inexpensive, and scalable
industrial manufacturing of mRNA.? Combined these advantages contribute to the great promise of
mRNA-based therapies for both infectious diseases and cancer.

Since mRNA is susceptible to degradation by nucleases in vivo, it needs to be protected from the
environment upon administration. Furthermore, mRNA is unable to transfect cells and a drug delivery
system is therefore required to overcome these problems. Thus, an ideal mRNA delivery system must
protect against endonucleases, avoid rapid renal clearance, and promote cell entry of the tissue of
interest.” '° Lipid nanoparticles (LNPs) are the most advanced non-viral nucleic acid vector and the
first RNA interference (RNAi) therapy, Onpattro, was approved in 2018 to treat hereditary
amyloidogenic transthyretin amyloidosis (hRATTRv).!! LNPs are typically composed of 4 types of
lipids: ionizable lipids, helper lipids, cholesterol, and PEGylated lipids. Each of these components is
required to obtain stable LNPs with control over mRNA encapsulation efficiency, particle size, charge,
and stability. Ionizable lipids are required to condense and protect the genetic cargo via electrostatic
interactions and their chemical structure plays a crucial role in the resulting transfection efficiency.
Helper lipids, cholesterol, and PEGylated lipids are required to control the LNP size as well as
colloidal stability, and to minimize protein absorption.'* '* The two LNP-based vaccines against
SARS-CoV-2 approved in 2020 are a milestone in mRNA-based therapeutics and accelerated the
development of LNPs as a facile drug delivery tool for any nucleic acid-based therapy.'* !> LNPs
have also been studied in cancer immunotherapy? '® 7 and vaccination against infectious diseases,
such as Zika virus,'® 1 powassan virus,?® HIV-1,2" 22 and influenza virus.?** In these studies, the
immune response was interrogated mainly as a function of mRNA dose, but there is still room for
improvement by optimizing the lipid composition of LNPs to achieve the desired cytotoxic T-cell
production to mediate successful immunotherapy against many viral diseases and tumors.

For instance, replacing cholesterol with its analog B-sitosterol was reported to enhance the mRNA
transfection efficiency.?® Onpattro uses the lipid MC3 as the ionizable lipid, which was the first
approved ionizable lipid for LNPs and showed effective gene silencing by delivering siRNA to
hepatocytes.!!"?” The two ionizable lipids, C12-200 and cKK-E12, were chosen for this study because
they demonstrated to be more efficient in delivering siRNA as compared to MC3 and were also able
to deliver mRNA, leading to potent immune responses in tumor immunotherapy.* 25-3° Helper lipids
like 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) can increase the fusogenicity of LNPs,
aiding endosomal escape and cytosolic translation.?! This is due to the fact that DOPE prefers to adopt
an inverted hexagonal phase, which is assumed to be fusogenic, thereby promoting endosomal escape
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resulting in enhanced transfection.?? %3

To evaluate the effect of lipid composition on mRNA delivery, translation into proteins, antigen-
presenting ability, and ultimately T-cell activation, we designed a library of LNPs by varying the lipid
composition. In this study, the amount of the ionizable lipids (C12-200 and cKK-E12) and PEGylated
lipid was kept constant, the replacement of cholesterol for B-sitosterol and different ratio of fusogenic
lipid DOPE were studied to optimize the mRNA delivery efficiency. All studied LNPs induced in
general high transfection of immortal cell lines regardless of the exact composition when
encapsulating mRNA encoding a green fluorescent protein (EGFP-mRNA). Bone marrow dendritic
cells (BMDCs) with a potent antigen-presenting capacity for stimulating naive, memory, and effector
T cells were employed to evaluate the immune responses. In this study, mRNA which codes for the
model immunology protein chicken ovalbumin (OVA-mRNA) was encapsulated in LNPs to activate
BMDCs and stimulate T cell proliferation. BMDCs were highly activated and T cells were strongly
proliferated after the internalization of OVA-mRNA-LNPs in a concentration-dependent manner
(Scheme 1). Based on robust T cell proliferation and cytokine expression measurements, we obtained
4 efficient LNP candidates for future in vivo studies towards the development of superior LNP-mRNA
formulation. This study provides evidence that the lipid composition optimization of LNPs is
beneficial for maximizing T cell immune responses.

1. LNP encapsulation of 2. LNP uptake and 3. Proliferation of T cells and
antigen-encoding mRNA BMDCs activation production of cytokines

CD40

LNP-mRNA Dendritic cells T cells cytokines

Scheme 1. Workflow to investigate the role of mRNA-LNP composition on T-cell activation and immune response.

Results

Design and characterization of LNPs

We previously showed that the silencing effect of siRNA using LNPs could be improved via tuning
the internal LNP structure of the hydrophobic core from lamellar to inverse hexagonal by replacing
DSPC with the fusogenic lipid DOPE in the LNP formulation, which is believed to be more fusogenic.
In this study 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) was used as the ionizable lipid.
Inspired by this, we wondered whether mRNA transfection could also be enhanced by using other
ionizable lipids. In the current study, two highly efficient ionizable lipids were used: C12-200 and
cKK-E12. These ionizable lipids were efficient in siRNA delivery and the effective dose (ED50,
C12-200~0.01 mgkg, cKK-E12~0.002 mg/kg) was significantly lower than for MC3 (ED50~0.03
mgkg). They also induced strong cytotoxic CD8" T cell responses against B16F 10 melanoma tumors
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after immunization with LNP containing OVA-mRNA, resulting in tumor shrinkage and extended
overall survival of the treated mice.> 2%3° In a recent study, the cholesterol analog B-sitosterol was
able to trigger enhanced mRNA transfection efficiency of LNPs in cancer cells compared to
cholesterol due to the enhanced fragility, originating from an altered surface composition and shape,®
and it was therefore included in our LNP library.

In this study, 10 LNP formulations were prepared, for which the ionizable lipids C12-200/cKK-E12
and the PEGylated lipid DMG-PEG2000 were kept constant at 50% and 1.5%, respectively. To study
the effect of DOPE, its content varied from 10 to 49 mol% by replacing cholesterol (or its variant)
(Fig. 1a-1b). All resulting LNPs had a comparable diameter (~120 nm) with a polydispersity index
(PDI) <0.20 as determined by dynamic light scattering (DLS), as well as a near-neutral surface charge
(Fig. 1¢-1d). mRNA encapsulation efficiencies were also comparable for all LNPs and typically >80%
(Fig. 1e). Thus, replacing cholesterol with B-sitosterol or increasing DOPE did not change the
physicochemical characteristics of the LNPs. The LNPs were stable for at least 1 month when stored
at 4°C (SI Fig.1a-d).
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Figure 1. Design and characterization of different LNPs. (a) Lipids used in this study. (b) Lipid composition of
LNPs. (¢) Sizes and polydispersity index of LNPs as determined by DLS. (d) Zeta potential of LNPs determined by
Laser Doppler Electrophoresis. (e) Encapsulation efficiency of OVA-mRNA in LNPs as determined by a Ribogreen
RNA assay.

Cell transfection efficiency
To study mRNA delivery and translation, EGFP-mRNA encoding for green fluorescent protein
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(GFP)was encapsulated in the LNPs and the transfection efficiency was compared as a function of
lipid composition in cervical carcinoma cells (HeLa) and Calu-3 cells.

Firstly, when comparing the transfection efficiency of different ionizable lipids, both C12-200 and
cKK-E12 induced enhanced mRNA transfection efficiency on HeLa and Calu-3 as compared to MC3
(SI Fig. 2a-b). This is not unexpected as MC3 was designed for siRNA delivery while the mRNA
delivery efficiency was less efficient.!’?” Maximum transfection of HeLa cells was obtained with an
EGFP-mRNA concentration of 0.5 pug/mL for all LNPs. In Calu-3 cells, the GFP expression of most
LNPs increased with increasing EGFP-mRNA concentrations. Next, the effect of replacing
cholesterol with B-sitosterol was studied. The introduction of the latter sterol significantly enhanced
GFP expression for LNPs with MC3 as the ionizable lipid in both cell lines. When cKK-E12 was
included in the LNPs, GFP expression was only enhanced in HeLa cells, while for C12-200-based
LNP formulations no enhancement was observed at all. Finally, we studied whether increasing
amounts of DOPE would enhance mRNA delivery and concomitant GFP expression. However, no
general trend could be deduced from changing the DOPE ratio in LNP. Thus, we only observed a
modest increase in transfection efficiency by replacing cholesterol with B-sitosterol.

Next, antigen-presenting cells (DC2.4) and macrophage cells (THP-1 and RAW264.7) were studied
to evaluate the LNP-mRNA transfection performance on immortal cells mediating immune
responses. Since LNPs with C12-200 and cKK-E12 as the ionizable lipids exhibited significantly
higher transfection than MC3 containing LNPs, we continued this study with C12-200 and cKK-E12
only. In general, LNPs containing cKK-E12 induced a higher GFP expression than LNPs with C12-
200 in three cell lines used (Fig. 2a-2¢). On the other hand, introduction of B-sitosterol increased the
transfection efficiency of the cKK-E12 LNPs in DC2.4 and RAW264.7, but not for C12-200 LNPs.
When cholesterol was replaced by increasing amounts of DOPE, no transfection enhancement was
observed for C12-200 LNPs. In contrast, enhanced transfection efficiency of cKK-E12 LNPs was
observed in all tested cell lines. However, transfection enhancement was observed in DC2.4, and
RAW264.7 cells when cKK-E12 LNPs contained B-sitosterol, but not in THP-1 cells (Fig. 2a-2c).
Confocal microscopy imaging was used to visualize GFP expression and concomitant strong
fluorescence intensity, and almost every cell produced strong and uniform GFP expression. In contrast,
transfection with the commercial mRNA transfection reagent lipofectamine message MAX
(lipofectamine) resulted in only a few fluorescent cells in the DC2.4 cell line (Fig. S3). In summary,
all LNPs with either C12-200 or cKK-E12 as the ionizable lipid induced efficient transfection on
immortal immune cell lines; however, the transfection efficiency enhancement by both the B-
sitosterol replacement and the fusogenic helper lipid DOPE ratio increase was dependent on the cell
line used.
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Figure 2. Transfection efficiency of LNPs after encapsulating EGFP-mRNA on immortal immune cell lines. The
GFP expression fluorescence intensity (GFP MFI) of LNPs within (a) DC2.4 cells, (b) THP-1 cells, and (c)
RAW264.7. Data are presented as mean + sd. Statistical significance was calculated by unpaired student t-test on 1
pg/mL. (¥*** P <0.0001, *** P <0.001, ** P<0.01, *, P <0.05, ns, no significant difference, n = 3)

BMDC transfection with EGFP-mRNA

As APC cell lines provided mixed results, we next investigated primary APCs. As the next step
towards both efficient intracellular antigen expression and subsequent immune cell activation to
generate a robust immune response, the transfection efficiency of EGFP-mRNA loaded LNPs in
BMDCs was investigated. Confocal microscopy imaging showed that all LNP formulations induced
effective intracellular mRNA delivery to BMDCs, and performed better than the commercial
transfection reagent Lipofectamine (Fig. 3a). B-Sitosterol boosted the transfection efficiency of the
LNPs with cKK-E12 as the ionizable lipids but not for C12-200 (Fig. 3b). Finally, replacing
cholesterol with DOPE did not enhance the GFP expression of either C12-200 and cKK-E12 LNPs
(Fig. 3b).
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Figure 3. Transfection efficiency of LNPs after encapsulating EGFP-mRNA on BMDC cells. (a) Confocal images
of the EGFP-mRNA transfection of LNPs on BMDC cells, EGFP-mRNA concentration was 0.5 pg/mL, incubated
24 h. Scale bar is 20 um. (b) The GFP positive percentages of LNPs by flow cytometry analysis on BMDC cells of

different EGFP-mRNA concentrations after 24 h incubation. Data are presented as mean = sd. Statistical significance
was calculated by unpaired student t-test on 1 ug/mL. (¥*** P < 0.0001, *** P <0.001, ** P <0.01, *, P <0.05,

ns, no significant difference, n = 3)

Activation of BMDCs

Effective mRNA vaccination demands both efficient intracellular expression and subsequent APC
activation to generate a robust immune response.'® The model antigen chicken ovalbumin protein has
been widely applied to evaluate the immune response, thus mRNA encoding ovalbumin (OVA-
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mRNA) formulated in the LNPs was employed to activate BMDCs. The activation of BMDCs results
in elevated expression of surface costimulatory molecules such as CD40, and CD86. To test APC
activation induced by LNPs, we treated naive BMDCs for 24 h with LNPs containing OVA-mRNA.
All LNPs managed to produce increased expression of CD40 and CD86 compared to nontreated
BMDC:s or incubated with free OVA-mRNA, which indicates successful BMDC activation (Fig. 4a-
4b). Both positive percentage and fluorescence intensity comparisons of CD40 and CD86 revealed
no significant differences between C12-200 LNP formulations. Furthermore, neither the introduction
of DOPE nor B-sitosterol at the expense of cholesterol boosted BMDC activation (Fig. 4a-4b, SI Fig.
4a-4b). For LNPs with cKK-E12, we observed that cKK-E12-cho-10%DOPE and cKK-E12-sito-
30%DOPE induced a stronger upregulation of CD40 and CD86 expression (SI Fig. 4a-4b).

The activation of dendritic cells often promotes inflammatory cytokine gene expression. We,
therefore, examined cytokine IL-12 (p70) expression in the supernatant of BMDCs. Interleukin-12
(IL-12) is a heterodimeric pro-inflammatory cytokine that regulates T helper 1 (Th1) and CD8" T-cell
responses, and is mainly produced by dendritic cells and phagocytes in response to pathogens during
infection.>* Compared to blank BMDCs and free OVA-mRNA, all LNPs mediated superior 1L-12
(p70) production (Fig. 4¢); however, no significant differences among the tested LNPs were observed..
The cell viability of BMDCs was determined to ensure that the LNPs were non-toxic at the
concentrations used. All LNP formulations showed no detectable cytotoxicity (cell viability > 60%),
even at a high concentration (1 pg/mL), revealing that these LNPs are indeed non-toxic (Fig. 4d).
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Figure 4. LNPs Transfection after encapsulating OVA-mRNA on BMDC cells. (a) BMDC activation was monitored
through CD40 cellular marker on BMDCs by the different concentrations of LNPs. (b) BMDCs activation was
monitored through CD86 cellular marker on BMDCs by the different concentrations of LNPs. (¢) Cytokine IL-12
(p70) expression from BMDCs’ supernatant. (d) Cell viability of BMDCs with different concentrations of LNPs,
dotted line represents 60% cell viability. Data are presented as mean + sd. Statistical significance was calculated by
unpaired student t-test on 0.25 pg/mL (a-b), 20 ng/mL (¢). (****, P <0.0001, *** P <0.001, **, P<0.01, *, P <
0.05, ns, no significant difference, n = 3)

CD8" T-cell expansion by LNPs and cytokine production

The goal of tumor and viral vaccination is to expand antigen-specific CD8" T cells through priming
by APCs, creating a large pool of cytotoxic effector T cells that migrate through the body to clear
tumors or infections.*’ Therefore, we evaluated OVA-specific T cell expansion induced by different
LNPs. BMDCs were incubated with LNPs for 4 h, followed by the addition of CD8" (OT-I) T-cells,
and the mixed cells were co-cultured for another 72 h.

All LNPs induced potent OT-I proliferation in a mRNA concentration-dependent manner, which was
significantly stronger than the blank and free OVA-mRNA groups (Fig. 5). T cell proliferation was
negligible in the lowest concentration (200 pg/mL), while it plateaued at ~90% with an OVA-mRNA
concentration of 20 ng/mL. Next, we investigated the proliferation differences of LNPs in the middle
mRNA concentration range. We observed that the C12-200-cho-10%DOPE, C12-200-sito-
10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE LNP formulations induced a
potent OT-I T cell stimulation with 1 ng/mL of OVA-mRNA. This indicates these four LNP
formulations are able to elicit a robust T cell proliferation even at low OVA-mRNA concentrations,
which could serve as efficient LNP candidates eliciting potent T cell responses.
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Figure 5. OT-I T cell expansion of LNPs with different OVA-mRNA concentrations. Triangle represents the four
leading LNP candidates that induced superior OT-I responses when compared at 1 ng/mL.

Cytokine production of T cell supernatant

When T cells divide and differentiate into effector T cells, cytokines like IFN-y, TNF-a, and cytotoxic
proteins such as granzymes and perforin are simultaneously induced in response to acute infection.*®
Proinflammatory cytokines, such as interleukin-2 (IL-2), are pivotal for the proliferation of T cells
and the generation of effector and memory cells.***** Activated CD8" T cells possess superior effector
functions when cultured in a high concentration of IL-2 compared to cells cultured in low
concentrations of this cytokine.*! Therefore, we quantified the expression of IL-2, IFN-y, and TNF-a
in OT-I cells in the culture supernatant 72 h after LNP stimulation using an ELISA assay (Fig. 6a-6c¢).
The cytokines were significantly upregulated after treating cells with LNPs as compared to non-
treated or free OVA-mRNA treated cells. Differences in cytokine production among the evaluated
LNPs were determined at two mRNA concentrations (5 and 20 ng/mL). Consistent with OT-I cell
proliferation data, replacing cholesterol with B-sitosterol did not boost the T cell response and
cytokine production for LNPs with C12-200. The increased molar ratio of fusogenic helper lipid
DOPE in C12-200 LNPs neither enhanced the T cell response nor cytokine IL-2 production. The
increased molar ratio of DOPE did not enhance the cytokine IL-2 production for cKK-E12 LNPs, and
it only showed some enhancement in cytokine IL-2 production at 30% DOPE but decreased at 49%
DOPE for cKK-E12 LNPs using B-sitosterol. On the other hand, for Thl cytokine (IFN-y) and
proinflammatory cytokines (TNF-a) production, we also observed that C12-200-cho-10%DOPE,
C12-200-sito-10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE LNP
formulations triggered higher IFN-y and TNF-a levels in the OT-I1 T cell supernatant. Taken together,
these results showed that four LNP formulations (i.e. C12-200-cho-10%DOPE, C12-200-sito-
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10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE) induced a potent T cell
proliferation and concomitant inflammatory cytokine production.
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Figure 6. Cytokine production levels of (a) IL-2, (b) IFN-y, (¢) TNF-a in culture media of OT-I T cells by different
LNPs, measured by ELISA. Data are presented as mean + sd. Statistical significance was calculated by unpaired
student t-test on 20 ng/mL. (¥**** P <0.0001, *** P <0.001, **,P<0.01, *, P<0.05, ns, no significant difference,
n=23)

Conclusion

We investigated a small library of LNP formulations to deliver mRNA into BMDCs and evaluate T
cell activation towards the development of LNP-mRNA vaccine candidates. LNPs have been
validated as effective and well-tolerated on mRNA delivery and recognized as an exceptional mRNA
vaccine vector. Proper LNP vaccine candidate screening is essential to identify superior LNP
formulations that could boost robust T cell proliferation. It has been reported that replacing
cholesterol with B-sitosterol or fusogenic DOPE could enhance transfection efficiency. We discovered
that the introduction of B-sitosterol only exerted enhanced transfection in LNPs using MC3 as the
ionizable lipid, while exhibiting varied transfection efficiency effects on different cell lines when
C12-200 and cKK-E12 were used. Replacing cholesterol with DOPE resulted in mixed mRNA
transfection efficiencies in different cells. This may be due to the enhanced transfection efficiency
requiring different helper lipids ratios when using different ionizable lipids of LNPs, and also the
mechanism of mRNA release into cytoplasm seems to be cell type-dependent. We demonstrated that
the LNP-mRNA vaccine candidates can generate significant activation of BMDCs, robust T cell
proliferation, and enhanced cytokine production ex vivo. We identified four LNP formulations (C12-
200-cho-10%DOPE, C12-200-sito-10%DOPE, c¢KK-E12-cho-10%DOPE, and cKK-E12-sito-
30%DOPE) which exhibit efficient T cell expansion and cytokines production and these will be tested
in a future in vivo study towards the development of a cancer vaccine.
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Methods

Chemicals

All lipids, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG2K) were purchased from Avanti Polar Lipids, DLin-MC3-DMA was purchased from Biorbyt
company (Cambridge, England), Hoechst 33342, cholesterol and B-sitosterol was purchased from
Sigma-Aldrich. Triton™ X-100 was purchased from Acros Organics. QuantiT™ RiboGreen® RNA
reagent and rRNA standards were purchased from Life Technologies. Clean cap EGFP-mRNA (5moU)
and OVA-mRNA (5moU) were purchased from Trilink biotechnology. C12-200 and cKK-E12 lipids
were synthesized according to the literatures.”® ?° The following antibodies were used for flow
cytometry: anti-Thy1.2 PeCy7, anti-CD8 efluor450, anti-CD25 APC, Live/Dead stain and purchased
from BD Bioscience. CD4 and CD8 T-cell isolation kits were purchased from Miltenyi (Leiden,
Netherlands).

Cell culture

THP-1, RAW264.7, HeLa, Calu-3 cells were obtained from ATCC. DC2.4 is a murine dendritic cell
line kindly provided by Kenneth Rock, University of Massachusetts Medical School, Worcester, MA.
Cells were maintained either in DMEM or RPMI 1640 (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin antibiotic (Gibco). Cell
culture and all biological experiments were performed at 37 °C in 5% CO2 conditions in a cell culture
incubator.

6 to 8-week-old female mice (C57BL/6 mice were used to isolate BMDCs. Briefly, the femur and
tibia from mice hind legs were collected and bone marrow cells were flushed out with PBS using a
syringe. Cells were resuspended into RPMI1640 medium with 10% FBS, antibiotics, and B-
mercaptoethanol (55 pM, Gibco). Cells were grown with a supplement of recombinant murine
granulocyte-macrophage—colony-stimulating factor (GM-CSF) (20 ng/mL, Peprotech). The cell
culture medium was refreshed every other day.

Mouse experiments

C57BL/6, OT-I transgenic mice on a C57BL/6 background were purchased from Jackson Laboratory
(CA, USA), bred in-house under standard laboratory conditions, and provided with food and water
ad libitum. All animal experiments were performed in compliance with the Dutch government
guidelines and the Directive 2010/63/EU of the European Parliament. Experiments were approved by
the Ethics Committee for Animal Experiments of Leiden University.

LNP-mRNA preparation and characterization

Lipids were combined at the desired molar ratios and concentrations from stock solutions dissolved
in chloroform. Solvents were evaporated under a nitrogen flow and residual solvent was removed in
vacuo for at least 30 minutes. The lipid film was dissolved in absolute ethanol (total lipids was 0.4
umol) and used for the assembly. A solution of mRNA was made by diluting mRNA (EGFP-mRNA,
OVA-mRNA) in 50 mM citrate buffer (pH = 4, RNase free). The solutions were loaded into two
separate syringes and connected to a T-junction microfluidic mixer. The solutions were mixed in a
3:1 flow ratio of mRNA against lipids (1.5 mL/min for mRNA solution, 0.5 mL/min for lipids solution,

131



lipids: mRNA (wt/wt) =40:1). After mixing, the solution was directly loaded in a 20 kDa MWCO
dialysis cassette (Slide-A-Lyzer™, Thermo Scientific) and dialyzed against 1 x PBS overnight. The
size and zeta potential of LNPs were measured using dynamic light scattering (DLS, Malvern) and
Zetasizer (Malvern). Long term stability of LNPs was assessed by measuring the hydrodynamic
radius using DLS for 1 month.

The encapsulation efficiency (EE) of mRNA was determined by Quant-iT™ RiboGreen™ RNA
Assay Kit (Invitrogen). For the determination of non-encapsulated mRNA, LNPs after dialysis were
diluted with 1 x TE buffer (RNase free) and treated with the RiboGreen™ reagent. For the
determination of the total amount of mRNA, LNPs after dialysis were treated with 1% Triton X-100
in TE buffer (RNase free) and incubated for 5 minutes followed by dilution with TE buffer and
treatment with the RiboGreen™ reagent. The supplied RNA standards were used to generate a
standard curve and changes in fluorescence was measured in 96-well plates using a TECAN Infinite
M1000 Pro microplate reader. The percentage of mRNA encapsulation (EE%) was determined using
the fraction of (Fiotal RNA — Free RNA)/Fiotat RNA * 100%.

In vitro GFP protein expression of LNPs

Briefly, HeLa, and Calu-3, DC2.4, THP-1 and RAW264.7 cells were seeded in 96-well plates at a
density of 1x10* cells/well and cultured at 37 °C in 5% CO overnight. Then cells were transfected
with LNPs containing different concentrations of EGFP-mRNA overnight (0.1 pg/mL, 0.25 pg/mL,
0.5 pg/mL, 1 pg/mL). The expression of GFP protein was quantified by flow cytometry. Data analysis
was performed using the FlowJo Software version 7.6. For confocal microscopy, DC2.4 cells were
seeded on the 8-well confocal slide at a density of 5*10* cells/well and cultured overnight, then LNPs
were added and incubated overnight (1 pg/mL), after that Hoechst 33342 (5 uM) was added and
incubated for 1 h before confocal microscopy imaging (Leica TCS SP8 confocal laser scanning
microscope).

BMDC transfection

Bone marrow-derived dendritic cells (BMDCs) were isolated from murine tibia and femurs of
C57BL/6 mice. Bone marrow cells were stimulated for 10 days with 20 ng/mL GM-CSF in complete
IMDM (supplemented with 100 U/mL PenStrep, 2 mM glutaMAX and 10% FCS). After 10 days of
culture, 20,000 BMDCs were plated in 96-well plates (Greiner Bio-One B.V., Alphen aan den Rijn,
Netherlands) and different LNPs encapsulating EGFP-mRNA were added at varying concentrations
and incubated with BMDC overnight (0.25 pg/mL, 0.5 pg/mL, 1 pg/mL). Cells were analyzed by
flow cytometry (CytoFLEX S, Beckman Coulter, CA, USA). Data were analyzed by using FlowJo
software (Treestar, OR, USA). For confocal microscopy, BMDCs were seeded on the 8-well confocal
slide at a density of 5%10* cells/well and cultured overnight, then LNPs were added and incubated
overnight (0.5 pg/mL), then followed with confocal microscopy measurement (Leica TCS SPS8
confocal laser scanning microscope).

BMDC activation

Bone marrow-derived dendritic cells (BMDCs) were isolated and cultured described as above. After
10 days, different LNPs containing OVA-mRNA were added to the BMDC cells and incubated
overnight (2 ng/mL, 20 ng/mL, 0.25 pg/mL 0.5 pg/mL, 1 pg/mL). After 24 h of incubation, cells were
collected and followed immunostaining of CD40 and CD86 to quantify the expression by flow
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cytometry. Data analysis was performed using the FlowJo Software version 7.6. The supernatant was
collected for measuring the expression level of cytokine (IL12-p70) by ELISA.

EXx vivo T-cell expansion

Wild-type (WT) BMDCs were cultured as described above, after 10 days, the BMDCs (20,000 cells
per well) were exposed to the different LNP formulations with various concentrations (20 pg/mL, 200
pg/mL, 1 ng/mL, 2 ng/mL, 5 ng/mL, 20 ng/mL, 200 ng/mL). Meanwhile, spleens were removed from
OT-I mice and strained through a 70-um cell strainer to obtain a single-cell suspension. Erythrocytes
were lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer (0.15M NH4Cl, ImM KHCO3,
0.1mM Na;EDTA; pH 7.3). CD8+ T cells were isolated using a CD8+ T cell isolation kit (Miltenyi
Biotec B.V., Leiden, Netherlands) according to the manufacturer's protocol. After 4 h of LNP
incubation, the BMDCs were centrifuged, the supernatant medium was removed, and replaced with
60,000 CD8" T-cells to obtain a number ratio of 3:1 CD8+ T cells:BMDCs. Co-cultures were cultured
for 72 h in complete RPMI 1640 medium supplemented with 2 mM glutamine, 10% FCS, 100 U/mL
penicillin/streptomycin, and 50 uM B-mercaptoethanol. After 72 h, the cell suspension was stained
for anti-Thy1.2 PeCy7, anti-CDS8 efluor450, anti-CD25 APC, Live/Dead stain indicating cell viability,
and then analyzed by flow cytometry (CytoFLEX S, Beckman Coulter, CA, USA). The supernatant
was collected for measuring the expression levels of cytokines by ELISA.

ELISA measurements of OT-1 T cell supernatant

Cytokines (IL-2, IFN-y, and TFN-a) from OT-I T cell supernatants were detected by individual
cytokine ELISA kits according to the manufacturer’s instructions (BD Biosciences). In brief, the
assay plate was coated with 50 pl/well of capture antibody (IL-2, IFN-y, and TFN-a, respectively) in
coating buffer, covered and incubated overnight at 4 °C. Next, the plate was washed (3x) with wash
buffer (PBS with 0.05% Tween-20) and blocked with 100 pl/well of assay diluent (PBS with 10%FCS)
and incubated for 1 hour at RT. The plate was washed (3x) with wash buffer and 50 uL/well (diluted)
samples/standard/blank was added incubated for 2 hours at RT. Next, the plate was washed (3x) with
wash buffer and 50 pL/well of the working detector (Detection AB + Sav-HRP reagent) was added
and incubated for another 1 hour at RT. After washing the plate (5X) with wash buffer, 50 pL/well
substrate solution was added and incubate for 15-30min at RT in the dark. Finally, 25 pl/well stop
solution was added and the absorbance at 450 nm was measured within 30 minutes.

Statistical analyses

Statistical analyses were performed with Prism 8 (GraphPad). Data were compared using unpaired
student t-test analysis. (**** P <0.0001, *** P <0.001, **, P <0.01, *, P <0.05, ns, no significant
difference, n = 3)
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Chapter 6

Summary and Qutlook

Nowadays, countless patients are struggling with genetic dysregulation-based diseases, such as
cancer,! peripheral arterial disease,> hypetlipoproteinemia type I,> beta-thalassemia,* °> adenosine
deaminase-deficiency,® spinal muscular atrophy,’ optic atrophy,® and polyneuropathy of hereditary
transthyretin-mediated amyloidosis.” Furthermore, viruses are the cause of infectious diseases such
as Zika,'® ' MERS,'? Ebola,'? influenzas,'* !* and SARS-CoV-2.'® Multidisciplinary efforts between
biologists, clinicians, engineers, and physical and chemical scientists are required to develop novel
therapeutic strategies to treat these diseases at the transcriptional and translational level.!”

To date, small molecule and recombinant protein-based drugs have been the focus of translational
research with much successful medicine in clinical use. However, they also exhibit their own benefits
and limitations. The inherent limitation of small molecule drugs is that they require a high systemic
exposure to ensure sufficient therapeutic efficacy with the risk of potential off-target side effects.!® 1
Recombinant protein-based drugs are investigated in protein replacement therapy (e.g. insulin to
manage diabetes) and chemotherapeutic antibodies (e.g. checkpoint inhibitors to treat cancer).
However, due to the high molecular weight and polarity of recombinant proteins, typically they
cannot enter cells limiting their therapeutic effect.?

Nucleic acid-based therapeutics offer the opportunity to address a wide range of diseases at the
transcriptional and translational level, and potentially to address the root cause of disease at the
genetic level.?!2> Nucleic acid-based therapeutics include short interfering RNA (siRNA), microRNA
(miRNA), antisense oligonucleotides (ASO), and messenger RNA (mRNA). Depending on the type
of RNA used, the therapeutic outcome ranges from gene knockdown to induced expression of a
selected target protein with minimal adverse effects.”> Among these RNA-based drugs, mRNA has
become a promising therapeutic for many applications, including vaccine development for infectious
disease,'® - 14 16 HIV,2* and cancer,? and tissue regeneration to enhance wound healing or repair
damaged organs and tissue.’®?’ Significant research has been devoted to the development of
nanocarriers to overcome the delivery problem of mRNA. To date, lipid nanoparticles (LNPs)
represent the most successful mRNA delivery vector, as evidenced by the clinical approvals of two
LNP formulations, Pfizer’s BNT162b2 and Moderna’s mRNA-1273.3%32 Their success is partly due
to their unique properties, such as simple chemical synthesis of lipid components, scalable
manufacturing processes of LNPs, and wide packaging capability.’> However, their transfection
performance is still hampered by endo/lysosomal escape efficiency, as only a small fraction of mRNA
(<5%) was reported to reach the cytoplasm resulting in protein expression.>*

In this thesis strategies to enhance the delivery efficiency of mRNA and drugs using LNPs and

liposomes as the nanocarrier are described. Fusogenic coiled-coil peptides were introduced in LNPs
and liposomes and the effect on mRNA/drug delivery in different cell lines was studied.
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Inspired by SNARE proteins, we have previously shown that the coiled-coil peptide pair K4/E4
triggers efficient membrane fusion between liposomes and cells, facilitating efficient delivery of
drugs into cells.>>” In Chapter 2, the fusogenic coiled-coil peptides were introduced into common
LNP formulations to enhance mRNA transfection efficacy. The Onpattro LNP formulation was
modified with lipopeptide CPE4, and the addition of CPE4 did not change the physicochemical
characteristics of the nanoparticles nor the mRNA encapsulation efficiency. By employing confocal
imaging and flow cytometry analysis, the cellular internalization efficiency was measured. It was
shown that the coiled-coil peptides enhanced LNP uptake by 63-fold resulting in enhanced protein
expression. Furthermore, mechanistic studies revealed that the major pathway for cell uptake was via
membrane fusion thereby omitting the less efficient endocytosis pathways. This substantial
transfection efficiency improvement after modification of the LNP with coiled-coil peptides can be
applied to other cell types, including hard to transfect cell lines (e.g. T cells) required for T-cell therapy.

Our group has shown that efficient liposomal delivery could be achieved using coiled-coil peptides.*>
37 In Chapter 3 the effect of peptide K dimerization on membrane fusion was investigated. Three
different dimer designs were synthesized and their structural differences were characterized. Confocal
microscopy and flow cytometry measurements showed that PK4 induced the highest binding affinity
for cells pretreated with CPE4. Cellular uptake efficiency and the pharmacological effect of the
antitumor drug doxorubicin was studied next. Liposome-cell fusion was efficient for this dimer as
compared to the linear dimer designs and the benchmark peptide monomer. Thus the novel peptide
dimer design is able to deliver drugs into cells more efficiently and will be tested in an in vivo setting
in the future.

We have shown that fusogenic coiled-coil peptide modified LNPs deliver RNA more efficiently to
cells as compared to LNPs. In Chapter 4 the delivery of mRNA into cardiomyocytes was explored.
Myocardial infarction (MI) has been the leading death cause in heart diseases since the human heart
cardiomyocytes have a very limited regenerative capacity after M1, the injured cardiac cells only rely
on scar tissue replacement to maintain organ integrity.’® Cardiomyocytes derived from induced
pluripotent stem cells (iPSC-CMs) represent the best cell source for human cardiac disorders and
cardiac regeneration but require efficient transfection. A novel incubation protocol was developed to
transfect these cells. mRNA transfection efficiency of different incubation protocols was compared,
and the 1-step incubation protocol achieved improved mRNA transfection with an optimal
CPK4:CPE4 ratio of 1:1. The mRNA transfection enhancement using 1-step incubation was
compared for three clinically approved LNP formulations and observed that transfection was
independent of LNP composition. In all cases the introduction of the fusogenic coiled-coil peptides
significantly improved mRNA expression in iPSC-CMs. This optimized mRNA delivery platform
could be very promising for further in vivo cardiomyocyte research towards the treatment of MI.

mRNA-LNPs are the current state-of-the-art in mRNA vaccination approach since the approval of
the Covid-19 mRNA vaccines. In Chapter 5, we evaluated the influence of LNP lipid composition
on the T cell immune response towards the development of cancer vaccines. In this study we varied
the exact lipid composition by varying the ionizable lipid (IL), cholesterol (derivative) and the
percentage of the fusogenic helper lipid DOPE. A small library of LNPs was evaluated on the ability
to transfect bone marrow-derived dendritic cells, antigen presentation, and T cell stimulation
responses. We studied whether replacing cholesterol by B-sitosterol and/or DOPE would boost mRNA
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transfection resulting in an enhanced immune response. It was shown that the introduction of -
sitosterol only exerted enhanced transfection in LNPs when MC3 was used as the IL, while exhibiting
varied transfection efficiency effects on different cell lines when C12-200 and cKK-E12 were used
as the IL. Replacing cholesterol with DOPE resulted in mixed mRNA transfection efficiencies in
different cell types. We demonstrated that the LNP-mRNA vaccine candidates can generate
significant activation of BMDCs as evidenced by the upregulation of the co-stimulatory receptors
(CD40 and CDS86] and IL-12 expression, robust T cell proliferation, and enhanced cytokine
production ex vivo.

We have shown fusogenic coiled-coil peptides enhance mRNA delivery using LNPs in multiple cell
lines, including hard to transfect Jurkat cells and cardiomyocytes in vitro. However, sometimes the in
vitro results do not translate to in vivo performance, further in vivo investigations are therefore
required to validate the presented findings. Currently, in vivo studies using local injection of mice
cardiomyocytes are in progress and will give insight in the ability to treat MI. The second open
question is that after delivering mRNA, will it have a relevant therapeutic effect in a mice model?
The presented mRNA delivery system based on coiled-coil peptides and LNPs is most likely suitable
for local administration, while systemic (intravenous) administration might be more complex.
Dimerization of peptide K4 resulted in an enhanced drug delivery efficiency, but the used incubation
protocol needs to be also studied in a relevant in vivo model to truly validate its usefulness.

In this thesis, we successfully used fusogenic coiled-coil peptides to deliver low molecular weight
drugs (e.g. doxorubicin) and macromolecular mRNA. This resulted in an enhanced antitumor effect
and significantly increased the mRNA transfection efficiency compared to state of the art and
clinically approved liposome/LNP formulations. This work further simplified the incubation protocol
of our coiled-coil peptide modified LNP system resulting in the successful transfection of
cardiomyocytes, which holds great promise for heart regeneration therapy after myocardial infarction.
Finally. LNP-mRNA candidates that elicit potent BMDC activation and T cell proliferation were
identified and can be used in the development of future candidate cancer vaccines. I hope this work
will contribute to the mRNA delivery technology with enhanced in vitro and in vivo therapeutic
performance and potent protective immunity against cancer.
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Nederlandse samenvatting

Talloze patiénten hebben nog steeds te maken met ziekten veroorzaakt door genetische disregulatie,
zoals kanker,' perifere arteriéle ziekten,®? hyperlipoproteinemie type 1,3 béta-thalassemie, 3
adenosinedeaminase-deficiéntie,® spinale musculaire atrofie,” optische atrofie,® en polyneuropathie
van erfelijke transthyretine-gemedieerde amyloidose.” Bovendien veroorzaken virussen
infectieziekten zoals Zika,' ' MERS,'? Ebola,"® influenza’s,'* ' en SARS-CoV-2.'¢
Multidisciplinaire samenwerking tussen biologen, clinici, ingenieurs en fysische en chemische
wetenschappers moet tot nieuwe therapeutische strategieén leiden om deze ziekten op transcriptioneel
en translationeel niveau te behandelen.!’

Tot op heden zijn geneesmiddelen op basis van kleine moleculen en recombinante eiwitten de focus
geweest van translationeel onderzoek met succesvolle medicijnen in klinisch gebruik. Ze hebben
echter ook beperkingen. De inherente beperking van geneesmiddelen met kleine moleculen is dat ze
een hoge systemische blootstelling vereisen om voldoende therapeutische werkzaamheid te
garanderen met het risico op mogelijke bijwerkingen die niet op het doel gericht zijn.!s !
Recombinante  geneesmiddelen op basis van eiwitten worden onderzocht bij
eiwitvervangingstherapie  (bijv. diabetes) en chemotherapeutische antilichamen (bijv.
checkpointremmers voor de behandeling van kanker). Vanwege het hoge molecuulgewicht en de
polariteit van recombinante eiwitten kunnen ze echter meestal cellen niet goed binnendringen,
waardoor hun therapeutisch effect wordt beperkt.?

Op nucleinezuur gebaseerde therapieén bieden de mogelijkheid om een breed scala aan ziekten op
transcriptioneel en translationeel niveau aan te pakken en mogelijk om de hoofdoorzaak van ziekten
op genetisch niveau te behandelen.?"”® Voorbeelden zijn microRNA (miRNA), antisense-
oligonucleotiden (ASO) en messenger RNA (mRNA). Afhankelijk van het type RNA dat wordt
gebruikt, varieert het therapeutische resultaat van het uitschakelen van genen tot geinduceerde
expressie van een geselecteerd doeleiwit met minimale bijwerkingen.?* Van deze op RNA gebaseerde
geneesmiddelen is mRNA een veelbelovend therapeutisch middel geworden voor veel toepassingen,
waaronder de ontwikkeling van vaccins voor infectieziekten,!® ! % 16 HIV?* kanker,”> en
weefselregeneratie om wondgenezing te verbeteren of beschadigde organen en weefsel te
herstellen.?*?® Er is veel onderzoek gedaan naar de ontwikkeling van nanodeeltjes om het
afleveringsprobleem van mRNA op te lossen. Tot op heden zijn lipid nanoparticles (LNP's) de meest
succesvolle mRNA-afgiftevector, zoals blijkt uit de klinische goedkeuringen van twee LNP-
formuleringen, Pfizer's BNT162b2 en Moderna's mRNA-1273.3932 Het succes is deels te danken aan
hun unieke eigenschappen, zoals eenvoudige chemische synthese van lipidecomponenten, schaalbare
productieprocessen van LNP’s en de encapsulatie van verschillende vormen van RNA.** Hun
transfectieprestaties worden echter nog steeds belemmerd door suboptimale endo/lysosomale
ontsnappingsefficiéntie, aangezien slechts een kleine fractie van mRNA (<5%) het cytoplasma bereikt
en resulterent in eiwitexpressie.

In dit proefschrift worden strategieén beschreven om de afgifte-efficiéntie van mRNA en
geneesmiddelen te verbeteren met behulp van LNP's en liposomen als nanodrager. Fusogene coiled-
coil peptiden werden geintroduceerd in LNP's en liposomen en het effect op mRNA/medicijnafgifte
in verschillende cellijnen werd bestudeerd.!
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Geinspireerd door SNARE-eiwitten hebben we eerder aangetoond dat het coiled-coil-peptidepaar
K4/E4 efficiénte membraanfusie tussen liposomen en cellen induceert, wat een efficiénte afgifte van
medicijnen in cellen mogelijk maakt.>>” In Hoofdstuk 2 werden de fusogene coiled-coil-peptiden
geintroduceerd in algemene LNP-formuleringen om de werkzaamheid van mRNA-transfectie te
verbeteren. De Onpattro LNP-formulering werd gemodificeerd met lipopeptide CPE4 en de
toevoeging van CPE4 veranderde de fysisch-chemische kenmerken van de nanodeeltjes noch de
mRNA-inkapselingsefticiéntie. Door confocale microscopie en flowcytometrie-analyse toe te passen,
werd de cellulaire internalisatie-efficiéntie gemeten. Er werd aangetoond dat de coiled-coil-peptiden
de LNP-opname met een factor 63 verhoogde, resulterend in een verhoogde eiwitexpressie.
Bovendien onthulden mechanistische studies dat de belangrijkste route voor celopname
membraanfusie was, waardoor de minder efficiénte endocytose-routes omzeild werden. Deze
aanzienlijke verbetering van de transfectie-efficiéntie na modificatie van de LNP met coiled-coil-
peptiden kan worden toegepast op andere celtypen, waaronder moeilijk te transfecteren cellijnen (bijv.
T-cellen) die nodig zijn voor T-celtherapie.

Onze groep heeft laten zien dat een efficiénte liposomale afgifte kan worden bereikt met behulp van
coiled-coil peptiden.®>=” In Hoofdstuk 3 is het effect van peptide K-dimerisatie op membraanfusie
onderzocht. Drie verschillende dimeerontwerpen werden gesynthetiseerd en hun structurele
verschillen werden gekarakteriseerd. Confocale microscopie en flowcytometrie metingen toonden
aan dat PK4 de hoogste bindingsaffiniteit induceerde voor cellen die waren voorbehandeld met CPEA4.
Vervolgens werd de efficiéntie van de cellulaire opname en het farmacologische effect van het
antitumormiddel doxorubicine bestudeerd. Liposoom-celfusie was efficiént voor dit dimeer in
vergelijking met de lineaire dimeerontwerpen en het benchmark-peptidemonomeer. Het nieuwe
peptide-dimeerontwerp is dus in staat om geneesmiddelen efficiénter in cellen af te leveren en zal in
de toekomst in een in vivo setting worden getest.

We hebben aangetoond dat fusogene coiled-coil peptide-gemodificeerde LNP's RNA efficiénter aan
cellen afleveren in vergelijking met LNP’s zonder coiled-coil peptide. In Hoofdstuk 4 werd de afgifte
van mRNA in cardiomyocyten onderzocht. Myocardinfarct (MI) is de belangrijkste doodsoorzaak bij
hartaandoeningen, aangezien de hartspiercellen van het menselijk hart een zeer beperkte
regeneratieve capaciteit hebben na een myocardinfarct, de gewonde hartcellen vertrouwen alleen op
vervanging van littekenweefsel om de integriteit van de organen te behouden.*® Geinduceerde
pluripotente stamcellen-cardiomyocyten (iPSC-CM's) vertegenwoordigen de beste celbron voor
menselijke hartaandoeningen en hartregeneratie, maar vereisen een efficiénte transfectie. Er werd een
nieuw incubatieprotocol ontwikkeld om deze cellen te transfecteren. De efficiéntie van mRNA-
transfectie van verschillende incubatieprotocollen werd vergeleken en het 1-staps incubatieprotocol
bereikte verbeterde mRNA-transfectie met een optimale CPK4:CPE4-verhouding van 1:1. De
verbetering van de mRNA-transfectie met behulp van 1-staps incubatie werd vergeleken voor drie
klinisch goedgekeurde LNP-formuleringen en waargenomen dat transfectie onafthankelijk was van de
LNP-samenstelling. In alle gevallen verbeterde de introductie van de fusogene coiled-coil-peptiden
de mRNA-expressie in iPSC-CM's aanzienlijk. Dit geoptimaliseerde mRNA-afgifteplatform zou
veelbelovend kunnen zijn voor verder in vivo cardiomyocytenonderzoek naar de behandeling van MI.

mRNA-LNP's zijn de huidige state-of-the-art in mRNA-vaccinatietechnologie sinds de goedkeuring
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van de COVID-19-mRNA-vaccins. In Hoofdstuk 5 evalueerden we de invloed van LNP-
lipidensamenstelling op de T-cel immuunrespons in de ontwikkeling van kankervaccins. In deze
studie hebben we de exacte lipidensamenstelling gevarieerd door het ioniseerbare lipide (IL),
cholesterol (derivaat) en het percentage van de fusogene helper lipide DOPE te vari€éren. Een kleine
collectie van LNP's werd geévalueerd op het vermogen om van beenmerg afgeleide dendritische
cellen te transfecteren, antigeenpresentatie en T-celstimulatieresponsen. We onderzochten of het
vervangen van cholesterol door B-sitosterol en/of DOPE de mRNA-transfectie zou stimuleren,
resulterend in een verhoogde immuunrespons. Er werd aangetoond dat de introductie van B-sitosterol
alleen verbeterde transfectie in LNP's veroorzaakte wanneer MC3 werd gebruikt als de IL, terwijl het
verschillende transfectie-efficiéntie-effecten vertoonde op verschillende cellijnen wanneer C12-200
en cKK-E12 werden gebruikt als de IL. Het vervangen van cholesterol door DOPE resulteerde in
gemengde mRNA-transfectie-efficiénties in verschillende celtypen. We hebben aangetoond dat de
LNP-mRNA-vaccinkandidaten significante activering van BMDC's kunnen genereren, zoals blijkt
uit de verhoogde regulatie van de co-stimulerende receptoren (CD40 en CD86] en IL-12-expressie,
robuuste T-celproliferatie en verhoogde cytokineproductie ex vivo.

We hebben aangetoond dat fusogene coiled-coil-peptiden de mRNA-afgifte verbeteren met behulp
van LNP's in meerdere cellijnen, waaronder moeilijk te transfecteren Jurkatcellen en cardiomyocyten
in vitro. Soms vertalen de in vitro resultaten zich echter niet naar in vivo prestaties, daarom is verder
in vivo onderzoek nodig om de gepresenteerde bevindingen te valideren. Momenteel zijn in vivo
studies met lokale injectie van cardiomyocyten van muizen gepland en zullen ze inzicht geven in het
vermogen om MI te behandelen. De tweede open vraag is of het afleveren van mRNA een relevant
therapeutisch effect zal hebben in een muizenmodel. Het gepresenteerde mRNA -afgiftesysteem op
basis van coiled-coil-peptiden en LNP's is hoogstwaarschijnlijk geschikt voor lokale toediening,
terwijl systemische (intraveneuze) toediening mogelijk complexer is. Dimerisatie van peptide K4
resulteerde in een verbeterde efficiéntie van medicijnafgifte, maar het gebruikte incubatieprotocol
moet ook worden bestudeerd in een relevant in vivo model om het nut ervan te valideren.

In dit proefschrift hebben we met succes fusogene coiled-coil peptiden gebruikt om geneesmiddelen
met een laag molecuulgewicht (bijv. doxorubicine) en macromoleculair mRNA af te leveren. Dit
resulteerde in een versterkt antitumoreffect en verhoogde significant de mRNA-transfectie-efficiéntie
in vergelijking met de meest geavanceerde en klinisch goedgekeurde liposoom/LNP-formuleringen.
Dit werk vereenvoudigde het incubatieprotocol van ons met coiled-coil peptide gemodificeerde LNP-
systeem verder, resulterend in de succesvolle transfectie van cardiomyocyten, wat een grote belofte
is voor hartregeneratietherapie na een hartinfarct. Tenslotte werden LNP-mRNA-kandidaten die
krachtige BMDC-activering en T-celproliferatie opwekken geidentificeerd voor ontwikkeling van
toekomstige kandidaat-kankervaccins. Ik hoop dat dit werk zal bijdragen aan de mRNA-
afgiftetechnologie met verbeterde in vitro en in vivo therapeutische prestaties en krachtige
beschermende immuniteit tegen kanker.
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